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Abstract 

Sarcopenia is the loss of muscle mass and function in older age. An increase in pro-inflammatory 
cytokines is associated with many age-related conditions including sarcopenia. A chronic activation of 
nuclear factor kappa-light-chain enhancer of activated B cells (NF-κB) has been shown in muscles from 
old wild type (WT) and this has also been shown in a model of accelerated loss of muscle mass and 
function, mice lacking CuZn superoxide dismutase (SOD1KO mice). The consequence of such a chronic 
activation of NF-κB is unclear, but muscle is known to   be an endocrine organ, with changes in the 
release of cytokines and chemokines, particularly following contractions where pro inflammatory 
cytokines can be released. In advancing age there is a notable decrease in muscle mass, with 
substantial loss of protein, suggesting that the balance between protein synthesis and degradation is 
net negative. Activation of NF-κB is also associated with activation of protein degradation processes. 

 
The aims of is thesis were to: 1) Quantify the changes in mass, structure and function of muscles of 
old WT and adult SOD1KO mice compared with adult WT mice; 2) Determine the localisation of nuclei 
with increase activation of the canonical pathway of NF-κB in muscles of old WT and adult SOD1KO 
compared with adult WT mice; 3) Identify whether any changes in cytokine and chemokine levels in 
the plasma of old WT and adult SOD1KO mice are associated with increased cytokine production by 
muscle and 4) to determine whether activation or inhibition of protein turnover pathways are 
associated with changes in NF-κB activity in muscles of old WT mice when compared with adult WT 
mice. 

 
Morphological and functional characteristics of muscle were examined using the tissue cell geometry 
plugin on ImageJ and MyoVision. Components of the NF-κB pathway were measured through qPCR 
and western blotting of lysates from gastrocnemius muscles and by immunohistochemistry analysis 
of EDL muscles. The levels of cytokines and chemokines were determined in muscle lysates and plasma 
and in media derived from isolated muscle fibres from adult WT, old WT and adult SOD1KO mice. The 
association of nuclear localisation of p65 with the regenerative stage of the muscle fibre was also 
examined in a model of regenerating extensor digitorum longus (EDL) muscles from adult WT, old WT 
and SOD1KO mice following injury induced via BaCl2 injection into the EDL muscle. Finally, fractional 
synthesis rates of individual proteins were determined in muscles of adult WT and old WT mice using 
heavy water SILAM where mice and unlabelled proteomics was also performed on these mice. The 
datasets from these experiments were compared with an RNA sequencing dataset to determine 
whether transcription was the driving factor in differences observed in fractional synthesis rates. 

 
There was an increase in inflammatory cytokines/chemokines in the plasma of old WT mice and an 
increase in specific chemokines in muscle homogenates or released from isolated muscle fibres from 
old WT muscles, suggesting that muscle of old WT mice may be a source of specific 
cytokines/chemokines, some of which add to the plasma pool and others acting more locally. The 
levels and patterns of cytokines/chemokines in plasma and muscle of adult SOD1KO mice were very 
different, suggesting that these mice are a poor model of inflammaging. Higher levels of p65 (the 
major transcription factor involved with canonical NF-κB activation) were observed in muscle fibres 
containing a centrally positioned nucleus, seen particularly in muscles of SOD1KO mice and during 
regeneration following chemically induced muscle damage but it is unlikely that this activation results 
in a substantial increase in release of cytokines/chemokines by these muscle fibres. Bioinformatic 
analysis of the unlabelled proteomics dataset revealed there was a clear upregulation of protein 
degradation pathways and protein misfolding pathways in the muscles of old WT mice. There was 
little evidence for changes in overall protein synthesis rates suggesting that increased protein 
degradation is the main driver of muscle protein loss with age. Increased activation of NF-κB may play 
a role in increased activation of degenerative pathways in muscles of old WT mice, but further analyses 
including inhibitor studies are required to confirm the role of NF-κB. 
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There are three types of muscle in vertebrates: smooth, cardiac, and skeletal. Cardiac and 

smooth muscles are largely involved in involuntary processes. Cardiac muscle facilitates 

contraction of heart tissue and the smooth muscle is found in the respiratory, circulatory, 

digestive, and reproductive tracts (Martini et al. 2017). Skeletal muscle is the only muscle 

type under conscious control and its main purpose is to generate force between two bones 

to enable movement. The body contains approximately 660 individual muscles which 

operate under nervous stimulation, and together, they enable the full range of movements 

of the human body as well as of postural and temperature control (Miller et al. 2017). The 

mass of skeletal muscle comprises over a third of total body weight of a human (Janssen et 

al. 2000).  

As we age, a reduction in skeletal muscle mass and function occurs (Larsson et al. 2019) 

which impacts significantly on the quality of life of older people. Inflammation is described 

as the main driver of skeletal muscle atrophy although the mechanisms responsible are 

poorly understood (Curtis et al. 2015). Skeletal muscle is proposed to be a source of cytokines 

and it is hypothesised that they play a role in the hyperinflammatory state presented in old 

age. The overall aim of the work carried out in this thesis was to investigate the role of 

skeletal muscle as an endocrine organ during systemic inflammation of ageing 

(inflammaging) and the potential mechanisms involved. 

 Muscle Structure and Function 

The primary cell type of muscle tissue is a multinucleated, post mitotic muscle fibre. These 

muscle fibres (or myofibres) are the functional cell unit of muscle and contain the cellular 

machinery to allow contraction of muscle. Muscle also contains vasculature, nerve axons, fat 

and connective tissues. Bundles of muscle fibres are arranged in a layer of connective tissue 

called the perimysium. The muscle is surrounded by another layer of connective tissue 

known as the epimysium (Figure 1.1) (Frontera & Ochala 2015).  
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Muscle fibres contain highly specialised organelles called myofibrils. These account for up to  

80% of total volume of the muscle (Huff-Lonergan 2009). The function of muscle relies on 

the contractile machinery, which is internal to each myofibril. The two major protein 

constituents of muscle are actin and myosin, with myosin accounting for around 25% of the 

total protein content of muscle (Balagopal et al. 1997). These proteins exist in a highly 

organised structure with repeating units referred to as sarcomeres between fixed structures 

termed Z-disc (Draper & Hodge 1949). This repeating structure gives muscle its striated 

appearance when observed longitudinally (Figure 1.1). 

Muscle fibres contain another muscle specific organelle called the sarcoplasmic reticulum 

which holds a large store of calcium ions (Ca2+) (Kawai & Konishi 1994). Invaginations in the 

muscles sarcolemma called transverse tubules (t-tubules) which are large internalised 

networks of plasma membrane (Jayasinghe & Launikonis 2013). These are coupled with the 

sarcoplasmic reticulum via dihydropyridine and ryanodine receptors allowing for voltage 

activated Ca2+ release. This is needed for the rapid and coordinated release of Ca2+ into the 

cytoplasm (Santulli et al. 2017). The sarcoplasmic reticulum and t-tubules form triads in close 

proximity to myofibrils (Ogata & Yamasaki 1997). 

Due to their high energy requirements, muscle fibres also contain a large number of 

mitochondria in order to supply energy in the form of adenosine triphosphate (ATP). The 

mitochondria in muscle have been shown to be part of networks with the sarcolemma and 

t-tubule triads (Ogata & Yamasaki 1997). 
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Figure 1.1: The composition and structure of muscle tissue. Muscle tissue can be divided 
into muscle fascicles containing single muscle fibres. Single muscle fibres contain the 
contractile organelles, “myofibrils” which are formed of sarcomeres. The major 
components of these sarcomeres are myosin (present in the thick filament), and actin 
(present in the thin filaments). Drawn using BioRender (BioRender, Toronto, Canada) 

1.1.1 The sarcomere 

The two major functional protein components of the sarcomere are myosin and actin. These 

proteins exist in all mammalian cells to facilitate cell motility and intracellular transport and 

localisation of organelles and macromolecules (Barlan & Gelfand 2017). The actin forms 

helical filaments which can act as rails for the myosin motor proteins to translocate across. 

The class of myosin present in the sarcomere is myosin II of which there are 15 subtypes. 

All type II myosins are hexamers composed of two parallel myosin heavy chains (MyHCs). 

These form alpha helices 1500 Å in length called the rod section, connected by a lever arm 

region, converter domain and motor domain to two globular myosin heads. An essential 
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myosin light chains (MyLCs) and a regulatory MyLC associate close to the head domain of 

each MyHC (Rayment & Holden 1994). The motor domain is the enzymatic region which 

contains the ATP binding site and actin binding face (Rayment et al. 1993). 

Each thick filament of sarcomeres is formed of around 200-400 molecules of aggregated 

myosin proteins, staggered by interspaced helices forming a helix of myosin heads (Au 2004; 

Hu et al. 2016) The filaments are joined by proteins found in the M-line; the section of the 

sarcomere in the centre of the bare region of myosin thick filaments mainly containing 

myomesin (which anchors myosin rods), creatine kinase and M-protein forming a hexagonal 

lattice. This section gives stability to the sarcomere au (Au 2004). Titin (also known as 

connectin) anchors the myosin to the Z-disc, introducing an elastic force to oppose the 

stretching of sarcomeres. This ensures the M line is always centrally positioned in the 

sarcomere. The z-disc is a lattice structure at adjoining each sarcomere which is bound to 

titin and actin filaments (Clark et al. 2002) (Figure 1.1). 

Actin filaments are formed primarily of the monomer: globular actin (G-actin). These 

monomer proteins polymerise to form filamentous actin (F-actin) along which runs the 

regulatory proteins tropomyosin and troponin (Hanson & Lowy 1963; Von Der Ecken et al. 

2015). Tropomyosin is formed of a rod of 2 alpha helical around 40 nm in length. In relaxed 

muscle, tropomyosin interacts with the 1 and 2 subdomains of 7 monomers of G-actin. 

Another part of this complex is 1 troponin complex formed of 3 components: Troponin C 

(TnC), Troponin I (TnI) and Troponin T (TnT). TnC can detect the presence of Ca2+ ions, TnI is 

an inhibitory unit and TnT is the unit which interacts with tropomyosin (Greaser & Gergely 

1973; Bowman & Lindert 2019). In muscles in the resting state, the helical structure of 

tropomyosin is wrapped around the F-actin, preventing interaction with the myosin heads 

(Risi et al. 2017; Pirani et al. 2005). 
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1.1.2 Sliding filament theory and excitation contraction coupling 

The sliding filament theory was first composed by Huxley and Niedergerke in the 1950s 

(Huxley & Niedergerke 1954; Huxley & Hanson 1954). In this model, the thick and thin 

filaments are interspaced in a regular pattern throughout the sarcomere. The actin filament 

contains myosin binding clefts for the cross linking of the myosin head. In muscles relaxed 

state, tropomyosin is bound to the binding clefts, interrupting the interaction of actin and 

myosin (Pirani et al. 2005; Gordon et al. 2001). The most relaxed state of muscle is where 

the myosin heads are doubled back on to the tail in a configuration termed the interacting 

head motif (IHM); the purpose of which is to reduce the ATP requirement (Hyun et al. 2008). 

Upon nerve stimulation, the increase in Ca2+ concentration causes a conformational change 

in tropomyosin allowing the myosin head to move across the actin and through the repeat 

of this motion, muscle contraction occurs (Risi et al. 2017). Each cycle requires the hydrolytic 

conversion of ATP into adenosine diphosphate (ADP) and inorganic phosphate (Pi) via an 

ATPase enzyme. Here ATP starts bound to the myosin head (M-ATP) and is hydrolysed to 

form M-ADP-Pi. This head can bind to actin resulting in the formation of A-M-ADP-Pi. Actin 

binding to the complex results in the release of Pi and ADP allowing the level arm to rotate, 

moving the actin and myosin relative to each other. AM then binds ATP allowing the actin to 

detach giving the start product of M.ATP (Figure 1.2). This is known as the contraction cycle 

(Wittinghofer & Geeves 2016; Squire 2019). 

  



31 
 

 

 

Figure 1.2: Simplified scheme of the ATP dependent contractile cycle. The attached state 
(A), end-state following the release of ADP (B), detached state initiated by the binding of 
ATP (C) and hydrolysis of ATP resulting in the myosin head conformational change (D). 
Adapted from Squire, (2019)  

Contraction begins with an incoming action potential down the t-tubule sarcolemma. This is 

detected in the triad by the dihydropyridine receptor in the sarcolemma and the signal is 

transduced via a conformational change to the ryanodine receptor releasing large quantities 

of Ca2+ ions from the sarcoplasmic reticulum (Schneider 1994; Ikemoto & Yamamoto 2000). 

The high concentration of Ca2+ results in ions of Ca2+ binding to the troponin complex 

component, TnC, which allows the disassociation of tropomyosin from the actin filaments 

(Gordon et al. 2001; Risi et al. 2017). This in turn allows interaction between the thick and 

thin filaments resulting in the initiation of the contraction cycle described in Section 1.1.3. 

1.1.3 The neuromuscular junction 

The neuromuscular junction (NMJ) is the centre point of the motor unit where the motor 

unit is a distal motor neuron and the fibres it innervates. NMJs include the nerve terminal 

(pre-synapse), the synaptic cleft and the motor endplate on the muscle fibre (post-synapse) 
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and is how the nerve and muscle communicate a signal to contract using acetyl choline (ACh). 

An overview of the synapse is shown in Figure 1.3. 

 

Figure 1.3: Schematic of the neuromuscular junction showing the presynaptic distal 
motor nerve, synaptic cleft and post synaptic motor endplate. The incoming action 
potential through the motor nerve allows the release of acetyl choline from vesicles into 
the synaptic cleft to act upon nicotinic acetyl choline receptors on the endplate. The acetyl 
choline is then broken down into acetate and choline by acetyl choline esterase in the 
synaptic cleft to be transported back into the nerve axon for recycling. Drawn using 
BioRender (BioRender, Toronto, Canada). 

1.1.3.1 Pre-synapse 

ACh is synthesised from acetyl-Coenzyme A CoA in the distal motor neuron where it is then 

packed, in an energy dependent process, into vesicles. These vesicles are mostly kept in close 

proximity to the nerve membrane opposing the nicotinic ACh receptors (nAChRs) of the 

muscle fibre across the synaptic cleft (Rizzoli & Betz 2004). NMJs are highly reliable due to 
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both the ACh vesicles and the receptors being well in excess of what is needed to propagate 

a signal for contraction (Hunter et al. 2016). 

Vesicle attachment and fusion to the plasma membrane is in response to an incoming action 

potential (AP). The AP leads to an influx of Ca2+ ions through voltage gated calcium channels. 

The increase in Ca2+ activate the soluble N-ethylmaleimide-sensitive fusion protein 

attachment protein receptors (SNARE) proteins to attach  and fuse the vesicles to the plasma 

membrane, releasing ACh into the synaptic cleft (Chanaday et al. 2019). 

1.1.3.2 Post-synapse 

The muscle motor endplate at the post-synapse is host to a large amount of nAChRs 

belonging to the cys-loop superfamily of ligand gated ion channels. nAChRs are made of 5 

subunits with a central pore which can facilitate the movement of cations such as Na+ and 

Ca2+ (Cheng et al. 2015). In muscle, 6 subunits exist: α1, β1, δ (foetal), γ and ε (adult). In 

muscle, the nAChRs always contain 2 alpha subunits, 1 beta unit, 1 gamma unit and either a 

delta or an epsilon subunits. In foetal muscle, the subunits co-assemble to form α1β1γδ 

receptors (Zouridakis et al. 2009). Soon after birth, the synthesis of the foetal delta subunit 

is outcompeted by the more stable adult epsilon unit in synchronicity throughout all fast 

muscle in response to receptor use with slow muscle showing some delay (Missias et al. 

1996). 

The nAChRs require 2 molecules of ACh to be activated acting at the (high affinity) α:δ and 

(low affinity) α:γ/ε interfaces (Unwin & Fujiyoshi 2012). This results in a conformation change 

to the channel allowing the central core to open and increases the permeability of the motor 

endplate to Na+ and K+ ions (Dani 2016). There is an influx of Na+ efflux of K+ to the muscle 

fibre depolarising the end plate. This depolarisation is known as an end plate potential (EPP) 

and once this reaches a threshold, an action potential propagates across the sarcolemma 

(Dani 2016). This action potential causes an influx of Ca2+ ions into the muscle fibre leading 
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to the depolarisation of the t-tubule sarcolemma resulting in muscle contraction via 

excitation-contraction coupling. In resting conditions, miniature endplate potentials (MEPPs) 

can be recorded on the muscle. These are likely the result of the contents of single ACh 

vesicles being released and detected on the endplate. MEPPs do not depolarise the 

membrane of the muscle motor endplate to reach the endplate threshold potential and 

allow contraction (Sellin et al. 1996). 

1.1.3.3 Synaptic cleft 

The synaptic cleft is the 60-70 nm (in vertebrates) space between the distal nerve terminal 

membrane and the muscle endplate (Koper et al. 2012). This synaptic space has a meshwork 

of extracellular matrix ECM containing α and β laminins, agrin and collagens in order to a 

stabilise the synapse, ensure the topology of the synapse, and allow transmission across the 

synapse (Singhal & Martin 2011). The synaptic cleft also contains the enzyme, acetyl choline 

esterase, produced by muscle fibres, which hydrolyses the ACh to acetate and choline (Chan 

et al. 1999). Around 50 % of the choline is then transported back into the motor neuron to 

be recycled into more ACh (Črešnar et al. 1994). 

1.1.4 Fibre types 

The phenotype of individual muscle fibres are under the control of dynamic changes such as 

hormonal influence, response to injury, and age (Schiaffino & Reggiani 2011). The factors 

included in the phenotype include but are not limited to excitability, contraction mechanism, 

and metabolic preference (Schiaffino & Reggiani 2011).  

Up until the late 1960s, muscle fibres have been divided into two categories: slow twitch 

(type 1; red) and fast twitch (type 2; white) fibres depending on how myoglobin rich the 

muscle is. Myoglobin, a haemoprotein not dissimilar to haemoglobin, provides muscle with 

an O2 source to use in oxidative energy generation (Ordway & Garry 2004). Type 2 fibres can 
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be further subdivided into types 2A, 2X and 2B. Each fibre type and subtype has a defined 

myosin ATPase (Bárány 1967). 

Type 1 fibres, also referred to as ‘slow-oxidative’ are innervated by relatively small axons 

with a smaller planar area, lower number of branches, and smaller branch length (Prakash 

et al. 1996). These fibres are highly resistant to fatigue from repeated and lengthy 

contraction (Lin et al. 2002). The major isoform of myosin heavy chain found in these fibres 

is MYHC1 coded by the MYH7 gene (Haddad et al. 2008). Myosin light chain 2 (MyL2) is the 

regulatory MyLC isoform found in slow type 1 muscle fibres (Bicer & Reiser 2004). These 

fibres tend to be smaller, more vascularised, have higher mitochondrial content and use 

oxidative phosphorylation of triglycerides as their major fuel source (Schiaffino & Reggiani 

2011). Type 1 muscle fibres are more prevalent in postural muscles such as the soleus giving 

the muscle its red appearance (Soukup et al. 2002). In the soleus, NMJs are larger in area, 

have a larger vesicle pool and the ACh is removed from the synaptic cleft slower than in 

muscles with predominantly type 2 fibres (Wood & Slater 1997; Reid et al. 1999; Sketelj et 

al. 1997). 

The 3 subgroups of type 2 “fast” fibres, 2A, 2X and 2B are innervated by progressively larger 

axons respectively (Prakash et al. 1996). These fibres are less resistant to fatigue but are 

faster, more powerful and have a smaller cross-sectional areal (CSA) than the slow twitch 

fibres (Larsson et al. 1991). The major heavy chain isotype for type 2A (fast-oxidative) is 

MyHC2A transcribed from the MYH2 gene and are fatigue resistant (Pandorf et al. 2006). 

Type 2A fibres use a mix of oxidative phosphorylation and glycolysis to produce energy and 

have lower mitochondrial content than type 2 fibres (Peter et al. 1972; Schiaffino et al. 1970). 

Type 2X fibres are less resistant to fatigue than type 2A and contain MHC2X coded by the 

MYH1 gene (Haddad et al. 2008). These fibres use glycolysis to produce energy and as such 

have a higher glycogen content than type 1 and type 2A fibres (Greenhaff et al. 1993).  
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The final muscle fibre type, type 2B (or fast-glycolytic), is coded by the MYH4 gene. These 

fibres staining for the type 2B ATPase, detect for MyHC-2X myosin (Smerdu et al. 1994). This 

fibre type is fast fatigable and is found in muscles used for fast, powerful movements such 

as the gastrocnemius (GTN) muscle (Burke et al. 1971). Fibres can also have feature of a mix 

of different fibre types. These are called hybrid fibre types and it has been shown that these 

fibre types exist on a spectrum and fibres type can be switched over time and is under 

hormonal control amongst other factors such as loading (Caiozzo et al. 2003). 

 Sarcopenia 

1.2.1 Structural and functional changes in sarcopenia 

 Sarcopenia is described as the age-related loss of muscle mass and function (Larsson et al. 

2019). Progressive age-related muscle atrophy is most likely the most dramatic and 

significant age-related decline in elderly humans. This atrophy incurs significant loss of 

muscle function, leading to slowing movement and weakness. With advancing age this can 

result in an increase in falls and so fall-related injuries and frailty eventuating in a loss of 

independence (Hemenway et al. 1994; Young and Skelton, 1994). Gaining an understanding 

of the process of age-related muscle loss is of the utmost importance due to an increasingly 

ageing demographic, likely as a result of improved health and living conditions. This 

understanding involves an observation of impairments in the central and peripheral nervous 

systems and the skeletal muscle system (Larsson et al. 2019). 

The age-related loss of muscle mass is a muscle atrophy experienced by all mammals in the 

later stages of life.  Intrinsic and extrinsic changes regulating muscle ageing in humans also 

occur in rodents, indicating that mice and rats are relevant models of human sarcopenia. A 

reduction in lean muscle mass, fibre number, fibre CSA and loss of motor unit number in a 

spectrum of muscles from humans and rodents has been shown with advancing age in the 

past 50 years (Lexell & Henriksson-Larsen 1983; Porter et al. 1995; Sayed et al. 2016; 
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Sakellariou et al. 2016; Tang et al. 2019; Brooks & Faulkner 1988; Sheth et al. 2018; McArdle 

et al. 2004; Walsh et al. 2015; Messa et al. 2019; Zhu et al. 2019).  

This loss of function manifests as slow, inhibited or reduced movement of muscles resulting 

in the weaknesses leading to increases in fall related injuries amongst the elderly. A grip 

strength test in elderly patients is a good predictor of impaired mobility and physiological 

age (Souza Saraiva et al. 2019). Strength in a mixed human cohort was significantly reduced 

in forearm, hip and knee muscles with isometric, concentric and eccentric knee extensions 

being reduced to by 30-40% (Kasukawa et al. 2017; Frontera et al. 2000; Porter et al. 1995). 

In mice, fore limb strength has been observed to be reduced with grip strength testing and 

hind limb measurements of a spectrum of muscles have shown a reduction in force 

generation in- and ex-vivo (Ge et al. 2016; Brooks & Faulkner 1988; Sheth et al. 2018; 

McArdle et al. 2004).  

Loss of neuromuscular integrity has long been considered a major feature of muscle ageing. 

Ageing is associated with loss of whole motor units and motor neurons. The loss of muscle 

that occurs with ageing occurs with loss of motor units in both humans and rodents 

(Campbell et al. 1973; Sheth et al. 2018). In young and adult humans and animals, damage 

to terminal axons and motor unit turnover occurs during everyday activities and is repaired 

by sprouting and regrowth of axons from the damaged nerve leading to rapid re-innervation 

of NMJs (Delbono 2003). With increasing age, re-innervation does not occur appropriately 

and re-innervation by sprouting from adjacent axons or NMJ occurs (Larsson & Ansved 1995). 

The effect of this is an increased grouping of fibres of a single type (Larsson & Ansved 1995) 

with the formation of “giant” motor units which are eventually lost (Matthews et al. 2011). 

A 25–50% reduction in the number of motor neurons occurs in man and rodents with ageing 

(Rowan et al. 2012; Tomlinson & Irving 1977) with selective loss of large fast α-motor 

neurons (Narici & Maffulli 2010; Sonjak et al. 2019). Studies have reported loss of innervation 
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of individual fibres in muscles of older individuals. During ageing in humans and rodents, 

NMJs become fragmented from their usual “pretzel-like” structure to a broken and 

fragmented (Arizono et al. 1984; Valdez et al. 2010). Our research group have reported that 

∼15 % of individual muscle fibres from (26-28 month) old mice were completely denervated 

and ∼80 % of NMJs showed disruption (Vasilaki et al. 2016). Maintenance of the NMJ is 

increasingly seen to be key to interventions that may maintain muscle mass and function in 

older age (Ham et al. 2020). 

This NMJ disruption is likely the product of neuronal degradation leading to a loss of muscle-

nerve communication leading to disassembly of the nAChR clusters on the motor endplate. 

The effects of this disruption and denervation are likely to be multiple. Evidence suggests 

that there is considerable reserve in the overlap of pre- and post- synaptic structures such 

that overlap is well in excess of what is needed to propagate a signal for contraction (Hunter 

et al. 2016). In contrast, there is evidence that  reduction or loss of neuronal input can lead 

to muscle fibre atrophy potentially due to an increase in oxidative stress (Staunton et al. 

2019; Pollock et al. 2017; Scalabrin et al. 2019).  

1.2.2 Mechanisms Responsible for the Development of Sarcopenia: Role of Reactive 

Oxygen Species (ROS) and Inflammation 

1.2.2.1 Altered Reactive oxygen species (ROS) Generation and Muscle Ageing.  

Reactive oxygen species (ROS) are extremely reactive molecules derived from molecular 

oxygen. ROS are thought to be predominantly produced by the mitochondria as a product of 

the electron transport chain (Chen et al., 2003). The main source of ROS is thought to be the 

mitochondria; however recent studies have identified other sources of ROS (Sakellariou et 

al., 2013). ROS have vital roles in cell signalling; however, in excess they can also cause 

damage to macromolecules (Powers et al., 2010). ROS production is relatively high in skeletal 

muscle, as skeletal muscle has high oxygen consumption and it is well known that ROS, in 
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particular superoxide, are produced during skeletal muscle contraction (Reid et al., 1992; 

Sakellariou et al., 2013).   

To counteract the production of ROS, cells have an antioxidant defence system which 

converts ROS into none or less damaging products to prevent any deleterious effects. The 

antioxidant defence system includes antioxidant defence enzymes such as the superoxide 

dismutases (SODs) and catalase. ROS are implicated in the ageing across all organs in all 

species due to the increase in oxidative damage to lipids, proteins, and nucleic acids such as 

DNA (Harman 1956). Muscle fibres have a high capacity for energy metabolism, and as such 

generate a large amount of ROS and reactive nitrogen species by NAD(P)H oxidase enzymes 

in the plasma membrane and by mitochondria and t-tubules (Sakellariou et al. 2014b). 

Fundamental changes in redox signalling and homeostasis occur during ageing (Jackson & 

Mcardle 2011).  

Denervation of muscle, such as that seen in muscle of old mice and humans, leads to 

mitochondrial dysfunction and increased muscle generation of ROS, and it is proposed that 

this is the mechanism by which atrophy occurs (Scalabrin et al. 2019; Pollock et al. 2017).  

1.2.2.2 Models of Modified ROS: Focus on the SOD1KO mouse as a model of accelerated 

sarcopenia. 

In non-mammalian models, some interventions designed to reduce the activities of ROS, 

such as overexpression of CuZn, superoxide dismutase (SOD1), catalase or both in Drosophila 

(Orr & Sohal, 1993; 1994; Orr et al, 2003) or treatment with a MnSOD (SOD2) and catalase 

mimetic in C. Elegans (Melov et al, 2000) extended lifespan, but these effects are not 

universally observed and are controversial (Gems & Doonan, 2009). In mammals, only few 

genetic manipulations designed to reduce ROS activities have resulted in increased lifespan 

(Schriner et al, 2005; Yoshida et al, 2005). Many studies have reported that mitochondrial 

ROS generation is increased in skeletal muscle during ageing (see Van Remmen & Jones, 2009 
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for a review) and that this occurs in association with impaired mitochondrial function and 

oxidative damage to mitochondrial components (Jang & Van Remmen, 2009). There are 

some studies that indicate manipulation of ROS activities can preserve muscle function 

during ageing (Schriner et al, 2005; Broome et al, 2006).  

Superoxide dismutase (SOD) was first discovered by McCord and Fridovich (McCord et al., 

1969) and is responsible for the dismutation of superoxide radical into hydrogen peroxide 

(H2O2) and oxygen.  Mammalian skeletal muscle contains two prominent types of SOD; 

copper and zinc superoxide dismutase (CuZnSOD) and manganese superoxide dismutase 

(MnSOD). MnSOD is also known as SOD2 and is located in the mitochondria (Weisiger et al., 

1973) with a manganese ion attached to its active site whereas CuZn is also known as SOD1 

and contains copper and zinc. CuZnSOD is localised to mitochondrial intermembrane space 

and in the cytoplasm (Crapo et al., 1992). Mammalian skeletal muscle also expresses a third 

superoxide; extracellular SOD, which scavenges extracellular superoxide (Folz et al. 1999). 

Mice lacking CuZn superoxide dismutase (SOD1KO mice) are born with a similar muscle mass 

to WT mice, but show a premature muscle ageing phenotype with an accelerated loss of 

muscle mass and function (Muller et al. 2007) that is also characterised by significant 

disruption of the motor neurons and NMJs (Deepa et al. 2019) (Figure 1.4). Disruption of 

nerve-muscle linkage in this model appears to result from loss of redox homeostasis in the 

motor neurons resulting in NMJ breakdown and loss of muscle mass and function 

(Sakellariou et al. 2014b).  
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Figure 1.4: Increased ROS generation in the muscle of CuZn superoxide dismutase null 
mice results in accelerated loss of muscle mass and function (Muller et al. 2006) 

 

The SOD1KO mouse has been shown to exhibit increased sensitivity to ROS (Huang et al. 

1997). SOD1KO mice display many of the functional losses associated with frailty in humans 

(Deepa et al. 2017). SOD1KO mice have an accelerated decrease in body mass, adult mice 

demonstrate a decrease in wheel running capacity and performance on a Rota-rod test, and 

increase in oxidative damage to macromolecules  (Muller et al. 2006). A significant decrease 

in mass of all muscle types is also observed, with the exception of the postural soleus muscle 

(Muller et al. 2006; Jang et al. 2010; Larkin et al. 2011). Alongside the loss of muscle mass, is 

a loss of muscle force generation, even when normalised to the cross sectional area of the 

muscle (Muller et al. 2006; Jang et al. 2010), suggesting a weakening of the remaining muscle 

in a similar manner to muscles of old mice and humans. The SOD1KO mice demonstrate a 

deterioration in the NMJs which is reflected in a parallel loss of synaptic function (Jang et al. 

2010; Deepa et al. 2019; Larkin et al. 2011).  
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Several additional genetic manipulations have attempted to identify the importance of 

removal of Sod1 in individual tissues and the impact on the muscle loss and weakness. Thus, 

in SOD1KO mice where SOD1 has been rescued in the nerves, a significant level of muscle 

weakness was still observed but there was no overall muscle atrophy and therefore this 

cannot be considered to be a model of sarcopenia (Zhang et al. 2013; Sataranatarajan et al. 

2015) but provided a mechanism by which knockout of SOD1 results in accelerated loss of 

muscle mass and function. In contrast, muscle specific knockout of SOD1 resulted in a minor 

decrease in overall force generation of gastrocnemius muscles, but surprisingly, an increase 

in muscle mass with no evidence of NMJ degeneration (Zhang et al. 2013; Sakellariou et al. 

2014a), suggesting that altered ROS generation by muscles alone does not play a primary 

role in the muscle loss seen in SOD1KO mice. A neuron specific knockout of SOD1 resulted in 

a minor decrease in the mass of some muscles, most notably the quadriceps (Sataranatarajan 

et al. 2020). There was also a small but significant decrease in force generation from the GTN 

muscles (Sataranatarajan et al. 2020). 

Based on findings from the above SOD1 knockout mouse models, there is a proposed, “two-

hit” hypothesis – the first hit being a compromise to redox homeostasis in the neuron, and 

the second being an increase in mitochondrial ROS in muscle potentially affecting the ability 

of the muscle to respond to stress in support of the neuron, inducing further damage to the 

NMJs (Deepa et al. 2019). 

The mechanisms by which imbalance in ROS homeostasis leads to muscle atrophy is unclear, 

but it is proposed that this may ultimately initiate the upregulation of proinflammatory 

signals in muscle, resulting in activation of nuclear factor kappa-light-chain enhancer of 

activated B cells (NF-κB) and chronic inflammation in the muscles and surrounding tissues 

(Meng & Yu 2010; McArdle et al. 2019).  
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1.2.2.3 Inflammation 

Originally coined in 2000, ‘inflammaging’ is the term used to describe the association of 

increase inflammatory mediation with advancing age (Franceschi et al. 2000). Chronic 

inflammation is associated with numerous diseases associated with ageing such as 

cardiovascular disease, chronic kidney disease, type 2 diabetes and sarcopenia (Ferrucci & 

Fabbri 2018). These diseases are linked by both the prevalence in ageing and the occurrence 

of inflammatory mediators such as cytokines (Ferrucci & Fabbri 2018). 

An increase in levels of inflammatory markers such as plasma Interleukin-6 (IL-6), Tumour 

necrosis factor alpha (TNF-α), and C-reactive protein (CRP) have been associated with a 

higher patient mortality and the onset of sarcopenia in a number of studies (Ferrucci et al. 

2002; Bautmans et al. 2011). Elevated CRP is associated with low chair stand performance in 

men and women and loss of handgrip strength in men and women over 55 (Hamer & Molloy 

2009). Studies have reported increases in Interleukin (IL)-1α, IL-1β, IL-6, IL-8, IL-10, IL-12, IL-

13, granulocyte-colony stimulating factor (G-CSF), granulocyte/monocyte-CSF (GM-CSF), 

macrophage inflammatory protein (MIP)-1/CCL2, transforming growth factor (TGF)-α, 

interferon gamma-induced protein 10 (IP-10)/CXCL10, eotaxin/CCL11, tumour necrosis 

factor (TNF)-α, CCL2, CCL5 and CXCL10 within the plasma of humans with ageing (Kim et al. 

2011; Wang et al. 2017; Hoefer et al. 2017; Valdez et al. 2010; Rea et al. 2018; Tung et al. 

2015; Gerli et al. 2001; Bonfante et al. 2017). Administration of the common non-steroidal 

anti-inflammatory drug ibuprofen significantly decreased age related muscle mass in rats 

(Rieu et al. 2009) providing further evidence of a role for inflammation in the development 

of sarcopenia. The source of the systemic cytokines seen in old age is not known, however 

there are numerous proposed cells. We know that cells of the innate and adaptive immune 

systems producer relatively large amounts of cytokines and chemokines. Macrophages 

secrete various chemokines such as CXCL9, CXCL10 , and CXCL11 which can, in turn, recruit 

T-cells (Oneissi Martinez et al. 2008). Muscle accounts for around 40% of body mass, so an 
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increase in cytokine production and release by muscle fibres would potentially result in a 

considerable contribution to systemic inflammation (da Silva et al. 2019). 

One proposed source of inflammaging is the increased presence of senescent cells. Cellular 

senescence was initially described by Hayflick in 1965 to describe the limit to the number of 

cellular division cycles a cell can perform (Hayflick 1965). Cells which have reached this limit 

are described as “senescent” and are characterised by replicative arrest, resistance to 

apoptosis, active tumour suppression pathways, chromatin rearrangement, and the 

development of the senescence associated secretory phenotype (SASP) (Khosla et al. 2020). 

The SASP varies between cells and tissues but generally includes the secretion of factors such 

as pro-inflammatory cytokines, chemokines, ROS, proteases, nucleotides and growth factors 

(Khosla et al. 2020; Kirkland 2013).  Genetic ablation of senescent cells or administration of 

anti-senescence (senolytic) agents and removal of factors known to be involved in the SASP 

have alleviated age-related diseases in animal models and restored grip strength and activity 

in old mice (Xu et al. 2015). Implantation of senescent cells also reduced physical 

performance of mice (Xu et al. 2018). Knockout of senescent P16InK4a cells in mice successfully 

extended healthy lifespan and significantly reduced the age dependent deterioration of 

several organs including the kidneys, adipocytes and skeletal muscle (Baker et al. 2016; Baker 

et al. 2011).  

The mechanisms by which an increase in systemic pro-inflammatory cytokines result in 

sarcopenia, at least in part, are unclear. A number of studies have shown that treatment of 

muscles and myoblasts with pro-inflammatory cytokines results in muscle weakness and 

atrophy and data from our laboratory suggest that this results in the activation of the NF-κB 

pathway via the increased production of mitochondrial ROS (Li & Reid 2000; Lightfoot et al. 

2015). A chronic upregulation of NF-κB signalling and content have been observed in muscles 

of old mice (Vasilaki et al. 2006b; Vasilaki et al. 2010; Cuthbertson et al. 2005) and a chronic 
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increase in NF-κB DNA binding activity has also been reported in SOD1KO mice, alongside an 

increase in circulatory cytokines and some increased β-galactosidase stained cells (Vasilaki 

et al. 2010; Deepa et al. 2017). The NF-κB pathway is the  major cellular pro-inflammatory 

pathway, known to upregulate catabolic processes through action on E3-ligases such as 

Murf-1 and atrogin-1 (Li et al. 2005; Gomes et al. 2001) and evidence of chronic activation 

suggests that this may be important in activation of degradation pathways in muscle of old 

mice.  

The NF-κB activation process in muscle is complicated. In response to an acute period of 

exercise, particularly damaging exercise of healthy human muscle, a significant increase in 

NF-κB signalling is seen, followed by increased muscle expression of mRNA of cytokines 

(Hollander et al. 2001; Vella et al. 2012). This cytokine signalling results in an infiltration and 

activation of immune cells which take an active role in the tissue repair but may also 

contribute to further damage. NF-κB activation can also result in the activation of 

cytoprotective genes such as the antioxidant defence proteins (McArdle et al. 2002; Toumi 

et al. 2006) NF-κB activation in skeletal muscle derived myoblast cells can been achieved with 

exposure to increasing concentration of H2O2 (Sen et al. 1997; Zhou et al. 2001). In the muscle 

of old mice and SOD1KO mice, muscle shows an inability to activate NF-κB signalling post 

exercise, in a similar manner to muscles of old mice (Vasilaki et al. 2010; Vasilaki et al. 2006b). 

 NF-κB signalling 

1.3.1 Overview 

The NF-κB pathway is the major intracellular inflammatory system which exists in most 

multicellular organisms (Ryzhakov et al. 2013; Silverman & Maniatis 2001). In animals, this 

transcription factor is central to coordinating inflammation, adaptive and innate immune 

responses, cell differentiation, proliferation, and survival (Silverman & Maniatis 2001).  



46 
 

The NF-κB family of proteins consists of 5 monomers and their active dimers which form the 

NF-κB transcription factor, acting on the κB sequence of DNA. NF-κB is under the control of 

specific inhibitors of NF-κB (IκB) which are coordinated by IκB kinases (IKK) through post 

translational modification (Hoffmann et al. 2003). This signalling pathway is split into two 

major branches, the canonical pathway and the non-canonical pathway and though these 

have commonalities, they are distinct pathways with different stimuli and downstream 

resolutions (Pires et al. 2018). 

1.3.2 NF-κB monomers and dimers 

1.3.2.1 Monomers 

Transcription via the NF-κB pathway is controlled primarily by five protomers: p65 (RelA), 

RelB, c-Rel, p50 and p52 (Hoffmann et al. 2003). These can be broken into type I (p65, RelB, 

and c-Rel) and type II (p100/p52, and p105/p50) NF-κB proteins. The active monomers of the 

type II proteins cleaved from the larger precursor proteins p105 and p100  to form p50 and 

p52 respectively (Qing et al. 2007; Li & Ghosh 1996).  

The NF-κB monomers all contain the rel homology domain proximal to the N terminal. The 

rel homology domain is a 300 amino acid domain which is critical to allowing the association 

of these monomers to form functional dimers, the process of nuclear location and DNA 

binding, and IκB interactions (Baldwin 1996). The rel homology domain facilitates these 

processes through containing the proteins N-terminal domain, dimerisation domain and 

nuclear location signal. The dimerization domain and N-terminal domain enable dimerization 

of the NF-κB monomers and the nuclear location signal is a flexible domain which adopts 

specific conformations depending on binding to other proteins such as IκB and importin 

proteins in the nuclear envelope (Friedrich et al. 2006).  

The rel homology domain proteins also contain a c-terminal transactivation domain which is 

not structurally conserved between subunits but exists functionally. The two monomer 
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products of precursor proteins, p50 and p52, do not contain transactivation domains and 

therefore, are not transcriptionally active (Smale 2012). They contain a glycine rich region 

which is an artefact from the proteolytic processing. The three transcriptionally active relish 

(rel) homology domain proteins are p65, c-Rel and RelB in order from most to least potent 

(Mitchell et al. 2016). 

1.3.2.2 Dimerisation of NF-κB 

The ~100 amino acid dimerization domain of NF-κB was discovered via the first crystal 

structure of the rel homology domain bound to DNA (Ghosh et al. 1995). Around 12 – 15 

residues participate in the dimerization of NF-κB monomers and very few of these residues 

contribute to the bonding energetically. The RelB dimerization domain has an atypical 

topology consisting of two intertwined monomers which could influence its effects on DNA 

binding affinities (Huang et al. 2005). 

The five NF-κB transcription factor monomers can form 15 possible combinations of dimers. 

Of these, 12 are considered to bind to the DNA κB sequence of which 9 contain at least 1 

protein containing a transactivation domain (p65, RelB or c-Rel). Three can bind DNA but do 

not contain a transactivation domain so would only function as activators with additional 

coactivators (Smale 2012). The remaining three possible dimers form low affinity dimers 

which cannot bind DNA but may coactivate with the B cell lymphoma (Bcl3) or IκB proteins, 

or could act as repressors of NF-κB signalling (Fujita et al. 1993; Yamamoto & Takeda 2008) 

(Figure 1.5). 
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Figure 1.5: Transcriptional activity of each of the 15 NF-κB dimers. * denotes dimers 
which contain at least 1 transactivation domain and therefore bind DNA and actively allow 
transcription of downstream products. Δ denotes dimers which function as activators only 
with functional co-activators and X denotes dimers which form low affinity dimers which 
do not have transactivation activity by themselves. 

 The NF-κB dimers exist at different levels in different cells (Phelps et al. 2000). The dimers 

exist in various relative amounts which can largely be attributed to the binding affinities of 

the monomers to one another, the expression of monomer genes, activation of precursor 

proteins (via partial proteasomal degradation), and dimer degradation (Ghosh et al. 2012). 

In terms of expression of the monomer genes, p65 and RelB are highly expressed across most 

cell types whereas c-Rel expression is confined to lymphoid and dendritic cells (Liou & Hsia 

2003). It is understood that all of the NF-κB monomers are transcriptional targets of p65 
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mediated transcription including p65 itself (Bren et al. 2001; Sung et al. 2014; Almaden et al. 

2014). 

Although there is a lack of quantitative evidence, when observing p65 and p50 monomers, 

the p65:p50 heterodimer is the most prevalent dimer in most cell types, followed by the p50 

homodimer. The p65:p50 heterodimer has been shown to have the highest binding affinity 

with the two homodimers of its constituent monomers being lower in binding affinity (Tsui 

et al. 2015). It is therefore postulated that the general rule is dimers formed of a type I (p65, 

RelB, and c-Rel) and a type II (p100/p52, and p105/p50) subunit have the highest stability, 

dimers of two type I subunits have the lowest with dimers formed of type II  subunits being 

in between these two (Mitchell et al. 2016). 

1.3.2.3 NF-κB DNA binding 

Early in the discovery of the NF-κB pathway, the DNA binding consensus region was 

determined to be 5’-GGGRNWYYCC-3’ where R is a purine, N is any base, W is either adenine 

or thymine and Y is a pyrimidine (Figure 1.6). The sequence has been shown to be variable 

with these variations having preferences for different dimers (Kunsch et al. 1992). The 

sequence can be variable in length (9-11 bps) and variable in its sequence and still have 

affinity for certain NF-κB transcription factors. The human genome is known to contain just 

under 14,000 NF-κB binding regions (Zhao et al. 2014). The entire rel homology domain is 

needed to allow NF-κB to bind and its DNA binding region is much larger than the DNA 

binding regions of other conventional transcription factors (Kuriyan & Thanos 1995).  

More recently, the pseudo-palindromic NF-κB consensus sequence has been recognised as 

two half-site sequences: each half site being responsible for the binding of one monomer of 

the dimer pair. The type I subunits interact with a 5 bp half-site whereas type II interact with 

a 4 bp half site. For this reason, the active site can be preferred by two 4 bp half-sites, two 5 

bp subunits or a 4 bp plus a 5 bp subunit (Siggers et al. 2012). Between these half sites is a 
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central base pair which is not contacted by either subunit; this is usually A:T and can be used 

as a central point of reference for studying the κB site sequence. The central base pair plus 

the two 4-5 bp extensions result in the κB site being between 9 and 11 bps  (Figure 1.6) 

(Siggers et al. 2012).  

Single nucleotide variations in the κB signal can dramatically affect the contact through the 

contact of NF-κB subunits or the dynamics of NF-κB binding making these sites complex to 

study (Leung et al. 2005). In addition to this, non-classical sites exist which can use different 

coactivators for the induction of NF-κB transcription (Wang et al. 2012). Most studies that 

have examined κB binding sites have used the cytokines, TNFα and IL-1β, or 

lipopolysaccharide (LPS) to induce NF-κB activation which would preferentially activate the 

canonical pathway and thus will bias the discovery of canonical κB sites. 

 

Figure 1.6: The originally derived classic consensus region of the κB DNA element (upper 
panel) and the nucleotide sequence of the major histocompatibility complex (MHC) κB 
region with one half site highlighted in red and the other in green and the central 
position in black (upper panel). 
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1.3.3 IκB family 

The function of IκB proteins is to stablise NF-κB in the cytoplasm rather than the nucleus. In 

doing so, NF-κB cannot bind to DNA and is therefore, transcriptionally inactive. There are 

eight known IκB proteins which contain ankyrin repeat domains; a 33 amino acid helical motif 

which complexes with at least one dimer of NF-κB (Huxford et al. 1998). Three of these 

mediate the classical NF-κB binding and are susceptible to proteasomal degradation. These 

are IκBα, IκBβ and IκBε and contain 6 ankyrin repeats flanked by two flexible unstructured 

sequences. The flexible region contains a high proportion of proline (P), glutamic acid (E), 

serine (S), threonine (T) residues and is consequently termed a PEST domain (Rogers et al. 

1986). This feature is common to high turnover proteins (Ghosh et al. 2012). 

IκBα, IκBβ and IκBε preferentially bind to dimers containing a p65 or c-Rel monomer (Malek 

et al. 2003). The prototypic member of this family is the IκBα protein. This readily complexes 

with p65:p50 dimers through a number of binding interactions. IκBα interacts with the 

homodimer mainly through the ankyrin repeat domain of the IκBα and dimerization domain 

of the NF-κB dimer (Huxford et al. 1998). In addition to this binding, IκBα also contacts the 

rel homology domain of p65 (Huxford et al. 1998). IκBα directly blocks the DNA binding cleft 

of p65:p50 dimer (Jacobs & Harrison 1998). The IκBα:p65:p65 complex is very similar to that 

of IκBα:p65:p50 (Malek et al. 2003).  

When free of dimers, only the first four ankyrin repeats in IκBα adopt their fully folded and 

most stable structure (Croy et al. 2004). The remaining two and the PEST region, however, 

are not folded which is rare as ankyrin repeat domain proteins are usually a highly stable 

structure. The two other ankyrin repeats adopt a folded structure with the binding of an NF-

κB dimer. This energetically pushes the binding of IκBα to NF-κB (Bergqvist et al. 2006). This 

is a reason IκBα needs to be fully degraded in order for NF-κB dimers to freely enter the 
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nuclei. Mutant, pre-folded IκBα does not bind with as great affinity to NK-κB (Truhlar et al. 

2008). 

The c-terminal of p105/IκBγ and p100/IκBδ are similar in structure to IκBs and can associate 

with dimers of NF-κB forming large complexes (Savinova et al. 2009). Dimers containing 

p105, c-Rel and processed p50 can be bound by p105 and dimers containing RelB, p52 and 

similarly p65 can be bound by p100 (Savinova et al. 2009). Through complete proteasomal 

degradation of these atypical inhibitors releases the dimer allowing nuclear translocation 

and DNA binding. 

1.3.4 IKK complex 

The IKK complex is the term for the complex of proteins responsible for phosphorylating the 

IκB proteins resulting in their ubiquitination and degradation. There are 4 kinases in the IKK 

family. These are IKKα, IKKβ, IKKε and TANK-binding kinase 1 (TBK1) (Ghosh et al. 2012). The 

two latter kinases are involved in the NF-κB pathway but are not involved in tagging the IκB 

proteins for degradation. Each of the kinases contains a kinase core domain, a leucine zipper 

motif which facilitates dimerisation, a helix-loop-helix domain and a c-terminal domain to 

interact with NF-κB essential modulator (NEMO) (Zandi et al. 1997). IKKα and IKKβ can form 

homo- and heterodimers but there is also a more common trimeric form. The trimeric IKK 

complex is composed of 3 subunits: IKKα, IKKβ and NEMO. NEMO contains two conical coiled 

domains, a leucine zipper motif, a zinc finger, and dimerization domain (Barczewski et al. 

2019).  

IKKβ is the subunit responsible for the phosphorylation of IκBα and can be activated by 

several upstream kinases. For example, transforming growth factor-β-activated kinase 1 

activates IKKβ through phosphorylation of two residues (Ser177 and Ser181), activating its 

function (Wang et al. 2001) and so activating NF-κB. 
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1.3.5 The canonical pathway for NF-κB activation 

The canonical NF-κB pathway is characteristically the action of the IKK complex on IκBα to 

release the p65:p50 dimer. While this is paradigmatic of the canonical pathway, it can also 

include other dimers and inhibitors. This pathway can be activated by several cytokines, 

pathogen associated molecular pattern molecules (PAMPS), damage associated molecule 

pattern molecules (DAMPS; one of which is ROS) and proteins in the antigen immune 

recognition pathway (Zhang et al. 2017). 

The most well characterised canonical response to a stimulus is the cascade following TNFα 

binding to a TNF receptor (TNFR). Upon the binding of this ligand to its receptor allows the 

recruitment of adaptor proteins such as receptor-interacting serine/threonine-protein 

kinase 1, TNFR type 1-associated DEATH domain protein, TNFR associated factor (TRAF)2, 

cellular inhibitor of apoptosis protein-1 (cIAP), TAK1-binding protein and mitogen associated 

kinase kinase kinase 7 (TAK1 into a complex known as the linear ubiquitin assembly complex 

(LUBAC) (Hsu et al. 1995). The IKK complex is then phosphorylated by kinase components of 

the LUBAC assembly allowing activation and NEMO is polyubiquitylated (Zhou et al. 2004). 

IKKβ phosphorylates both Ser32 and Ser36 on IκBα or Ser19 and 23 on IκBβ (DiDonato et al. 

1996). The E3 ubiquitin ligase, Skp, cullin, f-box containing complex (SCF)βTrCP then 

polyubiquitinates IκBα for proteasomal degradation via the 26s proteasome (Winston et al. 

1999). 

The canonical pathway includes some built in controls such as the IκBα negative feedback 

loop. This is due to IκBα being a gene target of NF-κB. IκBα is synthesised following activation 

of NF-κB, increasing the inhibition of NF-κB and allowing the IκBα to scavenge NF-κB from 

the nucleus. This process is in place to prevent chronic NF-κB activation through repeated 

stimulus however, due to slow re-synthesis, this can take more than an hour to facilitate 

negative feedback. Cycling of this mechanism results in an oscillatory nature of NF-κB 
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activation with dimers being shuttled in and out of nuclei (Hoffmann et al. 2002). This 

oscillatory feature may also affect the transcription of target genes (Nelson et al. 2004) 

(Figure 1.7).  

 

Figure 1.7: An overview of the major components of the NF-κB canonical and non-
canonical pathways. The canonical pathway shows the IKKβ control of IκBα leading to its 
degradation, allowing the p65:p50 dimer to enter the nucleus and transcribe NF-κB targets 
– one of which is IκBα leading to the induction of NF-κB’s major negative feedback loop. 
The canonical pathway shows NF-κB inducing kinase activating IKKα to facilitate the partial 
degradation of p100 to p52 via the proteasome. This allows the translocation of the 
p52:RelB dimer to the nucleus. 

1.3.6 The non-canonical pathway for activation of NF-κB  

The non-canonical pathway is NEMO-independent and is involved in B-cell survival, bone 

metabolism, and dendritic cell activation among other developmental processes. In the 

absence of signalling, NF-κB inducing kinase (NIK) is quickly turned over and degraded by the 

TNFR-associated factor (TRAF) - cIAP destruction complex. Upon stimulation of the TNFR, the 

TRAF-cIAP complex is disrupted, reducing the degradation of NIK, allowing it to accumulate 

(Qing et al. 2005). NIK then phosphorylates IKKα allowing activation of its kinase domain. 
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IKKα phosphorylates Ser176 and Ser180 on p100 (Ling et al. 1998). In most cells, p100 is 

normally complexed with RelB with the ankyrin repeat domain acting as an IκB (Solan et al. 

2002). The phosphorylation leads to recognition by the SCFβTrCP ubiquitin ligase, and 

polyubiquitination allowing partial degradation by the 26s proteasome resulting in an active 

p50:RelB dimer (He et al. 2006). NIK can also release p100 where it is bound to a dimer as a 

standalone IκB (Savinova et al. 2009). Some specific chemokines are induced specifically by 

the non-canonical pathway. These include MIP-3a/CCL20, thymus expressed chemokine 

(TECK)/CCL25, B-cell attracting chemokine (BCA)-1/CXCL13, and stem cell factor (SCF)-1 

(Dejardin et al. 2002).  

1.3.7 NF-κB in muscle 

In muscle, there is evidence for the expression of p65, p105/p50, p100/p52, RelB, and cRel 

although at a lower level than the others (Vella et al. 2014; Hunter et al. 2002; Judge et al. 

2007; Durham et al. 2004). p65 (and phosphorylated p65) , p50, p52, RelB, are expressed in 

higher levels in muscle tissues of mice with Myotonic dystrophy type 1 compared with 

muscles of WT mice (Yadava et al. 2014). Basal NF-κB binding activity in the GTN and extensor 

digitorum longus (EDL) muscles is lower than in other tissues such as the liver, heart and the 

diaphragm (Durham et al. 2004) and there is evidence of alterations in NF-κB binding with 

changes in muscle use. Thus, the level of DNA binding in human muscle biopsies is reduced 

in those which have undertaken resistance exercise (Durham et al. 2004). 

1.3.7.1 Acute activation of NF-κB 

Phosphorylation of p65 occurs in muscle at 3-5 days following both freeze induced injury and 

injury with BaCl2 (Nakazawa et al. 2017; Straughn et al. 2018). Nuclear translocation of p50 

has been shown to increase in muscle during unloading along with increases in DNA binding 

of complexes containing p50 and cRel (Hunter et al. 2002).  
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H2O2 generated during contractions in muscles of adult WT mice activates a number of redox-

regulated transcription factors, including NF-κB with a subsequent adaptation of the muscle 

through increased expression of regulatory enzymes and cytoprotective proteins necessary 

for remodelling of muscle tissue (McArdle et al. 2019). 

Treatment of myofibres with TNF-α , IL-1α, IL-1β, and TNF-related weak inducer of apoptosis 

have been shown to increase NF-κB binding to DNA, NF-κB translocation without inducing 

apoptosis showing that the NF-κB pathway is sensitive to stimulation in muscle fibres (Li & 

Reid 2000; Yamaki et al. 2012). Canonical NF-κB inhibition results in increased differentiation 

of satellite cells ex and in-vivo (Straughn et al. 2018). 

1.3.7.2 Chronic activation of NF-κB 

Transgenic increase in constitutively active IKKβ in muscle results in a loss of muscle mass 

and fibre atrophy in muscles of mice via an upregulation of MuRF1, an E3 Ligase which 

mediates muscle atrophy via proteolysis (Cai et al. 2004). There is an upregulation in IKKβ, 

and IκBα alongside an increase in phosphorylation of IκBα in these muscles (Straughn et al. 

2018). Muscle specific knockout of IKKβ in mice protected a number of muscles from a loss 

in muscle weight, tetanic force, reduction in fibre size, and promoted regeneration in 

denervated mouse muscles in response to denervation (Mourkioti et al. 2006). IKKα and IKKβ 

are both proposed to be integral to the development of atrophy in response to mechanical 

unloading (Gammeren et al. 2009). 

Overexpression of NIK leads to atrophy of muscle fibres in mouse TA muscles and an increase 

in the E3 ligases atrogin-1 and MURF, the translation initiation faction elF4EBP1, and the 

transcription factor FOXO1 in myotubes (Fry et al. 2016). This shows that the non-canonical 

NF-κB pathway is potentially involved in muscle protein turnover within muscles (Wu et al. 

2014). Reduction of p65 using small interfering RNA protects against cytokine induced 

muscle atrophy (Yamaki et al. 2012). 
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Prolonged hind-limb unloading increases DNA binding of NF-κB transcription factors in mice 

(Durham et al. 2004). The level of NF-κB activity has a direct effect on muscle mass as NF-κB 

DNA binding is majorly responsible for MuRF1 promotor activation in the atrophy of muscle 

(Wu et al. 2014). 

Muscles of old mice demonstrate chronic constitutive activation of NF-κB (Vasilaki et al. 

2006b) and an inability to further activate NF-κB following a non-damaging physiological 

contraction protocol (Vasilaki et al. 2006a). This inability to respond to contractions with NF-

κB activation is associated with a severe attenuation of changes in gene expression that 

provide cryoprotection (Demirel et al. 2003; Hall 2002; Heydari et al. 2000; Locke & Tanguay 

1996; Muramatsu et al. 1996; Rao et al. 1999; Vasilaki et al. 2006b). Our research group has 

demonstrated that the increased antioxidant enzyme activities evident following isometric 

contractions in muscles of adult rodents were abolished in old rodents  and this inability to 

adapt was associated with the lack of complete activation of the appropriate transcription 

factors including NF-κB (Vasilaki et al. 2002; Vasilaki et al. 2006b). 

It is proposed that systemic inflammation induces the chronic activation of the canonical NF-

κB pathway in muscle whereas the non-canonical pathway is activated by muscle disuse 

similar to that observed in unloading (Jackman et al. 2013). 

 Cytokines, chemokines, and leukocytes 

1.4.1 Cytokines 

Cytokines are systemically released proteins which can influence inflammatory responses 

either to sustain or inhibit inflammation (Turner et al. 2014). These proteins form a complex 

network of interactions which act on both leukocyte and non-immune cells. Cytokines have 

been shown to be important mediators in many chronic diseases and they can facilitate the 

development of these diseases from more minor inflammatory insults (Turner et al. 2014). 
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1.4.1.1 Tumour Necrosis Factor (TNF)-α 

TNF-α, named for its haemorrhagic, necrotic effect on tumours was initially discovered as an 

endotoxin in the serum of mice (Carswell et al. 1975). This cytokine is a mediator of 

differentiation, innate immunity, adhesion molecule expression, and growth among other 

biological processes (Turner et al. 2014). It is also cytostatic and cytolytic to tumour cells and 

proliferative in non-tumour cells (Gupta 2002).  

TNF-α is the prototypic ligand of the TNF superfamily of type 2 transmembrane proteins 

which hosts 30 receptors with 19 ligands acting upon them to facilitate biological responses 

such as cellular differentiation, inflammation, and apoptosis (Vanamee & Faustman 2018). 

The two trimer glycoprotein receptors TNF-α can bind to are the TNFR1 and TNFR2 

(Loetscher et al. 1990; Armitage 1994). While TNFR1 is widely expressed ubiquitously, TNFR2 

is confined mainly to leukocytes and endothelial cells (Sedger & McDermott 2014). Muscle 

fibres express both TNFR subtypes on their surface (Hardin et al. 2008). Both receptors 

contain four cytosine rich domains (CRDs) which each contain a pre-ligand binding assembly 

needed for trimerisation (Li et al. 2013). Although these receptors are similar, they facilitate 

different cellular responses. 

TNFR1 is the main mediator of the pro-inflammatory response and has a higher affinity for 

TNF-α (Peschon et al. 1998). Upon activation, TNFR1 can illicit one of two responses through 

adaptor proteins (Turner et al. 2014). In the first response, TNFR1 associated death domain 

is recruited allowing a complex formation with TRAF2 and receptor interacting protein (RIP). 

This complex formation leads to NF-κB signalling through kinase cascades (Park et al. 2000). 

A scheme of this pathway is shown in Figure 1.8. The second response which can occur via 

TNFR1 is through the internalisation of the receptor. The internalised receptor recruits fas-

associated death domain and pro-caspase 8 leading to apoptosis of the cell (Scaffidi et al. 
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1999). Unlike TNFR1, TNFR2 contains no death domain but can cause an immune response 

directly via its TRAF binding motif (Xie 2013).  

 

Figure 1.8: Schematic of activation of the NF-κB pathway and apoptotic pathways 
through varying pathways downstream of TNF-α binding to the TNFR1. TNFR1 (Tumour 
necrosis factor receptor 1); DD (death domain); TRADD (TNFR1-associated death domain 
protein); FADD (Fas-associated death domain); TRAF2 (TNFR-associated protein 2); RIP 
(receptor interacting protein); IKK (Inhibitor of κB); NEMO (NF-κB essential modulator). 

Following ligand binding, the TNF-α receptors are cleaved from the membrane to release a 

soluble form of the receptor. This reduces the amount of free TNF-α and the surface TNF-α 

receptors (Porteu & Nathan 1990). 

TNF-α is produced primarily by macrophages and other cell types including C2C12 muscle 

cells (Table 1.1) (Parameswaran & Patial 2010; Passey et al. 2016). TNF-α is produced as a 

transmembrane-bound monomeric precursor-protein, 17 kDa in mass (mTNF-α) t as trimers 

(Gearing et al. 1995). mTNF-α can be cleaved by TNF converting enzyme (TACE), a 
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metalloprotease (Moss et al. 1997). This releases a soluble form of TNF-α (sTNF-α. Both 

mTNF-α and s-TNFα are agonists upon their receptor, TNFR1 (Turner et al. 2014). 

The remaining 10 kDa membrane bound peptide remnant of TNF-α is processed by signal 

peptide peptidase like 2a and 2b after which the intracellular domain of the membrane 

bound peptide can translocate to the nucleus and directly facilitate the production of 

interleukin IL-1β and IL-12 (Poggi et al. 2013). 

1.4.1.2 Interleukins (ILs) 

Interleukins are a group of inflammatory mediating cytokines named for their 

communicative role between leukocytes. This growing list of cytokines is grouped via their 

functional properties, receptors, and homology among other factors and includes 

proinflammatory mediators and anti-inflammatory mediators. The group is further broken 

into families (Akdis et al. 2016). 

 

1.4.1.3 The IL-1 family 

The IL-1 family has 11 proteins: 7 proinflammatory and 4 anti-inflammatory members 

(Boraschi et al. 2011). These cytokines are expressed mainly by macrophages and 

monocytes. IL-1α and IL-1β are synthesised by a multitude of cells including hepatocytes, 

neutrophils, and macrophages (Akdis et al. 2016). IL-1α is constitutively expressed in 

endothelial cells and in muscle under certain circumstances such as during regeneration 

(Chaweewannakorn et al. 2018).  IL-1α  is secreted as an active precursor (pro-IL-1α) which 

can be cleaved by calpain (Carruth et al. 1991). Like IL-1α, IL-1β is synthesised as pro-IL-1β, 

however, in this form the cytokine is inactive. IL-1 cleaving enzyme (ICE/caspase-1) contained 

in the inflammasome is responsible for the cleaving of pro-IL-1β into active IL-1β (Thornberry 

et al. 1992).  
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IL-1β which is proinflammatory and pyrogenic, is mainly synthesised in response to the action 

of DAMPs and PAMPs such as LPS acting upon a toll-like receptor (TLR). This allows the 

transcription of pro-IL-1β via the NF-κB pathway (Hiscott et al. 1993). This priming step does 

not result in the processing of pro-IL-1β, however, nod-like receptor protein 3 is activated 

via the NF-κB pathway allowing the activation of the inflammasome (Bauernfeind et al. 

2009). 

Though IL-1β and IL-1α have minimal sequence homology, both these ILs have similar binding 

and signalling properties at the IL receptors, IL-1R1 and IL-1R2 (Akdis et al. 2016). The 

functional IL-1 receptor (IL-1R) is formed from one IL-1R1 protein and one IL-1R accessory 

protein (IL-1RAcP) (Greenfeder et al. 1995). IL-1R is a TLR as it contains a Toll/IL-R (TIR) 

domain (Yamamoto et al. 2004). When IL-1β binds, IL-1R1 recruits IL-1RAcP, and through the 

TIR domain, myeloid differentiation primary response 88 interacts, thus facilitating 

transduction via the mitogen activated protein kinase (MAPK) and NF-κB pathways (Acuner 

Ozbabacan et al. 2014).  

In a similar manner to TNFRs discussed in Section 1.4.1.1, IL-1Rs can undergo proteolytic 

processing resulting in shedding. This can have an inhibitory effect on IL-1β activation 

(Svenson et al. 1993). Further anti-inflammatory mechanisms are involved in the IL-1 family. 

For instance, IL-1R2 has a truncated intracellular domain thus making it inactive (McMahan 

et al. 1991). Therefore, IL-1R2 functions as a decoy receptor, sequestering IL-1 family 

activators such as IL-1β. The family also has antagonistic members such as IL-1 receptor 

antagonist of which there is 4 isoforms: one secreted form (sIL-1Ra) and three cytoplasmic 

(Arend 2002). This inhibits activation through preventing the recruitment of IL-1RAcP 

(Greenfeder et al. 1995).  

IL-1β is shown to be increased in production in both isolated myoblasts and myotubes 

following exposure to LPS and TNF-α (Table 1.1) (Podbregar et al. 2013). Studies have also 
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shown that there is an increase in IL-6 following increasing mechanical stress, exposure to 

TNF-α and LPS (Table 1.1) (Passey et al. 2016; Peterson & Pizza 2009; Lightfoot et al. 2015). 

1.4.1.4 The common γ chain family 

The common γ-chain (γc) is a family of cytokines which all interact with the γc receptor 

subunit. The γc family is made up of the cytokines: IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 (Ross 

& Cantrell 2018). IL-2 binds to a high affinity IL-2R which has three subunits: IL-2R α-chain 

(IL-2Rα), IL-2R β-chain (IL-2Rβ), and γc (Sugamura et al. 1992). IL-2 plays a crucial role in t-

cell proliferation and differentiation. Through the use of KO models of IL-2, it has also been 

recognised that IL-2 is important for the development of regulatory T cells (Furtado et al. 

2002).  

IL-2 regulation is tightly controlled by transcription factors such as NF-κB, and nuclear factor 

of activated T cells (Spolski et al. 2018). It can be expressed in CD4+ T cells following T-cell 

receptor (TCR) activation (Aronica et al. 1999). IL-2 is active against IL-2 receptors formed of 

combinations of the IL-2Rα, β and γ subunits with the highest affinity receptor being 

containing all 3 subunits (Waldmann 1989). 

IL-4 is produced by TH2 cells, mast cells, and eosinophils among other cell types (Paul 2015). 

It is a major enhancer of TH2 cell development, increases the expression of CD23, 

upregulates B cell receptors, and mediates tissue adhesion and inflammation (Junttila 2018). 

IL-4 also suppresses TH1 development through epigenetic alterations (Dom Inguez et al. 

2013). IL-4 is important in protection against extracellular parasites and regulation of allergic 

conditions (Gazzinelli-Guimarães et al. 2016). 

1.4.1.5 Common β chain family 

The common β chain (βc) family has 3 members: IL-3, IL-5, and GM-CFS. These cytokines all 

share a common β chain receptor subunit and all take part in haematopoiesis (Dougan et al. 

2019). GM-CFS is named due to its ability to facilitate the differentiation of granulocytes from 
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common myeloid progenitor cells (CMPs). The GM-CFS receptor is a multimeric, type 1 

cytokine receptor formed from the βc and α subunits (Hamilton 2008). GM-CSF is produced 

by cultured human muscle cells following mechanical strain (Table 1.1) (Peterson & Pizza 

2009). 

1.4.1.6 IL-10 

The IL-10 family includes its prototypic member: IL-10, an anti-inflammatory cytokine 

produced by dendritic cells, Treg cells, macrophages, and mast cells (Couper et al. 2008; 

Grimbaldeston et al. 2007). In Treg cells, the production of IL-10 is dependent upon IL-2 

(Barthlott et al. 2005). Antigen presenting cells downregulate the expression of major 

histocompatibility complex (MHC) class II on macrophages and monocytes (Spittler et al. 

1995). Il-10 also reduces T-cell activation through the CD28 and CD2 receptors (Taylor et al. 

2009; Joss et al. 2000). IL-10 functions through binding to the IL-10 receptor (IL-10R) with 

two subunits (IL-10R1 and IL-10R2) (Kotenko et al. 1997). 

1.4.1.7 IL-16 

IL-16 is an interleukin with chemokine activity and thus acts as a chemoattractant towards 

immune cells, specifically, T-cells (Krug et al. 2000). In this role, IL-16 promotes a TH1 

response while suppressing TH2 responses (Lynch et al. 2003). It is synthesised as precursor 

protein of 80 kDa and cleaved by caspase 3 to be activated (Zhang et al. 1998). The cleavage 

results in a 17 kDa c-terminal which forms tetramers to facilitate cytokine and chemokine 

activity (Center et al. 1998). The 56 kDa N-terminal has cell cycle regulatory functions (Curiel-

Lewandrowski et al. 2011). In T-cells, eosinophils and monocytes, IL-16 is constitutively 

expressed however in other cells, IL-16 is only produced following activation of specific 

pathways. 

A list of cytokine sources, targets, receptors, and production in muscle is shown in Table 1.1. 
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Table 1.1: Cytokine cellular sources and targets adapted from Turner et al. (2014) and 
literature where cytokine has been sourced from isolated muscle fibres or muscle cells in 
culture. Receptors from Kanehisa & Goto (2000). Colon (:) signifies where receptors are 
formed of subunits. Granulocyte-macrophage colony stimulating factor (GM-CSF); 
Interleukin (IL); Tumour necrosis factor (TNF); Interferon (IFN); Dendritic cell (DC); Natural 
killer (NK); Colony stimulating factor 2 receptor (CSF2R); Cluster of differentiation 4 (CD4). 

Cytokine Main source Muscle production 
references 

Target cell Receptors 

GM-CSF T cells, 
macrophages, 
fibroblasts 

(Peterson & Pizza 
2009)  

Granulocyte, 
monocyte, 
eosinophil stem cell 

CSF2RA:CSF2RB 

IL-1β Macrophage, 
B-cell, DC 

(Podbregar et al. 
2013) 

B cell, NK cell, T-cell IL1R1:IL1RAP, IL1R2 

IL-2 T cell  T cell, B cell, NK cell IL2RA:IL2RB:IL2RG, 
IL2RB:IL2RG 

IL-4 Th cell  B cell, T cell, 
macrophage 

IL4R:IL2RG 

IL-6 Th cell, 
macrophage, 
fibroblast 

(Peterson & Pizza 
2009; Podbregar et 
al. 2013; Lightfoot 
et al. 2015) 

Activated B-cell, 
plasma cell 

IL6R:IL6ST 

IL-10 T cell  B cell, macrophage IL10R1:IL10R2 

IL-16 T cell, 
eosinophil, 
mast cell, 
eosinophil, 
monocyte, DC, 
fibroblast, 
epithelial cell 

 T cell, monocytes, 
macrophage, 
eosinophil 

CD4 

TNF-α Macrophage (Passey et al. 2016) Macrophage TNFR1, TNFR2 

IFN-γ T-cells  Macrophage, 
neutrophil, 
monocyte 

IFNGR1:IFNGR2 

 

1.4.2 Chemokines 

Chemokines are 8 – 12 kDa extracellular messengers defined by the presence of cysteine 

residues proximal to the N-terminal. They are named by these cysteine residues. In CC 

chemokines, the two cysteines closest to the N-terminal are directly next to one another. 

CXC chemokines have a variable residue separating the cysteines and CX3C chemokines 

cysteines are separated by three variable amino acid residues. In XC chemokines, the first 

and third cysteines are lacking. The nomenclature of chemokines starts with which of these 

groups the chemokine is contained, followed by L for “ligand” and an individual number 

(Turner et al. 2014). For example, CXCL2 belongs to the CXC group of ligands and is number 

2 of the group.  The cysteine residues maintain the structure of the proteins through cross 

bridges (Figure 1.9). These proteins form three β-sheets with an overlying α helix with a short 
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unstructured N-terminal (Clore & Gronenborn 1995). Most chemokines are named across 

similar functional orthologues between species – e.g. CCL11 in humans is a functional 

orthologue of CCL11 in mice. 

 

Figure 1.9: Figure showing a schematic for the structure of chemokines and their 
nomenclature. Monocyte chemoattractant protein 1 (MCP1), Interferon gamma-induced 
protein 10 (IP-10), single cysteine motif 1a (SCM-1a), mucin like domain (MLD), 
transmembrane domain (TMD). 

1.4.2.1 Chemokine function 

The major function of chemokines is to act as a guide for immune cells for the cells to move 

towards a site of infection or injury. Chemokines are mostly produced and secreted by 

immune cells (Sokol & Luster 2015). They do so by inducing integrin expression in epithelial 
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cells to allow leukocytes to cross the epithelium (Turner et al. 2014). Homeostatic 

chemokines are produced in tissues to control local immune cell migration (Zlotnik et al. 

2006). Inflammatory chemokines are released by a wide number of cells in response to injury 

to take part in the response to inflammation (Zlotnik & Yoshie 2012). Some cytokines from 

the CXC class contain a motif of glutamic acid-leucine-arginine (ELR). These chemokines, 

termed ELR-positive chemokines are have angiogenic function (Giuliano et al. 2014).  

1.4.2.2 Chemokine receptors 

Chemokine receptors belong to a large superfamily of receptors known as G-protein coupled 

receptors (GPCRs). GPCRs are receptors get their name from their intracellular signalling 

relying on interactions with proteins named G-proteins. These have 7 transmembrane 

domains with an extracellular domain consisting of 3 loops and an N-terminus. The 

intracellular portion forms 4 loops and a c-terminal from which the G-proteins interact 

(Arimont et al. 2019). 

Chemokines bind to conventional chemokine receptors (cCKRs) through interactions with 

the extracellular loops and the N-terminal. Like their ligand counterparts, cCKRs are named 

after the cytokine they are most associated with, however they contain an ‘R’ for receptor 

rather than ‘L’ for ligand (Hughes & Nibbs 2018). Like many other GPCRs, cCKRs form both 

homodimers and higher order aggregates with other cCKRs, atypical chemokine receptors 

(ACKRs) and non-chemokine GPCRs (Wang et al. 2011). A list of chemokines and their 

receptors is shown in Table 1.2. 

Cytokine binding to the receptor is initiated with the N-terminal of the cCKR (site 1) 

interacting with the chemokine globular core. The N terminal of the chemokine interacts 

with residues ion the TM region of the cCKR (site 2). This is referred to as the two-step/two-

site model where site 1 provides the wide range of specificity and site 2 facilitates signalling 

(Kleist et al. 2016).  
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Chemokine receptors are promiscuous with their binding with many of the receptors having 

the ability to interact with many chemokines. At the same time, many chemokines can 

interact with one or more cCKRs (Kunkel 1999). Homeostatic cCKRs usually only have one or 

two ligands (Zlotnik & Yoshie 2012). cCKRs can also interact with non-chemokine ligands such 

as HMGB1 (binds to CXCR4) and MIF (interacts with CXCR2 and CXCR4) (Schiraldi et al. 2012; 

Bernhagen et al. 2007). 

Table 1.2: A list of chemokines and their receptors. Adapted from Zlotnik & Yoshie (2012) 
and Araki-Sasaki et al. (2006). Monocyte chemoattractant protein (MCP); Macrophage 
inflammatory protein (MIP); Regulated on activation normal T cell expressed and secreted 
(RANTES); Thymus and activation regulated chemokine (TARC); Macrophage derived 
chemokine (MDC); Thymus expressed chemokine (TECK); cutaneous T cell-attracting 
chemokine (CTACK); keratinocytes-derived chemokine (KC); epithelial cell-derived 
neutrophil activating peptide 78(ENA-78); Interferon gamma-induced protein 10 (IP-10); B 
cell-attracting chemokine (BCA); small-inducible cytokine B16 (SCYB16). 

 

 

There are also 4 atypical chemokine receptors - ACKR1, -2, -3, and -4 (Bonecchi & Graham 

2016). Only one of these has been shown to facilitate a biological response: ACKR3 which 
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binds CXCL12 and CXCL11 (Burns et al. 2006). The other three do not have a modification of 

intracellular binding motifs including the aspartic acid-arginine-tyrosine (DRY) motif on the 

TM2 intracellular loop (Hughes & Nibbs 2018). 

1.4.3 Immune cell types 

Immune cells are a vast family of cells which facilitate immune regulation and host defence 

against invading pathogens and parasites orang. These cells can largely be sorted into two 

groups belonging to the innate / fast response immunity, or the adaptive / slow response 

immunity. All cells of the immune system are derived from multipotent haematopoietic stem 

cells (HSCs) (Torang et al. 2019). HSCs can differentiate into any blood cell. A scheme of the 

lineage for the immune cell types is shown in Figure 1.10.
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Figure 1.10: The tree of lineage of leukocytes originating from common stem cells grouped by their role in either the adaptive or innate immune system. 
Adapted from Torang et al. 2019 
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1.4.3.1 Innate immunity 

In its most simplistic form, the innate immune system is a defence against all pathogens and 

is naïve to any potential previous encounter with the pathogen. The innate immune defence 

includes both physical barriers such as the skin and other epithelial cellular layers. The 

system is primed to respond to PAMPs and DAMPS through their respective receptors 

(Schroder & Tschopp 2010). During a pathogenic invasion, the innate immune response takes 

place rapidly on the initial recognition of the pathogen. The innate immune response is a 

complex and highly regulated cascade of events including the coordination of leukocytes, 

identification of the challenge, removal of foreign substances and activation of the adaptive 

arm of the immune response (Sokol & Luster 2015). 

The cells of the innate immune system are derived from CMP cells which, in turn are derived 

from HSC cells. CMPs differentiate into a wide array of cell types alongside leukocytes, CMPs 

also differentiate to form erythrocytes and platelets through the megakaryocyte route of 

differentiation. 

Mast cells are tissue-resident leukocytes meaning they reside and adapt to a tissues 

environment and lay dormant. Without stimuli, for example, within healthy tissue, mast cells 

maintain a constant number through both apoptosis and autophagy (Berent-Maoz et al. 

2006; Ushio et al. 2011). Upon the introduction of a challenge, the number if mast cells 

dramatically increases in response (Crimi et al. 1991). Likewise, following muscle damage, 

there is an increase in recruitment of mast cells to the site of damage (Gorospe et al. 1996). 

While IL-3 plays a role in the development of mast cell progenitors in mice, IL-3 is not 

sufficient to facilitate the development in humans (Shimizu et al. 2008). Mast cell granules 

contain lysosomal enzymes and a low pH allowing the remodelling of extracellular matrix 

proteins and connective tissues (Garcia-Faroldi et al. 2013). 
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Eosinophils are leukocytes which belong to the granulocyte subgroup of cells alongside 

basophils, neutrophils and mast cells. They reside in the bone marrow which mature from 

CMP cells in response to IL-3, GM-CFS and IL-5 through their common βc chain (Kalinauskaite-

Zukauske et al. 2019). IL-5 facilitates eosinophil differentiation and aid their migration into 

blood vessels. Two potent chemokine attractants of eosinophils are eotaxin-1 (CCL11) and 

eotaxin-2 (CCL24) (Rankin et al. 2000). Eosinophils can help facilitate tissue repair at the sight 

of injury (Ramirez et al. 2018). Human eosinophils can facilitate a Th2 response when 

released (Persson et al. 2019).  

Basophils derive from a common precursor of mast cells called the basophil/mast cell 

committed progenitor (Arinobu et al. 2005). The biggest driver of its differentiation from 

BMCPs is with activation of the signal transducer and activator of transcription factor 5 

(STAT5) pathway, mainly by exposure to IL-3, GM-CFS and IL-5 (Li et al. 2015; Haak-Frendscho 

et al. 1988). Basophils are similar in structure and function to mast cells though do not take 

up residence in tissue (Voehringer 2013). Alongside mast cells, the function of basophils is to 

protect the host against parasites through the initiation of type 2 immunity via the release 

of cytokines and proteases (Voehringer 2017).  

Neutrophils are the most abundant of the granulocytes and the most abundant of all the 

leukocytes, accounting for 60-70% the total number of leukocytes. Differentiation of 

neutrophils is controlled mainly by G-CSF allowing the cells to start expressing receptors 

including CXCR4, SDF-1 and TLR4. Human bone marrow produces 1011 neutrophils each day 

(Dancey et al. 1976). They are usually one of the first leukocytes to respond to an infected 

site and at the end of their lifecycles, neutrophils are phagocytosed by macrophages (Bratton 

& Henson 2011). Post-injury in vascular tissues such as liver, brain, and lungs, neutrophils 

migrate towards chemotactic factors released by those tissues into the bloodstream where 
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they tether via glycoproteins to endothelial cells, adhere, and then transmigrate across the 

endothelial surface towards their target (Kolaczkowska & Kubes 2013).  

Dendritic cells (DCs) are  antigen presenting cells (APCs), expressing high levels of MHC II on 

their surface (Abb et al. 1983).  They contain pattern recognition receptors such as TLRs to 

aid antigen uptake (Segura & Villadangos 2009). In doing this they help facilitate cross 

signalling between the innate and adaptive immune systems. There are several subsets of 

dendritic cells. Conventional DCs (cDCs) have the function of antigen processing and the 

presenting of antigens to naïve T cells and are subdivided into two subsets: cDC1 and cDC2. 

The subset, cDC1 have a high proficiency in the activation of Th1 and natural killer cells 

through IL-12 release (Jongbloed et al. 2010). Plasmacytoid DCs (pDCs) produce a large 

amount of type 1 interferons (IFNs) in response to viral infection (Bao & Liu 2013).  

Macrophages are phagocytic components of the innate immune system (Tauber 2003). 

While macrophages can develop from monocytes, macrophages are resident in tissues 

where they have been seeded before birth (Hashimoto et al. 2013). In the muscle tissue of 

mice, tissue resident macrophages are derived from both progenitors in the yolk sac and cells 

within the bone marrow of adult mice (Wang et al. 2020). It is thought that macrophages of 

different tissues have differences in some gene enhancer landscapes (Lavin et al. 2014). 

There are two subsets of macrophages: the first is the classical macrophage (M1; IFNγ-

mediated) subtype and the second is the alternatively activated (M2; IL-4-mediated) subtype 

(Biswas & Mantovani 2010). Though these subtypes are polar opposites, macrophages are 

largely plastic in that phenotype switching can occur as influenced by the environment and 

other leukocytes present (Mosser & Edwards 2008). M1 macrophages are induced by IFN-γ 

and TNFα and promote a Th1 response by recruiting NK cells and T cells through the secretion 

of CXCL9, CXCL10, and CXCL11 to act on CXCR3 receptors (Oneissi Martinez et al. 2008). 
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M2 macrophages are anti-inflammatory in phenotype and activated largely by IL-4 and IL-13 

(Anderson & Mosser 2002; Orecchioni et al. 2019). These macrophages scavenge cellular 

debris and cells undergoing apoptosis promoting tissue repair and healing (Shapouri-

Moghaddam et al. 2018). Both M1 and M2 macrophages can express MHC-II and thus can 

act as antigen presenting cells (Ryszer 2015). 

Unlike most other innate immune cells which are derived from CMP cells, most NK cells are 

derived from common lymphoid progenitor (CLP) cells (Kondo et al. 1997). NK cells develop 

in response to IL-2, IL-7 and IL-15 and other γc receptor ILs (Vosshenrich et al. 2005). NK cells 

are named natural killers due to them not having to be exposed to antigen in order to be 

activated unlike T cells, however, NK cells respond more rapidly upon re-exposure (Marcus 

& Raulet 2013). In parallel with their cytotoxic response, NK cells can produce pro-

inflammatory cytokines such as TNFα or IFNγ to recruit more NK-cells (Reefman et al. 2010). 

1.4.3.2 Adaptive immunity 

The adaptive immune system is a defence against pathogens for which the body has been 

previously exposed to. This arm of the immune system is pathogen specific and is governed 

by cells derived from CLP multipotent cells. 

B cells named for their discovery in the bursa of fabricius of birds, are both professional APCs 

and antibody producing cells. Through genetic rearrangement events, it is estimated B cells 

can synthesise 1016-1018 unique antibody variants (Briney et al. 2019). Pathogen specific 

antibodies are able to neutralise invading pathogens and tag the pathogen in order to aid 

the homing of other leukocytes via opsonisation (tagging of pathogens with antibodies) or 

through the complement system (Forthal 2014). 

There are 4 major subtypes of B-cells; these are type 1 (B1), and type 2 (B2), regulatory (Breg) 

and Marginal zone (MZ) B cells. B1 cells are derived mainly from progenitor cells within the 

foetal liver and to a lesser extent, adult bone marrow (Hardy et al. 2007). B1 produce natural, 
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mainly IgM type antibodies which exist at birth which protects against microbial pathogens 

and help to eliminate apoptotic and necrotic cell debris (Silverman 2015; Varambally et al. 

2004).  

B2 B-cells  initially migration is guided by the CXCL13 ligand upon the CXCR5 receptors (Ansel 

et al. 2000). B cells can be activated through stimulation of their B cell receptor which can be 

modulated through binding of complement receptors and TLRs (Das et al. 2017). MZ B-cells 

are found in the marginal portion of the spleen and are not activated through BCRs but 

through TLRs (Hendricks et al. 2018). Breg cells dampen the immune response through the 

expression of anti-inflammatory cytokines such as IL-10 (Fillatreau et al. 2002). 

CD4+ cells possess the CD4 TCR co-receptor for the TCR. CD4+ cells, also known as T helper 

cells, regulate the behaviour of other immune cells through the release of cytokines and 

chemokines (Luckheeram et al. 2012). CD4+ is the co-receptor of the TCR and can bind to the 

β2 domain of MHC class II which primarily presents extracellular pathogen derived antigens 

(Neefjes et al. 2011). There are several subtypes of CD4+ T cells, all of which have slightly 

different functions. All of these subtypes stem from the naïve T cell (Th0). 

Th1 helper cells are activated by IL-12 and IFN-γ in response to intracellular pathogens such 

as protozoa or bacterial infiltration (Miller et al. 2009). Both IFN-γ and IL-12 are mainly 

produced in immune cells such as NK cells but are also produced in C2C12 muscle cells (Cheng 

et al. 2008; Romanazzo et al. 2015). NF-κB is key to the differentiation of Th1 cells with mice 

expressing NF-κB defects having a deficient Th1 response (Aronica et al. 1999). In response 

to activation, the Th1 cells release IFN-γ and IL-2, which both activates macrophages and 

activates antibody production in B-cells (Romagnani 1999).  

Th2 helper cells are activated by the cytokines IL-4 and IL-2 and, through activation of Nuclear 

factor of activated T-cells (NFAT), Activator protein 1 (AP-1) and NF-κB, GATA binding protein 

3 is expressed leading to Th2 differentiation (Oh & Ghosh 2013). While immune cells such as 
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basophils and NKT cells are major producers of IL-4, it is also produced by muscle fibres and 

is a factor in the fusion of satellite cells (Yoshimoto 2018; Horsley et al. 2003). IL-2 is largely 

only produced in CD4+ cells, though other immune cells also produce IL-2 at a low level 

(Wang et al. 2018). Th2 cells release IL-4, IL-5, IL-9, IL-10, IL-13 and IL-25 in order to attract 

eosinophils, basophils, mast cells and B cells. The mast cells release histamine amongst other 

chemical signals to encourage the removal of the parasites (Walker & McKenzie 2018).  

Treg cells develop only with an intermediate amount of TCR signalling (Li & Rudensky 2016).  

Like their B cell counterparts, Treg cells are largely anti-inflammatory and as such dampen 

the immune response (Vignali et al. 2008). They are known to express high levels of the 

cytokine IL-1Ra which is an antagonist to IL-1 signalling (Mercer et al. 2010). They also secrete 

anti-inflammatory cytokines IL-10 TGFβ and IL-35 and actively uptake IL-2 (Asseman et al. 

1999; Nakamura et al. 2001; de la Rosa et al. 2004). 

T-cells expressing the CD8 protein on their cell surface are known to be cytotoxic T cells which 

can eradicate cells which are infected with viruses or tumorigenic cells (Cupovic et al. 2016) 

(Martínez-Lostao et al. 2015). This is mediated through the binding of MHC class I, the 

protein responsible for displaying peptides to cytotoxic T-cells, of an APC to the TCR. MHC I 

preferentially presents intracellular pathogen peptides (Neefjes et al. 2011). Once activated, 

the cytotoxic T cells produce cytotoxic components such as perforin and granzyme 

(Martínez-Lostao et al. 2015). They can also activate apoptosis in target cells through 

interaction with Fas ligands (Hassin et al. 2011). 

A key member of the adaptive immune system is the memory T cell which gives the body the 

ability to have a memory of invading pathogens. Memory T cells can be derived either from 

CD4+ or CD8+ t-cells and as such are either MHC I or II reactive (Raeber et al. 2018).  CD4+ 

memory T cells are regulated by IL-7 and IL-15 whereas CD8+ memory T cells rely more on 

IL-15 (Raeber et al. 2018; Judge et al. 2002). There are 4 defined subtypes of memory T cells: 
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central memory T (TCM) cells, effector memory T (TEM) cells, tissue resident T (Trm) cells and 

virtual memory T (TVM) cells. TCM cells are normally present in the lymphatic system and 

circulatory system. TEM cells are located in resident tissue or circulating and can be activated 

rapidly (Jameson & Masopust 2018). 

There is established crosstalk between immune cells and muscle which has implications in 

skeletal muscle metabolism and turnover (Pillon et al. 2013). An example of this is resident 

immune cells in skeletal muscle can cause chronic inflammation to the tissue resulting in 

local high levels of cytokines. While there is no evidence that there is an increase in immune 

cells infiltrating into muscle with advanced age, there is observed dysfunction relating to 

leukocytes with age; most notable of these are macrophages of which there is a resident 

subpopulation within muscle (Wang et al. 2020). Macrophages have been shown to decrease 

in wound healing, phagocytosis and cytokine production with old age (Linehan & Fitzgerald 

2015).  

In summary, there is evidence of systemic inflammation in old rodents and humans. Although 

the source of such inflammation is unclear, muscle production of some pro-inflammatory 

cytokines has been shown to be increased with increasing age and this is associated with 

increased evidence of NF-κB DNA binding activity in muscle tissue. The chronic activation of 

NF-κB is proposed to result in modification of protein turnover either by decreased synthesis, 

increased degradation or both (Lang et al. 2000). 

 

 Protein turnover 

Loss of protein balance or ‘proteostasis’ is believed to be one of the hallmarks of ageing 

described by Lopez-Otin et al (López-Otín et al. 2013). 

𝑁𝑒𝑡 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 =  𝑘𝑠𝑦𝑛𝑡ℎ − 𝑘𝑑𝑒𝑔 
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A negative protein balance is caused by muscle protein breakdown (MPB) being in excess of 

muscle protein synthesis (MPS) either by reducing synthesis or increasing degradation, or 

both, leading to a net loss in protein. The opposite is true for a positive protein balance. This 

balance is responsive to alterations in diet, exercise and inflammation. 

1.5.1 Protein Synthesis 

1.5.1.1 Transcription 

The rate at which RNA is transcribed can directly affect the protein synthesis rate of 

particular proteins. There are 3 RNA polymerase (Pol) enzymes in eukaryotes of which PolII 

synthesises messenger RNA (mRNA) and microRNA. PolII binding happens at accessible 

promotor sites in euchromatic regions of DNA, some of which will contain CpG islands (sites 

where the GC content is higher than 50%) and some of which contain TATA elements (Deaton 

& Bird 2011). Transcription factors can bind to sequence specific sites near to promoters  or 

enhancers to guide PolII towards the region for the initiation of transcription (Cramer 2019). 

Transcription factors are required for the recognition of promoter regions which are part of 

the pre-initiation complex along with PolII and promoters  (Schramm & Hernandez 2002). 

This requires one of six general transcription factors, named TFIIA, -B, -C, -D, -E, -F and -H 

(Orphanides et al. 1996). This complex opens the DNA double helix, separating the strands 

however, PolII requires the enzyme DNA translocase xeroderma pigmentosum type B (XPB) 

which utilises ATP hydrolysis to unwind the DNA (Grünberg et al. 2012).  

Elongation, the building of the strand of RNA alongside the DNA template in the direction of 

5’ to 3’ is facilitated by the transcription elongation complex which is minimally composed of 

RNA polymerase, double stranded DNA and RNA (Yamaguchi 2013). The unwound non-

template strand of DNA forms what is known as the DNA bubble: a single strand of DNA 

guided by RNA polymerase around 14 bases in length (Pal & Ponticelli 2005). The rate of 

elongation is under the control of transcription elongation factors such as positive 
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transcription elongation factor b (P-TEFb) and negative elongation factor (NELF) (Krueger et 

al. 2010; Gilchrist et al. 2008).Promoter proximal pausing is a regulatory step which Animalia 

cells undergo. Between 20 and 120 bp from the SS, elongation via PolII pauses (Krumm et al. 

1995). This pause can be caused by NELF protein or released by the action of P-TEFb (Wu et 

al. 2003; Li et al. 2018). 

Considerable alteration in the transcriptome is seen in muscle during ageing, with alterations 

in inflammatory signalling and repair signalling amongst other systems (Lin et al. 2018). The 

transcription elongation speed in various tissues across an array of species is increased with 

ageing while the content of PolII is generally reduced with age in muscles of rats (Debès et 

al. 2019; Mobley et al. 2017).  

1.5.1.2 Translation 

Transcription produces pre-mRNA which includes intron sequences interrupting the coding 

exons of mRNA and this is matured via the splicing out of the intron to produce mature mRNA 

sequences. This process is facilitated by spliceosomes and their catalytic unit, small nuclear 

ribonucleoproteins (snRNPS), which are under the control of a highly regulated pathway (Will 

& Lührmann 2001). During splicing, pre-RNA is cleaved at the intron 5’ end by the snRNP: U1. 

The 5’ end then attaches to the branch site which is complementary to the 5’ cut site forming 

a looped structure.  The exons are then guided into proximity to each other, the 3’ splice site 

is cut and a covalent bond is formed between the two (Konarska et al. 1985). 

The main 4.3 mDa apparatus involved in protein translation is the 80s ribosome formed by a 

large 60S subunit and a smaller 40S subunit. The 40S subunit consists of 33 ribosomal 

proteins of the small subunit (Rps) proteins and 18S rRNA. The large subunit has 47 ribosomal 

proteins of the large subunit (Rpl) with 5.8S, 28S and 5S rRNA (Melnikov et al. 2012).  

Through the action of various elongation factors, the mature mRNA is then attached, the 60S 

subunit is recruited resulting in the elongation and eventual termination of protein synthesis 
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(Rodnina 2016). During elongation, amino acids are added one at a time until the process is 

terminated by the stop codon (UAG, UAA or UGA). The ribosomes are then recycled to 

undergo the same cycle (Jackson et al. 2010). 

Deletion of various initiation factors and elongation factors in c. elegans has yielded 

extensions to lifespan of more than 30% (Anisimova et al. 2018). It is also thought that with 

ageing there is a decrease in elongation factor activity, ribosome abundance, ribosomal RNA 

gene copy number and initiation rate; all of which would contribute to a decrease in protein 

synthesis with age (Anisimova et al. 2018). 

1.5.1.3 Protein folding 

For proteins to function correctly, they must adopt the correct structure. Small proteins 

generally fold dependent upon their amino acid sequence and do not require secondary 

components (Anfinsen, 1973). Larger proteins can be misfolded which can result in protein 

aggregation (Moreno-Gonzalez & Soto 2011). Accumulation of damage via oxidative stress 

can also result in the misfolding of proteins (Gregersen & Bross 2010). 

As well as driving protein synthesis, ribosomes allow proteins to adoption the correct 

structure. During translation, the protein exits the ribosome through a narrow tunnel in 

which allows the folding of small proteins and allows some tertiary folding (Nilsson et al. 

2015). On exiting the ribosome, the protein can take several routes to adopt the same 

structure for them to be functionally active (O’Brien et al. 2011). 

After synthesis, proteins can be denatured, losing function. Denatured proteins can either 

be refolded or broken down for amino acid recycling (Saibil, 2013).Chaperone proteins are 

involved in the quality controls of protein synthesis. Within the cytosol, a folding system 

exists known as the chaperones. There are 5 main chaperone families in animals known as 

the heat shock protein (Hsp) 60, Hsp70, Hsp 90, small Hsp (sHsp), and Hsp100 families 

(Ciechanover & Kwon 2017). While all of these families have similar roles in protein folding 
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and degradation, they also have defined and multiple functions depending on the state of 

the cell. For example, Hsp70 facilitates misfolded proteins to be refolded but under other 

conditions facilitates the degradation of misfolded proteins (Mayer & Bukau 2005). 

A constitutive increase in the levels of Hsps is seen in muscles of old mice and humans and a 

decrease in the response of Hsps to exercise (McArdle & Jackson 2017). The change in 

constitutive levels in muscles at rest may reflect an increase in the presence of misfolded 

proteins rather than an enhanced level of Hsps available to maintain protein function 

(McArdle & Jackson 2017). As muscles of adult mice demonstrate a robust and strong 

response to exercise, this blunted response in old mice and humans may be responsible for 

modifications in protein turnover in old age (Noble et al. 2008). Data from our laboratory has 

also shown that transgenic overexpression of particular Hsps provided some protection 

against the age-related loss of  muscle mass and function (McArdle et al. 2004; Kayani et al. 

2010), although whether this was due to improved protein turnover is unknown. 

1.5.2 Protein Degradation 

The other side of the protein balance equation is the rate of protein degradation also 

referred to as proteolysis. There are two major pathways which dictate the breakdown of 

protein for amino acid recycling. These two pathways are known as the lysosomal 

degradation pathway and the ubiquitin-proteasome pathway. 

1.5.2.1 Lysosomal degradation pathway 

Autophagy is the breakdown of self-proteins in response to a stimulus including stress, 

nutrient deprivation, or hypoxia (Hansen & Johansen 2011). Autophagy is controlled by 

autophagy related (ATG) proteins (Mizushima et al. 2011). Autophagy begins with the 

assembly of a phagophore - a structure composed of a double membrane which 

encapsulates cytoplasmic material (Axe et al. 2008). Once the phagophore fuses with itself 

into a bubble containing its target components, it is classified as an autophagosome. The 
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autophagosome can then fuse with the lysosome – another membrane bound organelle used 

to break down molecules. This fusion forms an organelle referred to as an autolysosome 

(Glick et al. 2010).  

In muscles, the major myofibrillar proteins are not routinely degraded by lysosomal 

proteases (Attaix & Taillandier 1998). During ageing, there is a decrease in microtubule-

associated proteins 1A/1B light chain 3B (LC3), lysosome-associated membrane protein 2 

(LAMP-2), BCL2 interacting protein 3 (Bnip-3) and γ-aminobutyric acid receptor-associated 

protein 1 (Gabarap1) in muscle (Burks & Cohn 2011). These proteins are integral to 

facilitating autophagy with LC3 considered the central protein to autophagy (Hansen & 

Johansen 2011). These is an additional increase in Beclin-1 in muscles with age – a protein 

involved in the nucleation of phagophores (Burks & Cohn 2011; Kang et al. 2011). Autophagy 

inhibition through knocking out the autophagy related gene 7 gene in the muscles of adult 

mice results in a decrease in myofibre size and cross sectional area, an increase in number 

of centrally located nuclei, and an increase in the expression of atrogin-1 and muscle-specific 

RING finger protein 1 (MuRF-1) (Masiero et al. 2009). 

1.5.2.2 Ubiquitin-proteasome pathway 

1.5.2.2.1 Ubiquitin 

Ubiquitin is a small protein which can covalently bond to proteins as a post translational 

modification for various signalling processes. There are 4 genes for ubiquitin in mammals; 

two of these: ubiquitin-60S ribosomal protein L40 (UBA52) and ubiquitin-40S ribosomal 

protein S27a (RPS27A) constitutively express single ubiquitin units whereas UBB and UBC 

express 3 – 4 or 9 – 10 units of Ub in tandem as an unanchored chain (Bianchi et al. 2015). 

RPS27A and UBA are fused proteins with ribosomal subunits. 

Ubiquitin enzymes are responsible for the addition of ubiquitin to proteins targeted for 

degradation. Of these enzymes, there are 3 subtypes: ubiquitin-activating (E1) enzymes, 
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ubiquitin conjugating (E2) enzyme, and ubiquitin-ligating (E3) enzyme. These enzymes form 

a cascading system whereby ubiquitination is first initialised through adenylation on its C 

terminal -COOH group by the E1 enzyme in an ATP dependent reaction (Haas et al. 1982). 

The ubiquitin then binds to a cysteinyl residue on the E1 enzyme (Pelzer et al. 2007). Once 

active, the ubiquitin is transferred to a different cysteinyl on the E2 enzyme (Keszei & Sicheri 

2017). In some instances, the E2 enzyme can directly ubiquitinate the target however in most 

cases, the E3 enzyme must be involved (Kao et al. 2012). Ubiquitin usually binds to its 

substrate at the epsilon amine group of a lysine residue however it can bind to other groups. 

The binding domains of ubiquitin are frequently discovered in close proximity to alpha 

helices (Randles & Walters 2012). The human genome contains genes for two E1 enzymes, 

near to 40 E2 enzymes and over 100 E3 enzymes (Fenteany et al. 2020). In mice, there is a 

single E1 activating enzyme, ~40 ubiquitin conjugating enzymes, and over 620 E3 ubiquitin 

ligase enzymes (Bradshaw et al. 2020). 

 Ubiquitin PTMs come in many variations. The first and most simple is the 

monoubiquitination where a substrate has the addition of one ubiquitin molecule. Multi-

monoubiquitination is where a substrate is bound by 2 or more unchained amino acids 

(Petroski & Deshaies 2003). Polyubiquitin chains can be achieved through the 

multimerisation of ubiquitin monomers acting on multiple binding sites on other ubiquitin 

monomers. A compact homogeneous chain results of a chain of ubiquitin monomers binding 

via interaction between their lys48 residue and the isoleucine 44 patch on the ubiquitin 

monomer. Mixed ubiquitin chains have variably bound ubiquitin monomer units (Kirkin et al. 

2009). Ubiquitin chains can also be branched by one ubiquitin chain nucleating a further two 

chains. These branched ubiquitin chains have been shown to have increased favourability of 

proteins towards breakdown via the proteasomal pathway (Meyer & Rape 2014). It is these 

structures which are identified by the ubiquitin binding proteins on effector proteins. 
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Ubiquitin can be removed from a substrate through the action of a deubiquitinase enzyme 

of which the human genome contains around 86 genes  (Eletr & Wilkinson 2014). 

1.5.2.2.2 Proteasomal degradation 

The proteasome is a large, multimeric structure which facilitates the enzymatic breakdown 

of proteins and allows recycling of amino acids. Over 80% of protein degradation can be 

attributed to the proteasome (Lilienbaum 2013). The structure of the 26S/30S proteasome 

is formed of two subcomplexes, the catalytic core particle (20S) and either one or two 

regulatory particles (RPs; 19S). Whether the proteasome contains one or two regulatory 

domains dictates whether the proteasome is a 26S or 30S proteasome (Da Fonseca & Morris 

2008). 

The 20S is made of 28 individual proteins arranged in a barrel shape. The barrel can be broken 

down into four rings (two α and two β) of monomers in a sequence of α-β-β-α. Each of these 

rings contains 7 individual proteins which are names either α1 - α7 or β1 – β7 depending on 

the ring (Tanaka 2009; Unno et al. 2002). In the β ring, the catalytic proteins which facilitate 

protein hydrolysis are β1, β2, and β5 (Figure 1.11).  
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Figure 1.11: An outline for the structure of the proteasome. The 19S regulatory particle (RP) can be broken down into the lid and base subcomplexes and 
the 20S catalytic particle can be divided into the α-ring gate and the catalytic β-ring chamber. 
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The RP consists of two groups of protein units called regulatory particle of triple ATPase (Rtp) 

and regulatory particle of non-ATPase (Rtn). Together these form the base subcomplex and 

the lid subcomplex. The lid subcomplex is involved in deubiquitylation of substrate proteins. 

The protein subunit which facilitates the deubiquitination is the Rpn11 protein which cleaves 

polyubiquitin chains from the substrate (Worden et al. 2014).  

The base complex is composed of 6 Rtp proteins and 4 Rtn proteins. Rpn10 contains a 

ubiquitin interacting motif (UIM) and Rpn13 contains a pleckstin-like receptor for ubiquitin 

(Pru) (Deveraux et al. 1995; Schreiner et al. 2008). Together these proteins recognise and 

capture polyubiquitinated and diubiquitinated substrates, respectively. Rpn1 and Rpn2 stack 

above the 20S proteasome structure allowing the interaction with the base subcomplex and 

allow the movement of protein substrates towards to β-ring (Rosenzweig et al. 2008). The 

base complex also forms a ring of Rtps which help to unfold the substrate before reaching 

the α-ring (Elsasser & Finley 2005). 

The two catalytic β rings at the centre of the 20S are flanked by two α protein rings. These 

act as a gateway to the proteasome. The alpha proteins have an extended protrusion into 

the chamber space of the 20S subcomplex. The majority of the space is occupied by the α3 

subunit (Da Fonseca & Morris 2008). This chamber obstruction is reduced upon the 

association of the 19S subcomplex to the 20S structure. This gating allows control of the 

breakdown of protein substrates by the proteasome. 

In the β ring, the catalytic proteins which facilitate protein hydrolysis are β1, β2, and β5. The 

β1 subunit, or PSMB6, has peptidyl-glutamyl hydrolysing/caspase like activity which 

facilitates hydrolysis on the carboxyl side of hydrophobic residues (Orlowski 1990; Kisselev 

et al. 1999). The β2 subunit has trypsin like activity meaning they cleave peptides on the 

carboxyl side of basic residues and β5 cleave on the carboxyl side of glutamate residues 

meaning they are chymotrypsin like (Kisselev et al. 1999). The use of all three subunits results 
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in the proteasome having a broad specificity to peptides. The immunoproteasome is 

assembled when β1, β2, and β5 are swapped preferentially for β1i, β2i, and β5i respectively. 

These subunits allow for more antigen processing and presentation via MHC class I molecules  

(Guillaume et al. 2010; Murata et al. 2018). 

In the muscles from old  rats, there is an observed increase in the ubiquitination of total 

proteins when compared with that of adults (Altun et al. 2010). Alongside this is an increase 

in deubiquitinating enzymes and an increased rate of ubiquitination (Altun et al. 2010; Attaix 

et al. 2005). In addition to alterations in ubiquitination, there is an increase in muscle content 

of proteasomal subunits in the muscles of old  rats when compared with that of muscles from 

adult mice (Altun et al. 2010). This is evidence that there are alterations to the pathways 

which degrade proteins in muscles of old animals. 

1.5.2.3 Protein quality control 

The response to protein misfolding and aggregation is a major consideration for the rate of 

protein turnover. Protein misfolds can be attributed to errors such as a dominant negative 

mutation (Liu et al. 2010). Thermodynamically, proteins can reach a multitude of stable 

conformations, the most stable being having the lowest free energy. For this reason, 

conditions such as temperature, pH, oxidative stress or toxic agents can lead to the 

generation of misfolded proteins (Hipp et al. 2019; Salahuddin et al. 2016). It is through that 

as many as 30% of newly synthesised proteins are misfolded (Schubert et al. 2000). A high 

accumulation of protein misfolding can lead to accumulation of the misfolded proteins into 

aggregates or fibrils which have a low free energy and are therefore, very stable. This is a 

common occurrence in neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s 

disease and Creutzfeldt-Jakob disease (Dill & MacCallum 2012). As the accumulation of 

misfolded proteins can result in the disease states, the body has several mechanisms to 

remove or correct misfolding events one of which is chaperone mediated refolding and so 
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problems occur when the chaperone mediated system fails, such as during ageing. (Section 

1.4.1.4). 

1.5.2.4 Unfolded protein response 

The endoplasmic reticulum (ER), specifically the rough ER (RER), is a membrane bound 

organelle involved in protein synthesis and folding, also known as the sarcoplasmic reticulum 

in skeletal muscle. RER is occupied by ribosomes and has a high content of specialised 

chaperones to facilitate function (Jan et al. 2014). The unfolded protein response (UPR) is a 

highly conserved system that upholds protein quality control within the cell. The UPR is 

activated upon the initiation of ER stress through overloading the capacity of ER to fold 

proteins (Lin et al. 2008). In response, the ER reduces protein synthesis to reduce misfolding 

events to a capacity whereby chaperones can aid in folding (Harding et al. 2000). The ER then 

increases in volume and upregulates the expression of chaperones and increases protein 

degradation via the endoplasmic reticulum associated degradation (ERAD) pathway, all 

through the X-box binding protein 1 (XBP1) transcription factor (Sriburi et al. 2004; Lee et al. 

2003). 

1.5.2.4.1 Endoplasmic reticulum associated (protein) degradation (ERAD) 

The ERAD pathway follows a set of key steps leading to protein degradation. The protein 

substrate is first recognised and ubiquitinated via E3 enzymes, the substrate is expelled from 

the ER and then degraded by the proteasome. Thus, misfolded proteins are recognised in 

numerous ways such as by chaperones (Nishikawa et al. 2001). Ubiquitin E3 ligases tag the 

protein for degradation (Groisman et al. 2006). The substrate is then translocated to the 

cytosol where the proteasome is active. The ubiquitinated protein can then be degraded by 

the proteasome (section 1.5.2.2.2). 
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This thesis examines the role of inflammation has in the loss of muscle mass and function 

with particular focus on activation of NF-κB, cytokine expression, and the effects of this on 

protein turnover.   
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 Hypothesis. 

The overall hypothesis of this thesis was that the increased activation of NF-kB reported in 

muscles of old WT and adult SOD1KO mice will be associated with degenerated, denervated 

or regenerating muscle fibres and this results in an increased production of 

cytokines/chemokines by muscle which contribute to the chronic inflammation seen in old 

age (inflammaging). Further, such chronic activation of NF-kB activation will lead to modified 

protein turnover in muscles of old WT mice causing a net loss of muscle protein. 

 Overall aims of this thesis 

The aims of the work reported in this thesis were: 

1. To determine the localisation of nuclei with increased activation of the canonical 

pathway of NF-kB in quiescent muscles of old WT and adult SOD1KO compared with 

adult WT mice. 

2. To identify whether any changes in the cytokine and chemokine levels in the plasma 

of old WT and adult SOD1KO mice are associated with altered cytokine/chemokine 

production by muscles and whether this is associated with the presence of 

degenerating/regenerating muscle fibres. 

3. To examine and model differentially expressed proteins using unlabelled and 

deuterated water-based proteomics to determine whether activation or inhibition 

of protein turnover pathways are likely to be driven by changes in NF-kB activity in 

old compared with adult WT mice. 
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 Mice 

All animals were housed in a temperature-controlled room (22-25 ̊C) with food and water 

provided ad libitum on a 12-h light/dark cycle in the University of Liverpool Biomedical 

services unit. All experimental procedures were performed under a UK Home Office licence 

(Home Office licence number P391895CA, approved 15/06/17) and complied with the UK 

Animals (Scientific Procedures) Act 1986 and were ethically approved by the University of 

Liverpool Animal Welfare Review Body. 

Male C57BL/6J mice were used in these studies. The adult wild type (WT) mice ranged from 

8-12 months old and the old mice were 24-28 months old. All WT mice were sourced from 

Charles River Laboratories (North Carolina, US).  

SOD1KO mice are generated through homologous recombination of the SOD1 gene (Huang 

et al. 1997). Although SOD1KO and WT mice are indistinguishable early in life, homozygous 

SOD1KO mice have a shorter life span and chronically elevated oxidative stress is associated 

with progressive muscle atrophy and weakness, NMJ degeneration, muscle fibre loss, 

declines in nerve conduction, increased mitochondrial ROS generation, and impaired 

adaptive responses that in total, result in a phenotype by 8 months onward which resemble 

deficits observed late in life in 24 month and older WT mice (Elchuri et al. 2005; Busuttil et 

al. 2005; Jang et al. 2010; Muller et al. 2006; Larkin et al. 2011; Sims-Robinson et al. 2013; 

Vasilaki et al. 2010). 

SOD1KO mice used throughout this thesis were sacrificed at 8-12 months old, when 

increased loss of muscle mass and function was evident (Muller et al. 2006; Jang et al. 2010). 

SOD1KO mice provide an excellent model to test hypotheses linking oxidative stress to 

sarcopenia as well as a unique system in which to gain insight into the mechanisms of age-

associated atrophy and weakness. 
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 Mouse experimental protocols. 

2.2.1 Induction of muscle degeneration and regeneration by injection of Barium 

chloride (BaCl2) into the EDL muscle.  

Materials 

BaCl2 dihydrate (Sigma Aldrich, Missouri, US) 

Steripod 0.9% w/v Sodium Chloride (NaCl) 20ml (Mölnlycke Health Care, Gothenburg, 

Sweden) 

Veo insulin syringe (100 μL) with Ultra-Fine 6mm x 31G needle (Becton Dickinson, New 

Jersey, US) 

1.2 % BaCl2 in sterile phosphate buffered saline (PBS): 

 240 mg BaCl2 dihydrate salt 

 20 mL sterile PBS (steripod) (Molnlycke Healthcare, Sweden) 

Protocol 

Adult WT, old WT, and adult SOD1KO mice were administered isoflurane until unresponsive 

as demonstrated by a toe pinch. Once sufficiently anaesthetised, mice were given an 

intramuscular (IM) injection of 1.2 % BaCl2 into the right EDL muscle and allowed to recover 

for 3, 14, 28 and, 60 days post-injection. Immediately after injection, the mice were allowed 

to recover on heat mats and given wetted food. During the week following injection, mice 

were given wet food as a precaution for any reduction in mobility following treatment 

although no gross changes were seen. At the required time point, mice were anaesthetised 

as above, confirmation of death was confirmed through cessation of circulation, blood was 

taken from aorta and the EDL muscles dissected and frozen for cryosectioning in a transverse 

orientation (Section 2.3.1). 
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2.2.2 Determination of protein synthesis rates using Deuterium Oxide (2H2O) 

Materials 

Deuterium Oxide (2H2O) (Cambridge Isotope Laboratories, Essex, UK) 

Phosphate buffered solution (PBS) Tablets (Sigma Aldrich, Missouri, US) 

1 mL syringe (Becton Dickinson, New Jersey, US) 

25 mm x 25G needle (Becton Dickinson, New Jersey, US) 

 

99% 2H2O PBS: 

 1 PBS tablet 

 200 mL 2H2O 

 

Protocol 

Mice were restrained and an initial loading dose of 2H2O was administered via two 500 μL 

intraperitoneal injections of 99% 2H2O PBS; injected 4 hours apart. After the first injection, 

mice were given 8% 2H2O in normal drinking water to achieve plasma enrichment of 2H2O at 

~4.5% as described by Kim et al. (2012). Mice were culled at 1, 2, 3, 4, 6, 9, 12, 15, 20, 30, 40, 

50 and 60 days following initiation of the study (Figure 2.1) via overdose of pentobarbital 

and death was confirmed by cessation of circulation. Mice were injected at various time 

points and all culled over 3 days to avoid any issues related to long term storage of some 

samples. Plasma was collected via aortic bleed to measure the enrichment of 2H2O in the 

body. Muscles (including GTN muscles for protein synthesis analysis) were removed and snap 

frozen in liquid nitrogen and stored at -80 °C for future analysis.  

Four adult and five old untreated WT mice were also culled and plasma and GTN muscles 

removed for unlabelled proteomics as described above.  
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Figure 2.1. Timeline of heavy water injections and supplementation of water (⯁) and 
termination (●) for each time-point. Mice were injected at various time points and all 
culled over 3 days to avoid any issues related to long term storage of some samples. 

 

2.2.3 Dissection of individual muscles 

For these experiments, different muscles were collected for various purposes. The EDL was 

taken for imaging purposes due to its small size being advantageous for imaging. 

gastrocnemius GTN muscles were used for western blotting, electromotility shift assay 

(EMSA) and quantitative polymerase chain reaction (qPCR) as they contain a lot of material. 

Flexor digitorum brevis (FDB) muscles were dissected for use in single fibre preparation as 

they contain short fibres which are able to be separated with ease. Careful dissection is 

important to maximise animal usage and good data production. 

 

2.2.3.1 TA and EDL muscles 

The mouse was laid on its back and the hind limb was positioned to allow access to the 

anterior, distal portion of the limb. An incision to the skin was made with microscissors and 
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the skin was removed to uncover the full TA muscle (Figure 2.2A). The epimysium was 

surrounding the muscle was then removed with curved forceps. The TA tendon was isolated 

using fine forceps and cut using microscissors. The TA could then be pulled away from the 

tissue and nerve beneath and cut at the proximal end. Through the removal of the TA, the 

EDL could now be isolated and removed at each tendon (Figure 2.2B). This was performed 

using curved forceps to isolate the distal EDL tendon. This was cut, the EDL was lifted and 

the proximal tendon was severed, freeing the muscle. 

2.2.3.2 GTN and soleus muscles 

After the anterior muscles were removed, the hind limb was repositioned to allow access to 

the posterior of the limb. The fat pad and epimysium covering the GTN was removed with 

scissors (Figure 2.2C). Curved forceps were then used to grip the Achilles tendon which was 

then severed. The muscles were then lifted to show the medial portion of the muscles. 

Through doing this the soleus could be removed using microscissors (Figure 2.2D). The GTN 

was then removed by cutting the muscle at the origin of the medial and lateral heads. 

2.2.4 Isolation and culture of muscle fibres from the FDB muscle 

FDB muscles were dissected from the base of the foot (Figure 2.2E). A scalpel was used to 

score the sides and the back of the foot and forceps were used to peel the skin from the base 

of the foot. A scalpel was positioned under the muscle and a cut was made to the proximal 

side of the muscle. The muscle was lifted and cut near the toes. 
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Figure 2.2: Representation of mouse hind limb muscle anatomy. A) Tibialis anterior (TA; 
viewed from front of leg), B) extensor digitorum longus (EDL) muscle (viewed from front of 
leg), C) Gastrocnemius (GTN; viewed from rear of leg), D) soleus muscles (viewed from rear 
of leg), E) and the flexor digitorum brevis (FDB; viewed from base of foot) muscle. Images 
generated from Charles et al. (2016). 

 

2.2.4.1 Culture of fibres from the FDB muscle 

Materials 

Minimum essential media (MEM) (Sigma-Aldrich, Missouri, US) 

Type I collagenase (Sigma-Aldrich, Missouri, US) 

Foetal bovine serum (FBS) (Sigma-Aldrich, Missouri, US) 
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L-glutamine (Thermofisher, Massachusetts, US) 

Penicillin-Streptomycin (Thermofisher, Massachusetts, US) 

Engelbreth Holm Swarm murine sarcoma extracellular matrix (ECM) (Sigma-Aldrich, 

Missouri, US) 

Protocol 

FDB muscles were placed into 1 mL MEM containing 4 mg/mL type I collagenase, 10% FBS, 

2mM L-glutamine, 100 units/mL penicillin and 100 μg/ml streptomycin and incubated at 37 

oC, 5% CO2 for 2 – 3 hours, agitated every 30 minutes (Selvin et al. 2015). 

After digestion with collagenase intact fibres were separated from any debris and other cell 

types via two centrifugations at 600 g for 30s at room temperature. After each 

centrifugation, approximately 4 mL media was removed, leaving around 1 mL media 

containing the fibres, and replaced with around 4 mL fresh culture medium (Selvin et al. 

2015).  

Coverslips were coated with 3.4 mL ECM solution within 24 well plates by placing the 

coverslips into the bottom of the wells. Ice cold ECM (30 μL) was pipetted onto the cover 

slip. The ECM was then spread across the base using the edge of a bent pipette tip. This was 

allowed to settle for 2 minutes. Fibres prepared for imaging were plated into the ECM coated 

wells. The fibres were left for 30 minutes at 37 °C, 5% CO2 to allow attachment to the base 

of the wells before the media was topped up with 200 μL to cover the fibres. These cells were 

left for overnight at 37°C and 5% CO2 until use. 

Fibres for media collection were plated directly onto 6 well plates coated with ECM. The 

same protocol for fibre attachment to the plates was performed as above. 
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2.2.4.2 Staining and imaging of FDB fibres 

Materials 

PBS (Sigma Aldrich, Missouri, US) 

MEM (Sigma-Aldrich, Missouri, US) 

Neutral Buffered Formalin 10% (NBF) (VWR, Pennsylvania, US) 

Triton (Sigma Aldrich, Missouri, US) 

Stock solution Rhodamine labelled Wheat Germ Agglutinin 5 mg/mL (WGA-Rhodamine) 

(Vector labs, California, USA) 

Vectorshield hardset mounting media containing DAPI (Vector labs, California, USA) 

Superfrost Plus slides (ThermoFisher, Massachusetts, US) 

NBF 4% 

 40 mL NBF (10%) 

 60 mL 1x PBS 

Protocol 

The media was removed and the fibres were washed with 200 μL PBS. 200 µL serum free 

media was added, and the fibres were incubated at 37oC for 1.5 hours 37 °C, 5% CO2. The 

fibres were then fixed in 4% NBF for 1 hour at room temperature. The NBF was removed and 

the fibres washed 3 times for 5 minutes in PBS containing 0.2% triton. WGA-Rhodamine was 

added to a final dilution of 1 in 1000 in PBS with 0.2% triton for 10 minutes at room 

temperature with gentle rocking.  

The WGA rhodamine was removed, and fibres were washed 3x 5 minutes in PBS with 0.2% 

triton. This was then removed, and the coverslips were upturned and mounted on slides 

using Vectorshield hardset mounting media containing DAPI. 
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Fibres were imaged on a Zeiss LSM800 confocal microscope (Carl Zeiss AG, Oberkochen, 

Germany) with a 40x oil immersion objective lens (Carl Zeiss AG, Oberkochen, Germany). Z-

stacking and image stitching were used to obtain a 3D representation of full isolated muscle 

fibres. 

2.2.4.3 Media and fibre collection and preparation from isolated cultured FDB fibres 

Materials 

PBS (Sigma-Aldrich, Missouri, US) 

MEM (Sigma-Aldrich, Missouri, US) 

10 X Radioimmunoprecipitation assay (RIPA) buffer (Cell Signalling Technologies, 

Massachusetts, US) 

cOmplete™ Protease Inhibitor Cocktail tablet (Roche, Basel, Switzerland) 

Protocol 

After overnight culture, the media was removed from the fibres and the fibres were washed 

3 times for 5 mins each with PBS. 200 µL Serum free MEM was added to the fibres and the 

fibres were incubated for 3 hours at 37 °C, 5% CO2. This media was removed and stored at -

80 °C until future use. Twenty microlitres of RIPA buffer was added to the fibres in the 

remaining wells and the fibres were scraped. This lysate was centrifuged at 10,000 for 15 

minutes before being transferred to a clean microcentrifuge tube and stored at -80 °C until 

use. Protein lysates concentration was were used to normalise the cytokine concentration in 

the media. 

 Histological analysis of muscles and isolated fibres 

2.3.1 Cryosectioning of muscles 

Materials 
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Shandon Cryomatrix embedding matrix (ThermoFisher, Massachusetts, US) 

Cork discs (FisherScientific, New Hampshire, US) 

Isopentane (ThermoFisher, Massachusetts, US) 

SuperFrost Plus slides (ThermoFisher, Massachusetts, US) 

Protocol 

EDL muscles were cut transversely in the mid belly and positioned onto cork discs in a 

transverse orientation. Muscles were coated in Shandon Cryomatrix embedding matrix and 

frozen in isopentane cooled by liquid nitrogen. The EDLs were stored in -80 °C until used. 

EDL muscles were cryosectioned to a thickness of 12 μM using a Leica CM1850 cryostat 

(Leica, Wetzlar, Germany) and transferred to SuperFrost Plus slides. Slides were stored at -

20 °C until used. 

2.3.2 Staining of muscle sections with Haematoxylin and Eosin 

Materials 

Harris Haematoxylin solution (Thermo Scientific, Massachusetts, US) 

Eosin solution (Thermo Scientific, Massachusetts, US) 

PBS Tablets (Sigma Aldrich, Missouri, US) 

Tween-20 (Sigma Aldrich, Missouri, US) 

1% Acid alcohol (Sigma Aldrich, Missouri, US) 

Ethanol (EtOH) (Sigma Aldrich, Missouri, US) 

Dibutylphthalate Polystyrene Xylene (DPX) (Sigma Aldrich, Missouri, US) 

Protocol 
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Sections of EDL muscle were brought to room temperature before being washed with PBS 

with 1% tween. Sections were exposed to Harris Haematoxylin for 6 minutes and then 

washed in water. These were then dipped in acid alcohol and then transferred to eosin for 

10 seconds. The slides were then washed in 70%, 90% and 100% EtOH for 1, 1 and 2 minutes 

respectively. Slides were allowed to air dry and then mounted with coverslips using DPX 

mountant. Images were captured on a Nikon Ci microscope using a 20x objective lens (Nikon, 

Kingston-upon-thames, UK). 

2.3.3 Muscle fibre size analysis 

Materials 

ImmEdge hydrophobic marker (Vector labs, Ca, USA). 

Rhodamine labelled Wheat Germ Agglutinin (WGA-Rhodamine) (Vector labs, California, USA) 

Vectorshield hardset mounting media containing 4′,6-diamidino-2-phenylindole (DAPI) 

(Vector labs, California, USA) 

PBS (Sigma-Aldrich, Missouri, US) 

Triton (Sigma Aldrich, Missouri, US) 

Protocol 

Transverse sections of EDL muscles were surrounded with a hydrophobic marker pen and 

PBS containing 0.2 % triton was added to the slides for 10 minutes to remove the tissue resin. 

The PBS was removed and 1 in 1000 of stock rhodamine-WGA solution in PBS was added for 

15 minutes at room temperature. The rhodamine-WGA was removed and muscle sections 

washed 3 x 5-mins in PBS containing 0.2% triton. The sections were dipped into distilled 

water to remove any salts. Coverslips were then mounted in Vectorshield hardset mounting 

media containing DAPI (Kostrominova et al. 2010). 
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The muscle sections were imaged on a Zeiss LSM800 confocal microscope (Carl Zeiss AG, 

Oberkochen, Germany) with a 20x objective lens (Carl Zeiss AG, Oberkochen, Germany). The 

scan area was manually set to include the entire EDL section and focus was achieved by 

manually setting focus support points across the section. Images were exported as TIFF files. 

Images were analysed to determine the total fibre number and Minimal Feret’s diameter 

were analysed using the tissue cell geometry plugin on FIJI (U.S. National Institutes of Health, 

USA). 

2.3.4 Analysis of centrally positioned nuclei in transverse muscle sections 

Materials 

Rhodamine labelled Wheat Germ Agglutinin (Rhodamine-WGA) (Vector labs, California, USA) 

Vectorshield hardset mounting media containing DAPI (Vector labs, California, USA) 

PBS (Sigma-Aldrich, Missouri, US) 

Triton (Sigma Aldrich, Missouri, US) 

Protocol 

Transverse muscle sections were stained WGA-Rhodamine and DAPI as described above in 

Section 2.3.3. Images were captured using a Zeiss Axio Scan Z1 (Carl Zeiss AG, Oberkochen, 

Germany) using the settings detailed in Figure 2.3. 
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Figure 2.3: Settings for the imaging of transverse muscle sections for the analysis of 

centrally positioned nuclei in fibres. 

 

All fibres with peripheral nuclei were filtered out of images by an ImageJ macro created in-

house (Figure 2.4). The resulting images were analysed using MyoVision (University of 

Kentucky, USA) to further identify the size of fibres with and without centrally positioned 

nuclei (Wen et al. 2018). 

The resulting data was analysed to produce grouped fibre sizes, median minimum Feret’s 

diameter and the percentage of fibres with centrally and peripherally located nuclei using R 

markdown. 
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Figure 2.4: Macro for filtering out fibres with peripheral nuclei. 

2.3.5 Immunostaining of p65 

2.3.5.1 Immunostaining for p65 localisation in transverse muscle sections 

Materials 
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ImmEdge hydrophobic marker (Vector labs, Ca, USA). 

Rhodamine labelled Wheat Germ Agglutinin (WGA-Rhodamine) (Vector labs, California, USA) 

Vectorshield hardset mounting media containing DAPI (Vector labs, California, USA) 

PBS (Sigma-Aldrich, Missouri, US) 

Triton (Sigma Aldrich, Missouri, US) 

Recombinant Anti-NF-κB p65 antibody (ab32536) (Abcam, Cambridge, UK) 

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (Invitrogen, 

California, US) 

Bovine serum albumin (Sigma Aldrich, Missouri, US) 

Normal goat serum (Fisher Scientific, California, US) 

Protocol 

The EDL sections were surrounded with a hydrophobic marker and 100 µL PBS containing 0.2 

% triton was added to the slides for 10 minutes to remove the tissue resin. The PBS was 

removed and 100 µL blocking buffer of PBS containing 1% triton, 1% BSA and, 10% normal 

goat serum was added and sections incubated for 1 hour at room temperature. The blocking 

buffer was removed and sections were washed 3 x 5-minute washes in 100 µL PBS with 0.2 

% triton. 

The primary p65 antibody (ab32536, Abcam) was diluted 1 in 1000 in PBS containing 0.2% 

triton, 1 % BSA and 100 µL added to the sections. These were incubated overnight at 4°C, 

loosely covered with a parafilm to prevent evaporation. The primary antibody was removed, 

and the sections washed 3 x 5-minute washes in 100 µL PBS containing 0.2 % triton. 



106 

The secondary antibody was diluted 1 in 1000 in PBS containing 0.2% triton, 1 % BSA and 100 

µL added to the sections. This was incubated for 1 hour at room temperature. The secondary 

antibody was removed and the sections washed 3 x 5-minute washes in 100 µL PBS 

containing 0.2 % triton. 

Stock solution of WGA-rhodamine was diluted 1 in 1000 in PBS and 100 µL added to the 

sections. This was incubated for 10 minutes at room temperature before being removed and 

the sections washed in 100 µL PBS containing 0.2 % triton. 

The slides were placed into ddH2O to remove any residual salts. The slides were dried, then 

mounted with coverslips using Vectorshield hardset mounting media containing DAPI. 

 

2.3.5.2 Immunostaining of p65 in isolated FDB muscle fibres 

Materials 

Rhodamine labelled Wheat Germ Agglutinin (Rhodamine-WGA) (Vector labs, California, USA) 

Vectorshield hardset mounting media containing DAPI (Vector labs, California, USA) 

PBS (Sigma-Aldrich, Missouri, US) 

Triton (Sigma Aldrich, Missouri, US) 

Recombinant Anti-NF-κB p65 primary antibody (ab32536) (Abcam, Cambridge, UK) 

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (Invitrogen, 

California, US) 

Bovine serum albumin (Sigma Aldrich, Missouri, US) 

Normal goat serum (Fisher Scientific, California, US) 

Protocol 
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The fibres were prepared as described previously (Section 2.2.4). Media was removed from 

the fibres and the fibres were washed with PBS. Serum free media was added (200 µL), and 

the fibres were incubated for 1.5 hours 37 °C, 5% CO2.  The fibres were fixed in 200µL 4% 

NBF for 1 hour at room temperature. The NBF was removed and the fibres washed 3 times 

in 200 µL PBS with 0.2% triton.  

The PBS was removed and 200 µL blocking buffer of PBS containing 1% triton, 1% BSA and, 

10% normal goat serum added and fibres were incubated for 1 hour at room temperature. 

The blocking buffer was removed, and fibres were washed 3 x 5-minute washes in 200 µL 

PBS with 0.2 % triton. 

The primary p65 antibody (ab32536, Abcam) was diluted 1 in 1000 in PBS containing 0.2% 

triton, 1 % BSA and 200 µL added to the fibres. These were incubated overnight at 4 °C in 

high humidity. The primary antibody was removed, and the fibres washed 3 x 5-minute 

washes in 100 µL PBS containing 0.2 % triton. 

The secondary antibody was diluted 1 in 1000 in PBS containing 0.2% triton, 1 % BSA and 200 

µL added to the fibres. This was incubated for 1 hour at room temperature. The secondary 

antibody was removed, and the fibres washed 3 x 5-minute washes in 200 µL PBS containing 

0.2 % triton. 

Stock WGA-rhodamine was diluted 1 in 1000 in PBS, 200 µL added to the fibres and these 

were then incubated for 10 minutes at room temperature before this solution was removed 

and the fibres washed in 200 µL PBS containing 0.2 % triton. A final two washes with ddH2O 

was performed to remove any salt residues. The coverslips were removed from the wells, 

upturned and mounted on slides using Vectorshield hardset mounting media containing 

DAPI. 
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Fibres were imaged on a Zeiss LSM800 confocal microscope (Carl Zeiss AG, Oberkochen, 

Germany) with a 40x oil immersion objective lens (Carl Zeiss AG, Oberkochen, Germany). Z-

stacking and image stitching were used to obtain a 3D representation of full fibres using the 

Zen imaging software (Carl Zeiss AG, Oberkochen, Germany). 

 Biochemical Analyses 

2.4.1. GTN muscle sample preparation for all assays 

Materials 

Liquid nitrogen 

Protocol 

GTN muscles were recovered from -80 °C storage in liquid nitrogen. A pestle and mortar were 

pre-cooled with liquid nitrogen. The frozen muscle was placed into the mortar with 

additional liquid nitrogen. The GTN muscle was ground into a fine powder with the cooled 

pestle. Once ground to powder, the muscle was resuspended in liquid nitrogen and 

transferred to microcentrifuge tubes for future analyses described below. 

2.4.1.1 Preparation of GTN muscle samples for Luminex assay 

Materials 

Bio-Plex Cell Lysis Kit (BioRad, California, US) 

Phenylmethylsulfonyl fluoride (PMSF) (Sigma Aldrich, Missouri, US) 

Dimethyl sulfoxide (DMSO) (Sigma Aldrich, Missouri, US) 

Protocol 

Bioplex lysing solution was prepared from mixing factor 1: factor 2: lysing buffer: PMSF 

(2:4:990:4) following manufcturer’s instructions. To ~75 mg ground GTN muscle powder, 500 
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μL lysing solution was added and the muscle was homogenised using a pellet pestle (Sigma 

Aldrich, Missouri, US). The sample was then sonicated on ice for 30 seconds in short bursts. 

The samples were centrifuged at 4,500 g for 4 minutes at 4 °C. The supernatant was collected 

and stored at -80oC, and the pellet was disposed of.  

2.4.1.2 Preparation of GTN muscle samples for western blotting 

Materials 

10 x RIPA Buffer (Cell signalling Technologies, Massachusetts, United States) 

cOmplete™ Protease Inhibitor Cocktail (Roche, Basel, Switzerland) 

Protocol 

RIPA buffer was prepared by adding 10x RIPA buffer to ddH2O 1:9. To this, one cOmplete 

protease inhibitor cocktail was added per 10 mL solution. RIPA buffer (500 μL) was added to 

~75 mg ground GTN powder and the mixture was further homogenised using a pellet pestle. 

The sample was sonicated on ice for 30 seconds in short bursts. The samples were 

centrifuged at 4,500 g for 4 minutes at 4 °C. The supernatant was collected, and pellet was 

disposed of. Supernatants were stored at -80 °C. 

2.4.1.3 Preparation of GTN muscle samples for EMSA 

Materials 

Glycerol (Sigma Aldrich, Missouri, US) 

NaCl (Sigma Aldrich, Missouri, US) 

Ethylenediaminetetraacetic acid (EDTA) (Sigma Aldrich, Missouri, US) 

1,4-Dithiothreitol (DTT) (Sigma Aldrich, Missouri, US) 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Sigma Aldrich, Missouri, US) 
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cOmplete™ Protease Inhibitor Cocktail tablet (Roche, Basel, Switzerland) 

NP-40 (Igepal) (Sigma Aldrich, Missouri, US) 

500 mM PMSF: 

 0.436 g PMSF 

 5 mL DMSO 

 Store as 0.5 mL aliquots at -20 °C and don’t thaw more than 5 times 

1 M NaOH 

 29.22 g NaCl 

 500 mL ddH2O 

0.5 M EDTA 

 73.06g EDTA 

 Add 400 mL ddH2O 

 Adjust pH until stable at pH 8 using NaOH pellets 

 Add water so total volume is 500 mL 

1M DTT 

 1.54 g DTT 

 10mL ddH2O 

EMSA extraction buffer (25 % glycerol, 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM 

DTT, 20 mM HEPES, 0.1 % NP-40, pH 7.9): 

 2.5 mL glycerol 

 4.2 mL 1M NaCl 

 15 μL 0.5M EDTA  

 5 μL 1M DTT 

 48 mg HEPES 

 3.3 mL ddH2O 

 Adjust pH to 7.9 

 Add 1 cOmplete™ Protease Inhibitor Cocktail tablet 

 10 μL NP-40 (Igepal) 

Protocol 

EMSA extraction buffer (0.5mL) was added to ~75 mg GTN muscle powder. The samples were 

then homogenised using a bench top rotary homogeniser. The samples were then sonicated 
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on ice for 30 seconds in short bursts. The samples were centrifuged at 4,500 g for 4 minutes 

at 4 °C. The supernatant was collected, and pellet was disposed of. Samples were stored at -

80 °C. 

2.4.1.4 Bradford assay for protein content analysis 

Materials 

BradfordUltra reagent (Expedion, Cambridge, UK) 

2 mg/mL Bovine serum albumin (BSA) standard (ThermoFisher, Massachusetts, US) 

Protocol 

BSA standards were prepared from the 2mg/mL stock BSA as detailed in Table 2.1. 

Table 2.1: Preparation of a standard curve to be used with BradfordUltra reagent from 
a stock BSA solution of 2 mg/mL. 

 

Tube Concentration of 
BSA (ug/mL) 

μL standard from previous dilution  μL Water 

A 500 50 150 

B 250 100 100 
C 125 100 100 

D 50 120 80 

E 25 100 100 

F 0 0 100 

Twenty μL of standards and samples were added to each well of a 96 well plate. One hundred 

and eighty µL of BradfordUltra assay was added to each of the wells. Any bubbles on the 

surface were removed and the plate was analysed immediately using a SpectroStar plate 

reader (BMG Labtech, Aylesbury, UK) measuring absorbance at 595 nm (Staunton et al. 

2019). 

A linear line of regression was fit to the standard values and concentrations of the unknown 

samples were computed from the equation of this line using the MARS Data Analysis 

Software (BMG Labtech, Aylesbury, UK). 
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2.4.2 Cytokine protein analysis of muscle and plasma samples 

Materials 

Bioplex assay kit (BioRad, California, US) containing: 

 Coupled magnetic beads 

 Detection antibodies 

 Cytokine standard mix 

 Sample diluent 

 Detection antibody diluent 

 Standard diluent 

 Assay buffer 

 Wash buffer 

 Streptavidin-PE 

 Assay plate 

 Sealing tape 

Bioplex protein lysate buffer (BioRad, California, US) 
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Protocol 

Bioplex is a bead based multiplex immunosorbent assay based on luminex xMap technology. 

This system uses the same concepts as a sandwich enzyme linked immunosorbent assay 

(ELISA) where captured antibodies capture target proteins were an enzyme linked detection 

antibody is used to measure the concentration of the intended target protein. In the Luminex 

xMap system, distinctly dyed magnetic microspheres (beads) are coupled to different 

capture antibodies. The magnetic beads can be immobilised through the use of a strong 

magnetic stand allowing washing of unbound proteins. Detection is facilitated by a 

biotinylated antibody bound to streptavidin - Phycoerythrin (PE). Streptavidin fluoresces 

upon excitation by a 488 nm laser light. 

Plasma samples were diluted 1:3 in sample diluent. GTN muscle lysate samples were diluted 

to a final concentration of 500 μg/mL in sample diluent with BSA added to a final 

concentration of 0.5%. Serum free media samples were diluted 7:1 in 4% BSA to a final 

concentration of 0.5% BSA to stabilise protein targets and to block against non-specific 

binding. 

All reagents in the kit were warmed to room temperature. The included cytokine standard 

was reconstituted in 250 μL cytokine standard diluent (Table 2.2). 

This was then used to produce a 7-point curve using fourfold dilutions each step. This is 

shown in Table 2.3. 
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Table 2.2: Cytokine stock concentrations from the cytokine standard included in the 
Bioplex kit for use with the concentration curve. 

 

Cytokine S1 Value pg/mL  Chemokine S1 Value 
pg/mL 

GM-CSF 13,446  CCL1 6,811 

IFN-γ 7,263  CCL2 124,144 

IL-1β 33,329  CCL3 9,473 

IL-2 6,025  CCL4 58,085 

IL-4 1,011  CCL5 14,245 

IL-6 12,954  CCL7 2,921 

IL-10 106,983  CCL11 7,976 

IL-16 4,691  CCL12 8,767 

TNF-α 10,092  CCL17 11,197 

   CCL19 25,967 

   CCL20 12,684 

   CCL22 9,678 

   CCL24 168,737 

   CCL25 46,758 

   CXCL1 22,531 

   CXCL2 22,854 

   CXCL5 95,630 

   CXCL10 176,583 

   CXCL11 68,806 

   CXCL12 16,748 

   CXCL13 146,200 

   CXCL16 7,979 

   CXCL27 115,024 

   CX3CL1 28,804 

Table 2.3: Volumes used to produce a 7-point standard curve as part of the Bioplex 33-
plex cytokine assay 

Standard Volume from previous standard (μL) Volume diluent (μL) 

S1 250 0 
S2 50 150 

S3 50 150 

S4 50 150 

S5 50 150 

S6 50 150 

S7 50 150 

Blank 200 0 
 

The coupled beads were diluted 1 in 10 in assay buffer and vortexed for 30 seconds. A 

multichannel pipette was used to add 50 μL diluted beads to each of the wells. Wash buffer 

was prepared by diluting the 10X stock wash buffer 1 in 10 in ddH2O.  Plate washing was 
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performed twice by first placing the plate on the magnetic holder to attract the magnetic 

beads to the bottom of the well, and tapping the holder on the table. The plate and magnetic 

holder were then inverted over a sink and replaced with 100 μL wash buffer. This was 

repeated once more and the wash buffer was once again, expelled from the wells. Fifty μL 

of samples and standards were added into each appropriate well of the assay plate. The plate 

was covered with sealing tape and was incubated for 30 min on a plate shaker at room 

temperature. 

The plate was washed three times as previous with 100 μL wash buffer. The detection 

antibodies were prepared by diluting the 10X detection antibody stock 1:9 in detection 

antibody diluent and vortexed for 5 seconds. Twenty five μL detection antibody was added 

to each well on the assay plate. This was sealed with sealing tape and incubated on a plate 

shaker for 30 min at room temperature. 

The plate was washed 3 further times with 100 μL wash buffer. The 100X stock streptavidin-

PE was diluted 1 in 100 in assay buffer, 50 μL of which was added to each well. The plate was 

covered with sealing tape and incubated on a plate shaker for 10 min at room temperature. 

The plate was washed 3 times in 100 μL wash buffer. The beads were resuspended in 125 μL 

assay buffer and placed on a plate shaker for 30 seconds at room temperature. 

The plate was placed into a calibrated and validated Bioplex 200 (BioRad, California, US) using 

the low photomultiplier tube (PMT) setting, with the doublet discriminator (DD) gates set to 

5,000 and 25,000 and the bead events set to 50. 

2.4.3 RNA analysis of muscle samples 

2.4.3.1 RNA extraction from GTN muscles 

Materials 

Trizol reagent (Invitrogen, California, US) 
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Chloroform:Isoamyl alcohol (24:1), (Sigma Aldrich, Missouri, US) 

Glycogen, RNA grade (Thermofisher, California, US) 

Isopropanol (Sigma Aldrich, Missouri, US) 

EtOH (Sigma Aldrich, Missouri, US) 

RNAse free water (Invitrogen, California, US) 

Protocol 

GTN muscles were ground to a fine powder under liquid nitrogen using a pestle and mortar 

as described in Section 2.4.1. Approximately 0.2g of the resulting powder was added to 500 

mL trizol. 

Chloroform (100 μL) was added and the sample tubes were shaken vigorously for 1 minute. 

The mixture was then left at room temperature for 10 minutes before being centrifuged at 

12,000 g for 15 minutes at 4 °C. The upper aqueous phase was collected and transferred to 

another microcentrifuge tube. 

Glycogen (0.5 μg; co-precipitates with RNA) was added to the upper aqueous phase, followed 

by 250 μL isopropanol to precipitate the RNA at room temperature for 10 minutes. This was 

then centrifuged at 12,000 g for 10 minutes at 4 °C and the supernatant was completely 

removed. 

EtOH (500 μL) was added to the pellet, and mixed. Samples were then centrifuged at 12,000 

g for 5 minutes at 4 °C. The supernatant was removed and the pellets were left to air dry for 

5 – 10 minutes at room temperature. 

RNAse free water (30 μL) was added to the pellet and mixed by pipetting. RNA samples were 

heated to 55 °C for 10 minutes. Quantity and quality of RNA samples was measured using a 

nanodrop (Thermofisher; Winsford, UK). RNA was stored at -20 °C until use. 
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2.4.3.2 Complementary (cDNA) synthesis 

Materials 

iScript revese transcription kit (BioRad, California, US) 

RNAse free water (Invitrogen, California, US) 

Protocol 

One µg of the isolated RNA was reverse transcribed using iScript cDNA Synthesis Kit from in 

the volumes detailed in Table 2.3. 

Table 2.3: Reaction volumes for cDNA synthesis with iScript reagents.  
 

Reagent Volume (μL) 

iScript Reverse transcription 1 
iScript reaction mix 4 
RNA Volume for 1 μg RNA 
Water To final volume 25 μL 

 

 

 

The reaction mixture was incubated in a thermocycler using the following protocol: 5 

minutes at 25 °C, 1 minute at 46 °C and 1 minute at 95 °C as shown in Table 2.4. Synthesised 

cDNA was stored at -20 °C until used. 

Table 2.4: Times and temperatures used for reverse transcription of RNA from muscle 
samples using iScript reagents  

Step Time Temperature (°C) 

Priming 5 Minutes 25 
Reverse transcription 20 Minutes 46 
Inactivation 1 Minute 95 
Stop Hold 4 
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2.4.3.3 Measuring relative expression of mRNA using real-time polymerase chain reaction 

(qPCR) 

Materials 

Brilliant Multiplex qPCR mastermix (Agilent, California, US) 

Nuclease free water (Invitrogen, California, US) 

Fam conjugated experimental taqman probe (Thermofisher, California, US) 

Vic conjugated housekeeping taqman probe (Thermofisher, California, US) 

Reference dye (Agilent, California, US) 

Microseal ‘B’ PCR Plate Sealing Film (Biorad, California, US) 

Protocol 

A mastermix was prepared containing reagents for the qPCR reaction to a total volume of 25 

μL per well (Table 2.5). This mastermix was vortexed and 24 μL was added to each well. 

Table 2.5: Reagent volumes for duplex TaqMan qPCR reaction 
 

Reagent Volume per reaction 
(μL) 

Brilliant multiplex qPCR mastermix 12.5 μL 
Fam experimental taqman probe 1 μL 
Vic housekeeping taqman probe 1 μL 
Reference dye 0.375 μL 
Nuclease free water 9.125 μL 

One μL cDNA was added to each well. The plate was sealed with sealing film and vortexed 

for 30 seconds. The plate was centrifuged and then placed in an Agilent Mx3005P qPCR 

thermocycler (Agilent, California, US). The two-step PCR cycling protocol used is detailed in 

Table 2.6. 
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Table 2.6: Cycle temperatures and durations for duplex taqman qPCR performed on an 
Agilent Mx3005P thermocycler 
 

Cycles Duration of Cycle Temperature 

1 10 Minutes 95 °C 
40 15 seconds 95 °C 
40 1 minute 60 °C 

 

2.4.4 Measuring NF-κB DNA binding activity in muscles using EMSA 

Materials 

1M NaCl 

40% Acrylamide (29:1), Acrylamide: bis-Acrylamide solution (Biorad, California, US) 

Tris-base (Sigma Aldrich, Missouri, US) 

Glycine (Sigma Aldrich, Missouri, US) 

0.5M EDTA 

1M DTT 

Ammonium persulphate (APS) (Sigma Aldrich, Missouri, US) 

Tetramethylethylenediamine (TEMED) (Biorad, California, US) 

Potassium chloride (KCl) (Sigma Aldrich, Missouri, US) 

Magnesium chloride (MgCl2) (Sigma Aldrich, Missouri, US) 

Glycerol (Sigma Aldrich, Missouri, US) 

Orange G (Sigma Aldrich, Missouri, US) 

Boric Acid (Promega, Wisconsin, US) 

Tween-20 (Sigma Aldrich, Missouri, US) 

Poly (dI-dC) 1 µg/µL in 10 mM Tris, 1mM EDTA; pH 7.5 (Licor, Cambridge, UK) 
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NF-κB p65 (D14E12) XP® Rabbit mAb (Cell Signalling Technologies, Massachusetts, United 

States) 

50 nM NFκB Oligo (IRDye 700) (Licor, Cambridge, UK) 

Unlabelled NF-κB probe (Licor, Cambridge, UK) 

AP-1 consensus region oligo (IRDye 700) probe (Licor, Cambridge, UK) 

1 M Tris-HCl, pH 7.5 

 60.57 g Tris-base 

 Add 400 mL ddH2O 

 Adjust pH to 7.5 using concentrated HCl 

 Add water so total volume is 500 mL 

1M Glycine 

 37.54g Glycine 

 Add 500 mL ddH2O 

10% APS 

 5g APS 

 50 mL ddH2O 

1M KCl 

 7.46g KCl 

 100 mL ddH2O 

1M DTT 

 1.54 g DTT 

 10mL ddH2O 

10x EMSA binding buffer - 100 mM Tris, 500 mM KCl, 10 mM DTT; pH 7.5 

 10 mL 1M Tris-HCl, pH 7.5 

 50 mL 1M KCl 

 1 mL 1 M DTT 

 39 mL ddH2O 

EMSA gel solution 



121 

 5 mL 40% Acrylamide (29:1), Acrylamide: bis-Acrylamide solution  

 2 mL 1 M Tris, pH 7.5 

 7.6 mL 1 M Glycine 

 160 µL 0.5 M EDTA, pH 8.0 

 26 mL ddH20 

 200 µL 10% APS 

 30 µL TEMED 

10X Orange G loading dye 

 100 mg Orange G 

 25 mL ddH2O 

 25 mL glycerol 

10X TBE solution 

 121.1 g Tris base 

 61.8 g Boric acid 

 20 mL 1M EDTA, pH 7.5 

 Dissolve all in 700 mL ddH2O 

 Make up to 1 L with ddH2O 

25 mM DTT, 2.5% Tween-20 

 0.25 mL 1M DTT 

 0.25 mL Tween 20 

 9.5 mL ddH2O 

100 mM MgCl2 

 95.211 mg MgCl2 

 10 mL ddH2O 

200 mM EDTA, pH 8.0 

 4 mL 1M EDTA 

 6 mL ddH2O 

Protocol 

 

The protein content of EMSA samples was measured by a Bradford assay to determine 

the loading volume for 100 µg protein of the individual samples as described in Section 

2.4.1.4. 
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The following protocol was performed using a Hoefer SE400 Air-cooled Vertical Protein 

Electrophoresis assembly. The EMSA gel solution was prepared as described in Table 2.6. The 

gel solution was gently pipetted between two clamped glass plates and a 1.5 mm, 15 well gel 

comb was inserted into the top of the gel solution. The gel was allowed to set for ~3 hours. 

Muscle samples were prepared as shown in Table 2.7. The samples were incubated at room 

temperature for 30 minutes in the dark as to prevent photobleaching of the IRDye 700 probe. 

Two μL 10X orange g loading buffer was added to each sample and mixed. The samples were 

then loaded into the gel. Electrophoresis was performed at °C, 160V for ~2.5 hrs. The gel was 

imaged on a Licor Odyssey CLx system (Licor, Cambridge, UK). 

Table 2.6: Reagent volumes for EMSA reaction mixtures using Licor fluorescent probes 

Reagent Volume uL 

10X binding buffer 2 
25 mM DTT, 2.5 % tween-20 2 
Poly (dI-dC) 1 µg/µL in 10 mM Tris, 1mM EDTA; pH 7.5 1 
100 mM MgCl2 1 
200 mM EDTA, pH 8.0 1 
50 nM NFκB Oligo (IRDye 700) 1 
ddH2O 2 
100 μg Protein extract in ddH2O 10 

 

 

Supershift and inhibition experiments  

For the supershift experiments, 20 μL chromatin immunoprecipitation (ChIP) grade p65 

antibody was added to the protein extract and ddH2O prior to the reaction mixture. This was 

then incubated for 20 minutes at room temperature in the dark before adding to the reaction 

mixture.  

The competitive probe was an unlabelled NF-κB probe of the same nucleotide sequence. The 

non-competitive inhibitor was an AP-1 consensus region oligo (IRDye 700) probe. To perform 

the competitive and non-competitive inhibitor experiments, 2 μL of the inhibitor was added 

to the reaction mixture prior to the NF-κB oligo probe. 
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2.4.5 SDS-PAGE and western blotting 

Materials 

0.1% Ponceau S solution (Sigma Aldrich, Missouri, US) 

Sodium dodecyl sulphate (SDS) (Thermofisher, California, US) 

Bromophenol blue (Sigma Aldrich, Missouri, US) 

1M Tris-hydrochloride (tris-HCl)  

Glycerol (Sigma Aldrich, Missouri, US) 

0.5 M EDTA  

β-mercaptoethanol (Thermofisher, California, US) 

Tris-base (Sigma Aldrich, Missouri, US) 

Methanol (Sigma Aldrich, Missouri, US) 

6-Aminocaproic acid (Sigma Aldrich, Missouri, US) 

NaCl (Sigma Aldrich, Missouri, US) 

Sodium hydroxide (NaOH) pellets (Sigma Aldrich, Missouri, US) 

Concentrated HCl (Sigma Aldrich, Missouri, US) 

Tween-20 (Sigma Aldrich, Missouri, US) 

45 % Fish scale gelatine (FSG) (Sigma Aldrich, Missouri, US) 

Acrylamide/Bis (30%, 37.5:1) (Biorad, California, US) 

TEMED (Biorad, California, US) 

PageRuler prestained protein ladder (ThermoScientific, California, US) 
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10% APS 4X Loading buffer 

 0.8 g SDS 

 4 mg bromophenol blue 

 2 mL 1M Tris-HCl  

 4 mL glycerol 

 1 mL 0.5 M EDTA  

 0.4 mL β-mercaptoethanol 

 2.6 mL ddH2O 

10% SDS 

 5 g SDS powder 

 50 mL ddH2O 

10X Running buffer 

 14.4 g glycine 

 3.02 g tris base 

 10 mL 10 % SDS  

 990 mL ddH2O 

1X Running buffer 

 100 mL 10X running buffer  

 900 mL ddH2O 

Anode 1 buffer 

 36.34 g tris base 

 100 mL Methanol 

 800 mL ddH2O 

 Adjust pH to 10.4 

 Add water to total volume 1 L 

Anode 2 buffer 

 3.03 g tris base 

 100 mL Methanol 

 800 mL ddH2O 

 Adjust pH to 10.4 

 Add water to total volume 1 L 

Cathode buffer 

 3.03 g tris base 
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 5.25 g 6-Aminocaproic acid 

 100 mL Methanol 

 800 mL ddH2O 

 Adjust pH to 9.4 

 Add water to total volume of 1 L 

10X tris-buffered saline (TBS) 

 24.22 g tris HCl 

 87.66 NaCl 

 Dissolve in 900 mL ddH2O 

 Adjust pH to 7.6 using HCl 

 Add water to total volume of 1 L 

TBS-tween (TBS-T) 

 100 mL 10X TBS  

 1 mL Tween 20 

 899 mL ddH2O 

5% FSG 

 111.1 mL 45 % FSG (warmed in microwave to decrease viscosity; 700W ~2 minutes) 

 888.9 mL ddH2O 

Blocking buffer – 1% FSG in TBS 

 100 mL 5% FSG 

 400 mL ddH2O 

Primary – 1% FSG in TBS-Tween 

 100 mL 5% FSG  

 50 mL 10X TBS  

 350 mL ddH2O 

Secondary – 1% FSG in TBS-Tween with 0.01% SDS. 

 100 mL 5% FSG  

 50 mL 10X TBS  

 0.5 mL 10% SDS 

 350 mL ddH2O 

 

 



126 

Protocol 

The protein content of lysate samples was measured by Bradford assay to determine the 

loading volume of the individual samples as described in Section 2.4.1.4. Protein lysates were 

diluted to contain 20 μg of total protein in ddH2O to a volume of 11.5 μL. To these diluted 

samples, 3.5 μL 4X loading buffer was added and the samples were heated to 95°C for 5 

minutes. 

A 10 % SDS-PAGE gel was cast using a mini-Protean tetra handcast system (Biorad, California, 

US) using the reagents described in Table 2.7 to make the 10% acrylamide resolving gel and 

Table 2.8 to make the 4% acrylamide stacking gel. The resolving gel was poured into the cast 

and add approximately 1 mL ethanol to the top to remove any bubbles. After 20 minutes the 

ethanol was removed, and the stacking gel was added and comb fitted. The gel was allowed 

to set for ~30 minutes and either used immediately or stored at 4 °C wrapped in wet tissue 

overnight. Once ready to use, the gels were loaded into a mini-Protean tetra vertical gel tank, 

filled, and surrounded by running buffer. 

Table 2.7: Reagents and volumes used to make 10 mL 10% SDS-PAGE resolving gel 

Reagent Volume for 10 mL 10% resolving gel 

ddH2O 2.8 mL 
Acrylamide/Bis (30%, 37.5:1) 3.3 mL 
Tris-HCl 1M 3.75 mL 
10% SDS 100 μL 
TEMED 10 μL 
10% APS 32 μL 
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Table 2.8: Reagents and volumes used to make 10 mL 10% SDS-PAGE stacking gel 
 

Reagent Volume for 10 mL 4% stacking gel 

ddH2O 4.7 mL 
Acrylamide/Bis (30%, 37.5:1) 1.3 mL 
Tris-HCl 1M 3.75 mL 
10% SDS 100 μL 
TEMED 10 μL 
10% APS 100 μL 

Pageruler pre-stained protein ladder (4 µL) was placed into the first well of the gel and 20 µg 

of the samples were added to the remainder of the wells being careful not to have any liquid 

spill out of the wells. The lid of the tank was placed in position, and electrophoresis was 

performed for 15 minutes at 30V for the proteins to reach the border of the stacking and 

resolving gels. The voltage was raised to 120V and the electrophoresis was continued until 

the bromophenol blue front was close to the bottom of the gel (~50 minutes). 

The gel was removed from the chamber, the glass plates separated, and the stacking gel was 

cut and disposed of from the resolving gel. To the lower anode plate of the semi-dry transfer 

system, a stack of 2 filter papers soaked in anode 1 buffer were placed followed by a filter 

paper and square of nitrocellulose membrane soaked in anode 2 buffer. The gel was placed 

on top of the nitrocellulose membrane and 3 sheets of filter paper soaked in cathode buffer. 

After each addition to the stack, the stack was rolled over with a roller to ensure no bubbles 

had formed between stacks. The completed stack is shown in Figure 2.5. The transfer was 

performed at 60 mA per stack for 1 hour.  
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Figure 2.5: Diagram of the semi dry transfer step of a western blot. 

The membrane was recovered from the stack and Ponceau (0.1%) was added to the 

membrane which was agitated on a rocker for 5 minutes. The ponceau was removed and 

ddH2O was used to rinse off the excess ponceau. The membrane was imaged on a Biorad 

Chemidoc XRS+ (Biorad, California, US) using Image Lab software (Biorad, California, US) to 

determine whether transfer had occurred evenly.  

The ponceau was removed from the membrane through 3 x 5 minutes of washing using TBS-

T at room temperature with agitation. The TBS-T was removed, and the membrane was 

covered with blocking buffer for 1 hour at room temperature with agitation. 

The blocking buffer was removed, and the membrane was washed 3 x 5 minutes at room 

temperature. The primary antibody was diluted 1 in 1000 in the primary incubation buffer 

and incubated with the membrane overnight at 4°C with agitation. 

The primary antibody was removed. The membrane was washed 3 x 5 minutes at room 

temperature. The secondary (IRDye 800CW) antibody was diluted 1:15,000 in secondary 

incubation buffer and incubated with the membrane for 1 hour at room temperature with 

gentle agitation. 
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The secondary antibody was removed, and the membrane was washed 5 x 5 minutes at room 

temperature. The membrane was imaged using a Licor Odyssey CLx system (Licor, 

Cambridge, UK). Pixel densitometry was performed in Image studio lite (Licor, Cambridge, 

UK) to quantify the images obtained.  

2.4.6 Sample preparation for proteomics 

2.4.6.1 Sample preparation of GTN muscles 

GTN muscles (unlabelled and 2H2O dosed) were homogenised in 10-volumes of 25 mM 

ammonium bicarbonate containing a protease inhibitor cocktail. The sample was 

homogenised via a TissueRuptor (Qiagen, Hilden, Germany) set to the lowest setting. Further 

homogenisation was achieved using a bead beating homogeniser. 37.5U benzonase nuclease 

was added to each sample to reduce viscosity. 

Fifty μg protein was diluted to be 80 μL in volume with 25 mM ammonium bicarbonate. Five 

μL of 1% Rapigest SF was added and the samples were brought to 80 °C for 10 minutes. Five 

μL 46.6 mg/mL iodoacetaide in 25 mM ammonium bicarbonate was added in the dark at 

room temperature for 30 minutes for alkylation to take place. This reaction was quenched 

using 4.7 μL DTT. Five μL trypsin was added to samples and samples were incubated 

overnight at 37 °C. Rapigest was removed through acidification with 1 μL trifluoroacetic acid 

(TFA) and incubation at 37 °C for 45 minutes. Samples were centrifuged at 17,200 g and 

supernatants were transferred to fresh tubes. 

2.4.6.2  Liquid chromatography – tandem mass spec (LC-MSMS) analysis 

Data-dependent LC-MSMS analyses were conducted on a QExactiveHF quadrupole-Orbitrap 

mass spectrometer coupled to a Dionex Ultimate 3000 RSLC nano-liquid chromatograph 

(Hemel Hempstead, UK). Sample digest (0.4mL, 200ng protein equivalent) was loaded onto 

a trapping column (Acclaim PepMap 100 C18, 75 µm x 2 cm, 3 µm packing material, 100 Å) 

using a loading buffer of 0.1% (v/v) TFA, 2 % (v/v) acetonitrile in water for 7 min at a flow 
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rate of 12 µL min-1. The trapping column was then set in-line with an analytical column 

(EASY-Spray PepMap RSLC C18, 75 µm x 50 cm, 2 µm packing material, 100 Å) and the 

peptides eluted using a linear gradient of 96.2 % A (0.1 % [v/v] formic acid):3.8 % B (0.1 % 

[v/v[ formic acid in water:acetonitrile [80:20] [v/v]) to 50 % A:50 % B over 55 min at a flow 

rate of 300 nL min-1, followed by washing at 1% A:99 % B for 6 min and re-equilibration of 

the column to starting conditions. The column was maintained at 40oC, and the effluent 

introduced directly into the integrated nano-electrospray ionisation source operating in 

positive ion mode. The mass spectrometer was operated in data dependent acquisition 

mode with survey scans between m/z 350-2000 acquired at a mass resolution of 60,000 

(FWHM) at m/z 200. The maximum injection time was 100 ms, and the automatic gain 

control was set to 3e6. The 16 most intense precursor ions with charges states of between 

2+ and 5+ were selected for MS/MS at a resolution of 30,000 with an isolation window of 2 

m/z units. The maximum injection time was 45 ms, and the automatic gain control was set 

to 1e5. Fragmentation of the peptides was by higher-energy collisional dissociation using a 

normalised collision energy of 30 %. Dynamic exclusion of m/z values to prevent repeated 

fragmentation of the same peptide was used with an exclusion time of 20 sec. 

2.4.6.3 Quantification of protein abundance 

For the protein abundance from the unlabelled samples, Individual data files were searched 

against the UniProt mouse reviewed database (16,966 sequences) using the Mascot search 

engine (Version 2.6.2). Between 900-1050 proteins were identified in each sample. A 

precursor and fragment ion mass tolerance of 10ppm and 0.01Da was used respectively. A 

fixed modification of carbamidomethyl cysteine and a variable modification of oxidation of 

methionine was included. Label free quantification was performed automatically on 

Progenesis QI. 



131 

2.4.6.4 Determination of Relative Isotope Abundance (RIA) and protein turnover rates (k) 

The software d2ome (Sadygov et al. 2018) was used to automate in vivo protein turnover 

analysis from the acquired LC-MS data of heavy water metabolic labelling. Each Thermo raw 

MS data file, from each animal muscle tissue sample over the labelling trajectory, was initially 

converted into mzML format, using the MSConvert tool within Proteowizard (Chambers et 

al. 2012). mzML files were then searched using Mascot (version 2.7.0, Matrix Science, UK) 

against a UniProt Mus genus database (dated April 25, 2018) containing 16,966 reviewed 

entries. The search parameters allowed for a single trypsin missed cleavage and 

carbamidomethylation of cysteine residues as a fixed modification. Oxidation of methionine 

was allowed as variable modification. A peptide tolerance of 15 ppm was set, with an MS/MS 

tolerance of 0.01 Da. Following database searching, each search result was exported in 

mzIdentML format for use in d2ome which uses the mass spectral data (mzML files) and the 

corresponding protein identification results (mzIdentML files) and analyses all 

proteins/peptides that pass pre-defined identification thresholds (here, mass accuracy = 15 

ppm; minimum protein score = 40; minimum peptide score = 20; maximum peptide 

expectation = 0.05; elution time window = 1 min; minimum number of experiments for 

protein consistency = 4; minimum number of experiments for a peptide consistency = 4). 

Mass isotopomer quantification is done in three-dimensional space (chromatographic time, 

m/z, and abundance). Increases in heavy peptide mass isotopomers (m1, m2, m3, m4, etc.) 

due to 2H-incorporation are reflected by a parallel decline in the monoisotopic mass spectral 

peak (m0) envelope, with time. Protein turnover rate constants (k) were determined based 

on the RIA data at each time point, t, using the default fitting process in d2ome (Sadygov et 

al. 2018), with the maximum achievable Relative isotopic abundance (RIA) set as a fixed 

value, the body water enrichment level, measured from plasma acetone exchange to be 

4.64% (adult) and 4.71% (old). 
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2.4.6.5 Data analysis 

All graphs were produced using “ggplot2” unless otherwise stated. The R packages 

“factorMineR” and “factoextra” were implemented for principle component analysis (PCA) 

and the “heatmap.2()” function from "gplots” was used (Lê et al. 2008). Kyoto encyclopedia 

of genes and genomes (KEGG) and gene ontology (GO) pathways were annotated and 

visualised using the “enrichKEGG()” and “enrichGO()” functions from the “clusterProfiler” 

package (Yu et al. 2012). Protein lengths and masses were annotated to each protein using 

the “UniprotR” package. Protein datasets and RNAseq datasets were merged through 

annotating the RNAseq dataset with Uniprot IDs according to their ensembl gene IDs and 

merging the datasets. 

 Statistics 

All statistics were performed using Graphpad prism 8.4.3 (GraphPad Software, Inc, California, 

USA) unless otherwise stated. Statistical test performed is Analysis of variance (ANOVA) with 

post hoc Dunnet’s test unless otherwise stated.  

Combined -omics including dynamic proteomics, label-free proteomics and transcriptomics 

analysis were performed on R and all graphs and figures in Chapter 6 have been produced 

using ggplot2 unless stated otherwise. 
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 Alterations in inflammatory processes in plasma and 

muscles of old WT and adult SOD1KO mice 
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 Introduction 

3.1.1 There are dramatic changes in inflammatory status with ageing in humans and 

mice 

Inflammaging is observed in a number of diseases including dementia, diabetes and chronic 

kidney disease (Ferrucci & Fabbri 2018). These diseases are characterised by high circulatory 

levels of inflammatory mediators, induction of disability and cellular senescence (Ferrucci & 

Fabbri 2018). Changes in a number of cytokines and chemokines have been reported during 

ageing, thus, there is an increase in the plasma concentration of G-CSF, GM-CSF, MIP-1/CCL2, 

TGF-α, IL-8, IL-12, IP-10/CXCL10, IL-6, IL-10, IFN-γ, Eotaxin/CCL11, IL-13, IL-1β, TNF-α, IL-1α, 

CCL2, CCL5, and CXCL10 in humans (Kim et al. 2011; Wang et al. 2017; Hoefer et al. 2017; 

Valdez et al. 2010; Rea et al. 2018; Tung et al. 2015; Gerli et al. 2001; Bonfante et al. 2017). 

Alongside the increase of these proinflammatory factors, there is also a decrease in the 

antagonist IL-1RA in the plasma of humans (Kinn et al. 2015). High plasma levels of several 

cytokines and chemokines, including IL-6 and CRP, are highly correlated with a loss of muscle 

strength and frailty in humans (Barbieri et al. 2003; Schaap et al. 2006; Westbury et al. 2018). 

Similar changes in inflammatory cytokines and chemokines are observed in plasma of old WT 

compared with adult WT mice. Thus, changes in  plasma concentrations of IL-6, IL-18, TNF-α, 

IL-4, IL-5, IL-22, CXCL1, and CCL7 are reported (Mahmoudi et al. 2019). Some reports of 

changes in mRNA expression levels have also been reported in cells and tissues. For example, 

the mRNA expression of IP-10/CXCL10, MIP-1α/CCL3, MIP-1β/CCL4, and RANTES/CCL5 was 

higher in CD4+ T-cells derived from old WT mice when compared with that of adult WT mice. 

Transgenic modification of cytokines and chemokines provides a link between inflammation 

and frailty. Thus, mice with a knockout of the gene for the anti-inflammatory cytokine IL-10, 

are a model of frailty showing an accelerated decrease in muscle strength with ageing when 
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compared with WT mice (Walston et al. 2008). These mice also show an increase in plasma 

IL-6 demonstrating the known network interactions of cytokines (Walston et al. 2008). 

3.1.2 Muscle may be a major contributor to systemic increases in cytokines and 

chemokines 

Human muscle has been shown to express many cytokines and chemokines including IL-1β, 

IL-4, IL-6, IL-7, IL-8, IL-10, IL-12p35, IL-15, IL-18, IFN-γ, TNF-α, MCP-1/CCL2 and TGFβ (Peake 

et al. 2015). Muscle fibres have also been shown to produce and secrete  IL-1β, IL-6, IL-8, IL-

18 TNF-α, MCP-1/CCL2, IFN-γ, CCL2, CXCL10,  CCL5, CCL1, CCL19, CCL22, CXCL1, CXCL2 (Peake 

et al. 2015; Podbregar et al. 2013; Johnson et al. 2014; Chen et al. 2019; Catoire et al. 2014). 

In-vitro, mouse myotubes undergoing electric pulse stimulation produce a number of 

chemokines including CCL19, CCL22, CXCL5, and CXCL1 (Chen et al. 2019). In addition, 

cytokines possibly produced by other cells impact on muscle function - CXCL12 aids with 

muscle tissue regeneration as shown by an increase in rat muscle mass upon injection with 

the chemokine (Brzoska et al. 2012); CXCL10 mRNA expression is significantly increased 

following lengthening contractions (Deyhle et al. 2018) and exercise can result in an increase 

in the plasma content of IL-6 by as much as 100 fold (Steensberg et al. 2000). Muscle fibres 

from humans with Duchenne Muscular Dystrophy (DMD) have high levels of expression of 

CCL11, a chemokine known for its eosinophil attracting properties (De Paepe & De Bleecker 

2013). An increase in TNFα and IL-6 expression and secretion is also observed in muscle 

biopsies of patients with DMD (Messina et al. 2011).  

There is some evidence that there is an upregulation of cytokine or chemokine production 

or secretion from muscle or muscle fibres with increasing age, but data are sparce. 

An increase in NF-κB DNA binding activity and p65 levels in the nucleus has been observed 

in the muscle of humans with Duchenne muscular dystrophy (DMD) (Messina et al. 2011). 

An increase in p65 levels has also been reported in humans (Cuthbertson et al. 2005) 
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although whether this reflects increased activity is unclear. Our laboratory has previously 

shown a chronic increase in NF-κB DNA binding activity in muscles of old WT mice using EMSA 

(Figure 3.1) and demonstrated that p65 was a major component of the activity, suggesting 

activation of the canonical NF-κB pathway (Figure 3.1). This published work also showed that 

this chronic activation was associated with a diminished acute NF-κB activation following a 

period of non-damaging exercise in old WT compared to adult WT mice (Figure 3.1; Vasilaki 

et al. 2006). The same study showed no significant difference in IκBα, p50 or p65 protein 

content in the muscle of old WT mice (Vasilaki et al. 2006b). If this chronic activation of NF-

κB results in increased production of cytokines and chemokines by muscle, this has the 

potential to contribute to the systemic inflammation seen in old WT mice.  

Mice lacking Cu,Zn superoxide dismutase (SOD1) show an accelerated, age-related loss of 

muscle mass and function (Section 1.2.2.1). Previously published work determined that adult 

mice lacking SOD1 in full body (SOD1KO mice) show a premature failure of adaptive 

responses to contractions in a similar manner to old WT mice. Adult SOD1KO mice (6–8 

months of age) had a ∼30% reduction in muscle mass compared with age-matched WT mice 

and this was also associated with a chronic activation of DNA binding of NF-κB in muscle and 

a failure to activate NF-κB  in response to non-damaging contractions (Figure 3.1; Vasilaki et 

al. 2010). 
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Figure 3.1. Electromotility shift assay showing NF-kB binding activity of whole cell extracts 
from AT muscle of quiescent adult and old male mice and AT muscles immediately 
following a period of isometric contractions. There is a higher chronic basal level in the 
muscles of old WT and adult SOD1KO mice when compared with the adult mice and there is 
a decrease in the response to contractions in the muscles of SOD1KO mice and old WT mice 
when compared with the adult WT mice. Reproduced from Vasilaki et al. 2016 and Vasilaki 
et al. 2010. 
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3.1.3 Hypothesis and aims 

The hypothesis examined in this chapter was that the chronic activation of NF-κB in skeletal 

muscles of old WT and of adult SOD1KO mice results in a significant increase in the levels of 

cytokines and chemokines within muscles from both. This then influences systemic levels of 

cytokines and chemokines contributing to inflammaging. To test this hypothesis, the aims 

were as follows: 

1. Determine the plasma concentrations of cytokines in old WT and adult SOD1KO mice 

compared with those of adult WT mice. 

2. Determine whether NF-κB is activated in muscle fibres per se by determining the 

translocation of the NF-κB transcription component, p65 to nuclei within muscle 

fibres. 

3. Determine the extent and number of cytokines in muscle tissue in old WT and adult 

SOD1KO mice compared with those of adult WT mice and whether these cytokines 

and chemokines were released by isolated muscle fibres from all cohorts.  

 Methods 

3.2.1 Animals 

Male C57BL6 mice adult (8-12 months) and old (22-26 months) WT mice and adult (8-12 

months) SOD1KO mice were maintained in a temperature-controlled room (22-25 ̊C) with 

food and water provided ad libitum on a 12-h light/dark cycle in the University of Liverpool 

Biomedical Services Unit. Numbers of mice in each group are given in the figure legends. All 

experimental procedures were performed under a UK Home Office licence (Home Office 

licence number P391895CA, approved 15/06/17) and complied with the UK Animals 

(Scientific Procedures) Act 1986 and were ethically approved by the University of Liverpool 

Animal Welfare Committee (AWERB) (Ethical approval number AWC0066, approved 

23/3/17). 
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3.2.2 Sample preparation 

3.2.2.1 Preparation of plasma samples for cytokine analysis 

Blood samples were obtained via aortic bleed from adult WT, old WT and adult SOD1KO mice 

following an overdose of pentobarbital. Blood was collected into sodium heparin tubes 

which were then centrifuged at 10,000 g for 10 minutes at 4 °C. The plasma was then 

collected from the top layer into a clean microcentrifuge tube. 

3.2.2.2 Preparation of muscle lysate samples for cytokine analysis 

Muscle lysates were produced from adult WT, old WT and adult SOD1KO mice using the 

method described in Section 2.4.1.1.  

3.2.2.3 Preparation of FDB muscle fibres for analysis of cytokine release 

Fibres of FDB muscles were cultured overnight on ECM coated 6 well plates in MEM with 

serum as described in Section 2.2.4. The MEM was replaced with serum free MEM the 

following day. After 3 hours, the media was collected into microcentrifuge tubes and 

centrifuged at 1,000 g for 15 minutes at 4 °C to remove any crude debris. This time point was 

chosen as there is no evidence of cytokine degradation in media from muscle cells at 37oC 

(Lightfoot et al, unpublished). The total protein concentration of the supernatant was 

determined using a Bradford assay (Section 2.4.1.4). A stock of 4% BSA was then added to 

the samples 1:7 to produce a final concentration of 0.5% BSA in the sample following 

Luminex manufacturer’s instructions for cytokine analysis. 

3.2.3 Luminex assay to determine cytokine and chemokine levels in plasma, muscle 

lysate, and media from isolated muscle fibres 

The cytokine protein assay was then performed according to Section 2.4.2 using a Bioplex 

200 (Biorad, California, US). Data are normalised to protein content of muscle fibres. 

Statistical analysis of cytokine levels was performed using a one-way ANOVA with post hoc 
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Dunnett’s test for multiple comparisons in Graphpad Prism 8.4.3. Data are presented as 

mean ± SD.  

Throughout this chapter, chemokines will be referred to with their systematic names (Table 

3.1). 

Table 3.1: List of systematic and common names for chemokines 

 

 

3.2.4 Western blotting for components of the canonical and non-canonical NF-κB 

transcription factor family 

Protein was extracted from the GTN muscles from adult WT and old WT, and adult SOD1KO 

mice as described in Section 2.2.3.2 and protein concentration was determined by a 

Bradford assay (Section 2.4.1.4). These protein concentrations were used to perform SDS-
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PAGE and western blotting to determine the content of NF-κB signalling proteins where 

equal amounts of proteins were loaded on to the gel (Table 3.2) 

The membranes were imaged on a Licor Odyssey CLx system (Licor, Cambridge, UK), and 

pixel densitometry was performed using Image studio lite (Licor, Cambridge, UK).  

Statistical analysis was performed using a one-way ANOVA with post hoc Dunnett’s test for 

multiple comparisons in Graphpad Prism 8.4.3. Data are presented as mean ± SD. 

3.2.5 qPCR to determine relative gene expression levels of proteins of the NF-κB 

family and associated proteins in muscles of adult WT, old WT and adult SOD1KO mice 

Analysis of mRNA levels for the full panel of cytokines and chemokines was not possible 

within this project but a select number of mRNAs were analysed. RNA was extracted from 

the GTN muscles from adult WT, old WT, and adult SOD1KO mice as described in Section 

2.4.3.1. The RNA was reverse transcribed (Section 2.4.3.2), and the resulting cDNA was used 

to determine the relative expression of genes (Table 3.3) using qPCR (Section 2.4.3.3).  

Table 3.3: Taqman probe assays used for qPCR  

 

Statistical analysis was performed using a one-way ANOVA with post hoc Dunnett’s test for 

multiple comparisons in Graphpad Prism 8.4.3. Data are presented as mean ± SD. 

Table 3.2: Antibodies and dilutions used for western blotting. 
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3.2.6 Analysis of p65 localisation in transverse sections of GTN muscle from adult WT, 

old WT and adult SOD1KO mice 

 Sections of 12 μM were cut from EDL muscles from adult WT, old WT, and adult 

SOD1KO mice using the method described in Section 2.2.3.1. Immunohistochemistry was 

then performed using the method described in Section 2.3.5 with Abcam anti-NF-κB p65 

antibody (ab32536; Abcam, Cambridge, UK) as the primary antibody. 

 Sections were imaged on a Zeiss LSM800 confocal microscope using a 20x lens. 

3.2.7 Analysis of p65 localisation in isolated fibres from adult WT, old WT and adult 

SOD1KO mice 

Muscle fibres from FDB muscles of adult WT, old WT and adult SOD1KO mice were isolated 

and cultured overnight in 24 well plates containing 15 mm round coverslips coated with ECM 

as described in Section 2.2.4.1. 

After 24 hours, immunocytochemistry was performed on the isolated fibres (Section 2.3.5.2) 

with the Abcam anti-NF-κB p65 antibody (ab32536; Abcam, Cambridge, UK). Fibres were 

imaged on a Zeiss LSM800 confocal microscope using a 20x lens. 
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 Results 

3.3.1 There was an increase in cytokine/chemokine concentration primarily in the 

plasma of old WT compared with adult SOD1 and adult WT mice 

Figures 3.2 - 3.3 and Table 3.4 show cytokine and chemokine concentrations of plasma from 

adult WT, old WT and adult SOD1KO mice. Of 33 cytokines examined, 28 were present at 

concentrations which were within the range of the standard curve.  

There was an increase in the cytokines IL-6, IL-10, and TNFα in plasma of old WT mice when 

compared to the plasma of adult WT mice (Figure 3.2; Table 3.4). In contrast, no significant 

changes were seen in cytokine concentrations in the plasma of adult SOD1KO mice when 

compared with the plasma of adult WT mice (Figure 3.2; Table 3.4).  

The concentrations of the chemokines CCL5, CCL7, CCL11, CXCL2, CXCL12 were all 

approximately 2-fold higher in the plasma of old WT mice compared with that of adult WT 

mice. CXCL5 was 4-fold higher in concentration in the plasma of old WT mice compared with 

plasma of adult WT. CXCL2 was the only chemokine seen to be elevated (2-fold higher) in the 

plasma of adult SOD1KO mice in comparison with the plasma of adult WT mice (Figure 3.3; 

Table 3.4).  
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Figure 3.2: Plasma cytokine concentrations of adult WT (n=8-9), old (n=5), and SOD1KO (n=7-8) mice determined using the Bioplex assay. Interleukin (IL), 
Tumour necrosis factor α (TNF-α), interferon γ (IFN-gamma), granulocyte-macrophage colony-stimulating factor (GM-CSF). Cytokines with dashed border 
had datapoints below the bottom standard of the standard curve. *p < 0.05, ***p < 0.005, ****p < 0.0001. (One-way ANOVA with Dunnet’s post-hoc test). 



145 

 

Figure 3.3: Plasma chemokine concentrations of plasma from adult WT (n=8-10), old (n=4-5), and SOD1KO (n=7-8) mice determined using the Bioplex 
assay. Cytokines with dashed border had datapoints below the bottom standard of the standard curve. *p < 0.05, **p < 0.01, ***p < 0.005 (One-way ANOVA 
with Dunnet’s post-hoc test). 
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Table 3.4: Summary table for the cytokine and chemokine concentrations observed in 
the plasma of adult WT, old WT, and SOD1KO mice. Adjusted p values generated via one-
way ANOVA with Dunnett’s post-hoc test.  *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 
0.0001 

 

3.3.2 There was an increase in of cytokine/chemokine content of muscles of SOD1KO 

and old WT compared with adult WT mice although the pattern of changes was 

different.  

Figures 3.4 - 3.5 and Table 3.5 show cytokine and chemokine content of muscle lysates from 

adult WT, old WT and adult SOD1KO mice. Of 33 cytokines examined, 26 were present at 

concentrations which were within the range of the standard curve. 

GM-CSF was significantly increased approximately 2-fold in muscles of old WT mice when 

compared with the muscle lysates of adult WT mice although the detected levels remained 

low (Figure 3.4; Table 3.5). IL-16 was significantly increased (approximately 2.5-fold) in the 

muscle lysates of SOD1KO mice compared with those of adult WT mice (Figure 3.4; Table 

3.5). For the chemokine analysis, CXCL2 was significantly increased (~2-fold) in muscle lysate 



147 

from old WT relative to adult WT mice (Figure 3.5; Table 3.5). CCL7 and CCL11 were increased 

~1.5-fold and ~2-fold respectively in muscles of SOD1KO mice when compared with lysates 

from adult WT mice (Figure 3.5; Table 3.5).
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Figure 3.4: Lysate cytokine content of muscles from adult WT (n=6-7), old WT (n=4-5), and SOD1KO (n=7-8) mice determined via Bioplex assay. Cytokines 
with dashed border had datapoints under the standard curve. Interleukin (IL), Tumour necrosis factor α (TNF-α), interferon γ (IFN-gamma), granulocyte-
macrophage colony-stimulating factor (GM-CSF). **p < 0.01. (One-way ANOVA with Dunnet’s post-hoc test). 
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Figure 3.5: Lysate chemokine content of muscles from adult WT(n=6-7), old WT (n=4-5), and SOD1KO (n=7-8) mice determined via Bioplex assay. 
Cytokines with dashed border had datapoints below the bottom point of the standard curve. *p < 0.05, **p < 0.01. (One-way ANOVA with Dunnet’s post-
hoc test) 
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Table 3.5: Summary table for the cytokine and chemokine concentrations observed in 
the muscle lysates of adult WT, old WT, and SOD1KO mice. Adjusted p values generated 
via one-way ANOVA with Dunnett’s post-hoc test.  *p < 0.05, **p < 0.01. 

 

3.3.3 Muscle fibres of old WT mice produced a large proportion of chemokines 

Figures 3.6 - 3.7 and Table 3.6 show cytokine and chemokine levels in media from isolated 

FDB muscle fibres from adult WT, old WT and adult SOD1KO mice. Of 33 cytokines examined, 

26 were present at concentrations which were within the range of the standard curve. 

No significant differences in cytokine concentrations were detected in the media from 

isolated muscle fibres between any of the groups studied (Figure 3.6; Table 3.6), however 

significant increases were seen in chemokine content of the media collected from isolated 

muscle fibres from old WT mice where the levels of CCL11, CXCL5, and CXCL12 were all 

approximately doubled. CCL2 was increased by 100-fold in the media of muscle fibres from 
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old mice (959788 ± 10686 ug/ug total protein; p = 0.0069) when compared with that of adult 

WT mice (7402 ± 6673 ug/ug total protein) (Figure 3.7; Table 3.6).
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Figure 3.6: Cytokine concentrations in media of FDB fibres from adult WT (n=6-8), old WT (n=3-5), and SOD1KO (n=7-8) mice determined via Bioplex 
assay. Interleukin (IL), Tumour necrosis factor α (TNF-α), interferon γ (IFN-gamma), granulocyte-macrophage colony-stimulating factor (GM-CSF). Cytokines 
with dashed border had datapoints under the standard curve. (One-way ANOVA with Dunnet’s post-hoc test). Values are normalised to the protein content 
of the lysed fibres. 
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Figure 3.7: Chemokine concentrations in media of FDB fibres from adult WT(n=6-8), old WT (n=4-5), and SOD1KO (n=4-5) mice determined via Bioplex 
assay. Cytokines with dashed border had datapoints below the bottom point of the standard curve. *p < 0.05. (One-way ANOVA with Dunnet’s post-hoc 
test). Values are normalised to the protein content of the lysed fibres. 
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Table 3.6: Summary table for the cytokine and chemokine concentrations observed in 
the media of FDB fibres from adult WT, old WT, and SOD1KO mice. Adjusted p values 
generated via one-way ANOVA with Dunnett’s post-hoc test.  *p < 0.05, **p < 0.01. 
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3.3.4 The relative expression of CXCL10 was increased in old and SOD1KO mice 

There was no significant difference in the gene expression of IL-6, or CCL5 in mRNA extracted 

from muscle tissue. There was, however, a significant increase in CXCL10 muscle mRNA 

expression in old WT (15.96 ± 10.10 AU; p = 0.0196) and adult SOD1KO mice (11.87 ± 10.94 

AU; p = 0.0196) when compared with adult WT mice (1.208 ± 0.8722 AU) (Figure 3.8). 

 

Figure 3.8: Relative mRNA levels of genes in the muscle tissue of adult WT, old WT and 
adult SOD1KO mice. Data shown as mean ± SEM. * p<0.05, **p < 0.01 (One-way ANOVA 
with Dunnet’s post-hoc test). 
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3.3.5 Muscles of old mice display an increase in p65 levels in peripherally located 

nuclei compared with centrally positioned nuclei in muscles of adult SOD1KO mice. 

In measuring the levels of subunits of the NF-κB pathway, the detected levels of p105, RelB 

and p100 were low and so were not able to be quantified. The absolute protein levels of p65, 

p50 and p52 were unchanged in muscles from all three groups, although the level of IκB was 

significantly reduced in muscles of old WT mice, supporting a role for activation of NF-κB in 

these muscles (Figure 3.9). Interestingly, no difference was observed in the level of IκBβ 

mRNA between any of the groups examined although data were very variable (Figure 3.9). 

Though detecting levels of NF-κB proteins was difficult via immunoblotting and qPCR, 

observing the location of p65 in transverse sections of muscle from old WT mice, there was 

a clear visual increase in the levels of p65 in muscle fibres within peripherally positioned 

nuclei compared with nuclei of adult WT mice whereas in the muscles of adult SOD1KO mice 

there was an increase in the level of p65 in the muscle fibres with centralised nuclei (Figure 

3.10). The p65 was detected in a punctate pattern in nuclei in all instances.
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Figure 3.9: Measurements of NF-κB protein and mRNA levels via western blotting and qPCR. A) Content of proteins in lysates of muscles from 
adult WT, old WT and adult SOD1KO mice as quantified by densitometry following normalisation to loading control and the mean value from 
adult WT mice. B) Images of the immunoblotting with black outlines showing the band of interest. C) The mRNA level of IκBβ in the muscle tissue 
of adult WT, old and SOD1KO mice. * p<0.05. Data shown as mean ± SEM. 
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Figure 3.10: Confocal microscopy of immunohistochemistry of EDL muscles to determine 
nuclear localisation of p65 (green) to the nuclei (blue). Sections are counterstained with 
wheat germ agglutinin (WGA; red). Scale bar = 100 μm. 
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In isolated fibres, diffuse staining for p65 was observed in the cytosol of fibres from all 

groups, with some evidence of concentration of staining around all nuclei. There was some 

evidence of increased p65 localisation in centrally positioned nuclei in fibres of adult SOD1KO 

mice, although the incidence of centrally positioned nuclei in fibres of adult and old WT mice 

was too low to examine in these groups. No discernible difference was seen in the level of 

p65 in the peripherally positioned nuclei in fibres of old (Figure 3.12) or SOD1KO mice (Figure 

3.13) when compared with isolated fibres of adult WT mice (Figure 3.11). 

To determine whether this pattern of staining was representative of the maximum activation 

of NF-κB, isolated muscle fibres from adult WT mice were treated with relatively high 

concentrations of TNFα and IL-1β for 1.5 hours. The pattern of p65 localisation in fibres was 

examined (Figure 3.14). In the FDB muscle fibres of adult mice, the 8 cytokines analysed were 

not significantly different following 3 hours treatment with TNF-α and IL-1β (Figure 3.15). 

The patterns of release of cytokines by these fibres also demonstrated substantial increases 

in the release of CCL2, CCL3, CCL22, CXCL2 and CXCL5. CCL2 specifically was 100-fold higher 

in response to the cytokine treatment (Figure 3.16). The other measured cytokines were all 

at least 2-fold higher relative to the fibres from the adult controls (Figure 3.16). 
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Figure 3.11: Confocal microscopy of immunocytochemistry for p65 localisation in FDB 
fibres from an adult WT mouse to observe the level of p65 (green) in the nuclei (blue). 
Image shows the fibre periphery to observe peripheral nuclei and mid slice depth of the 
fibre (Fibre centre) to show centrally located nuclei. 
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Figure 3.12: Confocal microscopy of immunocytochemistry for p65 localisation in FDB 
fibres from an old WT mouse to observe the levels of p65 (green) to the nuclei (blue). Image 
shows the fibre periphery to observe peripheral nuclei and mid slice depth of the fibre (Fibre 
centre) to show centrally located nuclei. 
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Figure 3.13: Confocal microscopy of immunocytochemistry of p65 levels in FDB fibres 
from an adult SOD1KO mouse to observe the level of p65 (green) to the nuclei (blue). 
Image shows the fibre periphery to observe peripheral nuclei and mid slice depth of the 
fibre (Fibre centre) to show centrally located nuclei. High resolution image on the right 
shows a trail of centrally located nuclei which are positive for p65 staining. 
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Figure 3.14: Confocal microscopy of immunocytochemistry of an FDB fibre from an adult 
WT mouse following treatment with TNF-α (25 ng/mL) and IL-1β (25 ng/mL) to observe 
the translocation of p65 (green) to the nuclei (blue). Image shows the fibre periphery to 
observe peripheral nuclei  and mid slice depth of the fibre (Fibre centre). Here there are no 
centrally located nuclei as the fibre is from an adult WT mouse 
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Figure 3.15: Cytokine concentrations of media from isolated fibres from adult WT mice with and without addition of TNFα (25 ng/mL) and IL-1β (50 
ng/mL) determined via Bioplex assay. Interleukin (IL), Tumour necrosis factor α (TNF-α), interferon γ (IFN-gamma), granulocyte-macrophage colony-
stimulating factor (GM-CFS). Data presented as mean±SEM. Values normalised to the protein content of the lysed fibres. 
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Figure 3.16: Chemokine concentrations of media from isolated fibres from adult WT mice with and without addition of TNFα (25 ng/mL) and IL-1β (50 
ng/mL) determined via Bioplex assay. Data presented as mean±SEM. *p < 0.05, **p < 0.01, ***p < 0.005, ***p < 0.001 (One-way ANOVA with Dunnet’s 
post-hoc test). Data presented as mean±SEM. Values normalised to the protein content of the lysed fibres. 
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 Discussion 

3.4.1 The activation of NF-κB in muscle fibres of old WT and SOD1KO mice are 

distinctly different 

No detectable change in the levels of the majority of protein components of the NF-κB 

pathway using immunoblotting, although levels of some proteins remained poorly detected 

in all samples, but IκB protein levels were significantly reduced in muscles of old WT mice, 

consistent with a chronic increase in canonical NF-κB activation in these muscles. 

Interestingly, this was not the case in muscles of SOD1KO mice. 

Table 3.7: Summary of findings from the analysis of cytokines/chemokines in various 
samples. Green shading represents a significant difference compared with adult WT mice, 
darker green shading indicates a lower p value when compared with adult WT mice. White 
boxes demonstrated no significant difference when compared with adult WT mice. Grey 
boxes represent that the cytokine/chemokine had not been measured. 
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A higher level of p65 in some peripheral nuclei was seen as punctate transverse staining of 

the muscle sections of old WT compared with adult WT mice (Figure 3.10), suggesting that 

the canonical pathway of NF-κB was activated and supporting data showing increased NF-κB 

DNA binding activity in muscles of old compared with adult WT mice (Vasilaki et al, 2006). 

This indicated that there was likely to have been proteolysis of IκB, allowing for translocation 

of p65 (Nelson et al. 2004). The same increased localisation of p65 to nuclei was observed in 

the muscles of adult SOD1KO mice; however, this was only seen in centrally located nuclei 

(Figure 3.13). As centrally located nuclei are an indicator of fibre regeneration, this could be 

evidence that NF-κB activation is involved in the regeneration of muscle fibres (Spiro et al. 

1966), commonly seen in muscles of SOD1KO mice (Nagahisa et al. 2016).  

An alternative approach to staining muscle sections, was to examine p65 localisation to 

nuclei in isolated muscle fibres. This provides a number of advantages to the examination of 

intact muscles. Analysis of p65 localisation to nuclei of muscle fibres is complicated by the 

multinuclear nature of muscle fibres. Thus, it is possible within a single muscle fibre to have 

both peripherally and centrally located nuclei. There was no evidence for p65 being present 

in the nuclei of isolated fibres though this may be due to a lack of permeability in the centrally 

positioned nuclei of the fibres isolated from adult SOD1KO mice (Figure 3.13). In fibres 

isolated from the FDB muscles of adult and old WT mice, however, there was no evidence of 

p65 in nuclei of either peripherally located or centrally located nuclei (Figures 3.11-3.12). As 

the nuclear and fibres membranes are more “intact” in isolated fibres than in the 

cryosectioned tissues, the nuclear membranes required further permeabilisation to allow 

antibody entry. To improve this, a different permeabilisation solution could be used such as 

Igepal or methanol. Another factor which could be impeding the detection of p65 

translocation to the nucleus is that the fibres have been removed from their inflammatory 

environment before staining. There is, however, staining evident around the nuclei of these 

fibres suggesting p65 shuttling into and outside of the nucleus is taking place. During this 
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extended time, NF-κB signalling may have ceased (Hoffmann et al. 2002). In an attempt to 

increase activation of NF-κB to maximum, fibres were also treated with a cocktail of pro-

inflammatory cytokines. Interestingly, no additional p65 was seen in nuclei in this instance, 

with punctate patterns of p65 localisation still evident in the nuclei of these fibres (Figure 

3.14).  

3.4.2 Old WT and SOD1KO mice have varying levels and patterns of inflammatory 

cytokines and chemokines in plasma and muscle 

Data examining plasma chemokines and cytokines (Figures 3.2-3.3) shows an elevated 

inflammatory environment within the old WT and to a lesser extent in adult SOD1KO mice 

as previously reported (Michaud et al. 2013; Tung et al. 2015) with elevations in 10 cytokines 

and chemokines in plasma of old WT mice but only one in the plasma of adult SOD1KO mice 

(Table 3.7). The only chemokine that was significantly altered in the plasma of SOD1KO was 

CXCL2, a chemokine shown to be transcriptionally controlled by NF-κB (Burke et al. 2014). 

This may suggest that there is a lower level of inflammation in SOD1KO mice. It also raises 

the question: from which tissues do these cytokines originate, particularly in old WT mice?  

An increase in the cytokine GM-CSF and the chemokine CXCL2 was seen within the muscle 

tissue lysates of old WT mice and the mean level of CXCL2 was approximately double that of 

muscle lysates of adult SOD1KO mice although these data were more variable and so did not 

reach statistical significance (Figures 3.4 - 3.5). Thus, production of CXCL2 by muscle tissue 

could be contributing to systemic inflammation in the plasma of old WT and possibly adult 

SOD1KO mice. CXCL2 is recognised as an atrophy gene and is upregulated during bed rest 

induced atrophy in human studies (Mahmassani et al. 2019). Elevated levels of other 

cytokines/chemokines (IL-16, CCL11 and CCL7) were seen in muscle lysates from SOD1KO 

but not old WT compared with adult WT mice. There are several reasons that may explain 

the increase of these cytokines/chemokines in muscle lysates of the SOD1KO mice including, 
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a different state of the muscle (more evidence of actively regenerating muscle) or a higher 

proportion of non-muscle cells such as immune cell infiltration into the muscles of SOD1KO 

mice. No gross evidence of immune cell infiltration was seen in these muscles, but this was 

not examined in detail in this study. The difference in cytokines and chemokines observed to 

be significantly increased in plasma and muscle from old WT and adult SOD1KO mice may be 

indicative of a difference in the factors driving inflammation in muscle.  

3.4.3 Isolated muscle fibres from old WT mice appear to produce significantly 

increased levels of chemokines compared with fibres from adult WT or SOD1KO mice. 

The benefit of isolating muscle fibres is that this analysis is in the absence of any other cell 

type, and so these secreted proteins must originate from the muscle fibres themselves. 

Despite some limitations of the examination of cytokine production by isolated muscle 

fibres, there were some notable chemokines which were secreted at significantly higher 

levels by isolated fibres of old WT compared with adult WT mice (Figure 3.7). As two of the 

chemokines seen to be increased in the media of fibres from old WT mice were also increase 

in the plasma of old WT mice (CCL11, and CXCL5), muscle fibres may be a major source of 

these chemokines. This is particularly pertinent if we consider the total mass of muscle 

contributing to plasma cytokine/chemokine levels where muscle tissue comprises a large 

proportion of the total body tissue. One limitation of this isolated fibre approach is the 

limited time over which media cytokine/chemokine data can be collected. Previous 

(unpublished) data suggest that cytokine/chemokine levels are relatively stable for up to 3 

hours in culture conditions. Thus, data represent cytokine/chemokine secretion over a 

relatively short time-period. The function of these increased chemokines in muscle is 

unclear. CCL11 is a potent eosinophil attractant and as such may increase the number of 

eosinophils trafficked to the muscle (Kodali et al. 2004). Invasion of eosinophils is a 

characteristic of myopathies which present with necrosis (Schröder et al. 2013) although 

overt necrosis is not evident in muscles of old WT mice. CXCL5 promotes the recruitment and 
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activation of neutrophils (Yang et al. 2016). Neutrophils are recruited to skeletal muscle to 

promote tissue repair and may be an attempt by muscles of old WT mice to maintain tissue 

repair processes (Toumi et al. 2006).  

There was no evidence of changes in secretion of cytokines or chemokines by fibres from 

adult SOD1KO mice. This provides further evidence that although these two models of 

sarcopenia are comparable in some instances, they have discrete pathophysiological 

differences, particularly related to inflammation. One of the differences is the increased 

regeneration in the muscles of SOD1KO mice as shown by the occurrence of centrally located 

nuclei when compared to that of adult and old WT mice and this will be examined in more 

detail in Chapter 4 (Sakellariou et al. 2014a) 

The response of isolated muscle fibres of adult mice to treatment with high levels of the 

cytokines TNF-α and IL-1b provide some insight into the effect of maintaining a fibre in a pro-

inflammatory environment. Treatment of these fibres resulted in a significant increase in the 

release of a number of cytokines/chemokines, of note this also included CXCL2.  

3.4.4 Cytokine/chemokine mRNA expression was altered in the muscles of old WT and 

adult SOD1KO mice when compared with those of adult WT 

In order to gain a more detailed understanding of the nature of production and release of 

cytokines and chemokines by muscle, mRNA levels of a select few were examined. Although 

a thorough analysis of cytokine/chemokine mRNA levels was not undertaken. Thus, several 

cytokines/chemokines shown to be either elevated or unchanged in plasma of old WT mice 

were selected for further analysis of mRNA levels in muscle tissue. It is interesting to note 

that the mRNA level of CXCL10 was increased in muscles of old WT and adult SOD1KO mice 

but not in the plasma of either (Figure 3.8), demonstrating that the muscle tissue had a 

higher level of expression of this cytokine but that this did not impact on muscle protein or 

plasma levels, possibly suggesting a more rapid turnover of this chemokine, although further 



171 

analysis of this was outside the scope of this study. IL-6 mRNA was not altered in muscles of 

either old WT or adult SOD1KO mice compared with adult WT mice and this was reflected in 

no difference in muscle protein levels of this cytokine. Thus, it is likely that the increased 

levels of IL-6 seen in plasma of old mice is from a non-muscle source. CCL11 (eotaxin) mRNA 

was also unaltered in muscles of old WT and adult SOD1KO mice (and the lack of difference 

in old vs adult WT mice confirmed by RNASeq data shown in Chapter 6) whereas there was 

some evidence of increased production by muscles of both old WT and SOD1KO mice and 

elevated levels in the plasma of old WT mice. Despite the increased plasma levels of IL-6, IL-

10, TNF-α, CCL5, CCL7, and CXCL13 in old WT mice, no evidence of muscle as a major source 

of these cytokines/chemokines was evident using any of the approaches described above.  

Little evidence suggests that muscle is a major source of the elevated CXCL2 seen in plasma 

of adult SOD1KO mice. 

 Conclusion 

Data presented in this Chapter shows that there were significant and detectable differences 

in the inflammatory profile in the plasma of old WT mice which was mostly not reflected in 

the SOD1KO mice. Likewise, there were considerable increases in different cytokines and 

chemokines in the lysates of muscle from both old WT and adult SOD1KO mice. This may be 

due to the difference in p65 activation in the fibres detailed in Figure 3.10 whereby increased 

p65 localisation appears to be evident primarily in centrally positioned nuclei in muscle fibres 

of adult SOD1KO mice and in some peripherally positioned nuclei in muscle fibres of old WT 

mice. To conclude these results, the muscle of old WT and SOD1KO mice both show 

differential indices of inflammation which appears to be associated with differences in the 

position of nuclei, and so potentially as a response to muscle fibre regeneration or other 

structural or compositional changes. When scaled to the full muscle content of the body, one 

chemokine in particular, CXCL2 may be, at least in part, contributing to the inflammaging 

experienced with ageing. 
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It is also worth noting that determination of cytokine/chemokine protein content of muscle, 

mRNA content and release by isolated fibres produce differing data and interpretation of 

such individual findings should be carried out with caution. Such differences are addressed 

in more detail in Chapter 6. 

Further examination of the role of differences in the structure of muscles between these 

models, particularly regeneration with the positioning of nuclei to the centre or periphery of 

the fibres is required to fully understand this and so the next Chapter will focus on the effects 

of damage subsequent regeneration of skeletal muscle on adult WT, old WT, and adult 

SOD1KO mice in the context of inflammation. 
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 Introduction 

4.1.1 Age related loss of muscle mass and function 

As humans age, they experience a loss of muscle mass, referred to as muscle atrophy. This, 

alongside the loss of muscle function, is one of the key criteria in the diagnosis of sarcopenia. 

By the age of 70, skeletal muscle cross sectional area (CSA) is reduced by 25-30% alongside 

a 30-40 % decrease in muscle strength (Porter et al. 1995). A reduction is also seen in the 

CSA of total and individual thigh muscles in humans from 60-80 years of age (Frontera et al. 

2000). In vastus lateralis muscles isolated from adults (~20 years) and aged (~70 years) 

humans, the loss of muscle CSA was accompanied by a loss of total fibre number (Lexell & 

Henriksson-Larsen 1983; Porter et al. 1995).  

There are common intrinsic and extrinsic alterations which regulate muscle ageing in mice, 

rats and humans, highlighting that rodents are a relevant model of sarcopenia (Demontis et 

al. 2013; Cobley et al. 2015). Rodent muscles age in a similar way to humans. Loss of muscle 

mass is evident in mice with a decrease in EDL and TA muscle mass by 20-30% between 10 

and 26 months of age (Brooks & Faulkner 1988; McArdle et al. 2004). There is a loss in CSA 

of the EDL muscle of mice of around 10 % from the age of 10 months to 28 months old (eg 

Kayani et al. 2010). 

The loss of muscle mass usually occurs in tandem with a loss of muscle function and a 

reduction of both is referred to as sarcopenia (Cruz-Jentoft & Sayer 2019).  Men and women 

show a significant decrease in strength when performing grip, back extensor, hip flexor, and 

knee extensor measurements showing that the extent of sarcopenia is evident throughout 

skeletal muscle in all of the body (Kasukawa et al. 2017; Frontera et al. 2000). In older, mixed 

sex populations, isometric, concentric and eccentric knee extensions are reduced to 60 – 70% 

of those of young adults (Porter et al. 1995). 
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The loss of muscle function has also been measured in mice and shown to be decreased in 

fore limb muscles with in-vivo grip tests (Ge et al. 2016). This has also been shown in hind 

limb muscles with measurements of tetanic, specific forces, maximal and twitch of EDL 

muscles in-vivo and ex-vivo (Brooks & Faulkner 1988; Sheth et al. 2018; McArdle et al. 2004). 

4.1.2 Age-related changes in the size of muscle fibres 

Early measurements of muscle fibre size showed there to be no significant difference 

between muscles of adult and old humans, however this was performed on only small 

sections of muscles (Lexell & Henriksson-Larsen 1983). In contrast, muscle fibre size has now 

been shown to be reduced with ageing in humans which is most pronounced in the type II 

fibres but is also observed in type I fibres in vastus lateralis muscle(Evans & Grimby 1995; 

Nilwik et al. 2013; Porter et al. 1995; Verdijk et al. 2007; Scelsi et al. 1980). It has also been 

noted that in muscles of aged populations, there exists distinct grouped populations of 

atrophied fibres (Porter et al. 1995). 

A reduction in CSA and minimum Ferets diameter has been reported in fibres of GTN muscles 

and a reduction of minimum Ferets diameter has been shown in the EDL and TA muscles 

from old mice (Walsh et al. 2015; Sakellariou et al. 2016; Messa et al. 2019; Zhu et al. 2019) 

A reduction in the size of all fibre types, the number of IIB fibres, and average fibre size is 

also apparent in mice with a loss of fibres of a larger size and abundance of smaller fibres, 

although the majority of muscle fibres in mice are Type II (Sakellariou et al. 2016; Kayani et 

al. 2010). There are also reports of reductions in total fibre number in muscles of old 

compared with adult mice although this isn’t a consistent finding (eg Sayed et al. 2016; 

Sakellariou et al. 2016; Tang et al. 2019). 

The SOD1KO mouse displays some of the physical aspects of frailty in ageing (Section 1.2.2.1) 

and, therefore, adult SOD1KO mice can be used as a model of accelerated muscle ageing. 

These mice show a decrease in various hind limb muscle strength, mass, maximum tetanic 
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force, maximum specific force and grip strength (Sakellariou et al. 2014a; Deepa et al. 2017; 

Muller et al. 2006) in a similar manner to muscles of old WT mice. A decrease in the total 

number of fibres, apparent reduction in fibre size, and loss of larger fibre sizes was also seen 

in muscles of this mouse model when compared to age matched WT controls (Larkin et al. 

2011; Jang et al. 2010). 

4.1.3 The prevalence of muscle fibres with centrally located nuclei observed at old age 

In healthy muscle fibres of adult mice and humans, nuclei are typically positioned at the 

periphery of muscle fibres with transcriptional control over set myodomains (Pavlath et al. 

1989), thus maximising  space between the nuclei (Bruusgaard et al. 2003). It is thought that 

the nuclei are positioned here to offer them protection from contractile forces and to not 

impede the action of the contractile machinery (Folker & Baylies 2013). 

Centrally located nuclei, originally thought to be a feature only of embryonic development, 

have been associated with myopathies since the 1960s (Spiro et al. 1966). Centrally located 

nuclei are now an index of various diseases of the muscle and nervous system including 

Duchenne Muscular Dystrophy (DMD) where it is thought to be a remnant of degeneration 

and ongoing regeneration (Wang et al. 2000). 

The role of centrally located nuclei is not currently defined in muscle of old mice and it is not 

yet known of the effects of these on the force generation by individual fibres. A higher 

prevalence of centrally located nuclei in older muscle may indicate ongoing degeneration 

and regeneration, alternatively, it may indicate a halted state of regeneration in some fibres. 

Regardless of the purpose, this central position in an area known to contain the contractile 

machinery may be a possible reason for lower force generation by disruption of efficient 

interactions of the contractile machinery. In humans, the prevalence of centrally located 

nuclei have been shown to be elevated in some fibres types (Joanisse et al. 2013). 
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In old WT mice, centrally located nuclei are reported to be increased in TA and GTN muscles 

when compared to adult WT controls (Sakellariou et al. 2016; Sayed et al. 2016; Tang et al. 

2019). The number of centrally located nuclei is also significantly increased in muscles of 

SOD1KO mice (Nagahisa et al. 2016). It is unclear whether the fibres with centrally positioned 

nuclei are entirely populated with centrally positioned nuclei or if they contain a mix of 

centrally and peripherally positioned nuclei.  

The hypothesis for this study was that there will be observable morphological differences 

(including evidence of degeneration, denervation and regeneration) in the muscle fibres of 

old WT and adult SOD1KO mice when compared with adult WT mice, particularly those 

related to a chronic increase in activation of NF-κB. 

In order to explore this hypothesis, the aims of this chapter were to:  

 Characterise the extent of loss of muscle mass and function in old WT and adult 

SOD1KO mice compared with adult WT mice. 

 Determine the size of individual fibres in EDL muscles from adult and old WT and 

adult SOD1KO mice by observing the median fibre diameter and the distributions of 

fibre diameters. 

 Determine the prevalence of centrally positioned nuclei along isolated fibres and in 

whole EDL transverse muscle sections from muscles of adult and old WT and adult 

SOD1KO mice as an index of the state of regeneration of the individual muscle fibres. 

 

 Methods 

4.2.1 Dissection of adult and old mice 

All mice used were male and on a C57BL6/J background. Mice were culled by overdose of 

pentobarbital and death was confirmed by cessation of circulation unless otherwise stated. 



178 

Following this, body weights were measured. The GTN muscles were removed and snap 

frozen in liquid N2. EDL muscles were mounted onto corks in a transverse orientation and 

coated in Shandon™ Cryomatrix™ embedding resin (Thermofisher, UK). This was frozen in 

isopentane cooled in liquid N2. 

4.2.2 Measurement of force generation from the muscles of adult WT, old WT and 

adult SOD1KO mice 

The protocol was adapted from McArdle et al. (2004). Mice were anaesthetised with 

isoflurane and maintained under anaesthesia throughout the procedure. The knee of the 

right hind-limb was fixed. The distal tendon of the EDL muscle was exposed and attached to 

the lever arm of a servomotor (Cambridge Technology). The lever served as a force 

transducer. The peroneal nerve was exposed, and electrodes were placed across the nerve. 

The EDL muscle of the contralateral limb served as a non-exercised control. Stimulation 

voltage and muscle length were each adjusted to produce maximum twitch force. The 

optimal length for maximum twitch force is also the optimal length for the development of 

maximum tetanic force (Brooks & Faulkner 1988). With the muscle at optimal length, the 

maximum tetanic force was determined during 300msec of voltage stimulation (10V) with a 

frequency of 100 Hz. The maximum tetanic force was identified by increasing the frequency 

of stimulation at 2-min intervals until the maximum force plateaued. Muscle fibre length and 

cross-sectional area were calculated (Brooks & Faulkner 1988). 

4.2.3 FDB fibre isolation and culture 

FDB fibres were dissected and isolated as described in Section 2.2.4 

4.2.4 Staining to observe position of nuclei in single fibres 

The media was removed from the isolated muscle fibres and the fibres were washed with 

PBS. The fibres were fixed in 4% neutral buffered formalin (NBF) for 1 hour at room 

temperature. The NBF was removed and the fibres washed 3 times in PBS with 0.2% triton. 
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WGA-Rhodamine was added to a final dilution of 1 in 1000 in PBS with 0.2% triton for 10 

minutes at room temperature with gentle rocking.  

The WGA rhodamine was removed and fibres were washed 3x 5 minutes in PBS with 0.2% 

triton. This was then removed and the coverslips with fibres attached were removed from 

the wells, upturned and mounted on slides using Vectorsheild hardset mounting media 

containing DAPI (Vector labs, California, USA). 

Fibres were imaged on a Zeiss LSM800 confocal microscope with a 40x oil immersion 

objective lens (Carl Zeiss AG, Oberkochen, Germany). Z-stacking and image stitching were 

used to obtain a 3D representation of full fibres which could be represented as both 

transverse and transverse images. 

4.2.5 Fibre size analysis of isolated EDL muscles 

The EDL muscles prepared for sectioning were cryosectioned transversely at -20 °C at a 

thickness of 12 µM as described in Section 2.3.1 onto superfrost plus slides. These slides 

were stored at -20 °C until use. 

Muscle sections were stained with DAPI and WGA and imaged on a LSM800 confocal 

microscope with a 20x objective lens (Carl Zeiss AG, Oberkochen, Germany) as described in 

Section 2.3.3. 

Images were analysed to determine the total fibre number and the minimum Ferets 

diameter of each fibre using the ‘Automated Multicellular Tissue Analysis’ macro in FIJI. 

4.2.6 Determination of size and abundance of fibres with centrally positioned nuclei 

in EDL muscles of adult WT, old WT and adult SOD1KO mice.   

Slides were stained as described above and in Section 2.3.4. Images were captured using a 

Zeiss axio scan Z1 using the settings detailed in Figure 2.3. 
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First, the peripheral nuclei were masked out through thresholding these nuclei with using 

the WGA channel. This was performed using the image j macro in Figure 2.4. The resulting 

images were analysed using MyoVison (University of Kentucky) to further characterise the 

size of fibres with and without centrally positioned nuclei. 

The resulting data were analysed to produce grouped fibres sizes, median minimum Ferets 

diameter and the percentage centrally located nuclei using R. 

4.2.7 Statistics 

All comparisons between the adult WT, old WT and adult SOD1KO groups were performed 

by one-way ANOVA with Dunnet’s multiple comparisons test. For the comparisons between 

adult WT, old WT and adult SOD1KO mice for fibre size distribution, two-way ANOVA with 

Tukey’s multiple comparison test was performed to observe differences in fibre size 

thresholds. These analyses were performed using Graphpad Prism 8.3.0. 
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 Results 

4.3.1 Muscle mass decreases with ageing and in SOD1KO mice 

There was no significant difference in body weight between adult WT, old WT and adult 

SOD1KO mice (Figure 4.1E). In contrast, a significant decrease was seen in EDL muscle weight 

 

Figure 4.1: Characterisation of quiescent muscles from adult and old WT and adult 
SOD1KO- mice. Absolute EDL (A) and GTN (C) muscle weight of adult WT, old WT, and adult 
SOD1KO mice and normalised to body weight (B & D respectively). Body weights of the mice 
(E) and maximum tetanic force generation (F) of EDL muscles. Data presented as mean ± 
SEM. *p<0.05, **p<0.01, ***p<0.005, ****p<0.001 (one-way-ANOVA with Dunnett’s 
multiple comparison test). 
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of old WT mice (11.4 ± 0.6 mg; p = 0.0183) and adult SOD1KO mice (8.8 ± 0.6 mg; p < 0.0001) 

when compared with EDL weights of adult WT mice (13.5 ± 0.3 mg) (Figure 4.1A). When data 

were normalised to body weight, the EDL muscle weights of old WT mice and adult SOD1KO 

mice remained lower (0.0346 ± 0.0022 %; p = 0.0046; 0.3240 ± 0.0181 %; p < 0.0001) when 

compared with those of adult WT (0.0456 ± 0.0021 %). (Figure 4.1B). Similarly, the weights 

of GTN muscles from old WT (145.2 ± 3.5 mg; p = 0.0021) and adult SOD1KO (111.0 ± 6.1 mg; 

p < 0.0001) mice were significantly reduced relative to those of adult WT mice (162.1 ± 2.4) 

(Figure 4.1C) and this reduction remained when data were normalised to body mass (0.442 

± 0.009 %; p = 0.0003 and 0.3578 ± 0.015 %; p < 0.0001 for old WT and adult SOD1KO 

respectively) (Figure 4.1D).  

The reduced muscle mass was associated with a decrease in the maximum tetanic force 

generation by the EDL muscle of old WT mice (346.3 ± 35.6 mN; p = 0.396) and the adult 

SOD1KO mice (301.6 ± 53.5 mN; p = 0.0036; a 39% reduction) compared with that of EDL 

muscles of adult WT mice (498.5 ± 14.1mN). The reduction in muscle mass did not fully 

account for the reduced muscle force generation, so the specific force generation of the 

remaining muscle was reduced by ~14% in old WT compared with adult WT mice (152 

mN/mm2 ± 22 cf. 176 ± 11) and by 10% (159 mN/mm2 ± 47 cf. 47) in adult SOD1KO compared 

with adult WT mice. 
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4.3.2 Total number of fibres or mean fibre size did not change with ageing and lack of 

SOD1. 

 

Figure 4.2:  Comparison of the muscle fibre number, median ferets diameter and fibre 
size distribution of muscles from adult WT, old WT, and adult SOD1KO mice. Total 
number of fibres (A) median fibre size (B), fibre size distribution (C) from EDL muscles of 
adult WT, old WT and adult SOD1KO mice. Data presented as mean ± SEM. 
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There was no difference in the average number of fibres of the EDL muscles from old WT and 

adult SOD1KO mice compared with those from adult WT mice. A similar result was seen for 

the median fibre size although there was a non-significant 12.5% decrease in average 

diameter in the fibres of adult SOD1KO mice when compared to fibres of the adult WT mice. 

While there was no significant difference in the median of the fibre size, an apparent 

decrease in the percentage of larger fibres (40-80 μm) and increase in number of smaller 

fibres (0-40 μm) with 70% of fibres smaller than 40m (the average muscle fibre diameter in 

adult WT mice seen in muscles of adult SOD1KO mice. This was not evident in muscles of old 

WT mice (Figure 4.2C). 

4.3.3 The prevalence of centrally located nuclei increased in muscles of SOD1KO mice 

but is unchanged with ageing 

The FIJI macro used for filtering out the fibres with peripherally located nuclei was able to 

accurately quantify the presence and number of fibres with centrally located nuclei (Figure 

4.4. Little difference was observed in the presence of fibres with centrally located nuclei in 

EDL muscles from old compared with adult WT mice (0.917 ± 0.445% vs 0.241 ± 0.109% for 

old vs adult respectively, p = 0.5113). In contrast to this, the percentage of fibres with 

centrally located nuclei in muscles of adult SOD1KO mice remained small (4.68 ± 0.706%) but 

was significantly higher than in adult WT mice (p = 0.0003). Thus, as anticipated from the 

above data, the prevalence of fibres with central nuclei was significantly lower in EDL muscles 

from old WT mice when compared with muscles of adult SOD1KO mice.  

Muscles of adult and old WT mice contained very few fibres with centrally positioned nuclei 

when examined on transverse sections (Figure 4.3). Muscles of SOD1KO mice showed an 

increased number of fibres with centrally positioned nuclei although again the percentage 

of fibres remained relatively low (~5%) (Figure 4.3). Analysis of isolated muscle fibres (which 

could be viewed in any orientation and in 3-dimensional imaging) demonstrated that such 
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centrally positioned nuclei were relatively focal in nature along the length of the muscle 

(Figure 4.5). Thus, individual FDB fibres that contained at least one centrally positioned 

nucleus (as documented through transverse sectioning), contained a mix of centrally and 

normally (peripheral) positioned nuclei (Figure 4.5).  
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Figure 4.3: Percentage of fibres containing centrally located nuclei in EDL muscles from 
adult WT, old WT, and adult SOD1KO mice. Data acquired via an automated tissue analysis 
tools as to be unbiased. Data represented as mean ± SEM. *** p< 0.0005 (One-way ANOVA 
with Tukeys multiple comparisons correction; n = 3-4). 
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Figure 4.4:  Images showing the prevalence of centrally located nuclei within fibres in transverse sections of extensor EDL muscles from adult WT, old 
WT, and adult SOD1KO mice.  The centrally positioned nuclei image was generated using a macro for FIJI to remove peripheral nuclei. The merged image 
depicts WGA staining the plasma membrane (red), DAPI staining nuclei (blue) and centrally located nuclei denoted by green. * Centrally located nuclei in 
fibres detected using the FIJI macro. 
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Figure 4.5: 3D images showing centrally located nuclei in individual fibres isolated from the FDB muscles of adult WT, old WT, and adult SOD1KO mice 
shown as longitudinal and transverse orientation. * Centrally located nuclei within fibres. The flattened shape of the transverse orientated images is due 
to the fibres being between a coverslip and slide. 
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4.3.4 Size comparisons of fibres containing centrally located and peripherally located 

nuclei in muscles of old WT and adult SOD1KO mice 

Despite the lack of difference in the average fibre sizes in muscles of old WT and adult 

SOD1KO mice compared with adult WT mice, some differences were observed when the 

distributions of fibre sizes for those with centrally and peripherally positioned nuclei were 

analysed. It is more appropriate to compare the distribution of fibre sizes compared with the 

average size of all fibres in that group although it is important to remember that in some 

instances, the comparisons represent only a small proportion of total fibres (i.e. for fibres 

with centrally located nuclei, ~1% in old WT mice and ~5% in adult SOD1KO mice). This 

comparison would identify whether the fibres with centrally positioned nuclei were smaller, 

therefore potentially actively regenerating, or of similar or greater size than average, 

suggesting a completion of regeneration or persistent central positioning of the nuclei.  

There was no significant difference in the size of the fibres with centrally located fibres in all 

cases. (Figure 4.6). 
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Figure 4.6: Median minimum Ferets diameter of fibres with centrally or peripherally 
located nuclei from adult WT, old WT and SOD1KO mice compared with the median 
average size of all fibres. Data are represented mean ± SEM. * p<0.05 (2-way ANOVA with 
Tukeys multiple comparisons correction, n = 3-4). 
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Figure 4.7: Size distribution of fibres containing centrally located nuclei (A) and 
peripheral located nuclei (B) in EDL muscles from adult WT, old WT and adult SOD1KO 
mice. Data represented as mean ± SEM. *p< 0.05, **p<0.01, ***p< 0.0005, ****p<0.0001 
(Two-way ANOVA with Tukey’s multiple comparisons correction; n = 3-4). 
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 Discussion 

4.4.1 Muscles from old WT and SOD1KO mice have decreased function and mass 

This data demonstrated a decrease in EDL muscle weights of old WT mice which is what has 

been seen in previous studies (Brooks & Faulkner 1988; Kayani et al. 2010; McArdle et al. 

2004). This was also true when accounting for the total mass of the animals. There is also a 

decrease in both the GTN raw mass and the mass normalised to body weight with age. The 

adult SOD1KO mice have a decrease in raw and normalised mass in the GTN muscles. Tying 

into this, muscle forces are reduced in the muscles of old WT and adult SOD1KO mice. These 

results confirm that there is a loss of muscle mass and function in the old WT and the adult 

SOD1KO animals which can be described as sarcopenia. They also confirm that the EDL 

muscle is a muscle effected by the loss of muscle mass and function with ageing in mice in 

matching of what is seen in humans (Frontera et al. 2000; Nilwik et al. 2013; Porter et al. 

1995). 

4.4.2 There is no difference in fibre number and diameter in EDL muscles of old mice 

No change was seen in fibre number or fibre diameter in either the adult SOD1KO or old WT 

mice. Previous reports of a reduced fibre number have only been shown in TA and GTN 

muscles and not in EDL muscles (Sakellariou et al. 2016; Sayed et al. 2016; Tang et al. 2019). 

Due to the much smaller size of the EDL muscle, significant differences may be more difficult 

to observe, and this result is consistent with other experiments performed on EDL muscles 

(Brooks & Faulkner 1990). 

This chapter has also shown there to be no significant change in the diameter in the EDL 

muscle fibres in both the old WT and adult SOD1KO mice. This is not what has been observed 

in other muscles, but we can see a slight loss in the larger sized fibres and an increase in 

number of the smaller fibres in both groups through the fibre size distributions (Figure 4.2). 

This was similar to what has been detected in other studies in GTN and TA (Sakellariou et al. 
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2016; Zhu et al. 2019) and EDL muscles of old WT mice when compared with adult WT mice 

(Brooks & Faulkner 1988). Although non-significant, there was a 12.5% decrease change in 

the fibre size of SOD1KO mice when compared with adult WT mice. 

4.4.3 Centrally located nuclei are more prevalent in EDL muscles of SOD1KO 

compared with adult and old WT mice 

An increase in the percentage of centrally located nuclei by 4% was seen in the EDL muscles 

of adult SOD1KO mice through central nuclei analysis at a proportion comparable to that 

observed by Nagahisa et al (2016). In contrast, no significant increase in percentage of 

centrally positioned nuclei was observed in the EDL muscles of old compared with adult WT 

mice. This is in contrast to previous observations in GTN and TA muscles of old WT mice 

(Sakellariou et al. 2016) which may be due to the position of the EDL muscle being deeper in 

the leg and as such, less exposed to physical injury. This suggests that the centrally positioned 

nuclei in SOD1KO mice is likely directly due to the increase in oxidative stress known to be 

present in skeletal muscle fibres of these mice, which may also be a contributor to the 

accelerated loss of function and mass in the muscle of these mice.  

Interestingly, via staining of the full length of single fibres isolated from EDL muscles, this 

study demonstrated that fibres could contain a mix of centrally and peripherally located 

nuclei (Figure 4.3). This result means that it is more likely that individual myodomains, rather 

than full fibres, undergo regeneration and the response is localised to injury. 

Due to the low percentage of fibres containing centrally located nuclei in all models (<5%) it 

is important to remember that the data representing fibres with central nuclei represent a 

small proportion of the total fibre pool. When examining median Feret’s diameter the few 

fibres with central nuclei in muscles of old and adult WT mice alongside the adult SOD1KO 

were were not significantly different from the Ferets diameter of both the total fibre pool 
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and those fibres with only peripherally located nuclei (both of which represented 100% or 

~99% of total fibres in the muscle) (Figure 4.6).  

When observing the size distribution of these fibres presenting with centrally positioned 

nuclei (Figure 4.7), the data demonstrated that size distribution of fibres with central nuclei 

in muscles of old WT mice was skewed towards larger fibres in agreement with the data in 

Figure 4.6 and in contrast with the size distribution in muscle fibres from adult WT and 

SOD1KO mice.   

 Conclusion 

In conclusion, muscles from old WT and SOD1KO mice showed a decrease in muscle mass 

and force generation in fitting with what would be considered as sarcopenia. In EDL muscles, 

it appears that the change in muscle mass with age cannot be fully explained by a change in 

fibre number, diameter, or presence of regenerating fibres. In adult SOD1KO mice, a loss of 

force generation by EDL muscles was observed which could be, at least in part due to the 

increase in the presence of fibres with centrally located nuclei. These data highlight subtle 

differences between the muscles of old WT mice and the muscles of our model of ageing, 

the adult SOD1KO mouse and the role that degeneration and regeneration may play in 

muscle atrophy. The effect of muscle regeneration on muscle force generation will be 

explored further in a later chapter where a chemical insult will be administered directly to 

EDL muscles of mice. 
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at rest and during regeneration 
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 Introduction 

5.1.1 Poor muscle regeneration contributes to an aged phenotype 

Injury to muscle occurs every day due to normal daily activity (Armstrong 1984). This can be 

partially attributed to the effects of contraction involving muscle fibre lengthening (Brooks 

& Faulkner 1990). Previous studies have shown that the recovery of muscle of old mice 

following damage is not as efficient/successful as the recovery of adult mice following 

damage leading to the development of a permanent deficit in muscle function in old mice 

(Brooks & Faulkner 1990; McArdle et al. 2004). It is possible that the failure to regenerate 

muscle during ageing is a major factor in the development of weakness and loss of muscle 

mass observed in sarcopenia. The mechanisms by which such regeneration fails in muscles 

of old mice is unclear. Regeneration is accompanied by a defined progression of changes in 

gene expression, including expression of embryonic and mature forms of myosin and other 

proteins under the control of a number of transcription factors.  

Activation of NF-κB is undoubtedly required for successful regeneration of muscle and IKKβ-

mediated canonical NF-κB signalling has been implicated in the regulation of myogenesis and 

skeletal muscle mass and the correct regulation of canonical NF-κB signalling is important for 

the regeneration of adult skeletal muscle (Straughn et al. 2018). It is therefore crucial to 

determine whether there are any changes in the patterns of NF-κB activation in muscles of 

old WT and adult SOD1KO mice and whether these are associated with alterations in gene 

expression, particularly of cytokines, poor muscle regeneration and the development of 

sarcopenia.  

5.1.2 Models of muscle regeneration and the role of cytokines in regeneration 

5.1.2.1 Regeneration following a period of damaging lengthening contractions.  

There are several models of regeneration in muscles which start with the initiation of an 

injury. A lengthening (eccentric/damaging) contraction is where the muscle fibres are 
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lengthened using force. Previous studies have shown that following 450 repeated bouts of 

lengthening contractions in the EDL muscles of adult WT mice, there was a force deficit after 

3 hours which persists for up to 28 days while regeneration of muscle fibres occurs (McCully 

& Faulkner 1985; McArdle et al. 2004; Pizza et al. 2005). At 3 days post-lengthening 

contraction causing substantial contraction-induced damage, there was an increase in 

macrophage and neutrophil infiltration into the EDL muscles causing secondary damage to 

muscle primarily by additional ROS generation by the infiltrating immune cells (Pizza et al. 

2005; Pizza et al. 2002). This was also at the time where there was the highest percentage of 

injured muscle fibres (Pizza et al. 2005). By 14 days following damage, there was a recovery 

in the CSA of muscle fibres and a significant increase in fibres with centrally positioned nuclei 

(Pizza et al. 2005) suggesting active regeneration of muscle fibres. Muscle regeneration 

following contraction-induced damage is associated with changes in a number of cytokines 

and chemokines. An increase in CXCL10 levels were seen at 24 to 72 hours following 

lengthening contractions in humans (Deyhle et al. 2018). There was also an increase in 

cytokines CXCL10/IP-10, CCL2/MCP1 concentration in the lysates of TA muscles of adult mice 

at  2 days following a second bout of lengthening contractions (Deyhle et al. 2016). This 

model however is complicated due to the different susceptibilities of different models to 

lengthening contraction – mediated damage. Different levels of damage across models (e.g. 

adult and old mice) would complicate interpretation of the regenerative process following 

damage. Thus, due to NMJ disruption in adult SOD1KO mice and old WT mice, a lengthening 

contraction protocol initiated by neuronal activation of muscle may not produce equivalent 

functional damage. In addition, the second phase of damage seen in muscles of mice at ~ 3 

days following initiation of damage does not always occur to similar extents in muscles of 

adult and old WT mice, further complicating this as a model of regeneration (Zerba et al. 

1990). 
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5.1.2.2 Regeneration following treatment with myotoxins/venoms.  

Myotoxin venoms such as cardiotoxin (CTX) or notoxin (NTX) have also been used to injure 

muscle in a controlled way and cause a regenerative response and such toxins are used to 

provide an equivalent and extensive amount of damage to muscles in different models. 

Treatment with NTX results in increased expression of TNFα, IL-6, CCL2, CCL7 and CCL3 in 

muscle after injury (Liu et al. 2015) associated with an increased activation of resident muscle 

macrophage cells (Brigitte et al. 2010). In contrast, following CTX-induced injury of the TA 

muscle, there was no increase in inflammatory cell infiltration into the area which included 

pro-inflammatory macrophages (Hu et al. 2019). Increased levels of several cytokines, 

including TNFα and CCL2 were seen at 1-2 days following damage (Sun et al. 2018). Both 

forms of damage were followed by infiltration of anti-inflammatory macrophages at ~5 days 

following toxin injection (Sun et al. 2018). As such, these approaches may be used to cause 

equivalent levels of damage to muscles otherwise showing different susceptibilities to 

contraction-induced injury. However, in our hands, use of these toxins in mice produces very 

variable levels of damage (McArdle et al. 1994 and unpublished findings). 

5.1.3 Muscle directed Barium Chloride (BaCl2) injection as a model of muscle damage 

and regeneration 

Muscle-directed injection of BaCl2 is a well characterised model of muscle damage and 

subsequent regeneration. It is proposed that the mechanism of this damage is due to Ca2+ 

dependent proteolysis and membrane depolarisation (Morton et al. 2019). In this model of 

regeneration, there is extensive necrosis at ~18 hours post injection. 1 month after injury, 

the fibre diameters are larger than fibres in uninjured TA muscles (McArdle et al. 1994; Hardy 

et al. 2016). These measures persist for at least 6 months post injury in adult TA muscles 

(Hardy et al. 2016). The production of cytokines during regeneration are poorly described, 

but some evidence shows that during the month following injury, increases in cytokines were 
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seen in the lysates of injured muscle which included IL-6, IL-10, MCP-1, MIP-1 and MIG, 

however these may include cytokines from resident and invading immune cells (Hardy et al. 

2016). There was also an acute increase in IL-1β, IL-17, IFN-γ, and CCL2 within the lysate of 

the TA muscle, peaking at 3 days post-injection and associated with an increased presence 

of inflammatory cells (Mosele et al. 2020). It is not known whether NF-κB mediated pathways 

within the fibres themselves are active.  

5.1.4 Hypothesis and aims 

This chapter addressed the hypothesis that NF-κB is active to a higher degree than basal 

levels in muscle fibres undergoing regeneration (identified by the presence of centrally 

positioned nuclei), this in turn causes an inflammatory response by muscle fibres driven by 

the release of cytokines by muscle. In addition, that the apparent chronic presence of 

regenerating fibres identified by the central position of the nuclei, particularly in the muscles 

of SOD1KO mice is responsible for the increase in some systemic cytokines and chemokines 

seen in plasma of adult SOD1KO mice.  

In this study, BaCl2 injection was used to induce an equivalent and substantial amount of 

muscle damage in adult and old WT mice and adult SOD1KO mice and to examine the process 

of regeneration in these models. NMJ disruption in the old WT and adult SOD1KO mice 

means that a lengthening contraction protocol via nerve activation may not produce 

equivalent damage to these muscles.  

The hypotheses were examined by a number of aims to determine: 

1. The morphological and physiological changes observed in muscle fibres during 

damage and regeneration following chemical damage using BaCl2 in the EDL muscles 

of adult WT, old WT and adult SOD1KO mice. 
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2. The occurrence and pattern of muscle fibres containing centrally located nuclei in 

adult WT, old WT and adult SOD1KO mice in response to injury via injection of BaCl2 

into the EDL muscles. 

3. The nuclear localisation of p65 throughout degeneration and regeneration in 

muscles of adult WT, old WT and adult SOD1KO mice. 

4. The plasma concentrations of cytokines and chemokines through the process of 

regeneration in adult WT, old WT and adult SOD1KO mice. 

 Methods 

5.2.1 Induction of damage and regeneration in muscles of adult WT, old WT and adult 

SOD1KO mice using BaCl2  

BaCl2 injections were administered directly into the EDL muscle belly (IM) as described in 

Section 2.2.1. The adult WT and old WT mice were allowed to recover for 3, 14, 28, and 60 

days post injection and then culled via lethal injection of pentobarbital and confirmatory 

cervical dislocation. SOD1KO mice were studied prior to and 28 days post BaCl2 injection as 

the number of mice available was limited and this time point was where a failure to recover 

contractile force in adult WT and old WT mice was apparent. Upon cessation of circulation 

and loss of eye and toe pinch twitch, whole blood was extracted via aortic bleed and a 

cervical dislocation was performed. This was collected into tubes containing sodium heparin 

to prevent clotting, centrifuged at 10,000g for 10 min at 4°C and the plasma was collected 

into clean microcentrifuge tubes. EDL muscles were dissected using the protocol described 

in Section 2.2.3.1.  

Maximum tetanic force generation was determined in a sub-set of mice. The protocol was 

adapted from McArdle et al. (2004). Mice were anaesthetised with isoflurane and 

maintained under anaesthesia throughout the procedure. The knee of the right hind-limb 

was fixed. The distal tendon of the extensor digitorum longus (EDL) muscle was exposed and 
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attached to the lever arm of a servomotor (Cambridge Technology). The lever arm served as 

a force transducer. The peroneal nerve was exposed, and electrodes were placed across the 

nerve. A separate group of mice provided control muscles.  

Stimulation voltage and muscle length were each adjusted to produce maximum twitch 

force. The optimal length for maximum twitch force is also the optimal length (L0) for the 

development of maximum tetanic force (P0; (Brooks & Faulkner 1988)). With the muscle at 

L0, the P0 was determined during 300msec of voltage stimulation. The P0 was identified by 

increasing the frequency of stimulation at 2-min intervals until the maximum force 

plateaued. Muscle fibre length and cross-sectional area were calculated (Brooks & Faulkner 

1988). Following the final measurement, the mouse was removed from the platform. The 

mouse was weighed, and the EDL muscles were removed immediately. The muscle length 

was measured, and mass weighed. Mice were sacrificed by cervical dislocation.  

 

5.2.2 H&E staining of damaged and regenerating muscle sections from adult WT, old 

WT, and adult SOD1KO mice 

EDL muscles were mounted onto corks in a transverse orientation and mounted into 

embedding matrix (Section 2.3.1). The muscle blocks were then sectioned at a thickness of 

12μm using a Leica CM1850 cryostat (Leica, Wetzlar, Germany) and transferred to SuperFrost 

Plus slides (Section 2.3.1). 

The EDL sections were stained using haematoxylin and eosin as in Section 2.3.2. The sections 

were then mounted in DPX mountant and images were captured on a Nikon Ci microscope 

(Nikon, Kingston-upon-thames, UK). 
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5.2.3 Fibre size analysis of regenerating muscles from adult WT, old WT, and adult 

SOD1KO 

Analysis of the Feret’s diameter of fibres in the EDL muscle sections was performed as 

described in Section 2.3.3. 

5.2.4 Analysis of morphology of fibres with centrally compared with peripherally 

positioned nuclei. regenerating muscles from adult WT, old WT, and adult SOD1KO 

mice 

Central nuclei analysis was performed as shown in Section 2.3.4. The images were captured 

on a Zeiss axio scan Z1 using the settings detailed in Figure 2.3. 

The images were pre-processed using the macro in Figure 2.4 and the resulting images were 

analysed in the MyoVision software. 

The data produced was processed to demonstrate fibre size densities, median minimum 

Feret’s diameter of fibres with central versus peripheral nuclei and the percentage centrally 

located nuclei using R. 

5.2.5 P65 staining of sections of regenerating muscles from adult WT, old WT, and 

adult SOD1KO  

Transverse sections of EDL muscles following damage with BaCl2 from adult WT, old WT, and 

adult SOD1KO mice were prepared using the method described in Section 2.3.1. 

Immunohistochemistry was then performed using the method described in Section 2.3.5.1 

using the Abcam anti-NF-κB p65 antibody (ab32536; Abcam, Cambridge, UK) as the primary 

antibody. 

Sections were imaged for p65 localisation using a Zeiss LSM800 confocal microscope (Carl 

Zeiss AG, Oberkochen, Germany) using a 20x lens. 
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5.2.6 Cytokine analysis of plasma samples from adult WT, old WT and adult SOD1KO 

mice following injection of EDL muscles with BaCl2 

Plasma samples were diluted 1:3 in Bioplex sample diluent and the Luminex-based assay for 

33 cytokines was performed as described in Section 2.4.2. 

 Results  

5.3.1 The mass and function of muscles from adult WT, old WT, and adult SOD1KO of 

mass following regeneration  

A significant increase in the weight of the EDL muscles normalised to the total body weight 

of adult mice was seen at both 3 days and 28 days post injection (Figure 5.1D). No observed 

change was detected in the normalised weight of the EDL muscles from old and SOD1KO 

mice at any time-point when compared to their uninjected controls (Figure 5.1B; Figure 

5.1C). There was no significant changein the body weight of adult WT, old or SOD1KO mice 

at any of the time-points examined (Figure 5.1G; Figure 5.1H; Figure 5.1I).  

The maximum tetanic force of uninjected muscles SOD1KO mice was significantly decreased 

when compared with the uninjected muscles of adult WT mice. The maximum tetanic force 

was not significantly different post 28 days of the muscles of both the adult and old WT mice  

when compared to their uninjected controls (Figure 5.2). The force experienced by the old 

WT mice 28 days post injection  was significantly lower than that of the adult WT mice (Figure 

5.2). Undamaged EDL muscles from the adult SOD1KO mice showed a significant reduction 

in tetanic force generation compared with adult WT mice (Figure 4.1F) but this force 

generation recovered fully to undamaged levels by 28 days following damage (Figure 5.2) 

The deficit in maximum tetanic force generation in muscles of old WT mice at 28 days 

following damage was accompanied by a 30% deficit in specific force generation (Table 5.1). 

In contrast, no deficit in specific force generation was seen in muscles of adult WT or adult 

SOD1KO mice at this time point.  
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Figure 5.1: Measurements of muscle mass throughout degeneration and regeneration in adult WT, old WT and adult SOD1KO mice following injury with 
Barium Chloride. A-C) The weights of EDL muscles, D-E) muscle weight as a percentage of body weight and G-I) body weight of adult and old WT, and adult 
SOD1KO mice prior to and 3-, 14-, 28- and 60-days following injection with BaCl2. Data presented as mean ± SEM. * p<0.05. (One-way ANOVA with Dunnet’s 
Post-hoc correction). 



205 

Adult Old SOD1KO

0

200

400

600

T
e
ta

n
ic

 F
o

rc
e
 (

m
N

)

Control

28 Day

✱

✱

 

Figure 5.2: Muscle force generation prior to and following damage to the muscles of 
adult WT. old WT and adult SOD1KO mice following the injection of barium chloride. 
Maximal tetanic force generated by EDL muscles of adult WT, old WT and, adult SOD1KO 
mice in un-injected and at 28 days post-injection with BaCl2. Data shown as mean ± SEM. 
* p<0.05. (Two-way ANOVA with Benjamini-Hochberg-hoc correction) 

In transverse sections from un-injected EDL muscles from adult WT, old WT and adult 

SOD1KO mice stained with H&E, the fibres appeared regularly spaced with little evidence of 

gross necrosis and had no large open spaces in the muscles. There was a significant amount 

of damage at the 3-day time-point following injection with BaCl2, evidenced by the presence 

of infiltrating immune cells and this was followed by a sustained period of regeneration as 

shown by the centrally located nuclei which were present for at least to 60 days following 

damage. Although still substantial, a lower amount of damage and oedema (as shown by an 

apparently empty space between fibres) seemed evident in muscles of old WT mice although 

this time point was not quantified and there was a reduced number of centrally located 

nuclei throughout the time course studied (Figure 5.3A). The EDL muscles of the adult 

 
 
Table 5.1: Specific force generation by EDL muscles of adult and old WT and adult 
SOD1KO mice. *P<0.05 cf Baseline values. 

 Adult WT Old WT Adult SOD1KO 

Quiescent 176 (11) 152 (22) 159 (47) 

28 days post-
BaCl2 

150 (8) 99 (19) * 180 (28) 
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SOD1KO mice showed a similar proportion of centrally located nuclei to the adult WT mice 

at 28 days post-injection (Figure 5.3B).

 

Figure 5.3: Representative images of time course of changes in muscle morphology and 
location of nuclei following BaCl2 injection in adult WT, old WT and adult SOD1KO mice. 
Representative images of H&E stained muscle fibres from (a) adult and old WT mice prior 
to and 3, 14, 28, and 60 days post BaCl2 injection, (b) SOD1KO mice prior to and 28 days 
post BaCl2 injection. 

5.3.2 Changes in muscle morphology during regeneration 

No loss of fibres was seen in any of the groups studied at any time-point compared with pre-

damage values (Figure 5.4A). No difference was seen in the minimum Feret’s diameter at 

any time point and the fibre size distribution revealed a general increase in the number of 

smaller muscle fibres in muscles of all three groups of mice (Figure 5.4B; Figure 5.4C (Figure 

5.4D; Figure 5.4E). 
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Figure 5.4: Time course of changes in muscle structure and function induced by BaCl2 
injection in the muscles of adult WT and old WT and adult SOD1KO mice. EDL muscle 
characteristics, (A) mean fibre number and (B) mean fibre Feret’s diameter in EDL muscles 
from adult (dark grey) and old (light grey) WT mice prior to and 3, 14, 28 and 60 days post 
BaCl2 injection and from adult SOD1KO mice (white) prior to and 28 days post BaCl2 
injection. Fibre size distribution in EDL muscles from (C) adult and (D) old WT mice prior to 
and 3, 14, 28, and 60 days post BaCl2 injection. (E) Fibre size distribution in EDL muscles 
from adult SOD1KO mice prior to and 28 days post BaCl2 injection. p<0.05*, p<0.05**, 
p<0.001*** p<0.0001**** (One-way ANOVA with Dunnet’s post-hoc test). 

Fibres with centrally located nuclei were evident in the muscles of both adult and old WT 

and adult SOD1KO mice from 14-days onwards following injection with BaCl2 up to 60 days 

following injection (Figure 5.5A; Figure 5.5B). In EDL muscles of adult WT mice, the 
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percentage of fibres with centrally located nuclei remained stable at around 70% from 14 to 

60 days (Figure 5.5A). In the EDL muscles from old WT mice, the percentage reached the 

same peak of 70 % at 14 days but reduced to around 55% at 60 days showing a premature 

return to the periphery since the total number of fibres remained the same (Figure 5.5B). 

Seventy percent of fibres from adult SOD1KO mice contain centrally located nuclei 28 days 

post injection with BaCl2 (Figure 5.5C). The fibre size of muscle fibres with centrally located 

nuclei were not significantly different from fibre sizes of uninjured muscle for all the groups 

at all time points (Figure 5.5G-I). In contrast to this, the minimum Feret’s diameter was 

significantly decreased in fibres with peripherally located nuclei in muscles of adult WT, old 

WT and adult SOD1KO mice at all time points following damage. This was not evident when 

all fibres were analysed together as these fibres only account for around 30 percent the total 

fibres in the muscle (Figure 5.5D-F). 

  



209 

 

Figure 5.5: Time course of changes in muscle morphology and location of nuclei following 
BaCl2 injection in adult WT, old WT and adult SOD1KO mice. The percentage of fibres 
containing centrally located nuclei in EDL muscle from (A) adult WT and (B) old WT mice 
prior to and 3, 14, 28, and 60 days post BaCl2 injection. (C) The percentage of fibres 
containing centrally located nuclei in EDL muscle from adult SOD1KO mice prior to and 28 
days post BaCl2 injection. The minimum Feret’s diameter of fibres with peripheral nuclei 
only in EDL muscle from (D) adult WT and (E) old WT prior to and 3, 14, 28, and 60 days 
post BaCl2 injection. (F) The minimum Feret’s diameter of fibres with peripheral nuclei in 
EDL muscle from adult SOD1KO mice prior to and 28 days post BaCl2 injection. The 
minimum Feret’s diameter of fibres with one or more centrally positioned nuclei in EDL 
muscle from (G) adult WT and (H) old WT mice prior to and 3, 14, 28, and 60 days post 
BaCl2 injection. The minimum Feret’s diameter of fibres with one or more centrally 
positioned nuclei in EDL muscle from (I) adult SOD1KO mice prior to and 28 days post BaCl2 
injection. Data are presented as means ± SD. Symbols represent significant differences 
compared with adult WT p<0.05*, p<0.05**, p<0.001*** p<0.0001**** (One-way ANOVA 
with Dunnet’s post-hoc test). 
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5.3.3 NF-κB localisation following regeneration in the muscles of adult WT, old WT and 

adult SOD1KO mice 

No observable p65 was evident within the nuclei in the transverse sections of EDL muscles 

from adult mice prior to damage. In the transverse muscle sections from the old WT mice 

however, there was an increase in p65 content within the peripherally located nuclei as 

described in Chapter 3. Quiescent muscles from adult SOD1KO mice demonstrated an 

increase in p65 content of centrally located nuclei, as described in Chapter 3. p65 localisation 

to nuclei in the muscles of all groups showed increased levels of p65 associated with the 

centrally located nuclei for up to 60 days although the levels and time course appeared 

different between the groups (Figure 5.6; Figure 5.7; Figure 5.8). Thus, there was a higher 

content of p65 within the centrally located nuclei of muscles of old WT mice 14 days post 

injection with BaCl2 in comparison with that of adult WT muscles although this decreased at 

later time points (Figure 5.6; Figure 5.7). Muscles of adult SOD1KO mice showed a persistent 

localisation of p65 to the muscle nuclei for up to 28 days following damage (Figure 5.8).  
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Figure 5.6: p65 nuclear translocation during regeneration in EDL muscles of adult WT mice following the injection of barium chloride. Confocal microscopy 
of immunohistochemistry of EDL muscles of adult WT mice during regeneration following injection of BaCl2 demonstrating increased p65 (green) localisation 
of p65 to the nuclei (blue). Sections are counterstained with wheat germ agglutinin (WGA; red). Scale bar = 100 μm.  
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Figure 5.7: p65 nuclear translocation during regeneration in the muscles of old WT mice following the injection of barium chloride. Confocal microscopy 
of immunohistochemistry of EDL muscles of old mice during regeneration following injection of BaCl2 to observe the translocation of p65 (green) to the 
nuclei (blue). Sections are counterstained with wheat germ agglutinin (WGA; red). Scale bar = 100 μm. 
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Figure 5.8: p65 nuclear translocation during regeneration in the muscles of adult 
SOD1KO mice following the injection of barium chloride. Confocal microscopy of 
immunohistochemistry of EDL muscles of SOD1KO mice during regeneration following 
injection of BaCl2 to observe the translocation of p65 (green) to the nuclei (blue). Sections 
are counterstained with wheat germ agglutinin (WGA; red). Scale bar = 100 μm.  

 

5.3.4 Plasma cytokine and chemokine levels during regeneration 

In Chapter 3, data showed there was a significant increase in the plasma content of 3 

cytokines, and 7 chemokines in old WT mice compared with adult WT mice and 1 chemokine 

in the plasma of adult SOD1KO mice (Table 3.7). Data also demonstrated an increase in 1 

cytokine and 1 chemokine in quiescent muscle lysates from old WT mice and 1 cytokine and 

2 chemokines from adult SOD1KO mice (Figure 3.14). Muscle fibres isolated from old WT 

mice produced 4 chemokines at a higher level that fibres isolated from adult WT mice (Figure 

3.14).  
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Cytokine content of the plasma of adult WT, old WT and adult SOD1KO mice prior to and 3, 

14, 28, and 60 post intramuscular BaCl2 injection is shown in Figures 5.9 – 5.14. Of the 33 

chemokines/cytokines examined, 15 were at levels within the detection limits of the assay 

although a number of these were below the value for the lowest standard for that 

cytokine/chemokine. 

In adult WT mice, the plasma concentration of CXCL1 was reduced 14 days post injection 

(Figure 5.10). No significant changes were seen in any other detectable 

cytokines/chemokines. In the plasma of the old WT mice, CCL2 and CCL5 were both reduced 

in concentration at 3 days following damage (Figure 5.12). CCL5 was also at a lower 

concentration in the plasma, 28 days post-injury (Figure 5.12). CXCL2 was increased in the 

plasma of adult mice at 28 days post-injection (Figure 5.14). All other cytokines and 

chemokines measured were not significantly changed for up to 60 days following injection 

(Figure 5.10 - Figure 5.14). 
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Figure 5.9: Cytokine concentrations of plasma from adult WT mice during regeneration following IM injection with barium chloride determined via 
Bioplex assay. Interleukin (IL), Tumour necrosis factor α (TNF-α), interferon γ (IFN-gamma), granulocyte-macrophage colony-stimulating factor (GM-CFS). 
Cytokines with dashed border had data points under the standard curve. Data presented as mean±SEM. (One-way ANOVA with Dunnet’s post-hoc test). 
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Figure 5.10: Chemokine concentrations of plasma from adult WT mice during regeneration following IM injection with barium chloride determined via 
Bioplex assay. Chemokines with dashed border had datapoints under the standard curve. Data presented as mean±SEM. *p < 0.05 (One-way ANOVA with 
Dunnet’s post-hoc test) 
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Figure 5.11: Cytokine concentrations of plasma from old WT mice during regeneration following IM injection with barium chloride determined via Bioplex 
assay. Interleukin (IL), Tumour necrosis factor α (TNF-α), interferon γ (IFN-gamma), granulocyte-macrophage colony-stimulating factor (GM-CFS). Cytokines with 
dashed border had datapoints under the standard curve. (One-way ANOVA with Dunnet’s post-hoc test). 
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Figure 5.12: Chemokine concentrations of plasma from old WT mice during regeneration following IM injection with barium chloride determined via 
Bioplex assay. Chemokines with dashed border had datapoints under the standard curve. Data presented as mean±SEM. *p < 0.05, **p < 0.01 (One-way 
ANOVA with Dunnet’s post-hoc test) 
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Figure 5.13: Cytokine concentrations of plasma from adult SOD1KO mice during regeneration following IM injection with barium chloride determined via Bioplex 
assay. Interleukin (IL), Tumour necrosis factor α (TNF-α), interferon γ (IFN-gamma), granulocyte-macrophage colony-stimulating factor (GM-CFS) Cytokines with dashed 
border had datapoints under the standard curve. (One-way ANOVA with Dunnet’s post-hoc test). 
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Figure 5.14: Chemokine concentrations of plasma from adult SOD1KO mice during regeneration following IM injection with barium chloride determined 
via Bioplex assay. Chemokines with dashed border had datapoints under the standard curve. Data presented as mean±SEM. *p < 0.05 (One-way ANOVA 
with Dunnet’s post-hoc test). 
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 Discussion 

This chapter addressed the hypothesis that NF-κB was active in muscle fibres undergoing 

regeneration (identified by the presence of centrally positioned nuclei) in both old WT and 

adult SOD1KO mice and that this in turn results in the increased release of cytokines by 

muscle. In addition, that the apparent chronic presence of regenerating fibres identified by 

the central position of the nuclei, particularly in the muscles of adult SOD1KO mice is 

responsible for the increase in some systemic cytokines and chemokines seen in the plasma 

of adult SOD1KO mice.  

Incomplete recovery of function in muscles of old WT mice following damage is not due to 

altered muscle fibre size or number.  

Data indicated that injury by intramuscular injection of BaCl2 was followed by a full recovery 

of the muscles of adult WT mice and the muscles of old WT mice. However the muscles of 

the old WT mice 28 days post recovery were 50 % the maximum strength of the muscles of 

adult mice 28 days post injection. The poor recovery observed in muscles of old WT mice 

cannot be attributed to substantial loss of fibre number or decrease in the average muscle 

fibre size, in agreement with data from Brooks and Faulkner (1990) and suggests that other 

factors are playing a role in the functional deficit seen in quiescent muscles of old mice.  

Examination of the position of the nuclei in muscle fibres during regeneration revealed that 

fibres which had recently regenerated (containing one or more centrally positioned nuclei) 

had recovered to pre-damage diameter by 14 days following damage in both adult and old 

WT mice. Fibres with peripherally located nuclei (perceived as undamaged) which represent 

around 30 % of all fibres across cohorts following damage, were substantially smaller than 

pre-damaged fibres for up to 60 days following damage. Interestingly, this was not evident 

when analysing all fibres together as the fibres with peripherally located nuclei represent a 

small subset of the whole population of fibres. The mechanisms responsible for the poor 
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recovery of these muscle fibres are unclear, however may suggest a longer timeframe is 

required to fully repair rather than replace the damaged muscle fibres. There is, however, 

no difference observed between the adult and old WT mice suggesting that this does not 

play a role in the functional deficit in the muscles of old WT mice following damage with 

BaCl2. 

It is possible that the muscle fibres may remain injured at other locations other than the 

cross section that was examined as there is evidence from longitudinal analysis of muscles 

following damage which demonstrates focal adhesions, though this is unlikely to account for 

such a large deficit in muscle function recovery (Brooks & Faulkner 1990). Previously, it has 

been thought that poor reinnervation or revacularisation are responsible for the loss of 

muscle function in old mice following injury (Carlson & Faulkner 1989) but this was outside 

of the scope of this study. 

In contrast to the muscles of old WT mice, muscles from adult SOD1KO mice demonstrated 

a complete recovery in force generation like that of adult WT mice. The return of muscles 

adult WT and SOD1KO mice to their pre-damage mass and strength following damage is 

intriguing since muscles of SOD1KO mice return to the pre-damage value for tetanic force 

generation, a value which was significantly less than that of quiescent adult WT mice. These 

data seem to suggest that there is a pre-determined limit to the functional recovery of 

muscle, at least in this model.  

5.4.1 Inflammation in response to muscle regeneration does not affect systemic 

inflammation. 

Immunofluorescent localisation of p65 in muscles during the regeneration process 

demonstrate the temporal translocation to the nuclei in muscles of adult and old WT and 

adult SOD1KO mice (Figures 5.6 – 5.8). The time course and extent of nuclear localisation of 

p65 appeared different in the three groups, with some evidence of increases in nuclear 



223 

localisation in adult muscles that peaked around 28 days post injection but greater increases 

in muscles of old WT mice that peaked at 14 days following damage and in adult SOD1KO 

mice that remained elevated at 28 days following damage. We know that temporal changes 

in p65 have drastic effects on the downstream gene expression. If muscle was the source for 

the cytokines/chemokines seen to be increased in the plasma of quiescent old WT or adult 

SOD1KO mice, it is surprising how few cytokines were observed to be increase in the plasma 

of mice following damage, given that the percentage of regenerating fibres in this model is 

likely to be similar to the total evident in the whole body of old WT or adult SOD1KO mice 

although it may be that the lack of substantial changes in plasma cytokine levels was likely 

due to the low muscle mass of the muscles injected. No significant changes were seen in the 

concentrations of any of the cytokines measured. If the presence of regenerating fibres per 

se was responsible for such changes in plasma cytokine concentration, one would expect 

those to be elevated at least at one of the time points during regeneration in adult WT mice, 

but this was not the case. Interestingly, the cytokines/chemokines seen to be elevated in 

plasma of quiescent old WT mice appeared to remain elevated. There was a transient 

decrease in the plasma level of CXCL1 at 14 days post injury in the plasma of adult WT mice 

(Figure 5.10). There was also a transient but significant decrease in both CCL2 and CCL5 at 3 

days post-injection in old WT mice and CCL5 returned to reduced levels at 60 days post 

injection in the plasma of old WT mice (Figure 5.12). In the plasma of adult SOD1KO mice, 

there was an increase in CXCL2 at 28 days following injury (Figure 5.14).  These cytokines are 

associated with the loss of grip strength with age in humans. CCL2 in particular is associated 

with control over macrophages which would be essential in the recovery of muscle post 

injury (Gschwandtner et al. 2019). Higher CCL5 levels in the heart muscle of mice is 

associated with a lower amount of damage following tissue damage (Braunersreuther et al. 

2010). This could in part account for the difference in muscle damage experienced from 

these mice following muscle injury. The difference in chemokines between adult WT, old WT 
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and adult SOD1KO mice shows that there are alterations in the regenerative response to 

damage between these groups of mice, but interpretation of these data is complicated on 

an already modified plasma cytokine background in these models. 
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Table 5.2: Summary of the results from the Luminex on various samples and qPCR from Chapters 4 and 5. Green represents an increase in 

cytokine/chemokine content whereas red represents a decrease in cytokine content. Darker shading indicates a lower p value when compared to adult 
WT mice. White boxes have no significant difference when compared to adult WT mice. Grey boxes show there has been not measurement for this 

cytokine/chemokine. 
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 Conclusion 

Data in this chapter have demonstrated that treatment of muscles of adult WT mice with 

BaCl2 resulted in a characteristic pattern of necrosis and regeneration, providing a robust 

model to study the process of muscle regeneration. Muscles of old WT mice displayed a 

relatively permanent force deficit following chemical damage compared with the complete 

recovery of muscles of adult WT mice, in a similar manner to contraction-induced damage. 

Data demonstrated that this deficit in muscles of old WT mice was not due to altered muscle 

fibre number or size. In contrast, muscles of adult SOD1KO mice recovered to their pre-

damage (reduced) levels of maximal force generation by 28 days following damage. p65 

translocation to the nucleus occurred readily in the regenerating muscle fibres of WT adult, 

WT old, and adult SOD1KO mice. There was no overwhelming increase in cytokines or 

chemokines in response to injury that were able to explain the substantial changes seen in 

plasma levels of cytokines and chemokines in these models. Interestingly, temporal 

differences in p65 translocation were evident in the different models during regeneration. It 

may be that such differences may represent different functions of NF-κB since it is known 

that temporal changes in p65 localisation can result in differential gene expression unrelated 

to cytokine production.  
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water approach
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 Introduction 

It is axiomatic that muscle atrophy is the consequence of changes in protein synthesis or 

breakdown but the nature and extent of these changes is controversial, in part arising from 

differing technical approaches and confounding effects of ‘immobility/disuse’ in both caged 

mice and sedentary older humans (Jackson et al. 2012). 

6.1.1 Crosstalk between the NF-κB pathway and protein turnover in muscles 

Activation of NF-κB pathway is involved in protein turnover within muscles. Activation in 

muscle is associated with an increase in the E3 ligases atrogin-1 and MuRF-1, the translation 

initiation faction eukaryotic translation factor 4E binding protein 1 (elF4EBP1), and the 

transcription factor foxhead box protein O1 (FOXO1) in myotubes (Fry et al. 2016; Wu et al. 

2014). Reduction of p65 using small interfering RNA protects against muscle atrophy (Yamaki 

et al. 2012). Transgenic increase in constitutively active IKKβ in muscle resulted in a loss of 

muscle mass and fibre atrophy in muscles of mice via an upregulation of MuRF1, an E3 Ligase 

which mediates muscle atrophy via proteolysis (Cai et al. 2004) and muscle specific knockout 

of IKKβ in mice protected a number of muscles from a loss in muscle weight, tetanic force, 

reduction in fibre size, and promoted regeneration in denervated mouse muscles in response 

to denervation (Mourkioti et al. 2006). The specificity of responses to NF-κB activation 

are likely to reflect subtle differences in NF-κB dimers that regulate expression of 

specific genes (Bakkar et al. 2013) and recent evidence suggests that the control of 

differential gene expression is also dependent on the frequency of NF-κB movement 

between the cytoplasm and nucleus and this may be modulated through 

environmental factors such as oxidative stress, hypoxia and temperature. In skeletal 

muscle, NF-κB modulates expression of genes associated with myogenesis (Bakkar et 

al. 2013; Dahlman et al. 2009), catabolism (Bar-Shai et al. 2005; Peterson & Guttridge 

2008; Gammeren et al. 2009), and cytoprotection (Vasilaki et al. 2006b). Thus, 
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control of such diverse transcriptional responses is undoubtedly under additional 

control and it is important to characterise such responses. 

Thus, there is some evidence that changes in activation of NF-κB are consistent with changes 

in muscle protein turnover resulting in loss of muscle mass. Several studies have examined 

changes in protein synthesis and degradation in muscles of adult and old humans using stable 

isotope approaches.  

6.1.2 Muscle protein synthesis 

The loss of muscle mass with age accompanies a parallel loss of total muscle proteins. There 

has been a major focus on protein synthesis rates in muscles of aged populations to identify 

whether this is a major factor in the negative net protein balance experienced. Initial 

attempts at characterising protein synthesis rates gave hope to the notion reduction of 

synthesis may be at the heart of muscle loss with ageing. Several studies have shown that an 

increase in protein intake and exercise leads to an increase in hypertrophy over time (eg 

Biolo et al. 1997). The relevance of this to elderly populations and sarcopenia being that older 

humans tend to have insufficient protein intake (Ten Haaf et al. 2018) and live a more 

sedentary lifestyle (Harvey et al. 2013). 

There is some controversy regarding the rates of basal muscle protein synthesis in older 

people, with some studies reporting reduced basal muscle protein synthetic rate in older 

people compared with younger subjects (Balagopal et al. 1997; Rooyackers et al. 1996b; 

Short et al. 2004; Welle et al. 1993; Yarasheski 2003; Yarasheski et al. 1993) and others 

suggesting no difference in healthy old compared with younger people (Cuthbertson et al. 

2005; Volpi et al. 1998; Volpi et al. 2001). Measurement of fractional synthesis rates (FSRs) 

of protein by infusion of an isotopic tracer (e.g. 13C leucine) and subsequent analysis via gas 

chromatography is a common method of measuring total protein synthesis rates. A decrease 

in the FSR of mitochondrial proteins and mixed proteins was reported in muscle biopsies 
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from older people (Rooyackers et al. 1996a). Subsequent studies showed a lower fractional 

synthesis r of myosin heavy chain in muscle of old humans which correlated with an increase 

in insulin – like growth factor I (IGF-1) and a decline in muscle strength (Balagopal et al. 2017; 

Short et al. 2004; Katsanos et al. 2006). In contrast with this, muscle biopsies taken from 

adult and old humans have been shown to not be significantly different in terms of FSR (Volpi 

et al. 2001). There were, however, several problems with the Volpi et al study including 

taking biopsies from the same area of muscle repeatedly, diet and exercise were not 

controlled, and the arterial – ventricular balance experiment was problematic as it didn’t 

account for the change in muscle with age (Yarasheski et al. 2002). Further to this, there is 

increasing evidence that basal muscle protein synthesis (MPS) may not be altered in muscle 

during ageing (Cuthbertson et al. 2005; Kumar et al. 2009; Yarasheski et al. 2017). 

More recently, focus has shifted away from basal rates of MPS and towards adaptive 

responses to stress such as exercise and/or diet as a means by which muscle mass and 

function are not maintained. Ingestion of essential amino acids has been shown to stimulate 

MPS, but this occurs  to a lesser extent in muscle of old humans (Cuthbertson et al. 2005; 

Volpi et al. 1999). Post-prandial synthesis rates have been observed to be 16 % lower in 

muscle of older than in that of younger humans and MPS can be more than three times more 

responsive to protein digestion in younger compared with older groups (Wall et al. 2015). 

Increasing dietary leucine can reverse the reduction in protein synthesis rate in the elderly 

population but not in adults (Katsanos et al. 2006). 

Resistance exercise has been shown to increase both MyHC and mixed muscle protein 

synthesis rates with no change in actin synthesis (Short et al. 2004; Volpi et al. 2000; 

Yarasheski et al. 2017). This blunted response could be due to a loss of signalling and protein 

synthesis through p70 ribosomal S6 kinase (p70s6K) and initiation factor 4E binding protein 

1 (4EBP1) leaving synthesis rates ‘decoupled’ from protein synthesis (Kumar et al. 2009). This 
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can be exacerbated by elderly humans being prone to living a more sedentary lifestyle. 

Protein mass can be reduced following 14 days of reduced physical activity. This also leads 

to increased systemic inflammatory markers, increased insulin signalling and a blunted 

response of postprandial MPS (Breen et al. 2013). 

In summary, there are some concerns with the above studies that need to be addressed.  1) 

the studies examine global protein synthesis, pooling in slowly turned over proteins with 

those that are turned over quickly and differences in single proteins may be overshadowed 

by the change in very few muscle proteins. 2) Exercise and food intake were different in all 

the studies and may have had an impact 3) regarding the MHC protein FSRs, the approach is 

flawed since varying MHC isoforms were not identified and compared, which may account 

for the difference in ageing as the ratios of isoforms change with age. 

6.1.3 Muscle protein breakdown 

A negative net protein balance can also be initiated through an increase in muscle protein 

breakdown (MPB) although protein degradation has been less extensively studied. 

Gene expression profiling has resulted in the identification of the ubiquitin ligases 

'atrogenes’ which are involved in muscle atrophy (Bodine et al. 2001; Gomes et al. 2001; 

Sacheck et al. 2007). The genes induced most strongly encode two muscle-specific ubiquitin 

ligases, atrogin-1 and MuRF1 (Bodine et al. 2001; Gomes et al. 2001). In catabolic states, the 

expression of atrogin-1 and MuRF1 accelerate protein turnover in muscle via the ubiquitin 

proteasome system (Bonaldo & Sandri 2013; Demontis et al. 2013).  

During ageing, the muscle proteasome demonstrates some changes in function. An increase 

in total catalytic subunit protein content has been described as well as a larger amount of 

the inducible, immune-proteasome catalytic subunits: low molecular mass peptide 2 (LMP2), 

Multicatalytic Endopeptidase Complex Subunit (MECL), and LMP7 which replace beta 1, 2 

and 5 respectively (Ferrington et al. 2005). This alteration can be induced by the presence of 
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TNFα and is mainly used by antigen presenting cells to process antigens efficiently 

(Hallermalm et al. 2001; Murata et al. 2018). Calorie restriction rescues this increase in 

subunit expression (Altun et al. 2010).  

With an increase in protein oxidation, as is seen in muscles during ageing, substrate proteins 

are not as readily degraded by the proteasome. This is unless the subunits in the proteasome 

itself are oxidised (Ferrington et al. 2005). When oxidised, the lid and base structures of the 

proteasome dissociate and allow the breakdown of oxidised proteins rather than 

ubiquitinated proteins (Grune et al. 2011; Hugo et al. 2018). 

An increase in ubiquitination of substrate proteins is one of the factors which could be driving 

an increase in proteolysis. Free ubiquitin and ubiquitinated proteins and deubiquitinating 

enzymes (DUBs) are  reported to be higher in muscle during ageing (Altun et al. 2010). 

Atrogin-1 and MuRF1 are induced in a number of models of muscle atrophy, including 

surgical denervation of muscle (Sacheck et al. 2007) which may be representative of muscle 

during ageing and have been shown to be elevated in muscles of old mice (Schiaffino et al. 

2013). 

An increase in MPB has been observed in muscle with ageing using other approaches, for 

example through the measurement of 3-methylhistidine, a metabolite of actin/myosin 

breakdown in muscles using microdialysis probes (Trappe et al. 2004).  

MPB has been analysed following resistance exercise in adults but studies concluded that no 

change can be observed over the 24 hours following the exercise. Here, regulators of protein 

breakdown, E3 ligases and autophagy markers were measured with muscle protein 

breakdown rates calculated using an infused isotopic tracer. However, this study was 

proposed to be limited as there was an assumption that there was no tracer recycling (Fry et 

al. 2013).  



233 

6.1.4 Analysis of protein turnover using heavy water proteomics 

Determination of protein abundance can only ever be a snapshot of the current situation in 

a dynamic process. However, the proteome is dynamically active where proteins are 

constantly synthesised and metabolised.  

Metabolic labelling of proteins is a method which, when combined with unlabelled 

proteomics, can be used to determine protein dynamics, potentially of the full proteome 

(Claydon et al. 2012). Metabolic labelling can be achieved in-vivo, through dosing the animal 

with the use of stable isotope labelling in mammals (SILAM). Amino acids, their precursors, 

or a mixture of amino acids can be labelled with a stable isotope and given to the animal 

through injection, diet, or drinking water for a range of time periods which, when measured 

by Mass Spectrometry, give two separate spectra of which a ratio can be calculated. Most 

commonly, these are amino acids with substitutions of carbon-13 or hydrogen-2 (Beynon & 

Pratt 2005).  

The use of deuterated (heavy; 2H2O) water has a number of advantages to the use of labelled 

amino acids. 2H2O is safe to supplement in humans and animals for longer periods of time 

(years). 2H2O is quick to equilibrate through the body via osmosis and so constant enrichment 

levels are very easily maintained. 2H2O is also much cheaper than other methods of metabolic 

labelling (Kim et al. 2012a; Busch et al. 2006). 

6.1.5 Hypothesis and aims 

The hypothesis for this chapter was that there are alterations in the fractional synthesis rates 

of individual proteins in muscles of old WT mice when compared with those of adult mice 

that are lost when looking at large protein pools. Further, that changes in protein 

synthesis/degradation related to NF-κB activation can be identified by examination of the 

major pathways altered in muscles of old compared with adult mice. To explore this 

hypothesis, the aims of this chapter were to: 
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1. Functionally annotate the proteins in an unlabelled protein dataset to identify the 

major pathways which are altered in the muscles of old WT mice. 

2. Describe the fractional synthesis rates of proteins from the muscles of adult and old 

WT mice. 

3. Compare the fractional synthesis to the relative levels of unlabelled proteins and 

expression of the mRNA from an RNAseq dataset from quiescent muscles of adult 

and old mice. 

 Methods 

6.2.1 Dosing and dissections 

For the unlabelled proteomics, 4 adult mice and 5 old WT mice were used. For the heavy 

water experiments, 14 adult and 14 old WT mice were dosed for different time periods and 

culled over 3 days (Section 2.2.2). For the RNAseq experiments, 5 adult and 5 old WT mice 

were used. 

Adult and old WT mice were given drinking water with heavy water to an enrichment of 4.5% 

in plasma as described in Section 2.2.2 for between 1 and 60 days. Mice were weighed 

intermittently. Mice were culled via overdose of pentobarbital (IV) and blood was collected. 

The bloods were centrifuged at 10,000g for 10 minutes at 4 OC and the plasma was collected 

into clean microcentrifuge tubes. The muscles were dissected, weighed and placed into liquid 

nitrogen and stored at -80oC until use. 

6.2.2 Sample preparation of GTN muscles 

Sample preparation was performed by the centre for proteome research (CPI). GTN muscles 

(unlabelled and 2H2O dosed) were homogenised in 10-volumes of 25 mM ammonium 

bicarbonate containing a protease inhibitor cocktail. The sample was homogenised via a 

TissueRuptor (Qiagen, Hilden, Germany) set to the lowest setting. Further homogenisation 
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was achieved using a bead beating homogeniser. 37.5U benzonase nuclease was added to 

each sample to reduce viscosity. 

50μg protein was diluted to be 80 μL in volume with 25 mM ammonium bicarbonate. 5μL of 

1% Rapigest SF was added, and the samples were brought to 80°C for 10 minutes. 5 μL 46.6 

mg/mL iodoacetaide in 25 mM ammonium bicarbonate was added in the dark at room 

temperature for 30 minutes for alkylation to take place. This reaction was quenched using 

4.7 μL DTT. 5μL trypsin was added to samples and samples were incubated overnight at 37°C. 

Rapigest was removed through acidification with 1 μL TFA and incubation at 37°C for 45 

minutes. Samples were centrifuged at 17,200 g and supernatants were transferred to fresh 

tubes. 

6.2.3  LC-MSMS analysis of labelled proteins 

LC-MSMS was performed by the centre for proteome research (CPI). Data-dependent LC-

MSMS analyses were conducted on a QExactiveHF quadrupole-Orbitrap mass spectrometer 

coupled to a Dionex Ultimate 3000 RSLC nano-liquid chromatograph (Hemel Hempstead, 

UK). Sample digest (0.4mL, 200ng protein equivalent) was loaded onto a trapping column 

(Acclaim PepMap 100 C18, 75 µm x 2 cm, 3 µm packing material, 100 Å) using a loading buffer 

of 0.1% (v/v) TFA, 2 % (v/v) acetonitrile in water for 7 min at a flow rate of 12 µL min-1. The 

trapping column was then set in-line with an analytical column (EASY-Spray PepMap RSLC 

C18, 75 µm x 50 cm, 2 µm packing material, 100 Å) and the peptides eluted using a linear 

gradient of 96.2 % A (0.1 % [v/v] formic acid):3.8 % B (0.1 % [v/v[ formic acid in 

water:acetonitrile [80:20] [v/v]) to 50 % A:50 % B over 55 min at a flow rate of 300 nL min-1, 

followed by washing at 1% A:99 % B for 6 min and re-equilibration of the column to starting 

conditions. The column was maintained at 40oC, and the effluent introduced directly into the 

integrated nano-electrospray ionisation source operating in positive ion mode. The mass 

spectrometer was operated in data dependent acquisition mode with survey scans between 
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m/z 350-2000 acquired at a mass resolution of 60,000 (full width at half maximum) at m/z 

200. The maximum injection time was 100 ms, and the automatic gain control was set to 

3e6. The 16 most intense precursor ions with charges states of between 2+ and 5+ were 

selected for MS/MS at a resolution of 30,000 with an isolation window of 2 m/z units. The 

maximum injection time was 45 ms, and the automatic gain control was set to 1e5. 

Fragmentation of the peptides was by higher-energy collisional dissociation using a 

normalised collision energy of 30 %. Dynamic exclusion of mass top charge ratio (m/z) values 

to prevent repeated fragmentation of the same peptide was used with an exclusion time of 

20 sec. 

6.2.4 Quantification of protein abundance 

Quantification for protein abundance was performed by the centre for proteome research 

(CPI). For the protein abundance analysis from the unlabelled samples, individual data files 

were searched against the UniProt mouse reviewed database (16,966 sequences) using the 

Mascot search engine (Version 2.6.2). Between 900-1050 proteins were identified in each 

sample. A precursor and fragment ion mass tolerance of 10ppm and 0.01Da was used 

respectively. A fixed modification of carbamidomethyl cysteine and a variable modification 

of oxidation of methionine was included. Label free quantification was performed 

automatically on Progenesis QI. 

6.2.5 Determination of Relative Isotope Abundance (RIA) and protein turnover rates 

(k) 

Determination of RIA and turnover rates was performed by Dr. Dean Hamond. The software 

d2ome (Sadygov et al. 2018) was used to automate in vivo protein turnover analysis from 

the acquired Liquid chromatography-mass spec (LC-MS) data of heavy water metabolic 

labelling. Each Thermo raw MS data file, from each animal muscle tissue sample over the 

labelling trajectory, was initially converted into mzML format, using the MSConvert tool 
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within Proteowizard (Chambers et al. 2012). mzML files were then searched using Mascot 

(version 2.7.0, Matrix Science, UK) against a UniProt Mus genus database (dated April 25, 

2018) containing 16,966 reviewed entries. The search parameters allowed for a single trypsin 

missed cleavage and carbamidomethylation of cysteine residues as a fixed modification. 

Oxidation of methionine was allowed as variable modification. A peptide tolerance of 15 ppm 

was set, with an MS/MS tolerance of 0.01 Da. Following database searching, each search 

result was exported in mzIdentML format for use in d2ome which uses the mass spectral 

data (mzML files) and the corresponding protein identification results (mzIdentML files) and 

analyses all proteins/peptides that pass pre-defined identification thresholds (here, mass 

accuracy = 15 ppm; minimum protein score = 40; minimum peptide score = 20; maximum 

peptide expectation = 0.05; elution time window = 1 min; minimum number of experiments 

for protein consistency = 4; minimum number of experiments for a peptide consistency = 4). 

Mass isotopomer quantification was done in three-dimensional space (chromatographic 

time, m/z, and abundance). Increases in heavy peptide mass isotopomers (m1, m2, m3, m4, 

etc.) due to 2H-incorporation were reflected by a parallel decline in the monoisotopic mass 

spectral peak (m0) envelope, with time. Protein turnover rate constants (k) were determined 

based on the RIA data at each time point, t, using the default fitting process in d2ome 

(Sadygov et al. 2018), with the maximum achievable RIA set as a fixed value, the body water 

enrichment level, measured from plasma acetone exchange to be 4.64% (adult) and 4.71% 

(old). 

6.2.6 RNA sequencing of muscles from adult and old WT mice 

RNA isolation, library preparation, data processing and initial bioinformatics analysis were 

performed, and data generously provided by Dr Caroline Staunton with methods described 

below.  
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6.2.6.1 RNA extraction from GTA muscles of adult and old mice 

RNA extraction was performed by Dr Caroline Staunton. All RNA extraction was performed 

using the RNeasy Fibrous Tissues kit (Qiagen, UK) as per manufacturer’s instruction. Approx. 

30mg of tissue was lysed and homogenised using an ultra turrax (IKA Homogeniser, Sigma, 

UK) in buffer RLT before proteinase K digestion steps, total RNA bound followed by several 

washing steps and DNase digestion and total RNA eluted. Total RNA integrity was confirmed 

using the Bioanalyzer (Agilent Technologies, USA) and RIN values for all samples obtained 

with only those with a RIN ≥7 used. Ribosomal RNA (rRNA) was depleted from RNA samples 

by using the Ribo-Zero™ rRNA Removal Kit (Epicentre, USA) in accordance with the 

instructions of the manufacturer. 

6.2.6.2 Bioinformatic Analysis and read alignment 

Bioinformatics was performed by Dr Caroline Staunton. Base-scaling and de-multiplexing of 

indexed reads was performed by CASAVA version 1.8.2 (Illumina) to produce 20 samples in 

FASTQformat. The raw FASTQfiles were trimmed to remove Illumina adapter sequences 

using Cutadapt version 1.2.1 (Martin, 2011).  The option “-O 3” was set, so the 3' end of any 

reads which matched the adapter sequence over at least 3bp was trimmed off.  The reads 

were further trimmed to remove low quality bases, using Sickle version 1.200 with a 

minimum window quality score of 20. After trimming, reads shorter than 20bp were 

removed. Reads were then aligned to the genome sequences using Tophat version 2.1.0 and 

transcript assembly conducted using HTSeq2.  

6.2.6.3 Differential gene expression analysis 

Differential gene expression analysis was performed by Dr Caroline Staunton. Raw sequence 

counts were subsequently used as the input into using R (version 1.2.5042) to utilise the 

DESeq2 package for identifying differentially expressed genes. Data was assessed using 
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pairwise comparisons, correlation heatmaps and PCA plots generated from normalised count 

data and outliers removed accordingly using R.   

Fold changes and the threshold of false discovery rate (FDR) adjusted p values < 0.05, 

generated using the Benjamini and Hochberg approach and in some cases a 1.4 log2 fold 

change (Log2FC) from the DEG were used to perform functional analysis, specifically 

enrichment analysis with Gene Ontology (GO) Biological Process using the Panther 

Classification System, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

enrichment analysis using the ‘enrichKEGG’ command from clusterProfiler v. 3.8.1  from 

Bioconductor v. 3.7  with mouse as the reference organism. The GO terms and KEGG 

pathways with FDR < 0.05 were considered to be significantly enriched. 

6.2.7 Data analysis 

ll graphs were produced using “ggplot2” unless otherwise stated. The R packages 

“factorMineR” and “factoextra” were implemented for principle component analysis (PCA) 

and the “heatmap.2()” function from "gplots” was used (Lê et al. 2008). Kyoto encyclopaedia  

of genes and genomes (KEGG) and gene ontology (GO) pathways were annotated and 

visualised using the “enrichKEGG()” and “enrichGO()” functions from the “clusterProfiler” 

package (Yu et al. 2012). Protein lengths and masses were annotated to each protein using 

the “UniprotR” package. Protein datasets and RNAseq datasets were merged through 

annotating the RNAseq dataset with uniprot IDs according to their ensembl gene IDs and 

merging the datasets. 

  



240 

 Results  

6.3.1 There was a significant loss of muscle mass with age 

There was a significant loss of muscle mass in the GTN, quadriceps (Quad) and soleus (SOL) 

muscles of old mice when compared with the muscles of adult mice (Figure 6.1A). There was 

also little body weight change over the time following injection showing that there was likely 

no adverse effect of the heavy water dosing regimen.  

 

Figure 6.1: A) Weights of muscles from adult and old mice. B) Body weight percentage 
change over the heavy water dosing time-period. Mice were culled at different times 
following the start of the experiment and so individual plots terminate at different times. 
Graphs were produced using the Ggplot2 package in R. 

6.3.2 There were major changes in the abundance of muscle proteins with ageing 

With respect to protein abundance, a total of 1495 proteins were identified, 1124 proteins 

showed no significant difference between the GTN muscles from adult and old WT mice. 

Sixty-three proteins were of significantly higher abundance in the GTN muscles of adult WT 

mice and 208 were significantly higher in the muscles of old WT mice (Figure 6.2A). 16 
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proteins had a –Log10(q value) over 1 and log2(fold change) over 1.5. 2 proteins had a –Log10(q 

value) over 1 and log2(fold change) under -1.5. Hierarchical clustering of abundance of all 

detected proteins showed that the samples could be grouped by age (Figure 6.2B-C).
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Figure 6.2: Visualisation of unlabelled protein abundance in the muscles of adult WT and old WT mice using a heatmap and volcano 
plot. A) The number of proteins detected to be significantly higher in each condition. B) Volcano plot of proteins detected with a log 
fold change cut off of ± 1.5 and a –log10(q value) above 1. C) Heatmap of protein abundance in each sample z transformed by protein. 
Dendrograms show Euclidian distance. 
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The PCA revealed the groups to be separated in principle component (PC) 1 which accounted 

for 30.9% of the variability between the samples (Figure 6.3A). The top 20 contributors of 

PC1 included binding immunoglobulin protein (BIP), vinculin (VINC) and protein disulfide-

isomorase (PDI)-A6 (Figure 6.3C). The samples from adult and old mice were able to be 

separated by k means clustering in the 1st and 2nd principal components showing the 

proteome of the adults and olds were observably distinct from each other (Figure 6.3 A-B). 

6.3.2.1 Protein degradation via the unfolded protein response (UPR) and endoplasmic 

reticulum associated degradation (ERAD) pathways is associated with ageing 

GO term enrichment highlighted alterations in proteins involved in a number of pathways. 

Those involved in actin binding were in the top term identified which was expected due to 

muscles high content of actin and cytoskeletal proteins. GO terms related to NF-κB activation 

and protein turnover included ubiquitin protein ligase binding of the ERAD system, and the 

unfolded protein response (UPR) (Figure 6.4) and these are presented in further detail. 

Related to the GO term for ubiquitin protein ligase, 4 proteins were significantly higher in 

abundance in the GTN muscles of old WT mice and 11 were significantly lower (Figure 6.5). 

Of these proteins, BIP and VINC were also high contributors to PC1 (Figure 6.3C). Ten proteins 

more abundant in the GTN muscles of old WT mice were related to the UPR (Figure 6.6). 

Endoplasmin (ENPL) was also a contributor to PC1 and BIP was also shared with this GO term 

(Figure 6.3C, Figure 6.4, Figure 6.5).  
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Figure 6.3: Principal component analysis of muscle proteomes of adult WT and old WT mice and clustering in principle components as well as by 
Euclidean distance. PCA plots of A) PC1 vs PC3 and B) PC1 vs PC3. C) A heatmap showing the top 20 contributors to PC1 Z-transformed by protein. 
Dendrogram represent Euclidean distance. The two groups cluster by k-means in principle components 1, 2, and 3 and the top 20 contributors to PC1 cluster 
by Euclidean distance by age of animal. 
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Figure 6.4: Top 15 enriched GO terms from the significantly different protein content in the muscles of old WT mice when compared those of adult WT 
mice. Each GO term is plotted by count. Gene ratio is shown in the size of the point and adjusted p value is represented by the colour. GO enrichment was 
performed using the clusterProfiler package in R. Data was simplified using the “measure = Wang” with “cutoff = 0.6” to remove duplicate/similar GO terms 
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Figure 6.5: Abundance of proteins in the muscles of the muscles of old WT mice when compared with the muscles of adult WT mice which are associated 
with the GO term “ubiquitin protein ligase binding”. Protein abundance is displayed in arbitrary units (AU). All proteins displayed are q<0.05.  11 of the 
proteins displayed here are of a significantly higher abundance in the muscles of old WT mice when compared with the abundance in adult WT mice whereas 
3 of the proteins are significantly lower in abundance. 
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Figure 6.6: Abundance of proteins in the muscles of the muscles of old WT mice when compared with the muscles of adult WT mice from the enriched GO 
term “unfolded protein response”. Protein abundance is given as arbitrary units (AU). All proteins displayed are q<0.05. The proteins relating to this GO 
pathway are all significantly more abundant in the muscles of old WT mice when compared with that of adult WT mice which indicates a significant amount 
of alteration to this particular pathway. 
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The top 4 enriched KEGG pathways from the unlabelled proteomics analysis were “protein 

misfolding diseases: amyotrophic lateral sclerosis, Alzheimer disease, Parkinson disease and 

prion disease (Figure 6.8-6.9), all associated with protein misfolding/altered degradation. 

The 6th most enriched KEGG pathway was protein processing in the endoplasmic reticulum 

of which 11 proteins were more abundant and one protein less abundant in the GTN muscles 

of old mice. ENPL, BIP and protein disulphide isomerase A3 also appear in PC1 and PDIA6 

appeared in the volcano plot from the protein abundance (Figures 6.2B and 6.3C).  

Nine proteins related to the KEGG pathway for leukocyte trans-endothelial migration were 

more abundant in muscles of old mice, whereas one protein was reduced in the muscles of 

old mice (Figure 6.10-6.11). One of these proteins, VINC was also a major PC1 contributor 

(Figure 6.3C). 
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Figure 6.7: Top 15 enriched KEGG pathways terms from the significantly different protein content in the muscles of old WT mice when compared those 
of adult WT mice. Each KEGG pathway is plotted by count. Gene ratio is shown in the size of the point and adjusted p value is represented by the colour. 
KEGG enrichment was performed using the clusterProfiler package in R 
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Figure 6.8: Proteins involved in the “protein processing in the endoplasmic reticulum” KEGG pathway. Proteins with a red outline are those which are 
significantly different in the muscles of old mice when compared with the muscles of adult mice (Continued in Figure 6.9). Taken from Kanehisa & Goto 
2000. 
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Figure 6.9: Abundance of proteins involved in the “protein processing in the endoplasmic reticulum” KEGG pathway in the muscles of old WT and adult 
WT mice. All proteins displayed are q<0.05. Protein abundance displayed in arbitrary units (AU). Data here demonstrates the increased abundance of 
proteins involved in the endoplasmic reticular degradation (ERAD) pathway in muscles of old WT mice when compared with those of adult WT mice 
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Figure 6.10: Proteins involved in the “Leukocyte transendothelial migration” KEGG pathway. Proteins with a red outline are those which are significantly 
different in the muscles of old mice when compared with the muscles of adult mice (Continued in Figure 6.11).Taken from Kanehisa & Goto 2000. 
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Figure 6.11: Abundance of proteins involved in the “Leukocyte transendothelial migration” KEGG pathway in old WT and adult WT mice. All proteins 
displayed are q<0.05. Protein abundance displayed in arbitrary units (AU). Data here demonstrates the increase in protein abundance in muscles of old WT 
mice relating to leukocytes when compared with muscles from adult WT mice. 
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6.3.3 Analysis of rates of synthesis of individual proteins show very little evidence of 

changes in overall protein synthesis in muscles with ageing  

Data from the heavy water study examining the rates of synthesis of individual proteins 

suggest that overall, there was no obvious difference in the global rate of protein synthesis 

in muscles of old compared with adult WT mice (Figure 6.12) Differences in synthesis rates 

of individual proteins from muscles of adults and old WT mice were seen as an exception and 

these were not related to either the weight or mass of the individual proteins (Figure 6.13A 

– B). The mode value for the protein mass was around 104.5 kDa and the mode protein length 

was around 102.5 amino acids (Figure 6.13C – D). There was no observable difference 

between the synthesis rates of proteins from muscles of adult or old mice with length or 

mass of protein (Figure 6.13 E – F). 

Despite the lack of change in global protein synthesis (Figure 6.12), there were some 

intriguing patterns of individual proteins showing increased or decreased rates of protein 

synthesis in muscles of old compared with adult WT mice (Figure 6.14 & Figure 6.16 - 6.17).  

The full set of protein synthesis data are shown in Annex 1 and example plots are shown in 

Figure 6.14.  Despite the majority of proteins showing little difference in synthesis rates when 

comparing muscles from adult and old WT mice, there were some individual proteins where 

the rates of synthesis were either elevated or reduced (Figure 6.14).
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Figure 6.12: Log graph of synthesis rates (k) of individual proteins in adult WT and old 
WT mice. Data here show a high degree of correlation between the synthesis rate of 
individual proteins in old WT mice when compared with that of adult WT mice. Each 
individual protein is represented by a grey circle. X = Y line is shown by a black line. 

.
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Figure 6.13: Synthesis rates of the highest and lowest mass and lengths of proteins found in the muscle proteome of adult WT and old WT mice. the top 
and bottom 100 A) mass and B) length proteins and their protein synthesis rate (k) in the muscles of adult and old mice. The density of C) mass and D lengths 
of all proteins detected and the protein synthesis rate (k) in adult and old WT mice against protein E) mass and F) length. 
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Figure 6.14: Comparison of synthesis rates of individual proteins from the GTN muscles of adult WT and old (Aged) WT mice. A slope higher than 1 shows 
a protein which is synthesised at a higher rate in old mice, whereas a slope lower than 1 shows a protein which is synthesised slower in the muscles of old 
WT mice when compared with that of adult WT mice. Size and colour of points on the graph relates to the dosing period of heavy water of the individual 
mouse (i.e. 0 – 60 days). Relative isotope abundance (RIA). 
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6.3.4 Comparison of protein abundance and synthesis rate with differential 

expression of mRNA from quiescent muscles from adult and old mice. 

The ability to compare the rate of synthesis of individual proteins to static levels of proteins 

and mRNA determined by RNASeq provides a powerful analytical tool. The RNASeq data 

were kindly provided by Professor Malcolm J Jackson, Professor Richard Barrett-Jolley, and 

Dr Caroline Staunton at the University of Liverpool. There were 185 proteins that were 

common to the abundance proteomics, synthesis proteomics, and RNAseq datasets. All 268 

proteins in the protein synthesis dataset were also observed in the protein abundance 

dataset. There were 757 proteins common to just the RNAseq and protein abundance 

datasets (Figure 6.15). 

The RNAseq dataset contained 29,842 transcripts, 14,772 of which were not detected in the 

transcriptomes of all mice and 3,808 of which were not able to be annotated with Uniprot 

accession numbers. The unlabelled proteomics dataset contained abundance values for 1395 

proteins and the protein synthesis dataset contained synthesis rates for 248 proteins (Figure 

6.15). 
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Figure 6.15: Venn diagram showing the overlap of detectable targets between 
unlabelled (abundance) proteomics, heavy water (synthesis) proteomics, and RNAseq 
data. The abundance proteomics showed a total count of 1,395 analytes. The synthesis 
proteomics showed a total count of 248 analytes. The RNAseq showed a total count of 
11,262 analytes. The synthesis proteomics showed a 100% overlap of analytes with the 
abundance data set due to the similarity in analytics technique. 

Upstream analysis of the abundance proteomics dataset revealed significant relations to 

master regulators Single Ig IL-1-related receptor (SIGIRR), IκBα, IKKε and p65 all with overlap 

p-values < 2.2x10-28. All of these regulators have key roles in the NF-κB pathway. The top 

canonical IPA pathways identified included the actin cytoskeleton including specific actin 

proteins ACTC1, ACTA1, Actn3 and ACRT2 which were all decreased in terms of protein 

abundance in the muscles of old WT mice. The rates of protein synthesis of ACTA1 and ACTC1 

were both reduced in muscles of old compared with adult WT mice, although ACTA1 mRNA 

was shown to be increased via RNAseq. Likewise, the protein abundances of specific myosins 

MYLPF, MYLK2, MYL1 MYH4 and MYH3 were decreased and the rates of protein synthesis 

(with the exception of MYLPF) were also decreased in muscles of old compared with adult 

mice although the mRNA for these proteins determined by RNASeq were also generally 

increased.  
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In contrast for other proteins, in the muscles of old WT mice, the abundance of 7 

NADH:ubiquinone oxidoreductase supernumerary (NDUF) subunits were all generally 

decreased in the muscles of old compared with adult WT mice besides NDUFB1, whereas 

two of these subunits had an elevated protein synthesis rate (NDUFS7 and NFUFS6) but 

notably a decreased mRNA expression level determined by RNASeq.  These proteins appear 

in both the 2nd and 3rd canonical pathways as described via the IPA output. Canonical 

pathways are the most significant to the input data (Savli et al. 2008). 

It is difficult to undertake a full comparison of the three datasets for several reasons including 

the availability of data in all datasets, and so the approach taken was to undertake a 

comparison across the three approaches for the top canonical pathways identified as 

modified by the protein abundance data. It is important to note that the levels of a large 

number of proteins remained unchanged and so the focus in this comparison is on those 

identified where the abundance was modified with age. The top IPA canonical pathways 

identified in the protein abundance dataset were actin cytoskeleton signalling, sirtuin 

signalling, mitochondrial dysfunction, glycolysis I and gluconeogenesis I. Within these top 5 

IPA pathways, there was no clear pattern between the RNA expression, protein abundance 

and protein synthesis rates change between the muscles of adult and old WT mice (Figure 

6.16). 
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Figure 6.16: Relative RNA expression levels, protein abundance, and protein synthesis 
rates in the muscles of old WT mice for the top 5 IPA canonical pathways which differ in 
protein abundance between adult WT mice and old WT mice. All data is relative to values 
for muscles of adult WT mice. 

Thus, selecting targets which were common to all three datasets revealed how differently 

the protein synthesis rates can vary from both the ‘snapshot’ RNA expression and the 

abundances of the proteins, suggesting that interpretation based on one of these measures 

should be treated with caution. As a further example, Myosin light chain 1 (MyL1) was less 

abundant in muscles of old WT mice, which may be explained by its decrease in protein 

synthesis, however, this was not reflected in the level of RNA expression where no difference 

was seen with respect to Myosin heavy chain 3 (MyH3), there was a decrease in protein 

abundance but a small increase in the rate of protein synthesis with age and little difference 

in RNA levels between the two age groups (Figure 6.17). 
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Figure 6.17: Examples of a number of select proteins where data are available for protein abundance, protein synthesis rate and mRNA expression 
datasets. With respect to the proteins synthesis rates, a slope below 1 indicates that there was a decrease in synthesis rate in the muscles of old WT mice. 
A slope above 1 indicates there was an increase in the protein synthesis rate in the muscles of old WT mice. Myosin light chain 1 (MyL1); Myosin heavy chain 
3 (MyH3); Phosphoglycerate mutase family protein 2 (PGAM2); Pyruvate kinase (Pkm). 
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The abundance of phosphoglycerate mutase family protein (PGAM)2 was significantly decreased in 

muscles of old compared with adult mice, however the synthesis rate of the same protein was 

increased by ~26% with an increase in RNA expression too. The abundance of pyruvate kinase (PKM) 

in the muscles of old mice was decreased when compared with the muscles of adult mice, with a 

decrease in the synthesis of this protein too and this was accompanied by a no significant difference 

in the expression of RNA for this protein (Figure 6.17). 

 Discussion 

6.4.1 Functional annotation of proteins in the unlabelled protein dataset demonstrated an 

upregulation of protein degradation pathways with ageing 

Several GO terms which were enriched in the proteins significantly altered between old and adult WT 

mice were closely linked to protein degradation, namely ubiquitin protein ligase binding (which 

facilitates the targeted breakdown of proteins via the proteasome) and the UPR (which is in control of 

the systematic breakdown of misfolded proteins) (Figures 6.4 – 6.6). This agrees with other studies 

(Altun et al. 2010; Sacheck et al. 2007; Schiaffino et al. 2013; Sandri et al. 2013; Bonaldo & Sandri 

2013) and suggests that there is a clear role of protein degradation as a major contributor to the loss 

of muscle mass with age. In addition to this, the top 4 KEGG pathways enriched when comparing 

protein abundance in the muscles of adult and old WT mice were all degenerative diseases caused or 

exacerbated by protein misfolding and accumulation (Figure 6.6 – 6.7). As sarcopenia is a degenerative 

disease, this provides evidence that sarcopenia may at least in part be exacerbated by protein 

misfolding and accumulation of misfolded proteins.  

Underlying these changes is likely to be the increased oxidative stress reported in muscles of old 

compared with adult WT mice (Jackson & McArdle 2011). Such oxidation is known to result in 

activation of NF-κB and to cause protein misfolding similar to that observed in the protein misfolding 

diseases: ALS, Parkinson disease, Alzheimer disease and prion diseases and also underpins the 

accelerated muscle ageing observed in SOD1KO mice. Bioinformatics analysis predicted mitochondrial 
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dysfunction in muscles of old compared with adult WT mice and this is associated with the altered 

mitochondrial ROS generation reported previously (Van Remmen & Jones 2009).  

Another highly enriched KEGG pathway identified was “leukocyte trans-endothelial migration, 

associated with an increase in 9 proteins of this pathway in muscles of old WT mice (Figure 6.8-6.9) 

(Neubauer et al. 2014). In addition, further upstream analysis of the proteomics using IPA revealed 

key regulators of the NF-κB pathway to play major roles in the variation of protein abundance in the 

muscles of old WT mice when compared with the muscles of adult WT mice. Data in Chapter 3 

demonstrated an increase in NF-κB translocation to the nuclei of muscle fibres in old WT mice (Section 

3.3.5), decrease in IκB, and increased secretion of chemokines from muscle fibres (Section 3.3.3) 

which are likely to play a role in this increased leukocyte infiltration. Muscles of old mice have been 

shown to contain a higher proportion of M2 macrophages than that of adult mice (Cui et al. 2019) and 

an increase in neutrophil infiltration is observed following acute tissue injury in mice (Nicholas et al. 

2015). Some of the chemokines directly inducing neutrophil and macrophage infiltration and 

activation have been shown to be increasingly secreted by the muscles of old mice suggesting a 

mechanism by which this occurs. 

Several proteins repeatedly appeared through several data reduction techniques such as ENPL, also 

referred to as HSP90b1 (Figure 6.3C). This protein is contained within the endoplasmic reticulum as a 

chaperone protein which can chaperone around 10% of all proteins. The transcription of ENPL is 

regulated by the XBP1 pathway which controls the UPR and ERAD responses. As the protein is more 

abundant in the muscles of old WT mice, the UPR and ERAD responses is likely to be upregulated in 

these muscles. 

Another major protein of interest is VINC (Figure 6.3C, Figure 6.5, Figure 6.11). In previous studies on 

the ageing heart muscle of rat and macaque monkeys, there is an increase in the protein content of 

VINC (Kaushik et al. 2015). VINC is a protein which is essential for cell morphology and adhesion and 

is highly associated with cytoskeletal structure and proteins (Coll et al. 1995). The overexpression of 
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VINC within the heart muscle of drosophila increased longevity by 150 % (Kaushik et al. 2015). Data in 

this chapter show VINC to be increased in muscles of old mice in all three measures, gene expression, 

protein abundance and protein synthesis rates. It may therefore be that this is an attempt by the 

muscle to compensate to the stress of ageing by increasing cytoprotective proteins. 

Interestingly, the length or mass of proteins did not have any influence on synthesis rates and as such, 

any observed difference in synthesis rate with ageing is not likely to be attributed to amino acid pool, 

ribosome number or protein elongation (Figure 6.12). 

6.4.2 The overall synthesis rates of proteins from muscles of adult and old WT mice were 

unchanged although there was evidence of changes in individual proteins. 

The possibility that reduced protein synthesis rates in muscles of aged populations were a major factor 

in the negative net protein balance seen remains controversial. Data presented here using deuterated 

water to examine synthesis of individual proteins demonstrate little evidence of global changes in 

protein synthesis at a level that would result in such loss of muscle mass. This suggests that the net 

negative protein balance within the muscles of old humans and mice, is more heavily influenced by an 

increase in protein degradation rather than a decrease in protein synthesis. 

6.4.3 Comparison of protein synthesis rates with static protein and mRNA levels suggest that 

the levels of individual proteins are likely to be under different regulatory processes.  

This is the first study we are aware of that has compared all of these indices or protein turnover. Data 

demonstrated that there was little consensus in the associations between rate of synthesis, static 

protein and mRNA levels. The reasons for this are likely to be complex and relate to the nature of the 

individual proteins. Thus, we have previously reported a constitutive increase in HSP content of 

skeletal muscle of old mice but a down-regulation of mRNA level (Kayani et al. 2008). Although HSP 

levels were elevated, it was hypothesised that the HSP was bound to oxidised proteins that were not 

degraded and so not ‘available’ to provide additional protection to the muscle. Further, HSPs have a 

feedback mechanism whereby high levels of HSPs result in a down-regulation of mRNA.  
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Of interest is that the rate of synthesis of a protein is rarely associated with an increase in mRNA and 

data suggest that caution should be taken in extrapolating the suggestion that static mRNA levels 

reflect the rate of synthesis or indeed the protein levels. Instead, the synthesis rate of proteins is likely 

to also be linked to translation dynamics, ribosomal alterations, and individual protein chemistries. 

 Conclusion 

In summary, this study has demonstrated a clear upregulation of protein degradation processes and 

protein misfolding in the muscles of old WT mice. In contrast, there was little evidence of a global 

change in synthesis of proteins although there were some exceptions. As such, these findings suggest 

that the mechanisms by which muscle is lost with age in mice is primarily by protein degradation.  
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 General discussion and future directions 
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 Hypothesis 

The overall hypothesis of this thesis was that the increased activation of NF-kB reported in muscles of 

old WT and adult SOD1KO mice is associated with degenerated, denervated or regenerating muscle 

fibres and this results in an increased production of cytokines/chemokines by muscle which contribute 

to the chronic inflammation seen in old age (inflammaging). Further, such chronic activation of NF-kB 

activation will lead to modified protein turnover in muscles of old WT mice causing a net loss of muscle 

protein. 

 Overall aims of this thesis 

The aims of the work reported in this thesis were: 

1. To determine the localisation of nuclei with increased activation of the canonical pathway of 

NF-kB in quiescent muscles of old WT and adult SOD1KO compared with adult WT mice. 

2. To identify whether any changes in the cytokine and chemokine levels in the plasma of old 

WT and adult SOD1KO mice are associated with altered cytokine/chemokine production by 

muscles and whether this is associated with the presence of degenerating/regenerating 

muscle fibres. 

3. To examine and model differentially expressed proteins using unlabelled and deuterated 

water-based proteomics to determine whether activation or inhibition of protein turnover 

pathways are likely to be driven by changes in NF-kB activity in old compared with adult WT 

mice. 

 Summary of the findings of the thesis 

The major findings of this work are: 

1. Data demonstrated a reduction in muscle mass and function in old WT and adult SODKO mice 

when compared with muscles of adult WT mice generation in fitting with what would be 

considered as sarcopenia although subtle differences were seen between the muscles of old 
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WT mice and the muscles of our model of ageing, the adult SOD1KO mouse, particularly 

following damage.  

2. Examination of p65 localisation in muscle fibres of adult and old WT and adult SOD1KO mice 

demonstrated a clear increase in the levels of p65 within peripherally positioned nuclei in 

muscle fibres of old mice compared with nuclei of adult WT mice whereas in the muscles of 

adult SOD1KO mice there was an increase in the level of p65 primarily in the muscle fibres 

with centralised nuclei, fibres that were more prevalent in muscles of SOD1KO mice. The p65 

was detected in a punctate pattern in nuclei in all instances. These changes in p65 localisation 

were associated with a significant decrease in IkB levels in muscles of old WT but not SOD1KO 

mice.  

3. The difference in p65 activation was reflected in differences in the cytokine/chemokine profile 

in these mice, whereby levels of a number of cytokines/chemokines were elevated in plasma 

of old WT compared with adult WT mice but this was not fully reflected in SOD1KO mice. 

There were increases in different cytokines and chemokines in the lysates of muscle from both 

old and SOD1KO mice and increased release of a number of cytokines/chemokines from 

isolated fibres from old WT mice, not evident from muscles of adult SOD1KO mice.  

4. Following muscle damage, the nuclear localisation of p65 was strongly associated with 

degeneration and regeneration in muscles of adult WT, old WT and adult SOD1KO mice 

although the time course and extent of nuclear localisation of p65 appeared different in the 

three groups. Muscles of adult WT and adult SOD1KO mice recovered mass and function to 

pre-damage levels by 28 days following damage whereas a permanent functional deficit was 

evident in muscles of old WT mice. This did not appear to be due to any gross changes in 

cytokine/chemokine production at this time point, at least at the plasma level. In addition, 

there was no overwhelming increase in cytokines or chemokines when substantial numbers 

of regenerating muscle fibres are present, suggesting that presence of such fibres did not 

explain the substantial changes seen in plasma levels of cytokines and chemokines in these 
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models under quiescent conditions. It may be that temporal differences in p65 translocation 

in the different models during regeneration may represent different functions of NF-κB since 

it is known that temporal changes in p65 localisation can result in differential gene expression 

unrelated to cytokine production. 

5. Analysis of unlabelled proteomic datasets demonstrated a clear upregulation of protein 

degradation and protein misfolding in muscles of old WT mice known to be, at least in part, 

under the control of NF-kB. Use of novel heavy water approaches demonstrated that there 

was little evidence of a global change in synthesis of proteins in muscles of old WT mice 

although there were some exceptions. As such, these findings suggest that the mechanisms 

by which muscle is lost with age in WT mice is primarily by increased protein degradation. 

 General Discussion 

7.4.1 Inflammation in old WT mice: role of skeletal muscle 

An increase in levels of inflammatory markers such as plasma IL-6, TNF-α, and CRP have been 

associated with a higher patient mortality and the onset of sarcopenia in a number of studies (Ferrucci 

et al. 2002; Bautmans et al. 2011). Elevated CRP is associated with low chair stand performance in 

men and women and loss of handgrip strength in men and women over 55 (Hamer & Molloy 2009). 

Administration of the common non-steroidal anti-inflammatory drug (NSAID) ibuprofen significantly 

decreased age related muscle mass in rats (Rieu et al. 2009) providing further evidence of a role for 

inflammation in the development of sarcopenia. The source of the systemic cytokines seen in old age 

is not known, however there are numerous proposed cells. Muscle accounts for around 40% of body 

mass, so an increase in cytokine production and release by muscle fibres would potentially result in a 

considerable contribution to systemic inflammation (da Silva et al. 2019). 

Studies described in this thesis have identified a number of cytokines and chemokines that are 

elevated in plasma of old WT mice at a time when muscle loss is evident. These are IL-6, IL-10, TNF-a, 

CCL5, CCL7, CCL11, CXCL2, CXCL5, and CXCL12 and CXCL13. There is some evidence that a number of 
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these cytokines/chemokines, at sufficiently high concentration, will affect muscle mass and function. 

Studies described in Chapter 3 demonstrated the complex nature of determining cytokine synthesis, 

protein levels and secretion in the different models and comparison of the mRNA levels in the RNASeq 

dataset added to this complication. However, studies described in this thesis suggest that a number 

of cytokines are likely to be chronically produced by skeletal muscle and some of these, particularly 

CXCL2, CCL11, CXCL5 and CXCL12 may influence the plasma pool. In other instances, the increased 

production and release do not reflect changes in the plasma pool and so are likely to have a more local 

effect, potentially on the function of local cells and tissues such as peripheral nerve.  

7.4.2 Structural and functional changes in muscles of old WT and adult SOD1KO compared with 

adult WT mice reflect sarcopenia but demonstrate some differences  

Skeletal muscle atrophy and weakness plays a major role in the development of frailty in older people 

and is the major cause of the loss in mobility, the high incidence of falls, and the eventual move to 

assisted living conditions and nursing homes for the elderly (Faulkner et al. 2007; McArdle et al. 2019). 

In humans, by the age of 70, the cross-sectional area of skeletal muscle is reduced by 25-30% and 

muscle strength is reduced by 30-40% (Porter et al. 1995). A similar loss of muscle is seen in old mice, 

with a 20-30% loss of muscle mass and function by 24-26 months of age (Brooks & Faulkner 1990; 

McArdle et al. 2004) and this was replicated in studies in this thesis (Chapter 4) whereby muscles from 

old WT mice show a decrease in muscle mass and force in fitting with what would be considered as 

sarcopenia.  

Data presented in Chapter 4 demonstrated that the main cause of the reduction in tetanic force 

generated by quiescent muscles of old WT mice is unlikely to be due to an atrophy or loss of muscle 

fibres. Although the diameter of muscle fibres was more variable in old compared with adult WT mice, 

no significant difference was seen. The lack of difference in fibre number and fibre diameter observed 

in the present study for EDL muscles of old compared with adult WT mice compared with the small 

(8%) but significant decrease in muscle mass likely reflects the variability in fibre diameter in muscles 
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of old mice, although an 8% reduction in muscle mass would also not account for the substantial 

decrease in tetanic force generated by muscles of old compared with adult WT mice. Similarly, our 

research group have shown that ~5% of muscle fibres were fully denervated in muscles of the old WT 

mice although significant partial denervation was also observed. The lack of a substantial effect of 

measurement of force generation when muscles were activated via muscle surface electrodes 

compared with nerve activation (Larkin et al. 2011) suggests that other factors than structural changes 

are playing a role in the functional deficit seen in quiescent muscles of old WT mice, with the potential 

of a change in inflammatory environment playing a role. Centrally located nuclei, originally thought to 

be a feature only of embryonic development, have been associated with myopathies since the 1960s 

(Spiro et al. 1966). Centrally located nuclei are now an index of various diseases of the muscle and 

nervous system including Duchenne Muscular Dystrophy (DMD) where it is thought to be a remnant 

of degeneration and ongoing regeneration (Wang et al. 2000). 

The role of centrally located nuclei is not currently defined in muscle of old WT mice and it is not yet 

known of the effects of these on the force generation by individual fibres. A higher prevalence of 

centrally located nuclei in older muscle may indicate ongoing degeneration and regeneration, 

alternatively, it may indicate a halted state of regeneration in some fibres. Regardless of the purpose, 

this central position in an area known to contain the contractile machinery may be a possible reason 

for lower force generation by disruption of efficient interactions of the contractile machinery.  

7.4.3 SOD1KO mice as a model of inflammaging 

SOD1KO mice display many of the functional losses associated with frailty in humans (Deepa et al. 

2017). SOD1KO mice have an accelerated decrease in body mass, adult mice demonstrate a decrease 

in wheel running capacity and performance on a Rota-rod test, and increase in oxidative damage to 

macromolecules  (Muller et al. 2006). A significant decrease in mass of all muscle types is also 

observed, with the exception of the postural soleus muscle (Muller et al. 2006; Jang et al. 2010; Larkin 

et al. 2011). Alongside the loss of muscle mass, is a loss of muscle force generation, even when 
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normalised to the cross sectional area of the muscle (Muller et al. 2006; Jang et al. 2010), suggesting 

a weakening of the remaining muscle in a similar manner to muscles of old mice and humans. The 

SOD1KO mice demonstrate a deterioration in the NMJs which is reflected in a parallel loss of synaptic 

function (Jang et al. 2010; Deepa et al. 2019; Larkin et al. 2011).  

Data presented in Chapter 3 shows that the significant and detectable differences in the inflammatory 

profile in the plasma of old WT mice was not reflected in the SOD1KO mice. Likewise, there were 

considerable increases in different cytokines and chemokines in the lysates of muscle from both old 

WT and adult SOD1KO mice. This may be due to the difference in p65 activation in the fibres detailed 

in Chapter 3 whereby increased p65 localisation appears to be evident primarily in centrally positioned 

nuclei in muscle fibres of adult SOD1KO mice and in some peripherally positioned nuclei in muscle 

fibres of old WT mice. It may also be that there is a difference in the cell composition of the muscle in 

the two models, although this was out of the scope of the current study. To conclude these results, 

the muscle of old WT and SOD1KO mice both show differential indices of inflammation which appears 

to be associated with differences in the position of nuclei, and so potentially as a response to muscle 

fibre regeneration, suggesting that the SOD1KO mice are a poor model of inflammaging and that the 

mechanisms by which sarcopenia occur in adult SOD1KO mice and old WT mice are either a) different 

or b) unrelated to systemic inflammation. 

7.4.4 Protein turnover in muscles of old WT mice. Protein synthesis vs degradation 

There is some controversy regarding the rates of basal muscle protein synthesis in older people, with 

some studies reporting reduced basal muscle protein synthetic rate in older people compared with 

younger subjects (Balagopal et al. 1997; Rooyackers et al. 1996b; Short et al. 2004; Welle et al. 1993; 

Yarasheski 2003; Yarasheski et al. 1993) and others suggesting no difference in healthy old compared 

with younger people (Cuthbertson et al. 2005; Volpi et al. 1998; Volpi et al. 2001). Measurement of 

fractional synthesis rates (FSRs) of protein by infusion of an isotopic tracer (e.g. 13C leucine) and 

subsequent analysis via gas chromatography is a common method of measuring total protein 
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synthesis rates. A decrease in the FSR of mitochondrial proteins and mixed proteins was reported in 

muscle biopsies from older people (Rooyackers et al. 1996a). Subsequent studies showed a lower FSR 

of myosin heavy chain in muscle of old humans which correlated with an increase in insulin – like 

growth factor I (IGF-1) and a decline in muscle strength (Balagopal et al. 2017; Short et al. 2004; 

Katsanos et al. 2006). In contrast with this, muscle biopsies taken from adult and old humans have 

been shown to not be significantly different in terms of FSR (Volpi et al. 2001). There were, however, 

several problems with the Volpi et al study including taking biopsies from the same area of muscle 

repeatedly, diet and exercise were not controlled, and the arterial – ventricular balance experiment 

was problematic as it didn’t account for the change in muscle with age (Yarasheski et al. 2002). Further 

to this, there is increasing evidence that basal muscle protein synthesis (MPS) may not be altered in 

muscle during ageing (Cuthbertson et al. 2005; Kumar et al. 2009; Yarasheski et al. 2017).  

Data presented in Chapter 6 using deuterated water to examine synthesis of individual proteins 

demonstrate little evidence of global changes in protein synthesis at a level that would result in such 

loss of muscle mass although there were exceptions in some individual proteins of note. In contrast, 

Functional annotation of proteins in the unlabelled protein dataset demonstrated an upregulation of 

protein degradation pathways with ageing, fully supporting the hypothesis that the major factor in 

the loss of muscle mass with ageing in mice is via increased protein degradation although it is 

important to examine the effects on individual proteins. 

7.4.5 Comparison and interpretation of ‘omics’ data  

Determination of protein or mRNA abundance can only ever be a snapshot of the current situation in 

a dynamic process and the proteome is dynamically active where proteins are constantly synthesised 

and metabolised. Metabolic labelling of proteins is a method which, when combined with unlabelled 

proteomics, can be used to determine protein dynamics (Claydon et al. 2012). Metabolic labelling can 

be achieved in-vivo, through dosing the animal with the use of stable isotope labelling in mammals 

(SILAM). Amino acids, their precursors, or a mixture of amino acids can be labelled with a stable 
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isotope and given to the animal through injection, diet, or drinking water for a range of time periods 

which, when measured by Mass Spectrometry, give two separate spectra of which a ratio can be 

calculated. Most commonly, these are amino acids with substitutions of carbon-13 or hydrogen-2 

(Beynon & Pratt 2005).  

The use of deuterated (heavy; 2H2O) water has a number of advantages to the use of labelled amino 

acids. 2H2O is safe to supplement in humans and animals for longer periods of time (years). 2H2O is 

quick to equilibrate through the body via osmosis and so constant enrichment levels are very easily 

maintained. 2H2O is also much cheaper than other methods of metabolic labelling (Kim et al. 2012a; 

Busch et al. 2006).  

Through comparing the results of the proteins synthesis dataset and the RNAseq dataset (Chapter 6), 

it is clear that there was no global correlation between transcription and translation rates. This could 

be due to the multifaceted nature of protein synthesis with the synthesis of protein being the end 

product of several regulatory steps and include multiple factors. These factors include but are not 

limited to the RNA stability, regulatory elements, protein stability and dynamics, protein modifications 

and general breakdown of the protein. Such findings stress the importance of caution when 

interpreting static protein and mRNA levels in tissues, particularly when examining secreted proteins, 

which add a further level of complexity.  

 Limitations of current studies 

There are a number of limitations to the studies reported in this thesis that are worthy of 

consideration.  

1. This study was only conducted in male mice. Thus, although sarcopenia is evident in both 

sexes in mice, hormonal and gender specific differences may influence the detailed findings 

(Blenck et al. 2016). In humans, sarcopenia appears more prevalent within the female 

population and as such it may be that we might expect differences in the mechanisms and 

processes of muscle loss with age in other mammals such as mice (Du et al. 2019). Expanding 
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this work to include female mice would involve increasing the number of mice considerably 

and was beyond the scope of the current study, but would allow for greater conclusions to be 

made on both genders. 

2. NF-κB is proposed to be temporally controlled and it is proposed that fluctuation in oscillations 

between the nucleus and cytoplasm provide additional control of the nature of genes that are 

activated (Ashall et al. 2009; Zambrano et al. 2016). This study only confirmed canonical 

activation of NF-κB and its location in individual nuclei. Temporal changes to the NF-κB 

pathway may highlight further alterations to the regulation of the transcription of different 

genes. 

3. Though the NF-κB pathway is highly conserved between species, there may be defined 

differences between inflammatory mediation both in terms of NF-κB pathway activation and 

in cytokines/chemokines. Although this is a contentious area, it is proposed that although 

mice are an excellent model of sarcopenia, there may be subtle differences in the immune 

system that need to be taken into consideration. For chemokines specifically, mice exhibit 

differences in their chemokine ligands compared with humans (Zlotnik & Yoshie 2012). In 

addition to differences in intracellular signalling, the murine and human immune systems are 

different in terms of cellular proportions and expression of some receptors (Mestas & Hughes 

2004). 

4. Data presented in Chapter 6 have provided compelling evidence that increased protein 

degradation seems to be the major mechanism by which muscle is lost in old WT mice. 

However,  previous studies in humans and mice have demonstrated the inability of muscles 

of old mice and humans to respond to an anabolic stimuli, known as anabolic resistance and 

this has been discussed as a possible cause for a decrease in acute protein synthesis with 

ageing (Burd et al. 2013). For this reason, it would be of interest to expand the heavy water 

study in Chapter 6 to include an anabolic stress such as exercise.  
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 Future directions 

Clearly, reliance on datasets to predict targets for intervention is a powerful approach but given the 

concerns of the use of individual data sets to undertake such predictions, it is imperative to undertake 

mechanistic interventions to support these findings. Thus, in mouse models, knock out or knock in 

studies can be undertaken. In addition, more translational interventions can be undertaken in mice as 

proof-of-principle for human interventions. 

Having gathered evidence that the NF-κB pathway and inflammation plays a potential role in the loss 

of proteostasis and is a contributing factor to the onset of sarcopenia in mice, being able to control 

the level of inflammation within the muscle (or systemically) through intervention studies might be a 

way to alleviate muscle loss with ageing. One non-specific method for this would be to use a non-

steroidal anti-inflammatory such as aspirin or ibuprofen to treat mice at an old age and observe 

differences in muscle structure, muscle function, NF-κB signalling and the cytokines produced by 

muscle fibres. In place of non-steroidal anti-inflammatory drugs, specific small molecule NF-κB 

inhibitors could be used. One such example is YC-1 which reduces the translocation of p65 to the 

nucleus and thus diminishes inflammatory signalling (Lee et al. 2018). Likewise, the small molecule 

ubiquitination inhibitor Ro106-9920 has been shown to inhibit ubiquitination of IκBα and, in turn, stop 

NF-κB activation and cytokine expression (Swinney et al. 2002). 

Through determining the production of cytokines/chemokines from muscle fibres, we have some 

potential targets to reduce immune cell mediation into the muscles of old WT mice. We showed that 

the chemokines CCL2, CCL11, CXCL5, and CXCL12 are produced in increased amounts by the muscles 

of old WT mice when compared with those of adult WT mice (Chapter 3). CCL2 was found to be 

produced at over 100x in muscle fibres of old WT mice when compared with fibres from adult WT 

mice. This chemokine can be specifically inhibited using an RNA oligonucleotide known as emapticap 

(NOX-E36) and has been shown to be effective against inflammatory diseases such as type 2 diabetes 

and liver fibrosis murine models (Menne et al. 2017; Ehling et al. 2014). 
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The study in Chapter 6, showed that protein degradation appears to be the major factor in the loss of 

muscle protein with age; more specifically protein quality control with the UPR and ERAD pathways 

are upregulated in these muscles. To reduce the amount of protein degradation, inhibitors of the 

ubiquitin-proteasomal pathways could be used. Proteasome inhibitors such as ixazomib are effective 

in treating multiple myeloma (Kumar et al. 2016). The downside to this is the ER becomes stressed by 

the blocking of breakdown of misfolded proteins leading to the unfolded protein response. This is one 

of the leading causes of side effects associated with protease inhibitors (Nunes & Annunziata 2016) 

and as we have shown the ER to already be in a stressed state, this would not be ideal for treatment 

of sarcopenia. An alternative to proteasomal inhibition could be to relieve the ER stress leading to the 

upregulation of the ERAD pathway, chemical chaperones could be of use. Two of these, 

tauroursodeoxycholic acid and 4- phenylbutyric acid are approved by the FDA for treatment of urea 

cycle disorders and biliary cirrhosis (Uppala et al. 2017). 
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