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Abstract 

An age-related loss of muscle mass is associated with increased frailty in the elderly. The effect 

is felt at both a national scale, with an increased budgetary demand for health services directed 

towards the ageing population, and by the individual where reduced mobility significantly 

reduces their quality of life. It is unclear whether all skeletal muscle types are affected in the 

same manner. This thesis considered how thiol signalling, facilitated through reactive thiol 

groups on cysteine amino acids, may affect skeletal muscle ageing as it is crucial for normal 

intracellular function. Several studies have identified reactive oxygen species (ROS) as crucial 

signalling molecules in healthy muscle and various proteins can detect and respond to changes 

in their concentration. The cysteines are evolutionarily conserved in functionally important 

locations and have a direct impact on protein function, affecting either its active site or 

conformation. In healthy muscle, proteins can quickly and efficiently respond to changes in 

ROS concentrations via this mechanism whereas in aged muscle these responses appear to be 

impaired. 

The quadriceps and soleus muscles were selected because of their differing primary metabolic 

pathways and physiology, reflecting fast and slow twitch muscle respectively. This enabled 

determination of age related changes to the redox proteome between two different skeletal 

muscles. They are hypothesised to age differently and to determine this, adult (12 months) and 

old (24 months) tissue were subjected to a deep proteomics investigation, elucidating changes 

to the global proteome of ageing mouse muscle as well as using differential labelling of reduced 

and reversibly oxidised cysteine residues to identify redox-susceptible locations on individual 

proteins. Prior to this a proteomics study had not analysed changes to the redox proteome 

between two skeletal muscle tissues before.  

Analysis of the quadriceps label free results identified changes to redox protein abundance such 

as a significant increase in Protein Disulphide Isomerase, crucial to disulphide bond formation 

and breakage. HSC70, important for protein folding, was significantly decreased with age. 

Differential labelling of specific cysteine residues demonstrated Cys46 increased in its reduced 

form with age in PARK7. Furthermore, many changes observed in the label free analysis 

highlighted cytoskeletal proteins as those primarily affected. 

The soleus label free results demonstrated significant decreases in abundance of a number of 

mitochondrial proteins involved in the electron transport chain such as NAD(P)H 

dehydrogenase and ATP Synthase. One example of differential labelling highlighted ATP 

Synthase Cys101 as becoming increasingly reduced with age. This increase in a reduced redox 

state of cysteines was observed across a range of other mitochondrial proteins, possibly 

indicating a negative impact on energy metabolism in the soleus with age. 

A successful preliminary study considered the effect of stretching C2C12 mouse skeletal 

muscle cells in vitro. A protocol for testing the effect of mechanical stretching on C2C12 cells 

was optimised with a future goal of producing replicable in vitro proteomics data and thereby 

reducing the requirement for animal tissue.  

The studies in this thesis identified various redox proteome changes in quadriceps and soleus 

muscle with age. This data will provide a basis for a targeted analysis of musculoskeletal 

proteins with a view to a better understanding of musculoskeletal ageing and its impact via the 

proteome. 
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1.1 Physiology of Skeletal Muscle 

 Skeletal muscle is crucial for movement and in humans makes up about 40% of the 

total body mass (Janssen et al., 2000). Striated skeletal muscle is so called because of the 

repeating contractile units first observed under the microscope by van Leeuwenhoek in the 

1670s (Salmons, 2017). The apparent striations are caused by the I and A bands within the 

sarcomere which enable the muscle to contract. A highly adaptable organ, it retains a plasticity 

enabling adaptation to changing physiological conditions throughout an organismsô lifespan 

(Zierath and Hawley, 2004). Innervation by a motor nerve causes depolarization of the 

myofibres leading to a contraction of the muscle and the force generated is transferred to the 

skeletal system via tendons that link muscle to bone. Muscles are often arranged in opposing 

pairs to enable controlled movement of limbs via regular contraction and relaxation. In addition 

to locomotion, muscle groups involved in posture control undergo semi-permanent contraction 

and each muscleôs primary function is reflected by their fibre type (Barclay et al., 1993). There 

are two general categories of fibre type which are based on the Myosin Heavy Chain (MHC) 

content of the cells. In mice, slow twitch or type I muscles, such as the soleus, produce energy 

via oxidative phosphorylation. In contrast, fast twitch type II muscles, such as the quadriceps, 

produce energy via glycolysis. 

Skeletal muscle originates with precursor stem cells called satellite cells. These are 

produced throughout the lifetime of the organism and after production are located between the 

basal lamina and the sarcolemma (Garcia et al., 2017). The cells are mitotically quiescent until 

activated via injury or growth stimuli which causes them to enter the cell cycle and proliferate 

before exiting to either differentiate, forming new myocytes and subsequently new muscle, or 

they form more satellite cells to enable future regeneration of the muscle (Motohashi and 

Asakura, 2012, Dumont et al., 2015). Differentiation of the myocytes causes them to combine 

forming multinucleated myotubes that stretch longitudinally forming myofibres (Sherwood et 
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al., 2004). The basic unit of a muscle fibre is the sarcomere which refers to the actin and myosin 

cross bridges as a single contractile unit (Vasilaki et al., 2017). Intracellularly, they contain a 

range of components with specialised terms related to the muscle function. The equivalent of 

the cytoplasm is referred to as sarcoplasm and contains an abundance of myosin and actin fibres 

for contraction, titin for elasticity of the cell and glycogen as a ready source of energy for 

contraction (Bohnert et al., 2018, Linsley et al., 2017). A sarcoplasmic reticulum surrounds the 

myofibrils. Activation of ryanodine receptors, specifically dihydropyridine receptors in the 

case of skeletal muscle, control the release of calcium (Ca2+) from the sarcoplasmic reticulum. 

This causes the cell to depolarise and inducing a contraction by removing the tropomyosin 

from its inhibitory location on an actin fibre (Bohnert et al., 2018, Linsley et al., 2017, Santulli 

and Marks, 2015). Action potential frequency induced via motor neuron innervation controls 

the extent of skeletal muscle contractions (Vasilaki et al., 2017). Where single twitches are 

induced, only a small amount of force is generated. However, higher frequencies of action 

potentials produce a cumulative effect on the muscle, increasing tension and leading to muscle 

contraction. Innervation of a motor neuron at neuromuscular junctions causes the release of 

acetylcholine (ACh) into the pre-synaptic cleft resulting in stimulation of acetylcholine 

receptors on the myofibres. This action potential is translated through the plasma membrane 

and via transverse (T) tubules into the fibreôs sarcoplasm, causing the release of calcium (Ca2+) 

from the sarcoplasmic reticulum causing the cell to depolarise and inducing a contraction by 

removing the tropomyosin from its inhibitory location on an actin fibre (Linsley et al., 2017). 

The location of tropomyosin is controlled by the troponin complex (Campbell and Reece, 

2005). Meanwhile magnesium (Mg2+) causes the myosin head to convert ATP (Adenosine 

triphosphate) to ADP (Adenosine diphosphate) with the release of an inorganic Phosphate 

molecule (Pi). The myosin head then releases the ADP and binds new ATP causing it to return 

to its initial state. At the same time, calcium ions are released by the Troponin. If the Calcium 
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concentration is high enough, the cycle repeats allowing the contraction to continue, if not then 

contraction stops (Campbell and Reece, 2005). This general mechanism is true of all muscle 

fibres and it is in addition to these contractions that reactive oxygen species (ROS) appear to 

be generated as cellular demand for energy increases (Goljanek-Whysall et al., 2016, Campbell 

and Reece, 2005, Devasagayam et al., 2004).  

 

Figure 1.1.1 Actin-myosin binding. At rest the black binding site for the myosin head is 

blocked by the red double-ringed troponin but initiation via an increase in intracellular calcium 

leads to the dissociation of troponin (indicated with the red arrow) enabling attachment of the 

purple myosin heads to the actin binding site. Adapted from (Huxley and Niedergerke, 1954, 

Huxley and Hanson, 1954). 

 

The current understanding of skeletal muscle contractions is based on the cross-bridge 

theory (Huxley and Niedergerke, 1954, Huxley and Hanson, 1954). Each muscle cell contains 

a single neuromuscular junction however, one motor neuron can have multiple branches 

attaching to several muscle fibres, together termed the motor unit. These muscle fibre bundles 

are then packaged together forming fascicles. When innervation occurs, the action potential is 

spread across whole fascicles causing large scale contraction and movement as previously 

described. At the intracellular level, within myotubes, are myofibrils that contain the 

sarcomeric filaments (Huxley and Niedergerke, 1954, Huxley and Hanson, 1954). It is these 
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sarcomeres that contain interlocking fibres of thin filaments (I bands) which contain actin and 

thick filaments (Z discs) which contain myosin heads enabling contraction as defined in figure 

1.1.1 (Campbell and Reece, 2005). The interlocking units within the sarcomere are shown in 

figure 1.1.2 and demonstrate the different bands and indicates how each of the individual units 

combine to form a contracting mechanism (Spudich and Watt, 1971). 

 

Figure 1.1.2 The sarcomere with a central myosin fibre in green and the outer actin filaments. 

The I and A bands, H zone and Z discs refer to the histological markers of appearance for 

skeletal muscle fibre giving its striated appearance. Contraction causes a narrowing of the H 

zone as the Z discs move towards each other, pulled in by the cross-bridge action of the myosin 

heads on the actin filaments. 

 

1.2 Energy Metabolism 

Energy metabolism in skeletal muscle falls into one of two categories: aerobic or 

anaerobic metabolism (Westerblad et al., 2010). The former utilises oxidative phosphorylation 

whereas the latter uses glycolysis. To this end, oxidative phosphorylation is a more sustained 

form of metabolism than glycolysis. Muscles offer a high level of plasticity throughout life and 

this is reflected in the ability to change constituent fibre types to suit long term demands of the 

muscle. 

Some early skeletal muscle studies reflected this with the notable work of Salmons 

demonstrating a change in twitch intensity led to changes in muscle fibre type composition 
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(Salmons, 2017, Salmons and Sreter, 1976). Further detailed work led to understanding muscle 

in terms of its fibre type which today are defined as: slow twitch, oxidative fibres Type ɓ/I, Ŭ, 

I/IIA, through to slow-medium (aka fast oxidative-glycolytic fibres) twitch type IIA, IIA/IIX, 

IIX, IIX/IIB  and the fast glycolytic fibres type IIB  and IIM as the major adult forms based on 

myosin heavy chain content (Schiaffino and Reggiani, 2011, Sciote and Morris, 2000). There 

are also extra-ocular, embryonic and neonatal forms of MHC which are beyond the scope of 

this thesis (Sciote and Morris, 2000).  

Energy is most simply described as óthe capacity to do workô (Atkins and De Paula, 

2010). Within a biological setting it is fundamental for all organic processes, sustaining life. 

Skeletal muscle has a number of ways it generates the energy required for contractions, each 

of which depend upon the muscle and its fibre type composition. Adenosine triphosphate 

(ATP) is the main energy currency and is a coenzyme required to enable the majority of 

biochemical reactions to take place (Itoh et al., 2004, Imamura et al., 2009).  

The anaerobic metabolic pathways include Phosphocreatine breakdown via Creatine 

kinase leading to the production of Creatine and ATP (Westerblad et al., 2010, Imamura et al., 

2009). However, an alternative route metabolises Glycogen into lactate and hydrogen ions via 

Glycogen phosphorylase causing the well-known painful build-up of lactic acid within muscle 

and a reduction in function. The reverse mechanism requires a different enzyme: Glycogen 

synthase, causing the two directions to be independently controllable. Both glycogen enzymes 

rely on phosphorylation for control of their activity (Westerblad et al., 2010, Roach, 2002).  

Aerobic metabolism includes the degradation of triglycerides that are stored within 

skeletal muscle or adipose tissue. The hydrolysis of these triglycerides produces fatty acids that 

are a crucial energy source during exercise as they are involved in the production of the 

coenzymes NADH and FADH2 which are then utilised in oxidative phosphorylation (Watt and 

Cheng, 2017, Achten et al., 2002). One key mechanism that is still not fully understood is 
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glucose uptake. Although AMP-dependent protein kinase (AMPK) has been implicated to a 

limited extent, it appears to perform a signalling role rather than to have a direct involvement. 

AMPK is involved in cellular energy metabolism control such as fatty acid and cholesterol 

synthesis and is activated by low levels of ATP or high levels of AMP/ADP. This follows a 

demonstration that reactive oxygen species induce glucose uptake during contractions, as 

signalled, by AMPK (Westerblad et al., 2010, Hardie and Sakamoto, 2006, Sandstrom et al., 

2006, O'Neill, 2013). 

Quadriceps are predominantly fast twitch muscles and therefore primarily produce 

energy via glycolysis (Saey et al., 2011). The process is initiated with the phosphorylation of 

glucose via Hexokinase to Glucose 6-phosphate following its active transport into the cell. This 

chemically destabilises it prior to the conversion by Phosphoglucomutase isomerase into 

Fructose 6-phosphate. Phosphofructokinase then converts Fructose 6-phosphate into Fructose 

1,6-bisphosphate. At this point Aldolase produces two interchangeable three carbon molecules: 

Glyceraldehyde 3-phosphate (G3P) and Dihydroxyacetone phosphate. Triosephosphate 

isomerase can interchange these molecules with G3P continuing through to the final stage of 

glycolysis. The thermodynamics of the reaction ensures the process sees G3P as the primary 

successor to continue the reaction with the production of two ATP molecules. G3P 

dehydrogenase phosphorylates the aldehyde group of Glyceraldehyde 3-phosphate converting 

it to 1,3 Bisphosphoglycerate and in doing so also reduces the oxidised form of Nicotinamide 

adenine dinucleotide (NAD+) to the reduced form of Nicotinamide adenine dinucleotide 

(NADH). Phosphoglycerate kinase removes this phosphate group leaving 3-Phosphoglycerate 

and in doing so the detached phosphate ion is added to a molecule of Adenosine diphosphate 

(ADP) producing Adenosine triphosphate (ATP). The phosphate group is subsequently moved 

by Phosphoglycerate mutase producing 2-Phosphoglycerate. Enolase removes this phosphate 

group via a condensation reaction, releasing water, and producing Phosphoenolpyruvate. 
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Finally, this is converted to Pyruvate by Pyruvate kinase which moves the phosphate group 

onto ADP producing ATP. At this stage Pyruvate has a number of potential fates as Lactate 

dehydrogenase can reversibly convert Pyruvate to Lactate or a reaction with NAD+ and Co-

enzyme A (CoA) leads to the production of Acetyl-Co-enzyme A (Acetyl CoA), Carbon 

dioxide (CO2) and NADH. Notably, if the muscle produces lactate at a high rate (faster than it 

can be broken down) for example through sprinting, its concentration increases leading to the 

slowing of the energy production mechanism (Berg et al., 2002). 
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Figure 1.2.1 The glycolysis energy production pathway in skeletal muscle, which is 

predominant in the quadriceps. Enzymes are abbreviated and those common to glycolysis are 

highlighted in green along with the associated energy production from ATP. Glycolysis 

abbreviations: HK (Hexosekinase), PGI (Phosphoglucose isomerase), PFK 

(Phosphofructokinase), A (Aldolase), TPI (Triosephosphate isomerase), GAPDH 

(Glyceraldehyde 3-phosphate dehydrogenase), PGK (Phosphoglycerate kinase), PGM 

(Phosphoglycerate mutase), E (Enolase), PK (Pyruvate kinase), ATP (Adenosine triphosphate), 

ADP (Adenosine diphosphate), NADH (Reduced nicotinamide dinucleotide), NAD+ (Oxidised 

nicotinamide dinucleotide) (adapted from (Berg et al., 2002)). 

 

The soleus, on the other hand, predominantly uses oxidative phosphorylation via the 

electron transport chain for energy production and these processes occur in the mitochondria. 
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In discussing oxidative phosphorylation consideration must first be given to the citric acid cycle 

(abbreviated to TCA cycle, see figure 1.2.2) as it takes the Pyruvate produced by glycolysis 

and converts it to Acetyl CoA via a poly-enzyme complex which includes Transacetylase, 

Pyruvate dehydrogenase and Dihydrolipoyl dehydrogenase (Krebs and Holzach, 1952, 

Mitchell, 1961, Kalckar, 1974, Friedkin and Lehninger, 1949, Kalckar, 1991).  

 

Figure 1.2.2 A citric acid cycle diagram representing the core of mitochondrial energy 

production. 

 

Over several steps carbon dioxide is released, NAD+ is reduced to NADH during which 

an acetate molecule is produced and finally Co-enzyme A is added. Then citrate is produced 

from Oxaloacetate and Acetyl Co-A via citrate synthase, requiring water. Aconitase converts 
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Citrate to cis-Aconitate, releasing water and then on to D-Isocitrate, again requiring water for 

the reaction. Isocitrate dehydrogenase produces Ŭ-Ketoglutarate whilst reducing NAD+ to 

NADH and releasing a Hydrogen ion (H+) before Ŭ-ketoglutarate dehydrogenase converts this 

to Succinyl-Co-enzyme A. This involves the reduction of NAD+ to NADH, the release of H+ 

and CO2. Succinyl Co-enzyme A synthetase utilises GDP and Pi producing Co-enzyme A-SH 

and GTP while also producing Succinate. The conversion of GTP to GDP, powering this 

reaction also leads to the production of ATP from ADP. Succinate dehydrogenase converts 

Succinate to Fumarate. This mechanism also converts Ubiquinone (Q) to Ubiquinol (QH2) 

while requiring Flavin adenine dinucleotide (FAD) which is reduced to FADH2. Fumarase 

converts Fumarate to L-Malate requiring water. L-Malate then gets converted to Oxaloacetate 

by Malate dehydrogenase whilst also reducing NAD+ to NADH and producing one H+. Finally, 

the cycle is back at the start where Oxaloacetate is joined with Acetyl Co-enzyme A and with 

water produce Citrate and Acetyl Co-enzyme A-SH via Citrate synthase and so the process 

repeats itself. In summary the TCA cycle produces three molecules of NADH, three Hydrogen 

ions, a molecule of Ubiquinol, a molecule of GTP, two molecules of CO2 and  one molecule 

of Co-enzyme A-SH (Berg et al., 2002). 

At this point chemiosmosis links the electron transport chain to oxidative 

phosphorylation. Chemiosmosis is the use of a proton gradient, in this case across the 

mitochondrial membrane to move energy from redox reactions to cellular work (Berg et al., 

2002).  

Oxidative phosphorylation is so called due to the loss of electrons during this process 

and the production of ATP as the final stage which uses the proton gradient. The process 

requires NADH-Q oxidoreductase (Complex I), Q-cytochrome c oxidoreductase (Complex III) 

and cytochrome c oxidase (Complex IV) for electron transport. Also involved is Succinate-Q-

Reductase (Complex II) however this is not involved in proton transport. Electron transport 
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between NADH-Q oxidoreductase and Q-cytochrome c oxidoreductase is carried out by 

Ubiquinone (Q) which easily disseminates within the inner mitochondrial membrane. Then 

cytochrome c transports electrons between Q-cytochrome c oxidoreductase and Cytochrome c 

oxidase, the final enzyme reducing Oxygen (O2) to water (Berg et al., 2002). As the electron 

transport chain causes a proton gradient via the production of water from oxygen this leads to 

the emission of H+ from the mitochondrial matrix producing a gradient that drives ATP 

synthase and therefore the production of ATP (Berg et al., 2002, Kalckar, 1991). 

In summary, aerobic respiration of glucose leads to the production of 36 molecules of 

ATP. 2 ATP molecules are produced via glycolysis, 2 via the tricarboxylic acid cycle and 32 

via the electron transport chain. 

1.3 Reactive Oxygen Species in Skeletal Muscle 

The term reactive oxygen species (ROS) refers to reactive oxygen-containing 

molecules (Devasagayam et al., 2004). Initially they were thought to be predominantly negative 

in their actions due to their reactivity with other intracellular proteins (Davies et al., 1982, 

Murphy and Kehrer, 1986). Following thirty years of study and the initial observation that 

contracting skeletal muscle produces an increase in ROS, they are now understood to be crucial 

signalling molecules (Jackson, 2016a, Nagahisa et al., 2016, Nathan and Cunningham-Bussel, 

2013). Indeed, they are required for the normal function of skeletal muscle and the removal of 

ROS or the proteins involved in their control have demonstrated negative effects on muscle 

function such as increased oxidative damage and neurodegeneration as observed in SOD1 

knockout mice (Smith and Reid, 2006, Radak et al., 2001, Sakellariou et al., 2018). 

 A redox reaction is one that involves a simultaneous and usually reversible chemical 

reaction between two compounds where one is reduced whilst the other is simultaneously 

oxidised. Reduction is defined as the loss of oxygen, the gain of hydrogen and the gain of 

electrons. Oxidation is the reverse and defined as the gain of oxygen and the loss of hydrogen 
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and electrons (Powers and Jackson, 2008). This provides a reversible mechanism by which fast 

and efficient signalling can occur between molecules within the cell. Furthermore, this enables 

the cell to respond to changes in ROS concentrations and induce a response. This redox 

flexibility is facilitated on the molecular scale by the amino acid Cysteine due to its 

evolutionary conservation and via its ability to form and break disulphide bonds. 

Skeletal muscle generates superoxide or Nitric oxide (NO) as part of normal function 

(Jackson et al., 2007, Barbieri and Sestili, 2012). ROS generation occurs via a range of 

mechanisms however their source is still unclear. Although previously believed to be electron 

transport chain leakage recent studies now suggest a cytosolic origin (Jackson et al., 2007, Di 

Meo and Venditti, 2001, Kozlov et al., 2005, Goljanek-Whysall et al., 2016). 

Free Radicals and Reactive Oxygen Species 

The superoxide free radical (O2 
. -) is produced via a number of reactions resulting from 

the partial reduction of oxygen, most notably from the electron transport chain (Powers et al., 

2011). The negative charge makes it impermeable to the cell membrane however it has been 

suggested that further reactions can lead to the addition of a proton, producing a Hydroperoxyl 

radical (HO2
.) which can transfer across membranes. This molecule has a longer half-life 

allowing it to diffuse throughout the cell. It can also remove metal ions from the active sites of 

enzymes containing Iron-Sulphur or [Fe-S] clusters. This liberated Iron may then act to produce 

Hydroxyl free radicals via the Fenton reaction (Powers et al., 2011, Salvador et al., 2001, 

Liochev and Fridovich, 1999, McArdle et al., 2001). 

Hydrogen peroxide (H2O2) is produced by the combination of a superoxide radical and 

water by one of three isoforms of Superoxide dismutase. They differ depending on their 

location (Batinic-Haberle et al., 2015) with the cytosolic Cu-Zn-Superoxide dismutase 

(SOD1), mitochondrial Mn-Superoxide dismutase (SOD2) and the extracellular Cu-Zn 

Superoxide Dismutase (SOD3). H2O2 is a relatively long lasting ROS molecule due to its 
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stability compared to free radicals which may provide a greater benefit in terms of signalling, 

but also a potentially greater threat in terms of damage to other proteins (Powers et al., 2011). 

 The hydroxyl radical (.OH) can be formed following incomplete breakdown of H2O2 

via the Fenton reaction where oxidation of H2O2 by Fe2+ leads to .OH production. A highly 

reactive molecule, this also makes them short lived as they react with whatever they meet and 

can be highly damaging to cells and their processes (Salvador et al., 2001, Powers et al., 2011). 

Singlet oxygen (1O2) is not a radical but Oxygen with its valence electrons in an excited 

state. It has two energy states, one is an excited state described as 1ȹgO2 and a second more 

highly excited state described as 2ɆgO2. The second excitation state has a higher reactivity than 

the first. Like the hydroxyl radical, singlet oxygen is very highly reactive and reacts with 

whatever it contacts due to a lack of spin restriction. This high reactivity also gives  it a short 

half-life (Powers et al., 2011). 

NAD(P)H oxidases (NOX) have been identified as a major source of ROS within 

skeletal muscle. Several isoforms of NOX enzymes have been identified and all require 

additional proteins for activation with the exception of NOX5 which produces homodimers 

(Brandes et al., 2014). The proteins and mechanisms required for functionality are not 

completely understood however for NOX1, NOX2 and NOX4, p22phox is required for 

assembly at the plasma membrane, followed by the requirement of p47phox for binding 

NOX1/NOX2 to the plasma membrane. In addition to this, DUOX1/2 and NOX5 homodimers 

require intracellular calcium for activation via EF hand proteins (Bedard and Krause, 2007). 

Furthermore, the enzymes require the GTPases RAC1/2 for either non-myeloid cells or 

leukocytes, respectively to control the protein-protein interactions described previously 

(Martyn et al., 2005). NOX1, NOX2 and NOX5 all produce superoxide radicals via the 

oxidation of NADPH while it is currently thought NOX4 produces Hydrogen peroxide along 

with DUOX1 and DUOX2. Within skeletal muscle NOX1, NOX2 and NOX4 have been 
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identified in muscle cell cultures and shown to co-precipitate with Protein disulphide 

isomerase, indicating their potential importance in a redox-sensitive protein chaperone 

mechanism (Ferreira and Laitano, 2016, Janiszewski et al., 2005). In relation to skeletal muscle, 

NOX5 contains an intracellular domain bound with calcium (Vendrov et al., 2015, Sakellariou 

et al., 2014, Paulsen and Carroll, 2013) and NOX2 has been identified as a source of skeletal 

muscle ROS (Espinosa et al., 2016). It should be noted that NOX3 is primarily expressed in 

foetal tissues and therefore not discussed here (Cheng et al., 2001). NOX4 appears to be located 

in the nucleus, thereby regulating gene expression via changes in ROS concentration within 

the nucleus (Kuroda et al., 2005). 

Reactive Nitrogen Species 

Reactive nitrogen species (RNS) which are produced via the enzymatic reactions of 

nitric oxide synthases (NOS). This leads to the generation of the nitric oxide free radical (NO.), 

nitric oxide (NO) molecule or the strong oxidising agent Peroxinitrite ion (ONOO-) (Halliwell, 

1994). NO. is synthesised from L-arginine by NOS enzymes and is required for healthy muscle 

function. Sustained concentrations of NO. can lead to reactions with O2 
. ï producing the 

Peroxinitrite ion (ONOO-) (Allen and Tresini, 2000, Collins et al., 2012, D'Autreaux and 

Toledano, 2007). The reactive properties of RNS can cause nitration of proteins, deplete thiol 

groups and damage DNA (Powers et al., 2011, Jackson, 2016b).  

Nitric oxide synthases occur in three forms, all of which are found in skeletal muscle: 

NOS1 or neuronal NOS (nNOS) is located throughout a range of cell types while NOS2 (or 

iNOS) is inducible via inflammation and NOS3 (or eNOS) occurs in the endothelium (Oliveira-

Paula et al., 2014, Stamler and Meissner, 2001). Of particular interest in skeletal muscle 

research is nNOS because during skeletal muscle contractions the NO concentration increases 

and leads to an increase in RNS however their reactivity suggests a localised reaction rather 

than diffusing throughout the cytoplasm (Silveira et al., 2003, Poole, 2015). Furthermore, 
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NOS1 and NOS3 have been shown to include a calmodulin binding site thereby linking them 

directly to skeletal muscle contractions and homeostatic mechanisms (Stamler and Meissner, 

2001, De Palma et al., 2014). 

Lipoxygenases 

An alternative source of ROS is Lipoxygenases. Phospholipase A2 (PLA2) produces 

Arachidonic acid which, following secretion, becomes a superoxide precursor for lipoxygenase 

enzymes (Zuo et al., 2004). Alternatively, PLA2 can induce ROS production within the 

mitochondria, cytosol or release into the extracellular space (Powers and Jackson, 2008, Zuo 

et al., 2004, Woo et al., 2000). Another method is via the stimulation of NOXs leading to an 

overall increase in mitochondrial and cytosolic superoxide production and release into the 

extracellular space (Barbieri and Sestili, 2012, Brash, 1999). 

1.4 The Importance of Cysteine in Redox Signalling 

 Cysteine is an amino acid encoded by UGU and UGC codons. Cysteine residues are 

among the least conserved amino acids, except for where they occur at active sites of proteins 

when they become one of the most highly conserved residues (Marino and Gladyshev, 2012). 

Cysteine has a functionally important thiol group which can be rapidly oxidised or reduced 

thereby forming disulphide bridges with other thiols. It usually undergoes nucleophilic 

reactions as determined by its pKa of 8.3 meaning its intracellular óreactiveô state is in the form 

of a thiolate at physiological pKa. However this value is related to the local environmentôs pH 

which can therefore impact cysteine reactivity (Paulsen and Carroll, 2013). It is also important 

to note that a low pKa doesnôt necessarily determine whether the reactive cysteine has increased 

oxidant sensitivity (Roos et al., 2013). The surrounding microenvironment has a major impact, 

as demonstrated by peroxiredoxins, upon cysteine activation where peroxide substrate and the 

transition state combine to enable an efficient nucleophilic substitution reaction (Le Moal et 

al., 2017). 
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Redox Signalling in Skeletal Muscle 

 Cysteine can undergo a range of modifications, many of which are reversible. This 

enables them to rapidly reflect changes to the intracellular oxidation state. In skeletal muscle 

this may include changes to ROS concentrations due to muscle contractions (Le Moal et al., 

2017). However, a sustained increase in ROS concentration over time can lead to irreversible 

modifications (see figure 1.3.2.1) (Chung et al., 2013). Disulphide bridges (-S-S-) between 

thiol groups can temporarily affect protein function by changing their conformation thereby 

impacting the active site or metal ion binding mechanism. High concentrations of ROS such as 

H2O2 can produce sulphenic groups (-SOH) as an intermediate to disulphide bridges. Though 

it should be noted that in the thiolate form, cysteine will readily form -SOH without H2O2. 

Further reactions via sustained ROS can lead to the formation of sulphinic (-SOOH) and 

sulfonic acids (-SOOOH). Each step causing a reduction in the ability of the cell to reverse 

these modifications which leads to consistently reduced protein activity or ability to react to 

future changes in ROS concentrations (Chung et al., 2013). Interestingly, Sulfiredoxin has been 

demonstrated to be capable of reducing sulphinic acids on certain peroxiredoxins (Jeong et al., 

2012). The inactivation of a protein by its substrate and subsequent re-activation would suggest 

that these proteins may play a signalling role in response to endogenous generation of H2O2 

(Chung et al., 2013). Another intermediate from sulphenic acid is the reaction with RNS 

producing a sulphenylamide (-SN-). Both ïSOH and ïSN can react with glutathione (GSH) to 

produce reversibly modified glutathionylated thiols (-SSG) (Chung et al., 2013, Hazelton and 

Lang, 1980). Glutathionylated thiols can be reduced by another set of proteins called 

glutaredoxins using GSH and NADPH. S-Nitrosothiols (-SNO) are an intermediate of the 

reactions between glutathionylated thiols and Sulphydrated thiols. S-nitrosylation, is the 

covalent attachment of a nitric oxide group to the thiol side chain of cysteine and is an important 

mechanism for post-translational regulation of a large range of proteins. This also highlights 



35 
 

part of the ubiquitous influence of nitric oxide (NO) on cellular signal transduction providing 

a mechanism for redox-based physiological regulation. Sulphydrated thiols (-SSH) can occur 

via glutathionylation of S-Nitrosothiols or by Hydrogen sulphide (H2S). Sulphydration of thiols 

is not well documented however it has been proposed that this can occur due to an increase in 

H2S reflecting sarcoplasmic reticulum stress (Chung et al., 2013, Lo Conte and Carroll, 2013, 

Hess et al., 2005). 

 

Figure 1.4.1 Cysteine modifications following an increase in the concentration of reactive 

oxygen species, specifically H2O2. The antioxidant glutathione (GSH) can reduce certain 

modifications and its reduced form (GSSG) can lead to reversible reactions producing free 

thiols. Nitrosylation produces Nitrosothiols (-SNO) which can be produced by S-

Nitrosoglutathione (GSNO) involving the nitric oxide signalling pathways. The orange arrow 

indicates possible reversal of Peroxiredoxin-sulphinilation via Sulfiredoxin (adapted from 

(Chung et al., 2013)). 
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Redox signalling is a crucial mechanism that enables a cell to respond to changes in its 

oxidation state. A range of redox response systems have been identified such as those in the 

mitochondria, linking energy metabolism to changes in the cellular redox state, protein folding 

response involving heat-shock proteins such as HSP70 acting in combined roles as both redox 

sensors and protein chaperones (Collins et al., 2012, Vasilaki et al., 2006b). This thesis 

specifically considers skeletal muscle redox proteins, however similar mechanisms occur 

across a range of other biological systems. They enable a fast and efficient means of responding 

to changes in the cellular redox state. In skeletal muscle, a range of redox signalling 

mechanisms have been identified including the glutathione and thioredoxin systems, along with 

various antioxidant proteins such as peroxiredoxins and superoxide dismutases. The former 

can act both as a redox sensor and as an antioxidant protein. These systems enable the muscle 

to detect and respond to changes in the intracellular microenvironment. All systems rely on the 

previously described reduction-oxidation chemical mechanism and utilise cysteine amino acids 

thanks to their ability to form and break disulphide bonds (Forman et al., 2014). Furthermore, 

recent work has gone so far as to demonstrate the requirement of ROS in signalling for 

maintenance and repair of plasma membranes via the requirement of mitochondria (Horn et al., 

2017). 

Irrespective of the origin of the ROS, the mechanism relies on the reversible formation 

of disulphide bonds utilising the thiol group of a cysteine amino acid, enabling a response to 

changes in intracellular ROS concentrations.  

A range of protein systems exist to finely react to and control intracellular ROS. 

Peroxiredoxins are antioxidant enzymes that reduce hydrogen peroxide to water in the presence 

of an electron donor. Six isoforms have been identified in mammals with Peroxiredoxin 3 and 

5 occurring in the mitochondria and 1, 2, 4 and 6 being cytosolic (Sobotta et al., 2015). Their 

presence in all species indicates their importance for survival across a wide range of organisms 
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(Rhee et al., 2001). Peroxiredoxins 1-5 contain two redox cysteines which enables them to be 

reduced by Thioredoxin. Peroxiredoxin 6 contains one cysteine which can be reduced by 

glutathione with Glutathione S-Transferase ́ (Monteiro et al., 2007). Peroxiredoxin 4 is 

membrane-bound but appears to be secretory in nature as it contains an amino-tail group that 

may be subject to a post translational cleavage (Sasagawa et al., 2001, Rhee et al., 2001). 

The Thioredoxin system contains the low molecular weight oxidoreductase enzyme 

Thioredoxin. It maintains substrates such as the peroxiredoxins in their active form. 

Thioredoxin relies on Thioredoxin Reductase (and NAD(P)H) to maintain it in a reduced, 

active form. Both proteins contain a selenocysteine at their active sites and occur in two forms: 

Thioredoxin 1/Thioredoxin Reductase 1 which are cytosolic and Thioredoxin2/Thioredoxin 

Reductase 2 which are mitochondrial. A third form of Thioredoxin Reductase has been 

identified in the testes called Thioredoxin glutathione reductase (TGR) and it is this third form 

that demonstrates the conjunction between Thioredoxin and Glutathione systems. Additionally, 

a secreted form of Thioredoxin is known although few details are known about its specific 

effects (Kalinina et al., 2008).  

The glutathionylation system reacts to changes in hydrogen peroxide by oxidation of 

reduced glutathione (GSH) to its oxidised form (GSSG). These changes can lead to S-

glutathionylation of other proteins as a post-translational modification, thus affecting their 

activities. This is another mechanism that links redox changes within the cell to protein 

modifications and enables a response to those changes (Munro and Treberg, 2017). Glutathione 

reduces the oxidised glutaredoxin proteins followed by reactivation of glutathione by 

glutathione reductase (Fernandes and Holmgren, 2004). Glutaredoxins are small redox 

sensitive proteins that contain a redox-active cysteine at their active sites (Holmgren, 1988). 

One paper has described glutaredoxin as a neuronal cell back-up to maintain Thioredoxin 

Reductase in a reduced state to maintain Thioredoxin functionality during times of high stress 
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(Branco et al., 2017). Glutathione peroxidases consist of eight currently known variants which 

convert Hydrogen peroxide to water in addition to reducing lipid hydroperoxides (Bhabak and 

Mugesh, 2010). These are also of importance for reducing oxidative stress within an organism. 

Chronic exposure to high concentrations of ROS (as seen in figure 1.3.2.1) may lead to 

either the formation of disulphide bonds, or irreversible modifications of the redox cysteine 

residues in a range of redox sensitive proteins. This may negatively affect a proteinôs ability to 

react to changes in intracellular ROS due to conformational changes or steric hindrance of the 

enzymeôs active site (Poole, 2015). 

1.5 Skeletal Muscle Ageing 

 Skeletal muscle ageing is associated with a loss of muscle mass and force which is 

generally referred to as sarcopenia. By 70 years old, human muscle cross sectional area is 

reduced by 25-30% and strength by up to 40% and a similar reduction is observed in rodents 

(Jackson, 2013). As the current work was performed on mouse skeletal muscle, consideration 

was given to how they change with age. Mouse skeletal muscle ageing involves the loss of 

muscle mass and force and hence are an appropriate model for investigating the changes in 

different skeletal muscles with age. One example is the autophagy response which has been 

demonstrated to react to the metabolic adaptation to exercise. In aged models the autophagic 

response appears to be impaired (O'Leary et al., 2013, Ferraro et al., 2014). 

Mouse quadriceps are fast glycolytic muscles responsible for swift responses to 

movement and sprinting in short bursts. As previously described, quadriceps energy 

metabolism predominantly utilises glycolysis to produce energy which can lead to a build-up 

of lactic acid due to an inability for the muscle to degrade it quickly enough. In comparison 

soleus muscles predominantly contain slow twitch fibres and use oxidative phosphorylation for 

the majority of their energy production. They are recruited for longer lasting muscle 

requirements such as maintaining posture and long-distance running. Studies of fast twitch 
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fibres has revealed they are more susceptible to age related loss than slow twitch fibres and fast 

twitch fibres appear to be more greatly affected by fibre type and size changes with age than 

their slow-twitch counterparts (Lexell, 1995). Oxidative phosphorylation appears to also 

change with age, with one study suggesting a decrease in mitochondrial ability to react to 

increased energy demand with age although this study examined liver samples from rats 

(Darnold et al., 1990). 

While there are several theories of ageing there is no one alone wholly explains the 

cellular mechanisms that underlie it (Jang et al., 2009). One theory is the DNA damage theory 

of ageing which postulates that defects in DNA machinery or chromatin affect the genes 

required for normal cellular function. Therefore when transcribed in later life, having been 

accessed many times already, the errors in the gene code build to a point where the protein 

loses functionality, either partially or wholly (Lenart and Krejci, 2016). Of specific interest to 

this thesis is the free radical theory of ageing (Harman, 1956). This has been developed over 

more than 50 years of biochemical research and suggests that the cellular production of ROS 

leads to the partial or full destruction of various proteins (Harman, 1956). ROS were initially 

considered as only having a negative impact on cellular function but more recently they have 

been observed as necessary for normal cellular function. Indeed, some studies have also 

demonstrated that reducing ROS across the board may have a negative impact upon cellular 

signalling responses to changes in oxidation states (Schieber and Chandel, 2014, D'Autreaux 

and Toledano, 2007, Ray et al., 2012).  

1.6 Thesis Aims and Hypothesis 

The aim of the work reported in this thesis was to assess changes to two murine skeletal 

muscle types, differentiated by their primary energy production mechanism for contractions, 

via the use of global label free proteomics and differential labelling for redox proteomics. This 

will increase the understanding of how ageing affects two metabolically distinct murine 
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skeletal muscles at the proteomic scale and in relation to the redox state of individual cysteine 

residues. Thiol signalling was specifically investigated since it provided a rapid and reversible 

mechanism for intracellular redox concentrations to be controlled in a healthy cell and the 

mechanism by which this is controlled is thought to be susceptible to changes in the 

intracellular redox state. 

The novelty of the work in this thesis is the proteomics analysis of how mouse skeletal 

muscle changes with age in relation to its redox proteome as this has not been previously 

performed. The study considered the quadriceps and soleus tissues from the mouse hind limbs 

due to their differences in physiological function and energy metabolism as described earlier. 

LC-MS/MS or tandem mass spectrometry was the primary technique employed. 

Widely used and quantitative, itôs ideal for studying complex samples such as tissues and 

characterising them. A two-pronged strategy used the relative quantitation of global label free 

proteomics data to determine large scale changes to the muscles along with differential 

labelling of specific cysteine residues which enabled the identification of changes to the redox 

state of individual proteins with age. 

It was hypothesised that the two muscle types will age differently due to their different 

metabolic and functional backgrounds. This was because the quadriceps, as a fast twitch muscle 

using predominantly glycolysis for energy metabolism, uses a different set of proteins for 

structure and function compared to the slow twitch soleus that uses oxidative phosphorylation 

for its energy metabolism. 

It was also hypothesised that differences in the changes to the redox state of each muscle 

type with age would be observed. It was thought this may be demonstrated by changes to 

quadriceps proteins involved in glycolysis (e.g. GAPDH) or soleus proteins involved in 

oxidative phosphorylation (e.g. ATP Synthase) which may decline in abundance with age. 
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2.1 Chemical Reagents 

Unless otherwise stated, all reagents used were obtained from Sigma Chemical 

Company, Dorset, UK. 

2.2 C57BL/6 Mice: Quadriceps and Soleus Muscles Dissection 

C57BL/6 male mice were purchased from Charles River and housed in the Specific 

Pathogen-Free (SPF) facility at the University of Liverpool for a minimum of 2 weeks prior to 

use. All mice had free access to standard chow and water. Experiments were performed under 

U.K. Home Office guide lines in accordance with the U.K. Animals (Specific Procedures) Act 

1986 and received ethical approval from the University of Liverpool Animal Welfare and 

Ethical Review Board. Sacrifice was by cervical dislocation. Only healthy, male mice were 

used to reduce variability and effects of hormones. Mice were selected at adult (12 months) 

and old (24 months) ages for mass spectrometry. Later, young (3 months old) mice became 

available and these tissues were used in western blotting and enzyme activity assays. 

Quadriceps and soleus muscles were removed and one of each type was cut and 

mounted transversely on a cork block in OCT before being frozen prior to histological 

examination. A portion of each was prepared for redox proteomic analysis the muscles were 

placed in 25 mM d0-N-ethylmaleimide (NEM) and 25 mM Ammonium Bicarbonate (pH 8). 

Whilst the remaining muscle was used for western blotting and immediately frozen in liquid 

nitrogen prior to storage at -80°C. 

2.3 Skeletal Muscle Homogenisation for Western Blotting 

Homogenisation required the samples to be kept on ice throughout the process. Samples 

were moved to a 1.5 mL microcentrifuge tube containing Ò 200 ɛL RIPA 

(Radioimmunoprecipitation Assay lysis buffer containing 50 mM Tris-HCl (pH=7.5), 1 mM 

EDTA, 150 mM NaCl, 0.1% w/v Sodium Deoxycholate and 1:1000 Protease Inhibitor 

Cocktail). The samples were initially minced with scissors followed by disruption with a 
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handheld homogeniser (Kontes Pellet Pestle Motor, Sigma Aldrich, Dorset) to further break 

down the muscle using three one-minute full -power bursts per sample. The samples were then 

centrifuged at 13,000 g for one minute at room temperature and the pellet formed was 

homogenised again (one one-minute burst per sample). A second centrifugation step at 12,000 

g for 15 minutes at 4°C was then performed. The supernatant was decanted into a new 0.5 mL 

microcentrifuge tube and stored at -80°C for further use and the pellet was discarded. 

2.4 Proteomics Sample Preparation and Analysis 

2.4.1 Proteomics Sample Preparation: Muscle Homogenisation 

 The samples were removed from -80°C storage, defrosted on ice and briefly centrifuged 

at 5,000 g for three minutes at 4°C. Samples were minced with scissors then homogenised 

using a hand-held homogeniser (Kontes Pellet Pestle Motor) in a solution of Ò 200 ɛL 

containing 20 ɛM Ammonium Bicarbonate and 25 ɛM N-ethylmaleimide (NEM) was used to 

block free thiols on proteins in the sample. A Bradford assay was performed to calculate initial 

protein concentrations (see 2.5.1, p.50). Desalting removed excess NEM using Zebra spin 

columns (Thermo Scientific, Hemel Hempstead, UK) and a second Bradford assay performed 

to recalculate protein concentrations and determine any protein loss during the desalting step. 

2.4.2 Proteomics Sample Preparation: Differential Labelling  

  100 ɛg of desalted protein extract was added to 25 mM Ammonium Bicarbonate up to 

a volume of 160 ɛL followed by 10 ɛL RapiGest (Waters, Hertfordshire, UK) with a 1% (w/v) 

starting concentration and ~0.05% (w/v) final concentration. Samples were incubated at 80°C 

for 10 minutes followed by reduction with the addition of 10 ɛL TCEP (100 mM). Samples 

were incubated at 60°C for ten minutes then allowed to cool to room temperature and briefly 

centrifuged to collect liquid. Alkylation was performed by adding 10 ɛL of d5-NEM (200 mM). 

Samples were incubated in darkness at room temperature for 30 minutes. Following this quality 

control sample ñAò was collected by sampling 10 ɛL into a new microcentrifuge tube. 10 ɛL 
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of a 200 ɛg/mL stock solution containing Trypsin and Ammonium Bicarbonate (in a 50:1 

protein:trypsin ratio) was then added and samples were incubated at 37°C for twelve to sixteen 

hours. Quality control sample ñBò (10 ɛL per sample) was collected following Trypsin 

digestion. Samples were briefly microcentrifuged to collect the digest and Trypsin was 

inactivated using Trifluoroacetic Acid (TFA) and incubated at 37°C for thirty to forty-five 

minutes. Samples were centrifuged at 13,000 g for fifteen minutes to remove any insoluble 

particles and the supernatant was carefully removed for immediate use in mass spectrometry. 

Quality control sample ñCò was collected at this point (10 ɛL).  

2.4.3 Tandem Mass Spectrometry and Label Free Relative Quantification 

An Ultimate 3000 RSLC (fast liquid chromatography) Nano system (Thermo 

Scientific) was coupled to a Q-Exactive mass spectrometer (Thermo Scientific) to perform the 

data-dependent label free analysis.  

5 ɛL (250 ng of protein) of sample was loaded onto a trapping column (Thermo 

Scientific, PepMap100, C18, 75 ɛm x 20 mm), using partial loop injection, for seven minutes 

at a flow rate of 4 ɛL /min with 0.1% (v/v) TFA. Resolution was performed on an analytical 

column (Easy Spray C18, 75 ɛm x 500 mm, 2 ɛm column) by preparing two solutions 

individually, prior to mixing in a specific ratio. An A gradient of 97% (containing 0.1% formic 

acid) and 3% B (99.9% Acetonitrile (CAN) and 0.1% Formic acid) to 60% A and 40% B over 

two hours at a flow rate of 300 nL/min. The program for data dependent acquisition consisted 

of a 70,000 resolution full scan for MS (Automated gain control (AGC) was set to 106 ions 

with a maximum fill time of 250 ms). The ten most abundant peaks were selected for MS/MS 

using a 17,000 resolution scan (AGC set to 5 x 104 ions with a maximum fill time of 250 ms) 

with an ion selection window of 3 m/z and a normalised collision energy of 30. A 30 s dynamic 

exclusion window was used to avoid repeat peptide selection in MS/MS. Detection of the 

peptides was performed by data dependent acquisition (DDA) which takes a select number of 
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peptide peaks from the initial scan according to a rule set and the corresponding ions were then 

verified against this initial set via tandem mass spectrometry (MS/MS).  

Raw spectra were converted to Mascot Generated Files (.mgf) using the Proteome 

Discoverer software (Thermo Scientific). These .mgf files were then searched against the 

Uniprot mouse sequence database (database last updated on 12th May 2012; 16,376 sequences 

were identified for Mus musculus) via an in-house Mascot database server (Matrix Science, 

London, UK). The search parameters were: peptide mass tolerances, 10 ppm; fragment mass 

tolerance, 0.01 Da, 1+, 2+ and 3+ ions; missed cleavages, 1; instrument type, ESI-TRAP. 

Variable modifications were included as: d0-NEM, d5-NEM, mono-, di-, and tri-oxidation of 

cysteine residues and oxidation of methionine. 

Label-free relative quantification software PEAKS 7 (Bioinformatics Solutions Inc., 

Waterloo, Canada) was used to analyse RAW data files against the same mouse protein 

database for identifications with Mascot (Zhang et al., 2012). Proteins were considered 

significantly changed between muscles in adult and old mice samples using the following 

criteria: -10 log P score of >20 (equivalent to a p value of 0.01), a fold change Ó 1.5 and using 

a quality value of 0.8. Data normalisation was performed using the total ion current (McDonagh 

et al., 2014b). 

 PEAKS7 software includes a post-translational modification (PTM) algorithm applying 

the de novo sequencing module to search for a limited number of PTMs. All identified PTMs 

using this method adhere to the above search criteria and FDR validation.  

2.4.4 Targeted Analysis of Differential Cysteine Labelling 

Redox cysteines were detected as being simultaneously reduced and oxidised, giving 

rise to their cellular redox flexibility as they can adjust to changes in predominantly reduced or 

oxidised environments. In our experiment cysteine containing peptides that were labelled with 

both d5-NEM and d0-NEM were identified as redox cysteine residues, those that reacted with 
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only d0-NEM were reduced and those with only d5-NEM were reversibly oxidised. Redox 

cysteine peptides were identified by detecting identical amino acid sequences containing d0 

and d5-NEM, confidence was determined by using a peptide score of >20.  

 Peptides detected from Proteome Discoverer analysis of RAW files were selected for 

targeted analysis using m/z data and retention with the open software Skyline (version 3.5) 

(MacLean et al., 2010). Targeted analysis applying m/z, retention times and fragmentation 

spectra for peptide selection allowed the calculation of the reduced/oxidised ratio (or d0/d5-

NEM) of the individual cysteine residues using the individual parent ion intensities with 

Skyline. For redox peptides the individual reduced/oxidised ratio for each redox cysteine 

peptide was used to calculate an average ratio of specific cysteine oxidised/reduced peptides.  

  Filtration parameters for proteomics results of the label free comparison contained a 

false detection rate (FDR) of 1%, a mass error tolerance of 10.0 ppm and a retention time shift 

tolerance of 0.5 minutes.  

2.4.5 Proteomic Data Analysis 

Skyline (MacLean et al., 2010) was used to quantify redox peptides. The ratio of the 

peptide labelled with light/heavy NEM allowed the calculation of an estimated of redox state 

of individual cysteine residues. This was performed on adult and old muscle enabling a change 

in redox state of individual cysteine amino acids to be determined. 
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Figure 2.4.5.1 Schematic demonstrating differential labelling of proteins with light and heavy 

N-Ethylmaleimide. Following homogenisation, the protein free thiol groups are blocked with 

light NEM (d0-NEM). Excess NEM was removed and oxidised thiol groups are reduced in 

TCEP, the heavy isoform (d5-NEM) was then added to label the reversibly oxidised thiol 

groups within the protein and the excess removed. The labelled proteins are digested with 

Trypsin and injected into the HPLC column for mass spectrometry analysis. This approach 

enables a label free analysis of all detected peptides within the sample along with differentially 

labelled proteins which can indicate changes to their redox state. Peaks was used to analyse the 

label free data whilst Skyline was used for analysis of the differentially labelled peptides 

(reproduced with permission from B. McDonagh (McDonagh et al., 2014b)). 

 

 Figure 2.4.5.2 describes the layout of the Skyline desktop used for quantifying the redox 

state of specific cysteine residues. The left-hand panel contains the list of redox cysteine-

containing peptides identified using Proteome Discoverer (v 1.4). The highlighted peptide then 

has its corresponding information displayed in the other three panels onscreen. The peptide 

information corresponds to a peptide library as identified by MS/MS fragmentation and 

corresponding to the mass of the peptide plus the d0-NEM (+125.14) or d5-NEM (+130.14). 
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The upper central pane contains the chromatogram for the selected peptide strand, the lower 

central panel contains the peptide retention times and the right-hand panel contains the peak 

area. It is this final panel that is used to determine the differences in oxidation state of the redox 

cysteine. The red line indicates the peak intensity for a peptide fragment detected with a redox 

cysteine labelled with d0-NEM (light isotope), and the blue is d5-NEM (heavy isotope) labelled 

redox cysteine. The samples are quadriceps and soleus muscles from five adult mice and six 

old mice. 

The supplementary information at the end of this thesis contains label free protein 

details for the appropriate Venn diagrams and tables However the proteomics data was 

submitted to an online repository called DataCat at the University of Liverpool due to the size 

and formatting of the data. The online archive contains the following files in their original 

Excel (.xlsx) format. The files submitted are: S1 - Quadriceps All Detected Proteins; S2 ï 

Quadriceps Significantly Changed Proteins; S3 ï Adult Quadriceps Redox Proteins; S4 ï Old 

Quadriceps Redox Proteins, S5 ï Soleus All Detected Proteins; S6 ï Soleus Significantly 

Changed Proteins; S7 ï Soleus Adult Redox Proteins; S8 ï Soleus Old Redox Proteins). They 

can be accessed at 10.17638/datacat.liverpool.ac.uk/437. 

 

http://dx.doi.org/10.17638/datacat.liverpool.ac.uk/437
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Figure 2.4.5.2 Skyline example desktop layout. Left-hand panel contains the redox peptide sequences, upper centre contains the chromatogram of 

the selected peptide and beneath it is the retention time for the samples containing this peptide. Right-hand panel contains the relative intensity 

(peak area) of the peptides as detected by the mass spectrometer and was used to determine redox ratio shifts for individual cysteine amino acids. 
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(B) 

2.5 SDS-PAGE and Western Blotting 

2.5.1 Determining Protein Concentration ï Bradford Assay 

 A standard curve of known Bovine Serum Albumin (BSA) protein concentrations was 

prepared with a range of 0 to 10 ɛg/mL. Protein samples were removed from -80°C storage, 

defrosted on ice and briefly mixed using a pipette before diluting 1:1000 for quadriceps 

samples and 1:500 for soleus samples, in dH2O. Quick Start Bradford Reagent (BioRad) was 

diluted 1:5. A Corning 96-well plate (Sigma Aldrich, Dorset, UK) was loaded with 100 ɛL of 

protein sample dilution and 100 ɛL of diluted Quick Start Bradford Reagent. The plate was 

analysed using a Spectrostar Nano (BMG-Labtech) spectrophotometer at 595 nm. The protein 

concentrations were determined using the standard curve. Confirmation of equal protein 

loading was initially performed via a Coomassie Blue stain for each sample at the beginning 

of the study. Subsequent equal loading checks were performed using the Ponceau S stain. 

 

Figure 2.5.1 (A) Example Ponceau S stain showing the layout of a western blot of gels with a 

secondary antibody control sample (only used for the initial experiment with a new antibody). 

Dual Color marker was used to determine the relative molecular weights. Protein samples (25 

ɛg) were loaded from left to right in ascending age. (B) An example standard curve produced 

with BSA for determining protein concentration following homogenisation. 
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2.5.2 Western Blotting 

Protein concentrations were determined using a Bradford Assay (figure 2.5.1.1 (B)) and 

a specified amount of protein (in ɛg) was added to Laemmli buffer (Glycerol, Bromophenol 

Blue & 5% ɓ-Mercaptoethanol). N-ethylmaleimide was added to inhibit oxidation of any 

remaining free thiols. Samples were denatured by heating to 95°C for 10 minutes then allowed 

to cool before loading 25 ɛg protein on 10% or 12% acrylamide resolving gels (comprising 

Acrylamide, Tris-HCl (pH 8.8), dH2O, Ammonium Persulphate and TEMED (N, N, Nô, Nô-

Tetramethylethylenediamine). Separation of proteins based on molecular weight was 

performed at 120 V over two hours. Subsequently, the proteins were transferred to 

nitrocellulose membranes (unless otherwise stated) at 100 mA per gel over one hour. Ponceau 

S stain identified a successful transfer and even loading of the gel by highlighting the protein 

bands of similar size and location on the gel across all samples. Multiple band intensities per 

lane were used for image normalisation via total protein amount. Membranes were blocked 

using 3-5% non-fat dry milk (NFDM) dissolved in TBS-Tween20 (distilled H2O, 20 mM Tris-

HCl, 150 mM NaCl and 0.1% Tween 20, pH adjusted to 7.40) for one hour at room temperature, 

followed by washing three times for five minutes with TBS-T.  A range of primary antibodies 

were used (Table 1) which were obtained from Abcam and Cell Signalling Technologies 

(diluted as required in either 3-5% NFDM or BSA). Primary antibodies were incubated with 

the membrane overnight at 4°C with constant agitation. Membranes were then washed with 

TBS-T three times for five minutes. Horseradish peroxidase-conjugated secondary antibodies 

(anti-mouse (7076 S, 1:3000) and anti-rabbit (7074 S, 1:3000) IgG (Cell Signalling 

Technologies, Hitchin, UK) and anti-goat IgG (A5420, 1:2000, Thermo Scientific, 

Loughborough, UK), were all diluted in TBS-T. Peroxidase activity was detected using the 

enhanced chemiluminescence (ECL) kit (Amersham International, Cardiff, UK) and band 

intensities were analysed on a BioRad ChemiDoc XRS+ (BioRad, US) using ImageLab (v5; 
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BioRad, US). Any potential cross reactivity of secondary antibodies was examined in initial 

blots by incubating protein samples with only the secondary antibody. Molecular weight was 

determined using Dual Color markers (BioRad, US).  

In a handful of cases, it was necessary to re-probe a membrane due to the limited 

availability of soleus muscle tissue. In this case the membrane would first be washed three 

times with TBS-T at room temperature, followed by using a mild stripping buffer containing 

15 g glycine, 1 g SDS and 10 mL Tween20 all in distilled H2O and pH adjusted to 2.2. This 

was done with enough solution to cover the membrane and at room temperature whilst rocking 

for ten minutes. The solution was discarded, fresh buffer applied for another 10 minutes with 

rocking at room temperature. Finally, three washes with TBS-T were performed for five 

minutes each before checking the membrane with ECL to ensure sufficient removal of the 

antibodies. The membrane was washed again three times for five minutes each in TBS-T before 

adding the new primary antibody and following the protocol as previously detailed. 

Normalisation of Data 

Normalisation of the blots used the corresponding Ponceau S band intensities. Several 

bands per lane were measured in ImageLab (v5; BioRad, US) and the mean determined before 

dividing the band intensity by the corresponding Ponceau S value. This was performed for all 

western blot experiments.
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Table 1 Western Blotting Primary Antibodies  

 

 

 

Table 1. List of all primary antibodies used throughout this study, with their accompanying details, including, where noted, their product codes/Lot#.

Name Abbreviation Mw Company Product Code LOT # Dilution
Blocking 

Agent
Secondary Reqd.

AMP kinase alpha AMPk 62 kDa Cell Signalling Technology #19 1:1000 3% BSA Anti-Rabbit

p-AMPKinase-alpha p-AMPKa 60 kDa Cell Signalling Technology 2531 S #13 1:1000 3% BSA Anti-Rabbit

beta-Actin b-Actin 42 kDa Abcam ab8224 GR180618-11:5000 3% Milk Anti-Rabbit

Aconitase Acon. 86 kDa Abcam ab129069 GR81376-7 1:5000 3% Milk Anti-Rabbit

Carbonylation (Whole Blot) Anti-DNP Full Blot Invitrogen 713500 1:1000 5% Milk Anti-Rabbit

Catalase Cat 60 kDa Abcam ab16731 1:2000 3% Milk Anti-Rabbit

Copper-Zinc Super Oxide Dismutase SOD1 16 kDa Enzo ADI-SOD-100 1051228 1:1000 3% Milk Anti-Rabbit

DJ-1/PARK7 DJ-1/PARK7 20 kDa Abcam ab76241 YF021904 1:1000 3% Milk Anti-Rabbit

DJ-1/PARK7 - SO3H DJ-1/PARK7-SO3H20 kDa Abcam ab169520 GR121877-71:1000 3% Milk Anti-Rabbit

Glutathione-S-Transferase mu GST-mu 26 kDa Abcam ab108524 YK080204PS1:1000 3% Milk Anti-Rabbit

Glucose regulated protein-78 (or Binding immunoglobulin protein) Grp78 72 kDa Enzo ADI-SPA-826 1:1000 3% Milk Anti-Goat

Glutathionylation (Whole Blot) GSH Full Blot Virogen 101-A-100 1:3000 3% Milk Anti-Mouse

Glyceraldehyde-3-Phosphate Dehydrogenase GAPDH 36 kDa Abcam ab8245-100 GR663132 1:30000 3% Milk Anti-Mouse

Glutaredoxin 1 Grxn1 12 kDa Abcam ab187507 GR198757-11:2500 3% BSA Anti-Rabbit

Glutaredoxin 2 Grx2 18 kDa Abcam ab85267 GR26904-9 1:500 5% Milk Anti-Rabbit

Glutathione Peroxidase 1 Gprx 1 22 kDa Abcam ab22604 GR172870-1 1:500 5% Milk Anti-Rabbit

HSC70 HSC70 73 kDa Stressgen Bioreagents #04190606 1:4000 5% Milk Anti-Rat

HSP70/HSP72 (Inducible form under RO stress) HSP70 70 kDa Enzo ADI-SPA-810 #12071118 1:1000 3% Milk Anti-Rabbit

Manganese Superoxide Dismutase SOD2 25 kDa Enzo ADI-SOD-111 1:1000 3% Milk Anti-Rabbit

Mitochondrial Brown Fat Uncoupling Protein 1 UCP1 32 kDa Abcam ab10983 GR169579-41:1000 5% Milk Anti-Rabbit

Mitochondrial Uncoupling Protein 3 UCP3 36 kDa Abcam ab3477 GR150688-51:1000 3% BSA Anti-Rabbit

Sulfiredoxin 1 Srxn1 14 kDa Abcam ab92298 GR40165-6 1:1000 3% Milk Anti-Goat

Peroxiredoxin 1 Prdx1 22 kDa Abcam ab15571 GR49827-2 1:1000 3% Milk Anti-Rabbit

Peroxiredoxin 2 Prdx2 27 kDa Abcam ab59539 GR106211-11:1000 3% Milk Anti-Rabbit

Peroxiredoxin 3 Prdx3 27 kDa Abcam ab16751 GR40935-1 1:1000 3% Milk Anti-Rabbit

Peroxiredoxin 4 Prdx4 29 kDa Abcam ab16943 GR140162-11:1000 3% Milk Anti-Mouse

Peroxiredoxin 5 Prx5 22 kDa Abcam ab16944 GR64420-111:1000 3% Milk Anti-Mouse or Anti Human

Peroxiredoxin 6 Prdx6 25 kDa Abcam ab133348 GR145006-11:1000 3% Milk Anti-Rabbit

Peroxiredoxin-SO3 Prx-SO3 Full Blot Abcam ab16830 1:1000 3% Milk Anti-Rabbit

Protein Disulphide Isomerase PDI/P4HB 57 kDa Abcam ab137110 GR104170-81:1000 3% Milk Anti-Rabbit

Sirtuin 1 Sirt1 80-110 kDa Abcam ab12193 GR79677-241:1000 5% Milk Anti-Rabbit

Sulfiredoxin 1 Srxn1 14 kDa Abcam ab92298 GR40165-6 1:1000 3% Milk Anti-Goat

Thioredoxin 1 Trx1 12 kDa Abcam ab86255 GR43357-5 1:1000 3% Milk Anti-Rabbit

Thioredoxin 2 Trx2 26 kDa Abcam ab16857 GR53127-101:1000 3% Milk Anti-Goat

Thioredoxin Reductase 1 TrxR1 55 kDa Santa Cruz sc20147; H-270 A1604 1:1000 3% Milk Anti-Rabbit

Thioredoxin Reductase 1 TXNRD1 55 kDa Abcam ab16840 GR172892-11:2000 3% BSA Anti-Rabbit

Thioredoxin Reductase 2 TXNRD2 55 kDa Abcam ab16841 GR779345 1:1000 3% Milk Anti-Mouse

Thioredoxin Interacting Protein TXNIP 45 kDa Abcam ab86993 GR132784-11:1000 3% Milk Anti-Mouse
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2.6 Analysis of Carbonylation 

 A denaturation solution (50 mM Tris-HCl (pH 7.50), 8M Urea, 2% (w/v) CHAPS (3-

[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate)) was prepared along with 4 ɛM 

DNPH ((2, 4-dinitrophenyl) hydrazine) solution (initially prepared as 40 ɛM DNPH in 100 ɛL 

TFA followed by a 1:10 dilution in dH2O due to DNPHôs poor solubility). 100 ɛg protein was 

denatured with 10 ɛL denaturation solution then 10 ɛL DNPH solution. Samples were briefly 

vortexed then incubated at room temperature (25°C) for fifteen minutes, agitated throughout. 

2 M Tris neutralised the denaturants and a colour change from light to very dark orange was 

observed. Excess acetone was then added to precipitate the protein and incubation at -20°C for 

less than one hour (vortexing throughout). Samples were then pelleted at 12,000 g for five 

minutes at 4°C. Supernatant was removed and 50 ɛL dH2O was added to remove salts along 

with another excess of acetone. Precipitation was repeated for >1 hour at -20°C, vortexing 

throughout and pelleting again at 12,000 g for five minutes at 4°C. The supernatant was 

removed, and the pellet allowed to air dry. The pellet was resuspended in denaturation solution 

and a Bradford Assay indicates the carbonylated protein concentration. 

2.7 Analysis of Glutathionylation  

 The glutathionylation blot shows proteins conjugated to glutathione suggesting a 

change in overall cellular redox state. Samples were prepared under non-reducing conditions, 

containing no ɓ-Mercaptoethanol. All other aspects of the blot were the same as performed for 

a standard western blot. 

2.8 Enzyme Activity Assays 

2.8.1 Aconitase Enzyme Activity 

 The enzyme activity of aconitase was determined by measuring the reaction of citrate 

to isocitrate. This is a coupled reaction requiring aconitase along with the conversion of NAD+ 
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to NADH and the outcome is measured using colorimetry. Throughout the experiment all 

samples and reagents were kept on ice. 

 A stock solution of 50 mM Tris-HCl was prepared and adjusted to pH 7.40. Two buffer 

solutions were prepared: 5 mM Tri-sodium citrate dehydrate and 0.6 mM Manganese (II) 

chloride tetrahydrate. Finally, the enzymatic reagents were prepared: 20 mM ɓ-NADP+
 

(Nicotinamide adenine dinucleotide phosphate) and two units of IDH (Isocitrate 

Dehydrogenase; 9.4 mg/mL equal to 9.4 units/mg). The reaction solution was then prepared by 

mixing the ɓ-NADP+, IDH, 50 ɛg protein and the buffer solution in a 50 ɛL reaction mixture 

for each well. Experiments used a Costar 3603 96-well glass bottomed plate (Sigma-Aldrich 

UK, Dorset) and measurements made on a Fluostar Optima (BMG Labtech, Germany) with 

emission at 340 nm and absorption at 440 nm with controls measured against blanks. Results 

are expressed as nmol/min/mg protein. 

2.8.2 Thioredoxin and Thioredoxin Reductase Enzyme Activity Assays 

 Enzyme activity for Thioredoxin and Thioredoxin Reductase was determined using an 

end-point insulin-dependent reduction assay or Ellman assay. This utilises the reaction between 

thiols and TNB- which produces a yellow colour that can be quantified by spectrometry. A 

buffer solution was prepared containing 84 mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) at pH 7.60, 1.3 mM NADPH (reduced nicotinamide adenine 

dinucleotide phosphate), 12.5 mM EDTA (Ethylene diamine tetra-acetic acid) and 314 µM 

Insulin. An activating solution contained 1 M HEPES at pH 7.60 and 1mM DTNB (5,5'-

dithiobis-(2-nitrobenzoic acid). Finally, a stopping solution was prepared containing 6 M 

Guanidine-HCl and 1 mM DTNB. A Costar 3603 96-well glass bottomed plate (Sigma-Aldrich 

UK, Dorset) was used and 50 ɛg protein was added to the buffer and activating solutions mixed 

in a well. Control wells contain buffer and activating reagents, no sample and have stopping 

solution added immediately. Following preparation of the plate, it was incubated at 37°C for 
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forty minutes after which an excess of stopping solution was added to all wells and the plate 

analysed at 412 nm on a Fluostar Optima (BMG Labtech, Germany). The resulting units were 

expressed as nano-moles per minute per milligram of protein (nmol/min/mg Protein) (Arner et 

al., 1999, Prigge et al., 2012). 

2.9 Cell culture 

2.9.1 Media Preparation 

C2C12 standard growth and maintenance used Dulbeccoôs Modified Eagleôs Medium 

High Glucose (DMEM; Sigma-Aldrich, Dorset, UK) containing 10% Foetal Bovine Serum 

(Gibco, Thermo-Fisher Scientific, Paisley, UK), 1% L-Glutamine (Lonza, Yorkshire, UK; 

200mM) and 1% Penicillin-Streptomycin (5,000 units of penicillin and 5 mg/mL 

streptomycin).  

Phosphate buffered saline (PBS; Sigma-Aldrich, Dorset, UK) contained 1% Penicillin-

Streptomycin. 

Differentiation of cells required DMEM with 2% horse serum (HS; Sigma-Aldrich, 

Dorset, UK), 1% L-Glutamine (200mM) and 1% Penicillin-Streptomycin. 

Cell storage media contains 80% standard DMEM + 20% DMSO (Dimethyl sulfoxide; 

Sigma-Aldrich, Dorset, UK). As DMSO is toxic to the cells at room temperature, this time was 

minimised. All percentage values are final concentrations unless otherwise stated. 

2.9.2 C2C12 Myoblast Culture, Differentiation and Storage 

1-1.5 mL aliquots of C2C12 cells were stored in 2 mL cryovials in liquid nitrogen. Cells 

were thawed at 37°C for five minutes, resuspended in standard media and centrifuged at 1,000 

rpm for ten minutes. The supernatant was discarded, and the pellet resuspended in 1 mL fresh 
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media. Cells were seeded in a T25 containing 4 mL standard DMEM and grown to 70% 

confluence. In all cases cells were checked daily to ensure normal and regular growth. 

At 70% confluency cells were detached from the T25 surface using 1 mL Trypsin-

EDTA solution (Sigma-Aldrich, Dorset, UK) and incubated at 37°C for 5 minutes followed by 

a brief but severe agitation to dislodge any remaining cells. Successful trypsinisation was 

confirmed by light microscopy. Trypsinised cells were suspended in standard media and 

pelleted at 1,000 g for ten minutes. The supernatant was discarded, and the pellet resuspended 

in 10 mL standard media. Cell numbers were determined using a Trypan Blue stain (Sigma-

Aldrich, Dorset, UK) via haemocytometry. 10 ɛL of cells were mixed with 10 ɛL Trypan Blue 

and allowed to stand for five minutes. 2 x 10 ɛL of mixture was then loaded onto a 

haemocytometer on each grid. A glass cover slip was applied ensuring no bubbles were present 

in the cell counting regions. Cells were manually counted using a light microscope at 10X 

magnification. 

For general cell maintenance after pellet resuspension C2C12s were diluted 1:10, 

seeded in a T75 and grown to 70% confluence over twenty-four hours. Incubator conditions 

were 37°C, 5% CO2 and 21% O2. Seeding of 6-well plates required 5.0-7.5x105 cells per well 

in standard media. 70% confluency was achieved in less than twenty-four hours. 

Differentiation of C2C12 myoblasts to myotubes was performed in their flask or plate. At 

approximately 80% confluency the standard growth media was removed and replaced with 

differentiation media. Storage of C2C12 cells required removal of DMEM and washing twice 

in 12 mL standard PBS. 2 mL Trypsin was added to each flask and incubated for approximately 

three minutes. Then 10 mL fresh standard DMEM was added to dilute the Trypsin and the cells 

moved to a falcon tube for centrifugation at 1000 rpm for five minutes. The old DMEM was 

removed and replaced with freezing media. 1-2 mL freezing media was added per 2.5 mL 

cryovials. The vials were labelled with cell type, name, date of freezing and the passage number 
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of the cells. Initially the vials were cooled for two to four hours at -80°C before being moved 

to a liquid nitrogen dewar for long term storage.  

2.9.3 C2C12 Myotube Stretching 

C2C12 cells were isolated and seeded at 7.5x105 cells per well onto three BioFlex® 

Culture Plates coated with Collagen I. These plates had a flexible bottom membrane that 

allowed stretching of cell in a radial and circumferential manner. >90% confluency was 

achieved in twenty-four hours after which standard media was removed, the cells washed twice 

with PBS and differentiating media added. Cells were allowed to grow under differentiating 

conditions for two days before the differentiation media was renewed. Cells were not washed 

with PBS during differentiation stage. Following four days differentiation, the cells were 

stretched on the FlexCellÈ Loading StationÊ attached to a PC with FlexCellôs FX-4000 

International v4.0 software for controlling experimental parameters. 

 

Figure 2.9.3.1 (A) FlexCell 6-well plates with stretchable bases. (B) The rubber gasket and 

loading station. P indicates one of the platforms for the well to sit on. The vacuum then pulls 

the edges of the well at intervals set in the software (see also figure 2.10.3.2). This was stationed 

in the incubator to maintain experiments at 37°C and 5%CO2. Silicone gel was spread around 

the edge of the plates to ensure an air-tight seal with the gasket. The image was adapted from 

FlexCellÊ marketing media. 

 

A) B)


