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Abstract 
 

Skeletal muscle is a major site of energy metabolism and critical to metabolic health. 

Bioavailability of the redox coenzyme nicotinamide adenine dinucleotide (NAD+) is essential 

for metabolic function, which is also consumed by NAD+ dependent signalling enzymes 

driving metabolic adaptation. Ageing and a sedentary lifestyle is accompanied by metabolic 

dysregulation partly attributable to a decline in skeletal muscle NAD+ levels. The functional 

relevance of NAD+ salvage from the dietary vitamin B3 precursor nicotinamide riboside (NR) 

via the rate limiting, muscle specific nicotinamide riboside kinase 2 (NRK2) enzyme is 

unclear, and could constitute an exploitable pathway for maintaining NAD+ levels with age. 

Using a novel in vivo skeletal muscle NRK2 overexpressing (NRK2.Tg) mouse model, this 

thesis determined that NRK pathway augmentation does not affect development or young 

metabolic phenotype, with no significant changes to the NAD+ metabolome or metabolic 

phenotype in aged animals with or without oral NR supplementation. These data further 

support evidence that the metabolic contribution of NRK mediated NAD+ salvage is 

dispensable in skeletal muscle. However, aged NRK2.Tg quadriceps, gastrocnemius and 

soleus muscles were significantly enlarged, suggesting resistance to sarcopenia. Aged 

NRK2.Tg myofibres presented with historic regeneration and perturbed NAD+ dependent 

cell-ECM adhesion processes, identifying the importance of localised NAD+ salvage via NRK2 

for in vivo mammalian skeletal muscle remodelling. 
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Due to recent healthcare advances, the global population is becoming increasingly aged (1). 

However, the rate of increase in human lifespan has not been matched by improvements to 

healthspan, significantly increasing pressure on healthcare services worldwide (2, 3). Skeletal 

muscle mass and function is progressively lost with age and disuse, significantly affecting 

healthspan due to its central importance to locomotion and overall metabolic health (4, 5). 

The clinical manifestation of skeletal muscle loss, termed sarcopenia, affects over 50 million 

people worldwide and is predicted to rise to 200 million over the next 40 years (6, 7). 

Sarcopenia is anticipated by perturbations to energy metabolism including reduced insulin 

sensitivity and mitochondrial health (8), and closely correlates with further chronic disease 

states including type II diabetes, osteoporosis and metabolic syndrome (9, 10). Improved 

knowledge of the molecular mechanisms responsible for aged skeletal muscle decline is 

therefore of paramount importance for establishing combative strategies.  

 The importance of the redox cofactor and metabolic signalling cosubstrate 

nicotinamide adenine dinucleotide (NAD+) to skeletal muscle health has recently been 

described (11), the levels of which decline with age (12). Skeletal muscle NAD+ repletion 

mechanisms may therefore constitute key therapeutic targets, but are not yet fully defined 

(13). Skeletal muscle NAD+ is primarily salvaged through the vitamin B3 precursor 

nicotinamide (NAM), though enzymes which process the more recently discovered precursor 

nicotinamide riboside (NR) (14) are also active (15), including the skeletal muscle specific 

nicotinamide riboside kinase 2 (NRK2). Interest in this pathway has increased over recent 

years (13, 15-17), but the specific roles of NRK2 in skeletal muscle remain poorly defined. 

This thesis therefore aims to further elucidate the metabolic relevance of the NRK/NR 

salvage pathway with age through a novel NRK2 skeletal muscle exclusive overexpressing 
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mouse model, alongside any potential muscle specific cellular roles of the NRK2 enzyme 

itself. 

 This introduction will provide a general overview of skeletal muscle embryogenesis, 

structure and function alongside oxidative metabolism and the role of NAD+ as a redox 

cofactor and metabolic signalling substrate. The importance of skeletal muscle to metabolic 

health will also be discussed in the context of ageing and NAD+, with a thorough review of 

cellular NAD+ salvage pathways and repletion strategies. Finally, current knowledge 

surrounding the nicotinamide riboside/nicotinamide riboside kinase (NR/NRK) pathway in 

skeletal muscle will be explored along with the specific roles of NRK2 in skeletal muscle, 

outlining the foundations of the specific aims of this thesis. 

1.1 Skeletal muscle structure and function 

Skeletal muscle is a contractile tissue that is essential for locomotion and metabolic 

homeostasis (18). It is the largest organ in the body, accounting for 40% of the total body 

mass of a healthy adult and 50-75% of all body proteins. Skeletal muscle is highly 

vascularised and innervated, and the maintenance of healthy skeletal muscle is essential for 

preserving systemic homeostasis and overall healthspan (18, 19). 

1.1.1 Skeletal muscle structure 

The mammalian body possesses three types of muscle – smooth muscle which forms organs 

such as the bladder and stomach and involuntarily contracts to facilitate organ function, 

cardiac muscle that contracts the heart enabling it to pump blood, and skeletal muscle which 

mediates voluntary movement and is mainly located proximally with bones (20). Skeletal 
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muscle is rigidly organised at both macro and microscopic level, and characterised by long, 

multinucleated cylindrical cells termed myofibres (18). Myofibres are coated in connective 

tissue, termed the endomysium, and held together in bundles, termed fascicles, by a further 

layer of connective tissue called the perimysium. An outer layer of connective tissue bundles 

the fascicles together to form the whole muscle (18) (Figure 1-1). 

 
Figure 1-1 – Simplified overview of skeletal muscle macroscopic, microscopic and 
molecular contractile structure. Skeletal muscle structure is rigidly organised from 
macroscopic to molecular level and reflects its contractile function. The sarcolemma and 
sarcoplasmic reticulum (SR) are not depicted.  

 The microscopic structure of myofibres reveals their contractile function, being 

composed of filamentous myofibrils that are 1-2 µm in diameter and extend throughout the 

fibre (18). Individual myofibrils are surrounded by the sarcoplasmic reticulum (SR), an 

extensive membrane bound calcium ion (Ca2+) storage organelle essential for skeletal muscle 
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contraction and signalling processes (21). Myofibrils are further subdivided by their 

appearance into thin and thick fibres, which differ in their composition of filamentous 

contractile proteins of which actin and myosin are the most important. Thin fibres are 

comprised mainly of actin filaments with other important proteins such as troponin, 

tropomyosin and titin, while thick fibres contain mainly myosin. Thick and thin filaments are 

orientated in parallel against each other within myofibrils forming the sarcomere, which 

bestows the characteristic striated appearance and is the essential basic unit for skeletal 

muscle contractility (18) (Figure 1-1). Sections that are rich in thick fibres are termed the A 

bands with thin filament rich areas termed I bands, and the Z lines in which thin filaments 

are bound to mark the boundary between individual sarcomere units (18) (Figure 1-1).  

1.1.2 Contraction of skeletal muscle 

The musculoskeletal system is essential for locomotion, posture, stability and movement of 

the chest wall for physiological respiration, all of which rely on skeletal muscle contraction. 

Voluntary contraction is coordinated by the somatic nervous system (SNS), whereby a 

process termed excitation-contraction coupling is induced through motor neuron signalling. 

An action potential is initiated, triggering a signalling cascade releasing Ca2+ ions from the 

peri-myofibrillar SR into the sarcoplasm which interact with the Ca2+ sensor troponin C (22). 

This removes troponin I/tropomyosin inhibition on the actin/myosin interaction by 

reforming the actin-troponin-tropomyosin complex and exposing the actin active site for 

interaction with myosin (23). The myosin head binds to actin in its high energy adenosine 

diphosphate (ADP) and phosphate group (Pi) bound state, forming a cross bridge between 

the thick and thin filaments. ADP + Pi then dissociates from myosin inducing a 
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conformational change, causing the myosin head to pivot and pull the actin filament towards 

the M line (22, 24). Adenosine triphosphate (ATP) then binds to the myosin head causing it 

to detach, before the ATP is hydrolysed to ADP + Pi “cocking” the head and preparing it for 

binding to the actin active site if available. This process repeats itself as more ATP attaches 

and is hydrolysed, shortening the I band and reducing the distance between Z discs and 

ultimately resulting in contraction of the skeletal muscle. This molecular mechanism, termed 

the “sliding filament theory”, and is highly conserved across the animal kingdom (18) (Figure 

1-2). 

 
Figure 1-2 – The sliding filament model. The interaction of actin and myosin followed by 
ATP-dependent conformational change of the myosin “head” results in linear displacement 
of the actin filament relative to myosin, driving muscular contraction.  
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1.1.3 Skeletal muscle fibre types 

Different skeletal muscle beds are responsible for varying tasks which require differing levels 

and intensities of activity. To accommodate for this, mammals have three different skeletal 

muscle fibre type variants which possess different energetic and contractile properties. 

These include type 1, type 2A and type 2X/B (humans/rodents respectively) fibres which are 

identified though differential expression of myosin heavy chain isoforms (Table 1-1) (25, 26). 

Type 1 fibres typically derive energy from oxidative metabolism and are termed slow-twitch 

fibres, while type 2X/B fast-twitch fibres primarily rely on glycolysis, a faster yet inefficient 

method of energy generation that does not require oxygen (27). Type 2A fibres are an 

intermediate of the two and as such are termed fast twitch oxidative fibres (Table 1-1).   



Chapter 1  Introduction 

8 
 

Table 1-1 – Relative properties of skeletal muscle subtypes. Information obtained from 
Zierath and Hawley, 2004 (28) and Schiaffino and Reggiani, 2011 (26). 

 Type 1 Type 2A Type 2X 

(Humans) 

Type 2B 

(Rodents) 

Role Prolonged, low 

intensity 

contractions 

Short, high 

intensity 

contractions 

Very short, very 

high intensity 

contractions 

Very short, very 

high intensity 

contractions 

Metabolic 

energy source 

and efficiency 

Oxidative 

(aerobic) - high 

Oxidative and 

glycolytic 

(anaerobic) - 

moderate 

Glycolytic 

(anaerobic) - low 

Glycolytic 

(anaerobic) - low 

Myosin heavy 

chain isoform 

Myh7 Myh2 Myh1 Myh4 

Contraction 

time 

Slow (90 – 140 

ms) 

Moderate (50 – 

100 ms) 

Fast (40 – 90 

ms) 

Very fast 

Contraction 

force 

Low Moderate High Very high 

Endurance High Moderate - high Moderate Low 

Oxidative 

Capacity 

High Moderate Low Low 

Mitochondrial 

Density 

High Moderate Low Low 

Capillary 

Density 

High Moderate Low Low 

Main energy 

storage 

molecules 

Triglycerides Glycogen, 

phosphocreatine, 

triglycerides 

Glycogen, 

phosphocreatine 

Glycogen, 

phosphocreatine 

  

Slow-twitch fibres have an enriched blood supply, high myoglobin content and an 

abundance of mitochondria relative to glycolysis dependent fast-twitch fibres. As a result, 

slow twitch fibres are resistant to fatigue but have a slow contraction time and cannot 

produce as intense force, while fast twitch fibres quickly generate strong contractile force 

but fatigue quickly (27). The muscle fibre type compositions of individual skeletal muscle 

beds are heterogeneous, and reflect the metabolic and contractile demands imposed on 
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them by their primary function (29). Muscles responsible for high endurance, low intensity 

activities such as maintaining standing posture are comprised mostly of slow-twitch fibres, 

while muscles intended for short, explosive bouts of high intensity activity such as sprinting 

or heavy lifting are composed mostly of fast-twitch fibres (29). The ratio of fast to slow 

twitch fibres is largely genetically determined, but can also be influenced by external factors 

such as adaptations to exercise training (27, 30). Endurance training leads to hypertrophy 

and increased percentage of slow twitch fibres, whilst explosive high intensity training will 

result in augmentation of fast twitch fibres due to their respective roles in meeting the 

energy requirements for such activities (30).  

1.2 Skeletal muscle development and regeneration 

1.2.1 Skeletal muscle myogenesis - paraxial mesoderm differentiation 

In mammalian embryos, skeletal muscle develops from the paraxial mesoderm which itself 

forms early in embryogenesis during the primitive streak/blastopore stage of gastrulation 

and also late during embryonic axis elongation in the tail bud (31). The anterior region of the 

nascent paraxial mesoderm then forms somites which then compartmentalise into a dorsal 

epithelial dermomyotome and undergo further involution to form the myotome (31). 

Skeletal myogenesis initially requires the commitment of premyogenic mesodermal 

progenitor cells to myoblasts, followed by terminal differentiation of myoblasts through to 

myotubes and myofibres. Differential expression of myogenic regulatory factors (MRFs), 

including muscle commitment and differentiation factors, tightly regulates each step of the 

procedure. The muscle commitment factors myogenic factor 5 (Myf5) and myoblast 
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determination protein 1 (MyoD) and paired box transcription factors Pax3 and Pax7 are 

expressed at the early myoblast stage. Initially, Pax7 is expressed throughout the 

dorsolateral region of nascent somites, with Pax7 positive cells adapting an ordered 

distribution within the medial dermomyotome. Some muscle stem/precursor cells then 

migrate into the myotome and contribute to muscle growth, simultaneously expressing 

MyoD (32, 33). Spatiotemporal regulation of this process determines muscle fibre formation 

rates and thus myotome size, with MyoD null zebrafish featuring fewer multinucleate fast 

fibres and aberrant expansion of Pax7+ cells within the dermomyotome (33). The terminal 

differentiation factors myogenin (MyoG) and Mrf4 are subsequently expressed alongside 

MyoD, which is thought to have dual roles, as the myoblasts differentiate to myocytes (31, 

34). Myocytes then exit the cell cycle and fuse together to form myotubes and eventually 

myofibres, which can be determined through expression of specialised cytoskeletal proteins 

including embryonic myosin heavy chain (Myh3),slow myosin heavy chain (Myh7), α-actins 

including cardiac (Actc1) and skeletal (Acta1), and desmin (31) (Figure 1-3).  

 
Figure 1-3 – Simplified depiction of embryonic (primary) myogenesis. MRF genes are 
differentially induced throughout stages of differentiation from embryonic skeletal muscle 
progenitor cells through to terminally differentiated myofibres. Adapted from Chal et al., 
2017 (31). 
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1.2.2 Skeletal muscle myogenesis – delineation of embryonic and 

adult muscle 

Embryonic myogenesis is divided into primary and secondary phases (Figure 1-4). The 

primary phase occurs between E10.5-12.5 in mice, and produces primary myofibres derived 

from Pax3+ dermomyotomal progenitors which express slow MyHC and myosin light chain 1 

(Myl1/MyLC1), forming early myotomes and limb muscles which act as templates for adult 

muscle (31). The second phase of myogenesis occurs between E14.5 and 17.5 and is 

characterised by a subset of Pax3+ progenitors alternatively expressing Pax7, then fusing 

with each other or to primary myofibres giving rise to secondary, or foetal, fibres which 

express specific markers including β-enolase, Myl3 and Nfix (31). These secondary myofibres 

then begin to diverge in expression of myosin heavy chain isoforms, defining them as fast or 

slow twitch fibres upon transition to adult muscle (Figure 1-4) (35).  

In contrast to embryonic myogenesis, postnatal growth is mostly dependent on 

myofibre hypertrophy through addition of myofibrils (31, 36). However, Pax7 null mice 

appear normal at birth but exhibit stunted postnatal development (32, 37). This is because 

adult skeletal muscle growth and repair is highly dependent on a self renewing population of 

stem cells, which are initially derived from a subset of Pax7+ progenitors during embryonic 

myogenesis (31, 36).  
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Figure 1-4 – Primary and secondary myogenesis. Primary myogenesis forms “template” 
embryonic muscle tissue from which secondary foetal myofibres are derived. AchR: 
Acetylcholine receptor; Glut : glucose transporter; ICaL: L-type calcium channel; ICaT: T-type 
calcium channel; MyLC1: Myosin light chain 1; NCAM: Neural cell adhesion molecule; 
Nfix: Nuclear factor 1 X-type; VCAM: Vascular cell adhesion protein. Adapted from Chal et 
al., 2017 (31). 

1.2.3 Growth and regeneration of adult skeletal muscle 

Adult skeletal muscle has a high regenerative capacity and demonstrates remarkable 

plasticity in response to damage and dynamic metabolic demands (38). This ability is 

retained through maintaining a population of adult stem cells, termed satellite cells, derived 

from Pax3/Pax7 expressing embryonic progenitors (39). In healthy adult muscle, satellite 

cells reside within a specialised niche between the basal lamina and the sarcolemma of their 

host myofibre where they are maintained within a quiescent state, as identified through 

expression of Pax7 (40). In response to growth signals, exercise, skeletal muscle damage or 

disease, satellite cells become activated and coexpress Pax7 with MyoD, followed by rapid 

proliferation and generation of sufficient myogenic precursors to fuse to and repair 
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damaged myofibres and/or produce new myofibres altogether (41). In a similar process to 

embryonic myogenesis, proliferating and differentiating satellite cells can be identified 

through downregulation of Pax7, nuclear localisation of MyoD, MyoG, MRF4 and Myf5, and 

the presence of perinuclear cytoplasmic transcripts of Myf5 (42).  

Satellite cells can undergo asymmetric division, where only one daughter cell 

expresses the myogenic commitment factor Myf5 (43). The Myf5 expressing “satellite 

myogenic” daughter cell is fated to differentiate, while the non Myf5 expressing “satellite 

stem” daughter cell repopulates the stem cell niche, ensuring long term preservation of 

regenerative ability (43). Only a small percentage of satellite cells retain true “stemness”, 

with 10-13% of quiescent satellite cells not expressing Myf5 (43, 44). Pax7 is also critical to 

the proliferation and survival of these cells, with Pax7 null satellite cells exhibiting 25-30% 

reduced proliferation and increased rates of apoptosis (45). Pax7 is also an important 

functional mediator of both the quiescent state and the regenerative process of satellite 

cells following activation. Quiescent satellite cells exhibit large, heterochromatic nuclei 

which is disrupted in Pax7 deficient satellite cells, implicating Pax7 as critical for maintaining 

quiescence (46). Loss of Pax7 also results in impaired regeneration following injury, further 

highlighting its importance in this process (47-50).  

Other skeletal muscle progenitor cells which are genotypically distinct from satellite 

cells exist which are able to directly contribute to skeletal muscle growth and repair. 

Microvasculature located cells including mesangioblasts and pericytes are able to promote 

regeneration through modulation of local immune responses and secretion of trophic factors 

(51). This modulation of the microenvironment promotes activation of satellite cell mediated 

regeneration, with some subsets of pericytes also possessing the ability to directly 
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differentiate into myofibres themselves (51, 52). Furthermore, Twist2 positive stem cells 

have been recently discovered, which reside outside of the basal lamina and contribute 

towards the maintenance of type IIB/X myofibres during adult muscle growth and 

regeneration (53). Sk-34 myoendothelial cells also have myogenic potential, residing within 

skeletal muscle interstitial space (54). Further distinct non-satellite cell types with skeletal 

muscle regeneration potential include PW1+ interstitial cells, bone marrow stem cells, 

CD133+ cells, muscle derived stem cells (MDSCs) and Sca-1+/ABCG2+ side population cells, all 

of which are able to colonise the satellite cell niche and form new myofibres upon 

transplantation in vivo (43, 55-57). 

1.2.4 Satellite cell heterogeneity 

Pax7+ satellite cells display significant variation. Satellite cells expressing the Pax7 paralog 

Pax3 are associated with the diaphragm and trunk muscles, yet do not correlate with other 

factors including embryonic origin or metabolic fibre type (45). Satellite cells also differ 

greatly in expression of markers including CD34, M-cadherin, neuronal cell adhesion 

molecule (NCAM), c-Met, protein delta homolog 1 (DLK1) and integrin α7 (43, 58, 59). 

Interestingly, regeneration potential varies based on muscle bed type, with tibialis anterior 

(TA) derived satellite cells having diminished regenerative ability relative to extensor digitalis 

longus (EDL) and soleus (60). 

Satellite cells may also differ according to their expressed Pax7 variant. Pax7 has four 

alternative transcriptional isoforms termed Pax7a, b, c and d, each of which regulate 

different cohorts of target genes and are differentially expressed across different tissues and 

stages of development (32). Recent evidence suggests that satellite cells expressing different 
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combinations of Pax7 isoforms have different roles and behave differently in response to 

skeletal muscle injury, which is dependent on both developmental stage and the nature and 

severity of injury (50, 61). The satellite cell pool is broadly divided into two populations; a 

fast responding regenerative pool and a smaller reserve population which only becomes 

proliferative under extensive growth or regeneration following severe injury (62). Recent 

studies utilising zebrafish embryos have further characterised two subsets of satellite cells 

determined by expression of Pax7a and/or Pax7b isoforms. Interestingly, Pax7a satellite cells 

preferentially contribute to the production of new myofibres for the repair of extensive 

single injuries to the myotome over small focal injuries, with a faster proliferative response 

from Pax7+ cells being noted at 4 days post fertilisation (dpf) compared with those at 7 dpf 

(50). Further work determined that Pax7a and Pax7b expressing cells constitute distinct 

lineages with differing localisations within the myotome (61). Satellite cells only expressing 

Pax7a primarily initiate nascent myofibre formation, while cells expressing both Pax7a and 

Pax7b preferentially fuse to pre-existing myofibres, contributing more to fibre growth and 

repair of smaller injuries (61).   
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1.3 Skeletal muscle and metabolism 

1.3.1 Skeletal muscle metabolic pathways 

Skeletal muscle is a central site of energy metabolism, accounting for 30% of resting 

metabolic rate rising up to 90% under conditions of peak physical activity in humans (19, 63). 

Contraction of skeletal muscle is dependent on free energy released by ATP hydrolysis, 

which also produces ADP and a Pi moiety (64). Intense and/or prolonged contractions 

impose major energy burdens on skeletal muscle cells, and ATP consumption can increase 

up to 1000-fold under acute exercise compared with consumption at rest (64). Reflecting 

this, skeletal muscle can alter its metabolic rate to a greater extent than any tissue in 

response to such widely varying energetic demands (65). Skeletal muscle also has extensive 

glycogen reserves, reflecting its critical role in the maintenance of systemic metabolic 

homeostasis and locomotion (66, 67). In response to metabolic stressors such as variable 

food intake, starvation and exercise, skeletal muscle facilitates glucose uptake in times of 

excess and glycogen breakdown when nutrients are scarce, ensuring that blood glucose 

levels remain within tight physiological limits (66, 67). 

 Alongside glycogen, energy is also stored in muscle cells in the forms of 

phosphocreatine and triglycerides (64). There are several routes of ATP generation available 

in skeletal muscle which utilise these substrates as fuel, with each varying in efficiency and 

speed of ATP bioavailability to suit dynamic energetic requirements. The three main systems 

are the phosphagen pathway, the glycolytic pathway and mitochondrial respiration (64). The 

phosphagen pathway is a rapid, short-term method of energy generation in which 

phosphocreatine is metabolised to creatine, simultaneously donating a phosphate group to 
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ADP to form one molecule of ATP. Upon cessation of contractions, creatine is 

resposphorylated to phosphocreatine by creatine kinase, which is also an indirect marker of 

skeletal muscle damage when detected in the blood (68). Phosphocreatine is rapidly 

depleted, and where contractions are sustained for longer than a few seconds cells must 

increasingly derive energy from the glycolytic pathway (Figure 1-5). This provides a quick and 

readily available source of ATP but first requires the breakdown of glycogen into glucose 

through glycogenolysis (64). A series of enzymatic reactions metabolises glucose to pyruvate, 

during which two NAD+ molecules accept electrons and become reduced to nicotinamide 

adenine dinucleotide + hydrogen (NADH) and two ATP molecules per glucose molecule are 

produced (64). In anaerobic conditions, NAD+ eventually becomes depleted and pyruvate is 

reduced to lactate by NADH being oxidised back to NAD+ (64).   
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Figure 1-5 – Relative induction times of ATP generating metabolic pathways in skeletal 
muscle under intense activity. The phosphagen pathway provides an almost instantaneous 
spike of ATP to supply initial contractions before being rapidly expended. Increased 
glycogenolysis then promotes induction of anaerobic glycolysis, which provides ATP during 
aerobic “lag time”. Eventually, the aerobic mitochondrial respiration rate climbs to meet the 
ATP burden with a concomitant decline in glycolytic activity. Figure adapted from Baker et 
al., 2010 (64). 

 The phosphagen pathway and anaerobic glycolysis are suitable for short bouts of 

activity that require fast access to bioavailable ATP, but they are unsustainable and not 

productive enough for extended periods of contraction as in endurance exercise (64). 

Furthermore, glycolysis is inefficient, providing only four ATP per molecule of glucose (69, 

70). Prolonged contractile activity is therefore reliant on slowly induced but more efficacious 

oxidative respiration, which can yield between 33-34 ATP molecules per glucose (70) (Figure 

1-5). In aerobic conditions, pyruvate enters mitochondria where it is converted to acetyl 

coenzyme A (CoA). Acetyl CoA then enters the tricarboxylic acid (TCA) cycle and is oxidised. 

Crucially, the TCA cycle reduces NAD+ to NADH, providing the necessary reducing power for 
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oxidative phosphorylation and increased ATP production (69) (Figure 1-6). Alongside 

pyruvate, acetyl CoA can also be derived from the breakdown of fatty acids (71) (Figure 1-6).  

Triglycerides are broken down into glycerol and free fatty acids, which react with CoA 

producing acyl CoA. Acetyl CoA is then produced from acyl CoA through β-oxidation which 

enters the TCA cycle and fuels oxidative metabolism (69) (Figure 1-6). The ratio of 

contribution from glucose or fatty acids is tightly regulated in skeletal muscle and largely 

depends on activity levels and substrate availability (72). The ability of skeletal muscle to 

quickly upregulate one pathway against the other based on current energetic demands and 

substrate levels is termed metabolic flexibility, which is a critical aspect of healthy 

functioning skeletal muscle and whole body metabolism (72, 73).  

 Muscle proteins can be broken down into amino acids which can then also be 

converted to pyruvate, acetyl-CoA and/or particular TCA cycle intermediates (74) (Figure 

1-6). However, this is typically a last resort when regular skeletal muscle energy stores are 

depleted, and will lead to muscle atrophy if proteins are broken down faster than they are 

synthesised (75). 
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Figure 1-6 – Routes to ATP in skeletal muscle. Phosphocreatine provides rapid and 
efficacious ATP production but is very quickly depleted. Anaerobic glycolysis is quickly 
mobilised yet inefficient compared with more slowly induced oxidative phosphorylation. 
Acetyl (acyl)-CoA can also be produced from fatty acids via β-oxidation as well as from 
pyruvate generated through glycolysis. Under starvation, skeletal muscle proteins can be 
broken down for amino acid oxidation. 

 The ratio of glucose to lipid utilisation is termed the respiratory exchange ratio (RER), 

which is calculated by dividing O2 intake (VO2) by CO2 expulsion (VCO2) (76). Oxidation of 

one molecule of glucose requires six molecules of O2 and yields six molecules of CO2 giving 

an RER of 1, which would indicate that glucose is the sole substrate for oxidative metabolism 

(76). Oxidation of a fatty acid molecule, in this example palmitic acid, consumes 23 O2 

molecules but yields only 16 CO2 giving an RER of 0.7 indicating that fatty acids are the 

exclusive fuel. An RER of 0.85 suggests a 50% contribution of both, and relative proportions 

increase or decrease depending on direction (76). At the onset of exercise, RER initially 

increases as glucose comprises the predominant fuel, with relative levels of fatty acid 
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oxidation progressively increasing (77). Triglycerides are the largest and most energy rich 

fuel source available, and therefore switching to fatty acid oxidation allows for longer 

periods of sustained physical activity without glycogen depletion and eventual 

hypoglycaemia (77). High intensity exercise sees less oxidation of fatty acids relative to 

glucose due to lower fatty acid delivery to contracting muscle, but endurance exercise 

training results in a further, more efficient shift towards fatty acid oxidation over glucose 

(77) primarily due to increased utilisation of intramuscular triglyceride stores over non-

plasma derived fatty acids (77, 78) (Figure 1-7). 

 
Figure 1-7 – Relative changes in RER with exercise. Exercise onset is marked by an increase 
in glucose oxidation followed by a gradual switch to fatty acids. High intensity exercise 
generally utilises a greater proportion of glucose, though endurance trained muscle is able 
to utilise intramuscular triglyceride stores more efficiently. Adapted from Ramos-Jimenez et 
al, 2008 (79). 

1.3.2 Molecular adaptations of skeletal muscle to exercise  

It is well known that regular exercise increases overall health and systemic fitness through 

improvements in basal metabolic rate, insulin sensitivity, bone density, brain health and 
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sleep quality as well as reducing adiposity, systemic inflammation and the risk of chronic 

metabolic diseases such as cardiovascular disease or type II diabetes (80). Furthermore, 

skeletal muscle demonstrates incredible plasticity and undergoes drastic adaptive 

remodelling in response to situations that perturb metabolic homeostasis, such as caloric 

intake, caloric restriction and increased contractility during physical exercise (65, 67). 

Skeletal muscle contraction is energetically demanding and results in sharp spikes of ATP 

consumption (64), and thus skeletal muscle must adapt in order to meet these acute energy 

demands and also endure sustained periods of contraction without debilitating reductions in 

performance and/or energy availability.  

 Contraction of skeletal muscle causes intracellular changes that are detected by 

“sensor” proteins, which in turn modulate a multitude of signalling pathways ultimately 

resulting in adaptation of metabolic phenotype. During contraction, an increase in cytosolic 

Ca2+ occurs upon release from the SR, which is detected by Ca2+/calmodulin-dependent 

protein kinases (CaMK) and transduced through the p38 mitogen-activated protein kinase 

(MAPK)/extracellular signal-regulated kinase (ERK) pathway and the phosphoinositide 3-

kinase/mammalian target of rapamycin/protein kinase B (PI3K/mTOR/AKT) pathway (81) 

(Figure 1-8). An increase in adenosine monophosphate (AMP) and ADP levels as ATP is 

rapidly hydrolysed is another important “cue” which is detected by the cellular energy status 

sensor AMP-activated protein kinase (AMPK) (82) (Figure 1-8). Furthermore, physical fibre 

deformation relative to the extracellular matrix (ECM) is detected and relayed biochemically 

via the focal adhesion kinase (FAK) mechanotransductor (83) (Figure 1-8). Downstream 

targets for these signalling pathways include histone acetyltransferases (HATs) and histone 

deacetylases (HDACs) which modulate chromatin access for transcription and protein 
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function (84), the transcriptional coactivator peroxisome proliferator-activated receptor 

gamma coactivator-1-alpha (PGC-1α) which mediates mitochondrial biogenesis (85) and 

forkhead box O (FOXO)1 and 3 which are critical modulators of metabolism and protein 

synthesis (86, 87). Additionally, glucose transporter type 4 (GLUT4) is translocated to the 

plasma membrane during exercise to enhance glucose uptake (88) and drivers of skeletal 

muscle hypertrophy are induced such as insulin growth factor 1 (IGF1) (89). Such pathways 

drive increased lipid and carbohydrate mobilisation, vascularisation, improved carbohydrate 

metabolism, skeletal muscle protein synthesis and augmentation of oxidative 

phosphorylation and mitochondrial biogenesis, ultimately resulting in skeletal muscle 

hypertrophy and increased energetic capacity (90).  
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Figure 1-8 – Metabolic signalling pathways in skeletal muscle associated with different 
forms of exercise training. Short, intense training promotes signalling via the mTOR pathway 
favouring skeletal muscle hypertrophy and increased strength, while endurance training 
promotes signalling through PGC-1α increasing oxidative capacity. BCAA: branched chain 
amino acids; 4EBP1: eukaryotic translation initiation factor 4E-binding protein 1; GF: growth 
factors; MECH: mechanoreceptor; RAPTOR: regulatory associated protein of mTOR; S6K1: 
ribosomal protein S6 kinase β1; SIRT: sirtuin, TSC: tuberous sclerosis complex. Adapted from 
Perez-Schindler et al., 2015 (90). 

 The nature of metabolic adaptation in skeletal muscle is highly dependent on the 

type of exercise training it is subjected to (90). Over time, repeated short bouts of intense 

contractions favour increased muscle mass and myofibrillar protein synthesis, strength and 

force production, enhanced glycolytic enzyme activity and expanded glycogen and 

phosphocreatine stores (90). In contrast, prolonged bouts of lower intensity contractions will 

result in augmented oxidative capacity through increased mitochondrial biogenesis, 

mitochondrial protein synthesis, improved capacity for fatty acid oxidation, increased 
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vascularisation and reductions in skeletal muscle fibre diameter, thus favouring endurance 

over contractile power (90, 91). 

1.4 Mitochondria and oxidative metabolism 

1.4.1 Mitochondrial origins, structure and function 

The mitochondrion arose from the incorporation of α-probacteria into eukaryotic precursor 

cells approximately two billion years ago (92). Mitochondria still retain features that allude 

to this ancestry such as a double membrane, multiple circular copies of a separate ~16 

kilobase mitochondrial genome and the ability to fuse or divide independently of the host 

cell (93). Mitochondria are closely tied to many areas of eukaryotic cell function, being 

critical for phospholipid and haem synthesis, calcium homeostasis and activation of 

apoptosis (74). Their primary role is that of oxidative metabolism, and mitochondria are 

therefore critical to skeletal muscle function. 

 Mitochondria are the principal site of the TCA cycle and oxidative phosphorylation, 

possessing all of the molecular machinery required for these processes (93). Pyruvate, fatty 

acids and amino acids can all be converted to acetyl-CoA and oxidised, yielding ATP and the 

reductive power required for driving oxidative phosphorylation in the form of NADH and 

flavin adenosine dinucleotide + 2 hydrogen (FADH2) (74) (Figure 1-9). Pyruvate that is 

generated in the cytosol is imported into mitochondria through transport across the 

otherwise impermeable inner mitochondrial membrane by mitochondrial pyruvate carriers 1 

and 2 (MPC1/2) (94) (Figure 1-9).  
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Figure 1-9 – The specific roles of NAD+ as a redox cofactor in mitochondrial metabolism. 
NAD+ is reduced to NADH in the G6P mediated step of glycolysis and also during fatty acid 
and ketone body oxidation within mitochondria. The resulting NADH then provides energy in 
the form of electron donation to the ETC, driving oxidative phosphorylation and becoming 
oxidised back to NAD+. 

 The electron transport chain (ETC) is a sequence of large protein complexes that are 

embedded in the mitochondrial inner membrane (Figure 1-9). Electrons travel through these 

complexes via carrier molecules with increasing redox potential as the sequence progresses, 

releasing energy at each stage to drive thermodynamically unfavourable movement of 

protons from the matrix into the intra-membrane space (IMS) (74) (Figure 1-9). Firstly, 

complex I (NADH dehydrogenase) accepts electrons from NADH, followed by complex II 

(succinate dehydrogenase) accepting electrons from FADH2 and complex III (cytochrome c 

reductase) from oxidation of reduced coenzyme Q, before oxidation of cytochrome c by 
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complex IV (cytochrome c oxidase) with oxygen comprising the final electron acceptor (74) 

(Figure 1-9). The resulting increased proton concentration in the IMS creates a potential 

difference across the inner membrane which ultimately drives synthesis of ATP as protons 

pass back through the protein channel domain of ATP synthase, causing a conformational 

change which energetically favours the formation of ATP from bound ADP and Pi (74, 95) 

(Figure 1-9).  

 Alternatively to pyruvate, cytosolic long chain fatty acids can be activated by acyl-

CoAs to long chain fatty acyl-CoAs, converted to acylcarnitine and transported into 

mitochondria via the carnitine:acylcarnitine translocase (CACT) antiporter (96, 97) (Figure 

1-10). Following this, acylcarnitine is subsequently reconverted to acyl-CoA then acetyl-CoA 

for β-oxidation (96, 97) (Figure 1-10).  
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Figure 1-10 – Overview of cellular and mitochondrial fatty acid uptake and mitochondrial 
β-oxidation, yielding acetyl-CoA from fatty acids. NAD+ is also reduced to NADH during the 
conversion of acyl-CoA to acetyl-CoA. CPT1/2, carnitine palmitoyltransferases 1 and 2; 
FABPpm, plasma membrane fatty acid binding protein; FATP, fatty acid transport protein; 
LCEH, long-chain enoyl-CoA hydratase; LCHAD, long-chain (S)-3-hydroxyacyl-CoA 
dehydrogenase; LCKAT, long-chain 3-ketoacyl-CoA thiolase; MCAD, medium-chain acyl-CoA 
dehydrogenase; MCKAT, medium-chain 3-ketoacyl-CoA thiolase; MTP, mitochondrial 
trifunctional protein; SCAD, short-chain acyl-CoA dehydrogenase; SCHAD, short-chain (S)-3-
hydroxyacyl-CoA dehydrogenase; VLCAD, very long chain acyl-CoA dehydrogenase. Adapted 
from Houten et al., 2016 (96). 

 Glucogenic amino acids can also enter mitochondria though amino acid transporters 

and directly enter the TCA cycle upon degradation to pyruvate or other intermediates (98), 

or ketogenic amino acids can be degraded yielding acetyl CoA or converted to ketone bodies 

which can themselves be reconverted back to acetyl CoA (98) (Figure 1-9). The TCA cycle 

takes place within the mitochondrial matrix and begins with transfer of the two-carbon 

acetyl group from acetyl-CoA to oxaloacetate to form citrate (74) (Figure 1-11). Citrate is 
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then oxidised back to oxaloacetate through seven subsequent enzyme catalysed reactions, 

during which the two excess molecules of carbon are removed (Figure 1-11). Critically, the 

process liberates free energy as electrons, which is harnessed through reduction of NAD+ to 

NADH and flavin adenine dinucleotide (FAD) to FADH2 and utilised by the ETC to drive 

oxidative phosphorylation (Figure 1-11) (74). NADH is also produced from NAD+ during the 

conversion of glyceraldehyde-3-phosphate to D-glycerate 1,3-bisphosphate during glycolysis 

and during conversion of fatty acids to acetyl-CoA (74, 96) (Figure 1-11).  
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Figure 1-11 – Simplified overview of the TCA cycle illustrating the reactions in which NAD+ 
is reduced to NADH, with ketogenic and glucogenic amino acids and their entry points. 
Intermediate metabolites are represented with blue rectangles alongside their carbon 
number, while enzymes are represented with red outlined rectangles. Ketogenic amino acids 
are shaded orange while glucogenic amino acids are shaded green.  

1.4.2 Mitochondria and healthy skeletal muscle 

Skeletal muscle is reliant on an efficient reticular network of mitochondria to ensure optimal 

ATP provision for metabolic and contractile demands, and mitochondrial health therefore 

correlates closely with that of skeletal muscle. The regulation of this network is highly 

dynamic and finely balanced between degradation and recycling of damaged and 

dysfunctional mitochondria (mitophagy), mitochondrial biogenesis to replace damaged 
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mitochondria and expand oxidative capacity where required, and subsequent mitochondrial 

fission/fusion events (93, 99) (Figure 1-12). As organisms age, mitochondria become 

increasingly damaged and inefficient through mechanisms such as oxidative stress due to 

increased reactive oxygen species (ROS) production, increased cellular senescence and 

dysregulated Ca2+ signalling (100). Furthermore, skeletal muscle mitochondrial biogenesis 

and mitophagy pathways become increasingly dysregulated with age and disuse (101, 102). 

The net effect is a fragmented and dysfunctional mitochondrial network which in turn leads 

to an energetic crisis within skeletal muscle, increasing the risk of metabolic dysfunction and 

disease. As aforementioned, exercise maintains skeletal muscle health by promoting 

mitochondrial biogenesis through activation of transcription factors such as nuclear 

respiratory factors (NRF) 1 and 2 via PGC-1α (103). PGC-1α also promotes mitochondrial 

fusion through upregulation of mitochondrial dynamin like GTPase (Opa)1 and 2, resulting in 

a more efficient and contiguous mitochondrial network (99).  
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Figure 1-12 – Maintaining a healthy mitochondrial pool. Mitochondrial quality control 
through mitophagy must be balanced with mitochondrial biogenesis, which is induced via 
the transcriptional coactivator PGC1-α. TF: transcription factor; NuGEMP: nuclear genes 
encoding mitochondrial proteins. Adapted from Hood et al., 2019 (99). 

 Recently, another role of NAD+ besides hydride transfer was discovered in which it is 

required for signalling pathways that mediate metabolic adaptation, including driving 

mitochondrial biogenesis. There is also mounting evidence for NAD+ deficiency in aged 

organisms, while regular exercise has been observed to mitigate this (104, 105). NAD+ 

therefore constitutes a common factor critical to metabolic health, skeletal muscle health 

and mitochondrial health, the nature of which appears far more complex than simply energy 

transfer. 
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1.5 Nicotinamide adenine dinucleotide 

NAD+ consists of two nucleotides joined by a phosphate group, one of which possesses an 

adenine nucleobase and the other a nicotinamide group (106) (Figure 1-13). NAD+ is 

essential to many aspects of cellular function, with severe NAD+ deficiency being the primary 

cause of Pellagra, which manifests as dermatitis, diarrhoea, dementia and eventually death 

(107). NAD+ is critical to redox reactions and metabolic signalling processes, the importance 

of which are discussed in this section alongside the complex mechanisms by which cellular 

NAD+ is generated and maintained.   
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Figure 1-13 – NAD+ as a redox cofactor. NAD+ and NADH are critical for metabolic 
transhydrogenase reactions. During oxidising reactions, NAD+ accepts electrons from 
molecules, becoming reduced to NADH. Conversely, NADH is a reducing agent and donates 
electrons to target molecules. 

1.5.1 NAD+ as a redox cofactor 

The concept of the requirement of a co-factor for metabolic reactions was first unwittingly 

discovered by Sir Arthur Harden and William John Young, observing that boiled and filtered 

yeast extract enabled rapid fermentation in unboiled yeast (108). This “coenzymase” was 

later purified by Hans von Euler-Chelpin in 1929 (109) then described as NAD+ and identified 

as a hydrogen transfer molecule by Otto Warburg (110, 111). NAD+ is now well described in 

this role as the crucial hydride transfer coenzyme for oxioreductase and transhydrogenase 

reactions (Figure 1-13) (112).  
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NAD+ exists in oxidised (NAD+) and reduced (NADH) forms, with the reaction between 

the two states reversible (106) (Figure 1-13). Reductive metabolic reactions result in the 

removal of two hydrogen atoms and two electrons from a substrate in the form of one 

hydrogen cation and one hydride ion. The cation is lost while the hydride ion is accepted by 

NAD+, reducing it to NADH (106). 

1.5.2 NADP+ and NADPH 

NAD+ and NADH also exist in phosphorylated forms (NADP+ and NADPH), generated by 

transfer of a phosphate group from ATP in a reaction catalysed by NAD kinase (NADK) (113). 

NADP+ and NADPH are also critical to cellular function, mediating anabolic redox reactions 

by providing electrons for reductive biosyntheses such as synthesis of fatty acids, proteins 

synthesis and DNA (113). Cells maintain a high proportion of reduced NADPH relative to 

NADP+, achieved through various pathways such as the pentose phosphate pathway which 

regenerates NADPH from NADP+ ultimately producing ribose-5-phosphate for nucleotide 

synthesis (114) and the mitochondrial nicotinamide nucleotide transhydrogenase (NNT) 

enzyme which utilises the proton motive force to directly transfer a hydride ion from NADH 

to NADP+, producing NADPH (115). NADPH is a critical reducing agent for biosynthesis of 

fatty acids, steroids, certain amino acids and nucleotides/nucleic acids (113). It is also critical 

for protection against ROS, reducing antioxidants such as glutathione which removes toxic 

ROS by-products such as hydrogen peroxide (113). Conversely, NADPH also contributes to 

ROS generation for immune defence systems and signalling through activity of NADPH 

oxidases, and is also important in liver detoxification, providing reducing power for 

cytochrome P450 regeneration through cytochrome P450 reductase (113).  
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1.5.3 NAD+ as a signalling cofactor 

More recently, a secondary role for NAD+ has emerged in which it plays a vital role in cell 

signalling. Early studies by Rechsteiner at al. discovered that NAD+ has a half life of 

approximately 1 hour in mammalian cells, which is unusually short for a reversible energy 

transfer molecule (116), and that the stability of NAD+ was much greater in enucleated cell 

types. It was further determined that most NAD+ generated by cells is in fact continually 

degraded and replaced, with only a small fraction maintaining a stable redox pool (117). It is 

now well established that NAD+ also acts as an essential signalling cofactor for various 

cellular processes, upon which cleavage of the glycoside bond occurs producing 

nicotinamide (NAM) and an ADP ribose (ADPr) moiety, the latter of which is transferred to 

acceptor molecules (118). There are three main NAD+ dependent enzyme families; the 

sirtuins (SIRTs), the mono- and poly-ADP ribose transferases including the poly-ADP ribose 

polymerases (PARPs), and the cyclic ADP-ribose synthases (cADPR) cluster of differentiation 

(CD)38 and 157 (109, 118) which are discussed in section 1.7. 

1.6 NAD+ biosynthesis 

NAD+ dependent cellular signalling processes are estimated to consume 6 - 9 grams of NAD+ 

per day in humans, which would result in total NAD+ depletion within hours (109, 119). Cells 

therefore require efficient NAD+ repletion mechanisms to match supply and demand. 

Exogenous NAD+ is unable to cross the plasma membrane and therefore cannot replenish 

cellular NAD+ levels (120). In mammalian cells, various pathways exist by which NAD+ can be 

synthesised de novo or salvaged from metabolically available precursors to NAD+, ensuring 

that cellular energetic demands are met and metabolic homeostasis is preserved (Figure 
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1-14). Mammalian cells exhibit several different routes and molecular precursors to NAD+, 

which are of varying importance across different tissues (121, 122) (Figure 1-14). Broadly, 

NAD+ biosynthesis pathways can be split into “non-amidated” routes from L-Tryptophan and 

nicotinic acid (NA), and “amidated” routes from NAM and NR (121). As NAD+ is critical to 

metabolism and declines with age, these pathways constitute potential therapeutic targets. 

 
Figure 1-14 – Overview of cellular NAD+ generating pathways. NAD+ can be generated de 
novo from the amino acid L-Tryptophan via the kynurenine pathway, and also generated 
from the dietary vitamin B3 precursors NA, nicotinic acid riboside (NAR), NR and NAM. AFM: 
arylformidase; KMO: kynurenine 3-monooxygenase; KYU: kynureninase; HAO: 3-
hydroxyanthranilate 3,4 dioxygenase.  

1.6.1 De novo biosynthesis of NAD+ 

Cells can synthesise NAD+ de novo from the essential amino acid L-tryptophan in a process 

termed the kynurenine pathway. Initially, tryptophan is converted to N-formylkynurenine in 

a reaction catalysed by the rate limiting enzymes indoleamine 2,3-dioxygenase (IDO) or 

tryptophan 2,3-dioxygenase (TDO) (Figure 1-14). N-formylkynurenine is converted to amino-
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3-carboxymuconate semialdehyde (ACMS) in a series of four subsequent reactions, which 

then undergoes oxidation or spontaneous cyclisation to quinolinic acid (QA). The enzyme QA 

phosphoribosyltransferase (QAPRT) then converts QA to nicotinic acid mononucleotide 

(NAMN), which is adenylated to form nicotinic acid adenine dinucleotide (NAAD) by the 

enzyme nicotinamide mononucleotide adenylyltransferase (NMNAT), before NAAD is finally 

converted to NAD+ in an ATP and glutamine dependent amidation reaction catalysed by NAD 

synthetase (NADSYN) (123, 124) (Figure 1-14). 

1.6.2 NAD+ salvage from vitamin B3 precursors 

De novo NAD+ biosynthesis via the kynurenine pathway occurs in many tissues and is 

particularly active within the liver (125). However, it is not sufficient to maintain NAD+ 

homeostasis alone (123) and QAPRT has been shown to be inessential to the normal 

development of mice (126), suggesting that most NAD+ is resynthesised or “salvaged” from 

chemically similar precursors. These precursor molecules are collectively known as vitamin 

B3 or niacin and are obtained from the diet (127). These metabolites include NA, NAM and 

NR, with different pathways responsible for salvaging NAD+ from each of them. 

Furthermore, vitamin B3 precursors are much more efficacious in generating NAD+ with 60 

mg of tryptophan required to generate the same amount from just 1 mg of niacin (128) 

(Figure 1-15). The applicability of these compounds as supplementations to boost cellular 

NAD+ is currently of great interest. 
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Figure 1-15 – Molecular structure of NAD+ and intermediate precursors. NAD+ NAM, NR and 
nicotinamide mononucleotide (NMN) all possess a nicotinamide moiety. 

1.6.3 NAD+ salvage from nicotinic acid 

The conversion of NA to NAD+ is referred to as the classical Preiss-Handler pathway in light 

of the original discoverers (129). Similarly to QA conversion in de novo NAD+ biosynthesis, 

NA is phosphoribosylated via NA phosphoribosyltransferase (NAPRT) to NAMN utilising 5-

phospho-α-ᴅ-ribose-1-diphosphate, which then proceeds down the same pathway as de 

novo derived NAMN, producing NAD+ (130) (Figure 1-16). The final ATP-dependent 

conversion of NAAD to NAD+ by NADSYN is a rate limiting step both for salvage from NA and 

de novo synthesis, and NADSYN expression varies across mammalian tissues (131). High 
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NADSYN activity levels are detected in liver, small intestine, testis and kidney but very low 

levels are present in the heart and skeletal muscle (131). 

 
Figure 1-16 – NAD+ salvage from NA. NA is converted to NAMN in a reaction catalysed by 
NAPRT, which is subsequently converted to NAAD via NMNAT. NAAD must then be 
converted to NAD+ via NADSYN in an ATP dependent reaction. Gln = glutamine, Glu = 
glutamate, PRPP = 5’-phosphoribosyl-1-pyrophosphate, PPi = pyrophosphate. 

 NA supplementation is known to raise intracellular NAD+ levels through this pathway 

(132) and is historically the most documented vitamin B3 precursor from a therapeutic 

perspective. NA has long been used as an effective treatment for dyslipidaemia (133) and 

managing the progression of atherosclerosis (134). The NA derivative acipimox acts through 

inhibition of the triglyceride lipase enzyme, which reduces plasma triglycerides and low 

density lipoprotein (LDL) while simultaneously boosting circulating high density lipoprotein 

(HDL) cholesterol levels (135). NA treatment was also found to enhance mitochondrial 

respiration in human skeletal muscle despite low NADSYN activity, but a subsequent 

increase in skeletal muscle lipid content and reduced insulin sensitivity was also observed 

(136). These side effects, coupled with a painful vasodilatory skin “flushing” effect due to the 

activation of GPR109A receptors in the skin (134, 137) limit the clinical applicability of NA as 

an NAD+ boosting compound. 
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1.6.4 NAD+ salvage from nicotinamide 

NAD+ can also be salvaged from NAM. Firstly, NAM is converted to NMN by nicotinamide 

phosphoribosyltransferase (NAMPT) in a 5’-phosphoribosyl-1-pyrophosphate (PRPP) and ATP 

dependent reaction, and following this NMN is converted to NAD+ by NMNAT (138) (Figure 

1-17). Alongside dietary sources, NAM is also produced when NAD+ is consumed by NAD+ 

dependent enzymes, and thus salvage via NAMPT constitutes a direct NAD+ recycling 

pathway (139). Furthermore, NAMPT is downregulated upon NAD+ reaching 90% of 

physiological levels (132, 140, 141) while NAM is a negative regulator of SIRT activity (142-

145), thus constituting a self-regulating negative feedback mechanism.   
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Figure 1-17 – NAD+ salvage from NAM. NAM is phosphoribosylated forming NMN, a 
reaction which is catalysed by NAMPT. NMN is then converted to NAD+ by NMNAT. NAM is 
produced upon enzymatic breakdown of NAD+, and therefore this pathway constitutes a 
direct NAD+ recycling mechanism.  

 NAMPT is highly conserved and is described in many different roles. NAMPT exists in 

monomeric and homodimeric forms both intracellularly and extracellularly (eNAMPT), and 

was initially called pre-B cell colony enhancing factor (PBEF) after its early description as a 

cytokine (146). It was also thought to be an insulin mimetic and termed visfatin, though this 

has been questioned (147). NAMPT dimerisation is critical to its type II 

phosphoribosyltransfrase activity (148, 149), and within cells is primarily located within the 

cytosol and nucleus. Monomeric eNAMPT is thought to have pro-inflammatory effects 

independent of NAD+ salvage, and has been identified as a potential therapeutic target for 

inflammation driven disease states such as type II diabetes (150).  
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 NAMPT expression is ubiquitous, and the recycling of NAM to NAD+ via NAMPT is 

thought to be the primary NAD+ biosynthesis pathway in cells, although a recent study has 

suggested that NAMPT may not be as critical to the maintenance of mitochondrial NAD+ 

levels relative to the rest of the cell in liver (151). Nonetheless, mammalian NAMPT KO 

models are embryonic lethal (152) and the specific small molecule NAMPT inhibitor FK866 

severely decreases cellular NAD+ levels over time (153), impairing oxidative metabolism and 

NAD+ dependent signalling pathways (138) as well as the NAD+ dependent glucose-3-

phosphate dehydrogenase (G3PD) glycolysis step (154) leading to cell death. 

 Despite the importance of the NAMPT pathway to NAD+ homeostasis, NAM is 

thought to be less suitable for boosting NAD+ dependent signalling due to its inhibitory 

effects on SIRT activity alongside NAD+ levels having an inhibitory effect on NAMPT activity 

(132, 142). It has also been reported that NAMPT is down-regulated with age (104), although 

a recent study reported improved glucose homeostasis in aged HFD fed mice alongside 

increased hepatic acetylation of SIRT1 targets upon administration of NAM, despite no 

increases in NAD+ or NADP+ (155). Short term NAM supplementation has been successfully 

used to increase NAD+ levels in cases of severe redox stress, demonstrating protective 

effects against oxidative stress induced apoptosis (156) and in mouse models of cerebral 

ischaemia (157). In these conditions, severely depleted NAD+ levels led to excitotoxicity, 

which was ameliorated by repletion of NAD+ with NAM treatment also having a down-

regulatory effect on SIRTs and PARPs, preventing NAD+ overconsumption (157).  
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1.6.5 NAD+ salvage from nicotinamide riboside 

Recently, an alternative route to NAD+ has been discovered from the NAD+ intermediate NR 

(14). NR is phosphorylated to NMN by the cytosolic NRK enzymes in an ATP dependent 

reaction, after which NMN is converted to NAD+ by NMNAT1, NMNAT2 and NMNAT3 (14, 

138, 158) (Figure 1-18). NR was long known as an NAD+ precursor in certain strains of 

bacteria that do not possess the enzymes for carrying out de novo NAD+ biosynthesis or 

salvage from NA (159) but it was not until 2004 that NR was discovered as a viable NAD+ 

precursor in humans, along with the mammalian NRK enzymes of which two isoforms exist 

(NRK1 and NRK2) (14). The same study found that NR was present in cow’s milk, implying 

that NR is a dietary source of NAD+ (14, 160). Serious interest in the NRK enzymes and NR as 

a potential therapeutic arose with the observation that exogenous NR treatment could 

extend lifespan of yeast by enhancing Sir2 signalling (161). Exogenously administered NR is 

able to rescue depleted NAD+ levels in cells which NAM salvage is inhibited (15, 16), 

demonstrating the viability of NAD+ salvage from NR. NR is also produced retrospectively 

from NMN by CD73 enzymes (162, 163), though endogenous circulatory NR levels are 

relatively low (164) and the contribution of this phenomenon to overall NAD+ salvage 

remains unclear.  
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Figure 1-18 – NAD+ salvage from NR. Phosphorylation of NR is catalysed by NRK forming 
NMN, which is then converted to NAD+ via NMNAT.  

 Exogenous NR has demonstrated a high capacity for boosting intracellular NAD+ 

levels in many tissues and has shown to be more effective at boosting cellular NAD+ levels 

than both NAM and NA (15, 164). In mice, chronic oral NR administration improved oxidative 

metabolism through increased NAD+ levels in skeletal muscle, brown adipose tissue and 

liver, resulting in higher SIRT activation and subsequent deacetylation of PGC-1α, FOXO1 and 

superoxide dismutase (SOD)2 in these tissues. This effect also protected against high fat diet 

(HFD) induced pathological weight gain, insulin resistance and substrate inflexibility (165). 

Similar results with improved metabolic flexibility (166) have been reported alongside 

improvements in various disease models such as type II diabetes (167) and non-alcoholic 

fatty liver disease (NAFLD) (168). 

 Functional improvements in mitochondrial myopathy through upregulation of 

mitochondrial biogenesis and the mitochondrial unfolded protein response (UPR) have been 

reported (169), with NR also partially rescuing a phenotype of mitochondrial dysfunction 
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defective in the NAD+-SIRT1-PGC-1α axis through promotion of mitophagy (170). Other 

reports include prolonged rodent lifespan (171) and reduced cognitive decline in rodent 

models of Alzheimer's disease (172). The positive effects of NR are thought to be largely due 

to the increased activity of SIRTs, as evidenced with fatty liver reversal and induction of 

mitochondrial UPR being diminished in SIRT1 knockout (KO) mice (173), with a similar 

ameliorated effect in a SIRT3 KO model of noise induced hearing loss (174). 

 In humans, NR is orally bioavailable and well tolerated (164, 175), and has 

demonstrated NAD+ boosting effects and enhancement of the NAD+ metabolome in 

circulating peripheral blood monocytes (PBMCs) and plasma (164, 175). Potential positive 

effects concerning cardiovascular health such as reduced blood pressure and arterial 

stiffness have been noted (175), as well as a reduction in circulating inflammatory cytokines 

(176). However, a further study noted that 12 weeks of NR supplementation reduced 

hepatic fat content by 2% relative to 0.2% in the placebo group but did not improve insulin 

sensitivity or glucose metabolism in obese men (177). The effects of NR on humans still 

remain inconclusive, necessitating further research into the NRK pathways and NR as an NAD 

boosting supplement. 

 Recently, a reduced form of nicotinamide riboside (1-[(2R,3R,4S,5R)-3,4-Dihydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl]-4H-pyridine-3-carboxamide (NRH)) was discovered to 

be orally bioavailable and more stable in plasma than NR (178). NRH processing is 

dependent on adenosine kinases (AKs) and independent of the NRKs (178). NRH was 

reported to alleviate cisplatin induced kidney injury (178), though the full potential of NRH in 

boosting NAD+ levels has yet to be determined. 



Chapter 1  Introduction 

47 
 

1.6.6 NAD+ salvage from exogenous NMN 

NAD+ salvage from the amidated precursors of NAM and NR both share a common 

intermediate molecule, NMN (Figure 1-14), which is also a potential NAD+ boosting 

compound. NMN is not classed as a vitamin B3 compound due to its phosphate group and 

uncertainties surrounding its cellular uptake, but similar NAD+ boosting and rescuing effects 

have been observed to that of NR supplementation (15, 16). Similar metabolic 

improvements to those reported with NR have been attained with exogenous NMN 

administration in aged, obese and NAD+ deficient NAMPT KO mice, including improved 

glucose and lipid dynamics (179-182), mitochondrial function (183-185), retinal function 

(186) and cognitive function (187, 188). 

 The first orally administered NMN clinical trial recently concluded in young, healthy 

males in which it appeared safe and well tolerated (189), but further research is required 

into the capacity for NMN to raise NAD+ levels under ageing and metabolic stress in humans. 

With high tolerance levels and efficacy, current knowledge indicates that NMN and NR are 

the two most viable candidate compounds for improving NAD+ levels with age, metabolic 

stress and NAD+ deficiency linked disease states.  

1.6.7 Cellular uptake of exogenous NMN and NR  

Cellular nutrient uptake mechanisms have been found to play an important role in the 

overall cellular bioavailability of NAD+ derived from exogenous NR and NMN. It is thought 

that NAM and NR enter the cell directly through the plasma membrane (190, 191) with NR 

possibly also entering through equillibrative nucleoside transporters (ENT) (16, 123, 192) 

(Figure 1-19). This is not possible for NMN due to its phosphate group (13), and two main 
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models are proposed for exogenous NMN uptake. The first proposes that NMN is 

dephosphorylated to NR before cellular entry by ectonucleotidases such as CD73 (13) (Figure 

1-19). Stable isotope labelling studies have supported this theory (16) and therefore, NR 

could provide more efficacious augmentation of cellular NAD+ owing to the requirement of 

one fewer enzymatic step. However, it has also been proposed that NMN is directly 

transported into the cell (180). The Na+/K+ Cl- transporter Slc12a8 was recently reported as 

a direct transporter of NMN (193), though the findings of the study were challenged on 

technical grounds (194) (Figure 1-19). It has also been determined that the NRK enzymes are 

required for NMN to have intracellular NAD+ boosting effects within hepatocytes and 

skeletal muscle (15, 16), therefore supporting the model of extracellular NMN conversion to 

NR prior to cellular entry (Figure 1-19). The importance of the NRK enzymes therefore 

extends beyond that of NAD+ boosting from NR itself. The mechanisms by which extraneous 

NMN is converted to NR are thought to be directly related to variations in cellular 

permeability of NR and NMN (15, 16). 
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Figure 1-19 – Current model of exogenous NAM, NR and NMN processing and cellular 
entry. NAM and NR are able to cross the plasma membrane directly, though NR uptake is 
also thought to be facilitated by ENT transporters. The plasma membrane is impermeable to 
NMN due to its phosphate group, and so must be dephosphorylated to NR before entry, 
though there is evidence for a direct NMN transporter (193). 

1.6.8 Subcellular compartmentalisation of NAD+, NAD+ salvage 

enzymes and NAD+ dependent signalling enzymes 

NAD+ is not uniformly distributed within cells, with organelles possessing distinctly regulated 

NAD+/NADH pools that reflect their redox and signalling requirements. Different organelles 

exclusively express specific isoforms of NAD+ salvage and signalling enzymes, reflecting their 

primary functions (Figure 1-20). It is generally accepted that three distinct subcellular pools 

of NAD+ exist between the cytosol, nucleus and mitochondria. NAD+ is able to freely cross 

the nuclear membrane through pores, thus the cytosolic and nuclear pools are similar 
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(Figure 1-20). Most studies propose mitochondrial NAD+ concentrations of greater than 250 

µM (111, 195) with nuclear NAD+ at approximately 70 µM (196) and cytoplasmic NAD+ being 

lower still, though exact cytosolic measurements are difficult (197) (Figure 1-20). Cellular 

distribution of NAD+ also varies dramatically across cell types, for example with 70% of total 

NAD being mitochondrial in cardiomyocytes compared with 50% in neurons (198), reflecting 

differences in oxidative capacity and cellular function. In terms of nuclear segregation, a link 

between NAD+ compartmentalisation and nuclear transcription in developing adipocytes has 

been described, regulating glucose metabolism and differentiation through nuclear NAD+ 

bioavailability (199). 
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Figure 1-20 – Segregation of NAD+ pools, with localised NAD+ salvage and co-dependent 
signalling enzymes within cells. NAD+ and NADH can freely cross the nuclear membrane via 
nuclear pores. A high concentration of NAD+ and a strongly reductive redox environment is 
maintained within mitochondria via the G3P shuttle, the malate/aspartate shuttle and 
potentially direct NAD(H) transport. The highly reductive redox environment within 
mitochondria favours electron donation to ETC proteins, driving oxidative phosphorylation.  

 NAD+ is unable to cross the mitochondrial membrane, with evidence suggesting that 

the mitochondrial pool is almost entirely sequestered from the rest of the cell to preserve 

oxidative phosphorylation during metabolic stress. Sufficient mitochondrial NAD+ levels 

appear to be critical to cell survival (111), though severe depletion of cytosolic NAD+ does 

not result in immediate impairment of oxidative phosphorylation, with mitochondrial NAD+ 

levels shown to be maintained for 24 hours and functionally for up to 3 days (200). 
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Additionally, fluctuations in mitochondrial NAD+ do not correlate with cytosolic and nuclear 

flux, which appear more closely related (201). Mitochondria also show resistance to whole-

cell NAD+ perturbations, where a hepatocyte NAMPT KO mouse line demonstrated a 50% 

reduction in cellular NAD but only a 20% reduction in mitochondria (151).  

 The TCA cycle depends on pyruvate and electrons from NADH generated in the 

cytosol from glycolysis. In skeletal muscle, NAD+ levels within mitochondria are an order of 

magnitude higher than cytoplasmic NAD+ at approximately 3.15 mM/kg and 0.15 mM/kg 

respectively (202), though it is not certain how this balance is maintained. The critical NAD+ 

salvage enzymes NAMPT and NMNAT3 are present within mitochondria (111) suggesting a 

degree of intra-mitochondrial NAD+ generation. However, this is not thought to be critical to 

mitochondrial NAD+ levels given that NMNAT3 KO mouse models exhibit no mitochondrial 

NAD perturbations in liver, heart and skeletal muscle (191) and NAMPT KO mice 

demonstrate only a 20% reduction in mitochondrial NAD+ compared to 50% in the cytosol 

(151). However, recent evidence suggests that NAD+ is in fact directly imported into 

mammalian mitochondria through an as yet undetermined NAD+ transporter (120) (Figure 

1-20), though the observed segregation between mitochondrial and cytosolic NAD+ 

concentrations would suggest that this is tightly regulated. Furthermore, deregulated NAD+ 

influx produced deleterious mitochondrial effects in HEK293 cells when direct NAD+ transfer 

was facilitated through transgenic expression of an Arabidopsis thaliana NAD+ transporter 

(203). 

  Mitochondria also retain a highly reductive environment with NAD+:NADH ratios at 

around 7-8 compared with between 60-700 in the more oxidative cytoplasm (112, 204). This 

is achieved through electron import via glyceraldehyde-3-phosphate (G3P) and malate-
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aspartate shuttles simultaneously translocating reducing equivalents into the cytosol (205), 

meaning that cytosolic NAD+ levels can still present a viable measure of mitochondrial health 

and redox status (112).  

 The compartmentalisation and dynamics of NAD+ within cells across multiple 

organelles remains unclear, particularly within organelles besides mitochondria and nuclei. 

Specific cellular and subcellular disparities in NAD+ levels between organelles may also 

characterise metabolic disease states and drive ageing metabolic phenotypes, highlighting 

the importance of this knowledge (206). Various technologies have been developed to 

elucidate this further, such as a synthetic NAD+ consuming PARP1 construct which can be 

targeted to specific organelles using tagged cell localisation signals (207). This allows for 

inference of NAD+ dynamics through relative poly-ADP-ribosylation levels and NAD+ turnover 

(207, 208). Furthermore, organelle targetable fluorescent protein biosensors are under 

development, which bind NAD(P) altering their fluorescence signature (201, 209, 210). This 

technology is currently being refined for both basic research and direct medial use (209).  

1.7 NAD+ dependent signalling pathways 

The three main classes of NAD+ dependent enzymes are SIRTs, ADP-ribose polymerases and 

the cyclic ADP-ribose synthases CD38 and CD157 (118). Despite their shared reliance on 

NAD+, these enzymes have highly disparate functions (Figure 1-21), and this section will 

outline their relative contributions to NAD+ bioavailability and metabolic health.  
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Figure 1-21 – NAD+ as both a redox cofactor and signalling substrate. NAD+ is also critical for 
regulating key cellular processes as a consumed substrate for NAD+ dependent signalling 
enzymes. Adapted from Elhassan et al., 2017 (211). 

1.7.1 Sirtuins 

The sirtuins are a family of seven NAD+ class III histone deacetylase enzymes, of which seven 

sirtuin homologs (SIRT1-7) exist in mammals with varying roles, targets and subcellular 

locations. The family is named for its homology to the NAD+ dependent yeast gene silencing 

protein Sir2 (212). Overexpression of Sir2 orthologs was initially reported to increase lifespan 

in Saccharomyces cerevisiae, Caenorhabditis elegans and Drosophila melanogaster through 

mechanisms linked with caloric restriction (213-215) though these observations were 
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recently attributed to non-standardised genetic backgrounds (216). SIRT expression and 

activity has been implicated in mammalian longevity (217, 218) though any direct 

mechanisms remain undetermined. Nonetheless, recent years have seen a wealth of 

research into mammalian SIRTs, which have been identified as important metabolic 

“sensors” for the cell as the activity of SIRTs is dependent on NAD+ availability, and therefore 

intrinsically linked to cellular energy status (219, 220).  

 SIRT-mediated signalling pathways can induce systemic metabolic adaptations 

through modulating diverse cellular functions including mitochondrial biogenesis, metabolic 

substrate switching, gluconeogenesis and insulin sensitivity (221) , cellular stress responses 

(222), deoxyribose nucleic acid (DNA) repair (223), cell cycle control(224, 225), inflammation 

(226), circadian rhythm (227) and autophagy (228). Most SIRTs function by removing acetyl 

groups from target proteins including metabolic transcription factors, modulating their 

activity. This is achieved through cleavage of NAD+, where the free acetyl group is accepted 

by ADPr becoming O-acetyl-ADP-ribose (OAADPr) (229) (Figure 1-22). SIRT2 is primarily 

localised to the cytoplasm and is thought to modulate inactive cytoplasmic transcription 

factors, while SIRT1, 6 and 7 are localised to nuclei where they regulate active nuclear 

transcription factors and chromatin remodelling proteins such as histones (230). SIRT3, 4 

and 5 are localised to mitochondria where they “sense” redox state and induce appropriate 

responses to maintain metabolic homeostasis (230).  
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Figure 1-22 – Simplified mechanism of SIRT action. AMPK activates SIRTs which catalyse the 
removal of acetyl groups from target proteins in an NAD+ dependent reaction, modulating 
target protein activity and eliciting cellular changes such as increased mitochondrial 
biogenesis. 

 SIRT1 and 3 present with the most metabolically relevant roles, and have wide 

ranging impacts on systemic metabolism. SIRT1 is also regulator of gluconeogenic gene 

expression in the liver, promoting liver gluconeogenesis in fasting conditions (221) but also 

suppressing aberrant gluconeogenesis in conditions of type 2 diabetes upon the SIRT1 

activator metformin (231, 232). SIRT1 also improves insulin sensitivity in pancreatic beta 

cells (233) and can shift transcriptional programming towards mitochondrial fatty acid 

oxidation through PGC-1α and peroxisome proliferator-activated receptors (PPAR) (234) 

protecting against systemic obesity (Figure 1-22). SIRT1 overexpressing high fat diet (HFD) 

fed mice also showed improvements in glucose tolerance through tighter regulation of liver 

gluconeogenesis (235) with a similar study reporting beneficial effects from SIRT3 

overexpression in NAFLD (236). In skeletal muscle, SIRT1 increases oxidative capacity and 

mitochondrial biogenesis through activation of PGC-1α and increases insulin sensitisation 

and enhanced glucose/fatty acid metabolism through PPARs (237) , alongside protection 
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against skeletal muscle atrophy through inhibition of FOXO proteins (238) (Figure 1-22). 

SIRT3 is the most active mitochondrial sirtuin, and positively modulates mitochondrial 

activity through deacetylation of ETC complexes I and II and acetyl-CoA synthetase (ACS) 

(239). Like SIRT1, SIRT3 also influences metabolic substrate preference but through 

modulation of pyruvate dehydrogenase (PDH) acetylation status rather than transcription 

factors in response to substrate availability (240) (Figure 1-22). Additionally, SIRT3 protects 

mitochondrial integrity and the mitochondrial genome through interactions with 8-

oxoguanine-DNA glycosylase 1 (OGG1) which repairs oxidative DNA damage (241), and can 

also induce antioxidant genes through interaction with FOXO3a (242). 

 SIRT activity is NAD+ dependent and thus induced under conditions of metabolic 

stress that are accompanied with a decrease of ATP and increase in bioavailable NAD+, with 

both SIRT1 and SIRT3 activity regulated by AMPK activation and exercise (220, 229, 243-245). 

SIRT1 can also reciprocally activate AMPK through deacetylation and activation of the AMPK 

activating kinase liver kinase B1 (LKB1) (246, 247) (Figure 1-22). SIRTs are thus responsible 

for much of the beneficial metabolic adaptations that accompany caloric restriction and 

exercise in skeletal muscle (248) and whole body metabolism (220, 249). Due to these roles, 

dysregulation of SIRT signalling are likely a contributing factor and potential therapeutic 

target in many metabolism related disease states including type II diabetes (250), vascular 

disease (251), NAFLD (252) and mitochondrial disease (253). It is therefore clear that SIRT 

signalling is critical to the preservation of metabolic health, which is itself dependant on 

cellular NAD+ bioavailability. 
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1.7.2 ADP-ribose polymerases 

Poly ADP-ribose polymerases are enzymes which catalyse the transfer of ADP-ribose 

moieties to target proteins (118). The ADP-ribose moieties are derived from NAD+, therefore 

constituting a cellular source of NAD+ consumption (254). There are two major classes, poly-

ADP ribose polymerases (PARPs) and ADP ribosyltransferases (ARTs) (254). 

1.7.2.1 PARPs 

PARPs are NAD+ dependent enzymes of which there are 17 different isoforms in mammals, 

with the most widely studied being PARP1 and PARP2 (118). PARP1 and PARP2 transfer poly 

ADP-ribose moieties derived from the breakdown of NAD+ to target proteins, thus 

modulating their function and activity (255). Their primary function is to activate DNA repair 

mechanisms, though they also have roles in chromatin modulation and gene transcription, 

cell proliferation and apoptosis (255). Although PARPs have few direct regulatory roles in 

metabolism, they are indirectly important in a metabolic context as major depletors of 

bioavailable NAD+ through consumption (256). Persistent PARP activation depletes 

bioavailable NAD+ by up to 80% whilst significantly increasing NAM levels, which itself 

inhibits SIRT activity (257, 258). Similarly, SIRT1 activation results in PARP downregulation 

(259), implying that SIRTs and PARPs compete for the same intracellular NAD+ pool (257, 

259). SIRT activity suppresses PARP activity in conditions of NAD+ excess (258), but SIRT1 has 

a higher Michaelis constant value (Km) for NAD+ than PARP1, therefore the ability of SIRTs to 

counterbalance PARP activity decreases as bioavailable NAD+ depletes (118). Furthermore, 

PARP2 has also been shown to directly suppress SIRT1 activity through interaction with the 
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SIRT1 promoter (257, 260), although absence of both PARP1 and PARP2 does not affect 

SIRT2 or SIRT3 (257).  

 PARP activity increases with age as DNA damage accumulates, resulting in decreased 

NAD+ bioavailability and downregulated SIRT activity, which is further exacerbated by PARPs 

having a higher affinity for NAD+ (118, 261-263). Multiple studies assessing PARP inhibition 

have reported protective metabolic effects in skeletal muscle and other tissues through 

preventing excessive PARP NAD+ consumption and thus inducing SIRT activity (257, 262-265). 

However, the wider applicability of this as a chronic metabolic intervention is questionable 

due to the risk of exacerbating genomic instability through impaired PARP mediated DNA 

damage repair mechanisms (261, 266).  

1.7.2.2 ARTs 

ARTs differ to PARPs in that they exclusively transfer single ADP-ribose moieties to target 

proteins rather than ADP-ribose polymers. Most ART family enzymes (ART1, 2, 3 and 4) are 

bound to the external surface of the plasma membrane via a glycosyl-phosphatidyl-inositol 

(GPI) anchor, though ART5 is an extracellular secreted enzyme (267). The main function of 

ARTs is to catalyse the mono ADP-ribosylation of arginine side chains on extracellular protein 

substrates such as the immune modulator P2X7 and the haem binding protein haemopexin 

(268, 269), though several intracellular proteins contain Arg-ADPr residues and are thought 

to be ART substrates, including BiP, GAPDH and Tubulin (267, 270-272). Many skeletal 

muscle and heart proteins are mono-ADP ribosylated, and mice deficient in ART1 showed 

muscular weakness suggesting that ART activity is of particular importance to skeletal 

muscle (268). There is evidence to suggest that ARTs are important for skeletal muscle cell 

membrane/ECM interactions and by extension skeletal muscle growth and repair, with ART-
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mediated ADP-ribosylation of integrin tails temporally modulating their affinity for laminin 

(273-277). 

1.7.3 Cyclic ADP ribose synthases 

The Cyclic ADP ribose synthases CD38 and CD157/BST-1 are membrane-bound ectoenzymes 

that also function as receptors in immune cells, governing multiple cell functions such as cell 

adhesion, immune signalling and metabolic disease (278). They also produce cADPR from 

NAD+, which acts as a second messenger that influences Ca2+ signalling and release alongside 

the inositol trisphoshate (IP3) pathway (279). As with PARPs, these enzymes consume 

bioavailable NAD+ at a considerable rate, with production of one cADPR molecule requiring 

hydrolysis of ~100 NAD+ molecules (280). CD38 has a major impact on cellular NAD+ levels in 

mammals (281), and CD38 inhibition has been shown to increase NAD+ levels and improve 

glucose and lipid homeostasis in obese mice (282). Additionally, CD38 KO mouse models 

have demonstrated increased NAD+ levels and protection against obesity and metabolic 

dysfunction improvements in metabolic health (283), as well as improving age related 

metabolic decline through upregulation of SIRT3 (284). However, NAD+ mimetic CD38 

inhibitors may also inhibit SIRT1 (285) and disrupt calcium signalling processes (285), 

suggesting that as with PARP inhibition, they may not constitute appropriate targets for 

metabolic interventions. 
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1.8 NAD+, ageing and disease 

1.8.1 Ageing, NAD+ bioavailability and metabolic health 

Biological ageing is defined as progressive physiological changes leading to senescence 

and/or a decline of biological function and capacity for metabolic adaptation to stress (286, 

287). Generally, ageing cells exhibit increased DNA damage, diminished mitochondrial 

function, increased levels of ROS and lower ATP turnover (287, 288). It is becoming 

increasingly well established that perturbed NAD+ homeostasis is a causative factor in many 

metabolic disease states such as type II diabetes (180, 289). Critically, the risk of many of the 

discussed disease states that are attributable to insufficient NAD+ levels increases with age 

(290). It is now widely appreciated that biological ageing is accompanied with a decline in 

bioavailable cellular NAD+ levels, resulting in subsequent redox dysfunction and 

downregulation of NAD+ dependent metabolic signalling mediated by the sirtuins (291). This 

link in mammals was first established in pancreatic β-cell specific SIRT1 overexpressing mice, 

where young mice demonstrated improved glucose-stimulated insulin secretion which 

diminished with age. Critically, the phenotype could be rescued through raising intracellular 

NAD+ levels, implicating NAD+ bioavailability as the cause (182). A decline in NAD+ with age 

has been observed in nematode worms (292) and many rodent studies in most tissues (13). 

Though human data is relatively scarce, a similar decline has been observed in human skin 

(263) and liver (168). There are many proposed mechanisms for this decline, such as the 

aforementioned hyperactivation of PARPs (118). Alongside PARPs, CD38 expression is shown 

to increase with age (284), with CD38 knockout mice resisting age associated declines in 
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metabolic function and mitochondrial respiration (293), implicating CD38 as another major 

contributor to the decline in bioavailable NAD+.  

1.8.2 Sarcopenia and healthspan 

In the context of skeletal muscle, ageing manifests as a progressive loss of strength and 

muscle mass (4), insulin resistance and a reduced capacity for metabolic function and 

adaptation which is exacerbated by disuse, malnutrition and stress (5). Severe loss of 

skeletal muscle mass and function is termed sarcopenia, a multi-faceted disease state 

attributed to combinations of disuse, malnutrition, muscular anabolic/catabolic imbalance, 

inflammatory disease states and hormonal changes with age (6). A hallmark of sarcopenia is 

the loss of skeletal muscle fibre number, though fibre atrophy is often present particularly 

within type II fibres (294). Though the clinical definitions of sarcopenia are poorly defined, it 

strongly correlates with an accelerated decline in healthspan, increased risk of mortality and 

predisposition to metabolic disease including type 2 diabetes, obesity and cardiovascular 

disease (295, 296) (Figure 1-23).  
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Figure 1-23 – The relationship between skeletal muscle mass, ageing and metabolic health. 
Poorly managed skeletal muscle health leads to increased metabolic decline with age, while 
regular exercise, a balanced diet and/or NAD+ boosting therapeutic strategies could increase 
healthspan with age. 

 The molecular causes of age related skeletal muscle loss remain poorly defined, 

though cited factors include blunted responses to anabolic signals and downregulated 

hypertrophic pathways (297), increased proteasomal activity (298), a reduced capacity for 

regeneration due to increased satellite cell senescence (299-301), impaired amino acid 

intake (302) and sensing (303), increased inflammation (304), increased lipid infiltration 

(305) and mitochondrial dysfunction caused by impaired mitochondrial biogenesis and 

mitophagy (99, 101, 306). As previously discussed, lower NAD+ bioavailability leads to 

decreased SIRT activity and thus impaired mitochondrial biogenesis and metabolic 

adaptation. Evidence suggests that this is also the case within skeletal muscle and could also 

contribute to the aetiology of muscular dysfunction and subsequent metabolic disease, with 
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models of severe skeletal muscle NAD+ depletion reporting severe yet reversible muscle 

weakness and metabolic dysfunction (11). Increasing SIRT activity via caloric restriction led 

to attenuated age related loss of muscle mass in rats through upregulation of PGC-1α (307) 

and reduced muscle oxidative stress/oxidation status (308, 309). Rodent studies suggest a 

decline in NAD+ with age ranging from 15-85% (11, 180, 184, 284, 292). However, as skeletal 

muscle NAD+ levels and subsequent NAD+ dependent signalling pathways are also regulated 

through exercise (104, 245, 310, 311), it is unclear whether depleted cellular NAD+ is a 

primary cause or a secondary effect of age related sarcopenia, which itself leads to reduced 

physical activity (Figure 1-24). As NAD+ precursor availability has been found to influence 

cellular NAD+ levels, such nutrient based interventions may be a viable therapeutic 

intervention against progression of sarcopenia alongside physical activity, particularly in 

cases where muscle weakness and immobility limit access to exercise. Because of this, much 

research has been focused on understanding the relationships between NAD+ biosynthetic 

pathways and their viability for supplementation in order to boost cellular NAD+ levels. In 

the context of today's ageing and increasingly sedentary society (312, 313), further 

understanding of biochemical pathways associated with skeletal muscle preservation and 

restoration is required to address the issue of healthspan correlating poorly with lifespan. 
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Figure 1-24 – Sarcopenia is a self-exacerbating disease. Sarcopenic risk factors decrease 
skeletal muscle NAD+, leading to further metabolic dysfunction and increased disuse. 

1.9 Skeletal muscle NAD+ dynamics 

With the acknowledgement of the importance of NAD+ homeostasis in skeletal muscle and 

overall metabolic health, research interest in skeletal muscle NAD+ salvage pathways and 

optimal supplementation strategies has seen a marked increase. The key skeletal muscle 

salvage pathways have been identified, though the interplay and contextual importance of 

the routes to NAD+ available to skeletal muscle remains unclear.  

1.9.1 Skeletal Muscle NAD+ Salvage Pathways 

Initial metabolic profiling on skeletal muscle determined that the NMNAT1 enzyme is highly 

active relative to NADSYN, indicating that skeletal muscle is reliant on salvage through 

amidated routes (NAM and NR) over de novo synthesis or the Press-Handler pathway (121). 

The most highly expressed NAD+ salvage enzymes in skeletal muscle are NAMPT, NRK2 and 

NMNAT1 (15) (Figure 1-25), and infusions of labelled L-tryptophan and NA determined that a 

negligible proportion of skeletal muscle NAD+ is synthesised from these precursors (314) 

confirming the sole importance of the amidated salvage pathways.  
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Figure 1-25 – Skeletal Muscle NAD+ salvage mechanisms. Expression of de novo and Priess-
Handler pathway enzymes are negligible, while NR and NAM processing enzymes are highly 
expressed. NRK2 is strongly expressed relative to NRK1, which is almost negligible. Adapted 
from Fletcher et al., 2017 (15). 

 Recycling of NAM back to NAD via NAMPT appears to be the most important 

pathway in skeletal muscle for maintaining NAD+ homeostasis, with NAMPT inhibition via 

FK866 alone resulting in a significant decrease in cellular NAD+ levels (15). A skeletal muscle 

specific NAMPT KO mouse model exhibited an 85% decrease in skeletal muscle NAD+ 

content, compromising bioenergetics and leading to a 60% decline in ATP (11). This in turn 

led to a significant decline in skeletal muscle function including loss of mass, endurance, 

strength, improper glucose metabolism, increased inflammation and accelerated progressive 

degeneration with age (11). Critically, this phenotype could be rescued with oral NR 

administration (11). Skeletal muscle specific overexpression of NAMPT increased NAD+ levels 

by 50% without perturbing the NAD+/NADH ratio, but did not improve mitochondrial 

biogenesis or function and mice aged between 3-9 months were not protected from HFD 

induced obesity (315). Conversely, a more recent study with a NAMPT specific 

overexpression mouse model reported an increase in exercise performance and 

mitochondrial capacity following voluntary exercise training (316) suggesting that 

augmented NAD+ salvage could improve adaptations to training. NAMPT expression is also 
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known to decrease with age correlating closely with exercise capacity (104), a trend which 

can be reversed with exercise training in both rodents (105) and humans (104). The link 

between NAMPT, SIRT1 and exercise is clear (317) having also been linked to increased 

mitochondrial volume and potentially increased endurance (318, 319) with NAMPT 

overexpressing mice retained a greater capacity for exercise with age (11). Current 

knowledge suggests that augmenting skeletal muscle NAD+ levels in absence of physiological 

NAD+ deficit provides only subtle functional benefits at most (315), but could significantly 

prolong healthy skeletal muscle function under conditions of NAD+ deficiency such as in 

ageing and pathophysiological disease states. In contrast to NAMPT, NRK loss of function 

models do not exhibit a severe phenotype, with no significant perturbations to the NAD+ 

metabolome (15, 16). NRK1 KO, NRK2 KO and double NRK1/NRK2 KO mice appear 

functionally normal in terms of skeletal muscle NAD+ metabolome, structure and 

development, gene expression, mitochondrial function and bioenergetics (15). A recent 

study also noted no change in skeletal muscle NAD+ levels but a concurrent decrease in 

Nmrk1 expression in aged NRK2 KO mice, alongside a maladaptive skeletal muscle response 

to endurance exercise with of enhanced slow myosin gene expression but a concurrently 

increased IL-15 myokine expression, which activates mTOR signalling and may be required to 

preserve muscle mass in the absence of NRK2 (320). Taken together, this suggests a specific 

role for NRK2 in maintaining the skeletal muscle NAD+ pool with age. 

1.9.2 Skeletal muscle NAD+ supplementation strategies 

Despite the perceived redundancy of the NR/NRK salvage pathway in general NAD+ 

homeostasis within skeletal muscle, the metabolic value of the NRK enzymes may derive 
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from their seemingly essential role for exogenous NMN and NR processing. As previously 

discussed in section 1.6.7, neither NR nor NMN are able to influence skeletal muscle cellular 

NAD+ levels in the absence of functional NRK activity (15). Two NRK isoforms exist, though 

there appears to be a functional redundancy between them in this regard (15). Furthermore, 

despite the importance of NAMPT to skeletal muscle homeostasis, NAM is an ineffective 

skeletal muscle NAD+ boosting precursor relative to NR and NMN (15) , which is likely due to 

the rate limiting effect of high NAD+ levels on NAMPT (132, 140, 141). The functional 

benefits from increased NAD+ signalling may also be less pronounced with NAM 

supplementation due to the inhibitory effects of excess NAM on SIRTs (142-145). Conversely, 

orally administered NR has demonstrated significant NAD+ boosting effects in aged satellite 

cells, improving mitochondrial function and preventing senescence which had positive 

effects on skeletal muscle and enhanced murine lifespan (171). Additionally, skeletal muscle 

NRK2 expression has not been shown to decline with age unlike NAMPT (104), together 

implicating the NR/NRK pathway as a more suitable candidate for boosting skeletal muscle 

NAD+ levels.  

 NAD+ repletion through exogenous NR and NMN supplementation has demonstrated 

improvements in skeletal muscle function and skeletal muscle mitochondrial function in 

models of ageing (181, 184), injury (171), muscular dystrophy (321) and mitochondrial 

disease (253). Furthermore, NR (11, 15) and NMN (15) are able to rescue NAD+ levels in 

models of dysfunctional NAD+ recycling via NAMPT, suggesting clearly delineated roles for 

NAM recycling and the NRK pathway. Interestingly, exogenous NR was able to rescue 

skeletal muscle fibre size and ATP production in NAMPT KO mice despite having little impact 

on the total and mitochondrial NAD+ pool (11), suggesting that while NR salvage via NRK2 
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may be dispensable for general skeletal muscle homeostasis, NRK2 is able to produce an 

independent, efficiently used subfraction of total NAD+ if NAM recycling is impaired. 

1.10 Nicotinamide riboside kinases 

The current skeletal muscle NAD+ salvage model suggests that the NR/NRK pathway is 

inessential for general maintenance of NAD+ homeostasis, which is broadly covered through 

NAM recycling via NAMPT. However, NRKs are is required for extraneous NR and NMN 

processing (15, 16), and may therefore constitute an auxiliary NAD+ salvage pathway which 

is more effective at raising skeletal muscle NAD+ levels with age and under conditions of 

metabolic stress. Interestingly, NRK1 is able to fully compensate for the loss of NRK2 in this 

regard within skeletal muscle, despite almost negligible expression levels (15). However, 

evidence suggests that NRK2 has skeletal muscle specific roles that stretch beyond that of 

simply an alternative route to NAD+. This section will review current knowledge of the NRKs, 

focusing on the potential importance of NRK2 in skeletal muscle.  

1.10.1 Discovery and kinetic properties of the NRKs 

The NRK enzymes catalyse the phosphorylation of NR to NMN, and this initial reaction is 

thought to be rate limiting for the production of NAD+ from NR (16). The two mammalian 

NRK isoforms, NRK1 and NRK2, are 57% homologous and are the sole enzymes responsible 

for phosphorylation of NR to NMN (14, 158). The existence of mammalian NRKs was 

predicted and subsequently confirmed as a result of observations that NR supplementation 

could extend yeast lifespan by increasing NAD+ bioavailability, and thus increased Sir2 

activity (14). Both isoforms have a high affinity for NR in the low micromolar range, with 
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NRK1 having a slightly higher affinity than NRK2 (Table 1-2). NRK1 can utilise both ATP and 

guanosine triphosphate (GTP) as a phosphate donor while NRK2 is ATP specific (158). 

Nicotinic acid riboside (NAR) is also a viable substrate for NRK1 and NRK2 and thus 

constitutes an additional NAD+ precursor, which is then converted to NAMN and eventually 

NAD+ by the same enzymes as with the Preiss-Handler pathway (158). The NRKs are closely 

related to human uridine/cytidine kinase 2 (UCK2) (158), retaining KM values for both 

uridine and cytidine in the millimolar range (322). Interestingly, while affinity for cytidine 

between NRK1 and 2 is comparable, NRK2 has a 10-fold higher affinity for uridine than NRK1 

(322).  

Table 1-2 – NRK1 and NRK2 enzyme kinetics and substrate specificities. The NRKs have a 
high affinity for NR and NAR, though NRK2 is unable to utilise GTP as a phosphate donor. 
Data obtained from Tempel et al., 2007 (158). 

Substrate KM (mM) Kcat (/S) Kcat/KM (/S/M) 

NRK1:    

NR + ATP 0.088 0.6 6800 

NR + GTP 0.068 0.34 5000 

NAR + ATP 0.051 0.21 4100 

NRK2:    

NR + ATP 0.19 0.75 3900 

NR + GTP 30 1.7 57 

NAR + ATP 0.063 0.34 5400 

 

To date, many studies into utilising exogenous NR substrate for boosting cellular 

NAD+ have been performed while relatively few have sought to establish endogenous roles 

of the NRK enzymes (323). The critical NAD+ salvage pathways and dynamics within skeletal 

muscle have recently been narrowed down (15), with some insight into the roles of NRKs 

with regards to the NAD+ metabolome through loss of function models (15, 16). Unlike 
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NAMPT KO models, global deletion of either or both NRK isoforms simultaneously does not 

produce a significant phenotype in mice in terms of health, development or the NAD+ 

metabolome (15), suggesting that NRK enzymes are inessential for general NAD+ 

homeostasis in mammals. However, recent research suggests a role for NRK1 in liver in 

protection against diet induced pathology (323), suggesting that the NRK pathway could 

constitute an important auxiliary pathway to NAD+ under times of metabolic stress. 

 NRK1 and NRK2 have very different expression patterns throughout mammalian 

tissues, hinting at divergent tissue specific roles. NRK1 is expressed ubiquitously, while NRK2 

is specific to cardiac and skeletal muscle, though still detectable at very low levels in brown 

adipose tissue and liver (Figure 1-26) (15, 165). The reasons for the muscle specificity of 

NRK2 remain unclear, though recent evidence suggests that besides simply constituting an 

additional route to NAD+, NRK2 may also function as an inducible response to metabolic 

stress.  



Chapter 1  Introduction 

72 
 

 
Figure 1-26 – Relative mRNA expression levels of Nampt, Nmrk1 and Nmrk2 across mouse 
tissues. NAMPT and NRK1 are ubiquitous, while NRK2 is specific to skeletal muscle and 
cardiac muscle at a lower level. Q: quadriceps; TA: tibialis anterior; Sol: soleus; Liv: liver; Hrt: 
heart; Dia: diaphragm; Kid: kidney; Brn: brown adipose tissue; Wat: white adipose tissue. 
Adapted from Fletcher et al., 2017 (15).  

1.10.2 NRK2 is induced in response to energetic stress  

As well as being a potentially exploitable pathway for exogenous NAD+ boosting, recent data 

suggest another role of the NRK pathway in adaptation to redox and metabolic stress under 

various pathophysiological states. NRK2 was initially discovered to be significantly 

upregulated in a mouse model of severe myopathy and redox stress (324), with no 

concurrent upregulation of NRK1 (324, 325). Loss of function of hexose-6-phosphate 

dehydrogenase (H6PDH) mice, an endoplasmic reticulum (ER) localised enzyme necessary 

for local NADPH production, exhibit decreased muscular NAD+ manifesting as mitochondrial 

dysfunction, depletion of type IIa fibres and intrafibrillar vacuoles (324, 325), with NRK2 

being upregulated >60-fold at messenger ribose nucleic acid (mRNA) level. The model was 

recently revisited to establish functional roles for this induction, and while NR 

supplementation partially restored NAD+ homeostasis, no improvements in metabolic or 

mitochondrial phenotype were observed (325). Double H6PDH/NRK2 KO mice presented 

significant further NAD+ depletion but no significant increases in phenotypic severity (325), 
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implying that while upregulated NRK salvage appears to bolster the NAD+ pool under severe 

energetic stress, it is not sufficient to ameliorate the severe phenotype to any extent (325).  

 NRK2 was also significantly upregulated in injured muscle at 24 hours post injury in a 

mouse model of lower limb trauma (326), as well as in models of lethal cardiomyopathy 

where NR supplementation improved lifespan by 50% (327), supporting the hypothesis that 

NRK2 is upregulated to support NAD+ biosynthesis under extreme energetic stress. More 

work in models of dilated cardiomyopathy and cardiac hypertrophy observed a 

downregulation of NAMPT alongside an upregulation of NRK, and again NR supplementation 

led to phenotypic improvements (328). It was further established that in cardiac cells, the 

upregulation of NRK2 occurs in response to signalling via AMPK and PPARα in times of 

energetic stress (328). This NAD+ dependent induction has also been observed in skeletal 

muscle, where inhibition of NAMPT and subsequent depletion of NAD+ resulted in significant 

NRK2 upregulation (15). Interestingly, NRK2 was also upregulated in injured dorsal root 

ganglion neurons where baseline expression levels are typically negligible (329) indicating 

that this potential role of NRK2 may not be limited to skeletal and cardiac muscle. 

 A critical observation across these studies is that NRK2 upregulation alone does not 

raise NAD+ levels sufficiently to improve physiopathological phenotypes, which could be 

explained by low (~7 nM) (314) or undetectable endogenous circulating NR levels (164, 314). 

However, improvements are often noted with exogenous NR supplementation, and a 

significant albeit phenotypically irrelevant additive depletion of NAD+ was observed when 

NRK2 was knocked out alongside H6PDH (325), thus the physiological relevance of this 

upregulation still remains unclear. 
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1.10.3 Skeletal muscle NAD+ salvage, circadian rhythm and NRK2 

Intracellular NAD+ concentrations oscillate in a 24 hour rhythm in many tissues, contributing 

towards temporal metabolic regulation (330). NAMPT expression is regulated by the 

mammalian master circadian rhythm regulating transcription factor complex circadian 

locomotor output cycles kaput:brain and muscle ARNT-like 1 (CLOCK:BMAL1) (331), which is 

in turn regulated by the activity of the NAD+ dependent signalling mediator SIRT1 through 

differential modulation of histone acetylation status (227, 332). This relationship has been 

well characterised in white adipose tissue (WAT), liver and embryonic fibroblasts, with 

NAMPT loss of function models exhibiting dysregulated circadian gene expression profiles 

and abnormal intracellular NAD+ concentration profiles (332, 333). Such disruption of 

circadian clock components impairs the coordination of critical cellular processes such as 

chromatin remodelling, gene expression, protein activity and protein turnover (334, 335). 

From a metabolic perspective, the resultant improper oscillation of metabolite levels is 

known to impact metabolic homeostasis and has been implicated in disease states such as 

obesity, diabetes and cardiovascular disease (335).  

 Though the NAMPT-SIRT1-CLOCK:BMAL1 interdependency is well characterised, less 

is known about the circadian regulation of the NRK enzymes. Differential circadian 

expression of NRK1 has been documented in mouse liver which was disrupted in CLOCK 

deficient mice (336), but little is known of this in skeletal muscle. Skeletal muscle has its own 

independent molecular clock system (337) by which processes such as structural 

remodelling, metabolic status and mitochondrial dynamics are regulated (337). Many of 

these processes are regulated by transcription factors that are directly influenced by NAD+ 

dependent signalling such as PGC-1α (338) and PPAR-γ (339), suggesting that circadian 
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oscillations in NAD+ are of great importance to skeletal muscle metabolism. RNA microarray 

data indicates an oscillating circadian expression profile for NRK2 in mouse skeletal muscle 

which is not as distinctively observed in NAMPT, implying that the relative contributions of 

individual salvage routes to NAD+ bioavailability may be temporally variable (340) (Figure 

1-27). NRK2 could therefore constitute an important temporal regulator of skeletal muscle 

metabolic status. 
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Figure 1-27 – Circadian mRNA Expression profiles of Nmrk2, Nampt, and Nmrk1 alongside 
the core clock gene Per1 in TA, a predominantly glycolytic skeletal muscle bed, and soleus, 
a predominantly oxidative muscle. Expression levels of NRK2 oscillate at greater amplitude 
than Nampt and Nrk1 in both TA and soleus. Data obtained from Dyar et al., 2013 (340). 
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1.10.4  NRK2 and myogenesis, differentiation and cell adhesion 

NRK2 may also play critical roles in musculoskeletal development and differentiation. Prior 

to its classification as a nicotinamide riboside kinase, a protein homologous to NRK2 was 

initially identified in the mouse C2C12 myoblast cell line, termed skeletal muscle-specific 

integrin β1 binding protein (MIBP) (341). The same study identified differential expression 

patterns where MIBP was strongly expressed at myogenic fusion before being 

downregulated during differentiation (341), with constitutive overexpression of MIBP 

preventing fusion and terminal differentiation. Further work established a specific 

interaction between MIBP and the α7β1 integrin subtype (342), which is a critical modulator 

of cytoskeletal actin and basement membrane laminin interactions in skeletal muscle (343). 

Furthermore, a direct effect of MIBP on expression of the focal adhesion protein paxillin and 

a significant disruption to integrin/laminin binding in MIBP overexpressing C2C12s was 

identified (342).  

Upon the discovery of human NRK2 and its affinity for NR, it was also determined 

that MIBP is actually a truncated 186 amino acid splice variant of NRK2 which is devoid of 

enzymatic activity (14). additional studies on the catalytically active zebrafish NRK2 homolog 

NRK2b reported that specific knockdown of NRK2b affected embryonic somite formation 

and disrupted myotomic and myotendinous junction (MTJ) actin deposition (344), which was 

again traced to aberrant integrin/laminin interactions (specifically integrin α6/α7) and 

paxillin recruitment within the basement membrane. Crucially, further work determined that 

the phenotype could be rescued through the addition of NAD+ to the embryonic medium 

indicating that the NAD+ salvage activity of NRK2 is important for skeletal muscle cell 

adhesion (345).  
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 Despite these observations, NRK2 KO mice develop normally and do not exhibit overt 

muscular abnormality (15). This developmental phenotype could therefore be present in 

zebrafish due to a lack of alternative NAD+ salvage routes whilst the NRK salvage route is 

largely redundant in mice. However, it is intriguing that overexpression of catalytically 

inactive MIBP in a murine cell line produces a similar effect to the loss of function zebrafish 

model, suggesting that a delicate balance of temporal NRK2 expression levels during 

myogenesis could be important Furthermore, MIBP interacts with integrin α7β1 in C2C12s 

(342). It is therefore possible that MIBP overexpressing cells demonstrated impaired 

myotube fusion and differentiation due to a stoichiometric imbalance between inactive 

MIBP and active NRK2, leading to competitive inhibition of NRK2 associating with 

integrin/laminin complexes thus impairing localised NAD+ production. Additionally, a recent 

human study determined that oral NR supplementation induces upregulation of actin 

filament processing, cell motility and cell adhesion genes in skeletal muscle, suggesting an 

NR/NRK specific role in these processes (176). These potential roles of NRK2 remain unclear, 

necessitating further research (17).  

1.11 Project rationale 

This introduction has served to outline current knowledge of the multi-faceted roles of and 

routes to NAD+ as a redox cofactor and signalling molecule, highlighting the importance of 

NAD+ in many essential cellular processes. While research into the complex interplay 

between mechanisms by which NAD+ is biosynthesised is extensive, the roles of the more 

recently discovered NRK mediated NR salvage pathways are still not known, particularly 

within skeletal muscle given its importance to overall metabolic health. Understanding the 
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links between ageing, decreased NAD+ bioavailability, metabolic dysregulation and reduced 

health span is of utmost importance in the increasingly aged, sedentary and obese 

population of the modern world (312, 313). Robust understanding of how NAD+ is 

synthesised and metabolised, alongside the tissue specific consequences of alterations to 

NAD+ dependent signalling, is essential to establishing therapeutic strategies for treating 

NAD+ linked pathophysiological states and prolonging healthspan with age. 

 The exact role of NRK2 mediated NAD+ biosynthesis in skeletal muscle metabolic 

homeostasis still remains elusive. Recent work has utilised NRK loss of function models to 

gain better understanding of its role in NAD+ salvage from exogenous amidated precursors 

(15, 16). Little is also known about the specific roles of NRK2 itself, such as the physiological 

relevance of its upregulation under energetic stress, its circadian expression patterns and its 

hypothesised roles in myogenesis, differentiation and cell adhesion (17, 344, 345). Relatively 

few in vivo NRK gain of function studies have been carried out, which could offer further 

insights into such additional proposed roles and the metabolic and physiological relevance of 

the pathway in skeletal muscle under specific metabolic conditions. The main aims of the 

project were therefore to ascertain the effects of NRK augmentation on skeletal muscle 

NAD+ dynamics and metabolism in response to altered nutrition, exercise, ageing and 

availability of NR precursor, as well as to characterise other potential roles of NRK2 in 

skeletal muscle.  

1.12 Hypothesis and objectives 

It is hypothesised that NRK2 mediated NAD+ salvage constitutes a critical pathway for the 

adaptation of skeletal muscle to metabolic stress. Lifetime augmentation of this pathway 
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may ameliorate age related NAD+ decline and improve healthspan under ageing and altered 

nutrition. 

The specific objectives of this project are: 

- To validate and characterise a skeletal muscle specific NRK2 overexpressing 

mouse strain under basal metabolic conditions and exercise (Chapter 3). 

- To establish the metabolic and physiological outcomes of lifetime skeletal 

muscle NRK/NR salvage pathway augmentation in aged mice, with or without 

chronic oral NR supplementation (Chapter 4). 

- To interrogate potential alternative roles of NRK2 in skeletal muscle structure 

and function (Chapter 5). 



CHAPTER 2 – MATERIALS AND METHODS 
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Unless otherwise stated, all reagents described were obtained from Sigma-Aldrich (Poole, 

Dorset, UK).  

Specific modifications and additional methods are found within corresponding chapters. 

2.1 Animal care 

Mice were housed in standard IVC cages (Green Line IVC Sealsafe PLUS, Techniplast, USA), 

with standardised sawdust, paper bedding and a red tinted house for shelter, in sex and 

litter matched groups of 2-4. Mice were fed ad libitum with standard rodent chow 

(EURodent Diet 14%, Labdiet, St Louis, Missouri, USA) and kept on a 12:12 light/dark cycle 

(06:00 lights on, 18:00 lights off). 

2.2 Mouse models 

The mouse model primarily used for this study utilised the Cre-Lox recombination system, by 

which somatic gene recombination was introduced. The system encompasses two key 

components; LoxP sites, which are 34 base pair (bp) long DNA sequences consisting of two 

13 bp palindromic sequences flanking an 8 bp long spacer region, and Cre recombinase, an 

enzyme which recognises and splices these LoxP sites (346). A gene or region of interest that 

is flanked with LoxP sites will be deleted, inverted or translocated, depending on the position 

and/or orientation of the LoxP sites (347, 348). 
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2.2.1 NRK2.Tg mice 

The nicotinamide riboside kinase 2 gene is abbreviated to Nmrk2 while the protein product 

is termed NRK2. Skeletal muscle specific NRK2 overexpressing mice are hereafter referred to 

as NRK2.Tg mice. 

 NRK2.Tg mice possess an inactive (conditional) form of the transgenic Nmrk2 allele, 

which is spliced into the ROSA26 locus on chromosome 6 of the mouse genome (Figure 2-1). 

This inactivity is maintained by a LoxP flanked STOP codon downstream of the constitutively 

active CAG promoter, inhibiting transcription of the Nmrk2 transgene and thereby resulting 

in a phenotypically wild type (WT) mouse (Figure 2-1). The LoxP sites are orientated in the 

same direction, and therefore in the presence of Cre recombinase the STOP codon is 

deleted, resulting in constitutively active transcription of the Nmrk2 transgene and 

constitutive translation of NRK2 protein (Figure 2-1). Hemizygous NRK2.Tg mice were 

developed by Taconic Biosciences (Rensselaer, New York, USA) on a C57BL6/NTac 

background.  
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Figure 2-1 – The molecular basis of Cre/LoxP recombination in the skeletal muscle specific 
NRK2 overexpressing mouse model and genotyping polymerase chain reaction (PCR) loci. 
In the presence of Cre recombinase, the LoxP flanked stop codon is removed, allowing for 
constitutive overexpression of the NRK2 transgene through the CAG promoter. The ROSA26 
reaction will only proceed if the transgenic construct is absent, while the transgenic nmrk2 
cassette detection reaction will only produce a band if the cassette is present. 

2.2.2 ACTA1-Cre mice 

Cre recombinase is a 38 kDa tyrosine recombinase enzyme derived from the P1 

bacteriophage (349). It mediates site specific recombination events akin to the mechanism 

of type I topisomerases, and has a high affinity for LoxP sites (350). The transgenic NRK2.Tg 

strain must be crossed with a transgenic Cre recombinase expressing strain to produce an 

NRK2 overexpressing mouse. In this case, NRK2.Tg mice were crossbred with a transgenic 

mouse strain possessing a form of Cre recombinase gene that is under the control of the 

skeletal muscle actin (Acta1) promoter. Therefore Cre recombinase is only transcribed in 
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tissues where the Acta1 gene is active, resulting in muscle specific overexpression of NRK2 

(Figure 2-2).  

 
Figure 2-2 – The transgenic Cre recombinase construct. The Cre recombinase gene is under 
the control of the Acta1 promoter which is only active within striated muscle, ensuring 
muscle specific expression.  

 Hemizygous FVB.Cg-Tg(Acta1-cre)79Jme/J mice were obtained from Jackson 

Laboratory (Bar Harbor, Maine, USA) on a C57BL6/J background (JAX stock #006139). To 

create the transgene, the promoter and first exon of the HSA gene from -2000 to +239 

relative to the transcription start site was isolated from the pHSA2000CAT plasmid (351). A 

second host pGS5 plasmid contained the rabbit β-globin intron, Cre recombinase transgene, 

SV40 polyadenylation signal and a SalI-HindIII-SalI linker region inserted in the SalI restriction 

site of pGS5. The 2339 bp HindIII restriction fragment of the pHSA2000CAT plasmid was 

cloned into the HindIII site of the pGS5 plasmid. Following this, the PGS5 construct was then 

injected into zygote pronuclei of C57BL/6JxSJL F1 mice, and embryos replanted into 

pseudopregnant CD1 foster mice (352). Using a β-galactosidase reporter assay, it was 

determined that the mouse exhibits uniform and robust Cre recombinase expression in 

skeletal muscle throughout the lifetime of the animal, including in skeletal muscle cells of 

embryonic somites and also sporadically within cardiomyocytes, without any expression in 

non-striated muscle (352). The strain was originally referred to as HSA-Cre79, but is 

hereafter referred to as ACTA1-Cre (352). 
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2.2.3 NRK2.Tg/ACTA1-Cre target animal breeding strategy 

All animals used for experiments were derived from the F1 NRK2.Tg/ACTA1-Cre crossed 

background and were either Nmrk2.Tg+/- (functionally wild type control animals hereafter 

referred to as WT) or Nmrk2.Tg+/-/Acta1-Cre+/-. These target animals were achieved 

through an in house breeding strategy outlined in Figure 2-3. Mice inherited alleles at 

predicted Mendelian frequencies and were born at the expected 50:50 male:female ratio. 

 
Figure 2-3 – Breeding strategy for NRK2.Tg/ACTA1-Cre target animals. Hemizygote 
NMRK2.Tg mice were crossed to produce a heterozygote NMRK2.Tg mouse, which was then 
crossed with a hemizygous ACTA1-Cre mouse to generate hemizygous floxed or NRK2 
overexpressing animals. 

2.2.4 Mouse genotyping – DNA extraction 

Mice were genotyped before experimentation to verify the presence of the conditional 

Nmrk2.Tg allele and identify if the mouse was positive or negative for the Acta1-Cre 
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construct. DNA was extracted from ear clips in the first instance or tail clips for verification 

after tissue collection. Approximately 5 mg tissue was placed into 200 µl tail lysis buffer (100 

mM Tris HCl (pH 8.5), 5 mM ethylenediaminetetraacetic acid (EDTA), 300 mM NaCl) with 5 µl 

proteinase K (Promega, Wisconsin, USA) to digest proteins and release DNA. Samples were 

incubated at 55 oC in a dry heat block to optimise proteinase K activity overnight before 

incubation at 95 oC for 1 hour to denature the proteinase K enzyme prior to polymerase 

chain reaction (PCR). 

2.2.5 Mouse genotyping - PCR 

PCR is a well described technique by which DNA can be amplified exponentially from a small 

original template. DNA Samples are heated to 95oC to denature to single strands and the 

temperature then lowered to approximately 60 oC to allow primers complimentary and 

unique to the sense (reverse) and antisense (forward) strands of a gene of interest to anneal 

to the original DNA template. The reaction temperature is then increased to 72 oC where 

oligonucleotides are extended, starting at the sites of primer binding, by Taq DNA 

polymerase activity in the presence of Mg2+ as an enzymatic cofactor and free 

deoxynucleotide triphosphate (dNTP) “building blocks”. These heating, annealing and 

extension steps are cycled multiple times, generating an exponential increase in template 

copies as cycles progress until sufficient product is produced for detection. 

PCR Reactions were set up for each sample using 10 µl 2x BioMix Red (Bioline, 

London, UK), 7 µl nuclease free water (Promega, Wisconsin, USA), 0.5 µl of each relevant 

forward and reverse primer (10 pmol/µl final concentration) and 1 µl DNA template, giving 

an overall reaction volume of 20 µl. All primer sequences were obtained from Taconic 
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Biosciences (USA) and synthesised by Alta Bioscience (Birmingham, UK). Primer sequences 

and expected product sizes are detailed in Table 2-1. PCR reactions were performed in a 

thermal cycler (Applied Biosystems GeneAmp® PCR System 2700, ThermoFisher Scientific, 

Massachusetts, USA), for which the parameters are described in Table 2-2. NMRK2.Tg WT 

(intact ROSA26 locus) and conditional NMRK2.Tg allele PCR reactions were performed in 

duplex in the same reaction tubes as no cross reactions were observed.  

 
Table 2-1 – NRK2.Tg/ACTA1-Cre genotyping PCR primer sequences. 

Primer Sequence (5’>3’) Product Size (base 

pairs) 

ROSA26 WT forward CTCTTCCCTCGTGATCTGCAACTCC 299 

ROSA26 WT reverse CATGTCTTTAATCTACCTCGATGG 

NMRK2.Tg 
conditional allele 
forward 

TGGCAGGCTTGAGATCTGG 492 

NMRK2.Tg 
conditional allele 
reverse 

CCCAAGGCACACAAAAAACC 

Cre Forward GCTGCCACGACCAAGTGACAGCAA 
402 

Cre Reverse GTTATTCGGATCATCAGCTACACC 
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Table 2-2 – NRK2.Tg/ACTA1-Cre genotyping PCR reaction conditions. 

PCR Cycle Step Temperature (°C) Time (sec) 

Initial Denaturisation 95 300 

Denaturisation 95 30 

Annealing 60 (ROSA26, 

conditional and 

constitutive reactions) 

57 (Cre recombinase 

reaction) 

30 

Extension 72 60 

Final Extension 72 600 

Final Hold 4 ∞ 

 

2.2.6 DNA gel electrophoresis 

Amplified DNA fragments are separated according to size through propulsion through an 

agarose gel via electrophoresis. Agarose gel is porous, allowing DNA fragments to travel 

through it when an electric current is applied across the gel. DNA has an overall negative 

charge and will move towards the positive electrode. Smaller fragments are able to travel 

further over the same voltage and time, allowing for separation of different sized fragments 

into “bands” quantified through comparison with a DNA “ladder” of known fragment sizes.  

 18 µl of PCR product was ran on a 2% agarose/Tris-Borate EDTA (TBE) gel with 

1:10,000 GelRed (Biotum, USA) at 100 V for 45 minutes alongside 5 µl 100 base pair DNA 

ladder (New England Biolabs, Massachusetts, USA). Gel bands were visualised using a 

Syngene G-Box and GeneSnap software (Syngene International Ltd, India). Mouse genotype 

x 38 cycles 
(ROSA26, 
conditional and 
constitutive 
reactions) 
x 35 cycles (Cre 
recombinase 
reaction) 
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was determined by the presence or absence of bands at expected sizes as indicated in Table 

2-1 and represented in Figure 2-4. 

 
Figure 2-4 – Example images of Wild type (WT), NRK2.Tg and Cre recombinase bands.  

2.3 Mouse tissue collection 

Routinely, mice were sacrificed via cervical dislocation and death confirmed by cessation of 

heartbeat. Tissues were immediately harvested, placed into a 2 mL cryotube, immediately 

snap-frozen in liquid nitrogen and stored at -80 oC. Where skeletal muscle beds and organs 

were weighed, one hindlimb was dissected quickly and tissues were instantly snap frozen 

followed by the heart and liver to minimise biological degradation of samples for 

metabolomics and ribonucleic acid (RNA) analysis. Muscles on the other hindlimb were 

dissected afterwards and weighed before being snap frozen.  

2.3.1 Tissue preparation – pulverising and weighing 

Tissue samples were stored in cryotubes (Starsedt, Germany) at –80 oC until use. For 

maximum experimental accuracy and minimum biological degradation, the tissue 

preparation method was designed to provide the most accurate tissue weight 

NRK2.Tg
(WT/Conditional)

Cre

NRK2.Tg – 492 bp
WT – 299 bp

Cre – 402 bp
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measurements without thawing. When required, samples were withdrawn and placed onto 

dry ice. A polystyrene box was filled with liquid nitrogen and all equipment (pestle and 

mortar, sample tubes, spatula, tweezers, micro spoon and metal funnel) was placed in the 

box until temperature equilibration. Frozen tissue was pulverised into a fine powder using a 

pestle and mortar before being poured back into the cold cryotube. Equipment was cleaned 

with 70% ethanol between samples to avoid cross-contamination. 

 To weigh tissue samples, sample tubes were pre-cooled in liquid nitrogen on a plastic 

rack. The cold tube was placed on a calibrated microbalance (Accuris Instruments Analytical 

Series W3100-210, Dublin, Ireland) and tared. The required amount of tissue was weighed 

and the sample quickly returned to liquid nitrogen.  

2.4 Constitutive allele detection 

2.4.1 DNA extraction and PCR 

Where higher purity DNA templates were required as for detection of the constitutive 

Nmrk2.Tg allele in skeletal muscle, total genomic DNA was extracted from ~20 mg tissue 

using a QIAGEN DNeasy Blood and Tissue Kit (QIAGEN, Germany). DNA was eluted in 30 µl 

buffer AE (10 mM Trizma-chloride (Tris-Cl), 0.5 mM EDTA pH 9.0). Concentration and purity 

was determined using a Nanodrop© ND-1000 (Labtech International, Cambridge, UK). 1 µl 

nuclease free water (NFW) was first measured as a blank, after which 1 µl DNA sample was 

measured for concentration and purity. Samples returning a 260/280 nm ratio between 1.8 

and 2.0 were sufficiently pure. Extracted DNA samples were stored at -20 oC prior to PCR. 

PCR was performed according to Table 2-2 using primers detailed in Table 2-3. 
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Table 2-3 – NRK2.Tg/ACTA1-Cre constitutive allele validation PCR primer sequences. 

Primer Sequence (5’>3’) Product Size (base 
pairs) 

NMRK2.Tg constitutive allele 
Forward 

TGGCAGGCTTGAGATCTGG 322 

NMRK2.Tg constitutive allele 
Reverse 

TCCCACTGTTTAAAGCCGTC 

2.5 RNA analysis 

Extraction and quantification of RNA is a method by which gene expression levels is 

determined, because transcription of messenger RNA (mRNA) is the first step towards 

production of a functional protein product. mRNA is single stranded and inherently unstable, 

thus extracted RNA must be reverse transcribed to complimentary DNA (cDNA) before 

amplification and analysis.  

2.5.1 RNA extraction 

Approximately 20 mg frozen tissue was placed into 800 µl TRI-Reagent™ RNA isolation 

reagent in a 2 ml microfuge tube along with a 5 mm steel bead (QIAGEN, Germany). Samples 

were placed into a cassette cooled to 4 oC and tissue was homogenised using a TissueLyser II 

(QIAGEN, Germany) by shaking at 30 cycles per second for 2 minutes. After homogenisation, 

160 µl chloroform was added and the mixture vortexed for 10 seconds before being 

incubated at room temperature (RT) for 5 minutes. The mixture was centrifuged at 12000 x g 

for 10 minutes at 4 oC and the aqueous RNA-containing phase was transferred to a new 

tube. Isopropanol (400 µl) was added to the isolated aqueous phase and incubated at -20 oC 

for 30 minutes to allow for RNA precipitation before centrifugation at 12000 x g for 10 
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minutes at 4 oC to pellet RNA precipitate. The supernatant was removed and the RNA pellet 

washed with 800 µl 75% ethanol, vortexed and centrifuged at 12000 x g for 5 minutes at 4 

oC. Ethanol was removed and the pellet air dried at room temperature for 10 minutes before 

resuspension in 30 µl NFW. RNA concentration and purity was determined through 

spectrophotometry using a Nanodrop© ND-1000 (Labtech International, Cambridge, UK). 

NFW (1 µl) Samples returning a 260/280 nm ratio of between 1.8 and 2 were sufficiently 

pure. Extracted RNA samples were stored at -80 oC prior to reverse transcription.  

2.5.2 Reverse transcription 

RNA template was diluted to a concentration of 100 ng/µl, of which 10 µl was used per 

sample for a total of 1 µg RNA. A High Capacity Reverse Transcription Kit (ThermoFisher 

Scientific, Massachusetts, USA) was then used to reverse transcribe the RNA to cDNA. A 

reverse transcription master mix was made with reagent quantities as listed in Table 2-4, of 

which 10 µl was added to the 10 µl RNA samples. Samples were placed in a thermal cycler 

(Applied Biosystems GeneAmp® PCR System 2700, USA) to the specifications detailed in 

Table 2-5.  
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Table 2-4 – Reverse transcription reaction composition. 

Reagent Volume per sample (µl) 

Nuclease free Water 3.2 

Reverse Transcription Buffer 2 

Random Primers 2 

MultiScribe© Reverse Transcriptase  1 

RNase Inhibitor 1 

Deoxynucleotide (dNTP) mix 0.8 

 
 
 
Table 2-5 – Reverse transcription PCR reaction conditions. 

Temperature (°C) Time (min) 

25 10 

37 120 

85 5 

4 ∞ 

 

2.5.3 Quantitative realtime PCR (qPCR) 

Quantitative realtime PCR (qPCR) is a method by which gene expression can be analysed. 

qPCR differs to normal PCR in that the amount of amplified DNA is quantified with every 

cycle as the PCR protocol progresses. Several methods of qPCR are available, all involving 

real time quantification of a signal proportional to amplified DNA levels. When performed on 

cDNA transcribed from mRNA and compared with a reference gene which is expressed 
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stably across all samples, highly sensitive quantification of targeted gene expression levels 

can be obtained. 

2.5.4 qPCR – TaqMan probes 

TaqManTM probes (ThermoFisher Scientific, USA) are oligonucleotides with 5’-3’ regions that 

are complimentary to the gene of interest. A unique donor fluorophore and an acceptor 

fluorophore, or quencher, are conjugated to the 5’ and 3’ ends of the oligonucleotide 

respectively. When intact, photons emitted by excitation of the donor fluorophore are 

absorbed by the proximally located quencher due to the concept of fluorescence resonance 

energy transfer (FRET). Upon probe hybridisation and extension, the probe is cleaved by Taq 

polymerase 5’ exonuclease activity, releasing the donor fluorophore into solution 

eliminating the quenching effect and allowing for detection of the fluorescent signal. A 

specific fluorescence signal directly proportional to the amount of DNA amplified is 

generated and used for quantification (Figure 2-5A).  
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Figure 2-5 – Quantitative PCR output curves and molecular mechanisms. A. Example of a 
qPCR amplification plot. Fluorescence signal rises with each cycle which is represented on a 
logarithmic scale. The threshold value is set at the point of exponential replication for all 
samples. B. Example image of a SYBR green melt curve. A single peak is present, indicating a 
viable primer pair. C. Diagrammatic representation of SYBR green vs. TaqMan quantification 
methods. SYBR green dye intercalates with dsDNA and fluoresces, with fluorescent signal 
being proportional to dsDNA abundance. In contrast, TaqMan probes release a fluorophore 
into the reaction mixture upon destruction of the probe by DNA polymerase. 

 Assay on Demand 6-carboxy-fluorsciein (FAM)/6-carboxylate-tetramethyl-rhodamine 

(TAMRA) probes (ThermoFisher Scientific, Massachusetts, USA) were used in a reaction 

volume of 10 µl using 5 µl 2x TaqMan Universal PCR Mix (ThermoFisher Scientific, 

Massachusetts, USA), 3.5 µl NFW, 0.5 µl probe and 1µl cDNA template. Reactions were 

performed in duplex. Cycle threshold (cT) values were normalised to a ribosomal RNA 

subunit 18s or glucuronidase beta (GUSB) VIC/TAMRA endogenous control (ThermoFisher 

Scientific, Massachusetts, USA). For initial mouse characterisation, 18s was used as a 

reference gene because the cT values were tight between samples. However, this was not 

the case for the aged cohort, in which there was significant variation. GUSB was instead used 
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as there was no significant variation between samples. qPCR was performed using an 

ABI7900HT system (ThermoFisher Scientific, Massachusetts, USA) at 95 oC for 10 min then 40 

cycles of 95 oC for 15 s and 60 oC for 1 min. Data was collected as cT values from which ΔcT 

values were calculated relative to the reference gene and normalised to arbitrary units. 

2.5.5 qPCR – SYBR Green 

Due to difficulties with the NRK2 TaqMan probe, an alternative method of qPCR was utilised 

for analysis of NRK2 expression levels in SYBR Green (ThermoFisher Scientific, 

Massachusetts, USA). SYBR Green qPCR mastermix contains a dye which is inert while in 

solution but fluorescent when intercalated with double stranded DNA (dsDNA). As the 

amount of dsDNA in the sample increases, more dye is incorporated resulting in a stronger 

fluorescent signal. With every cycle, total fluorescence is measured which is proportionate 

to the amount of dsDNA in the sample allowing for real time quantification of PCR product 

(Figure 2-5C). Unlike commercially optimised TaqMan probes which contain primers and 

probe all in one for a given gene of interest, the SYBR green qPCR method requires addition 

of forward and reverse primers.  

 A major obstacle in SYBR Green accuracy is specificity of primers to the gene of 

interest. Some primer sets may amplify nonspecific areas of the transcriptome alongside the 

intended region, resulting in the formation of two different dsDNA products and 

confounding results due to nonspecific signal amplification. An extra step is included on the 

SYBR Green qPCR reaction to detect this, where a DNA heat dissociation curve is performed 

after amplification is complete. When heated, dsDNA denatures into single stranded DNA 

(ssDNA). The specific temperature at which this occurs is dependent on base composition 
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and fragment size. By incrementally increasing temperature and observing fluorescence 

levels throughout, the point at which a dsDNA product of given size and composition 

denatures can be identified through a sudden drop in fluorescence (Figure 2-5B). If this 

occurs more than once, a nonspecific duplex product is also being amplified and the reaction 

must be redesigned. The optimised singleplex primer set is detailed in Table 2-6. 

Table 2-6 – Optimised Nmrk2 SYBR green forward and reverse primer sequences. 

Primer Sequence (5’>3’) Product Size 

NRK2 1.1 Forward AAACTCATCATAGGCATTGGAGG ~620 bp 

NRK2 4.1 Reverse CGGGGACTTCATGCCATCTAA 

 

 Reactions were performed to 10 µl volume and in duplex. Each reaction contained 5 

µl 2x SYBRGreenTM mastermix, 0.5 µl forward and 0.5 µl reverse primer (10 pmol/µl final 

concentration), 3 µl NFW and 1µl cDNA template. The same PCR thermocycler settings were 

used as in section 2.2.4. Denaturisation, annealing and extension steps were cycled 33 times, 

followed by a dissociation curve protocol upon completion of the run.  

2.6 Protein analysis 

Protein was extracted from tissue samples and analysed using Western blotting to assess 

sample protein expression levels. Western blotting is a well-established technique where 

whole protein lysates are separated on basis of size using gel electrophoresis, followed by 

immunodetection of proteins of interest. Cell or tissue samples are lysed and homogenised 

in a strongly reducing buffer, which denatures protein secondary and tertiary structures 
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through disruption of disulphide bonds, and sodium dodecyl sulphate (SDS) which bestows a 

uniform negative charge across denatured proteins to ensure that their electrophoretic 

migration rate is influenced by molecular mass only. Separated proteins are transferred to a 

membrane which is incubated with a primary antibody specific to the protein of interest, 

followed by a secondary horseradish peroxidase (HRP) conjugated antibody specific to the 

primary. Addition of electrochemiluminescence (ECL) substrate results in a localised 

chemiluminescent signal proportional to the size and intensity of the protein band which is 

captured using x-ray film. Though Western blotting is a qualitative method, semi-

quantitative analysis can be performed on band size and intensity. 

2.6.1 Polyacrylamide gel preparation 

 Acrylamide gels (12%) were made in house using Bio-Rad gel casting equipment to a 

thickness of 1.5 mm. Table 2-7 specifies reagents used per gel.  
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Table 2-7 – 12% polyacrylamide gel composition. 

Reagent Stacking Gel Resolving Gel 

30% Protogel™ Acrylamide solution (Geneflow, 

Lichfield, UK) (ml) 

0.6 4 

4x Protogel™ Stacking or Resolving Buffer 

(Geneflow, Lichfield, UK) (ml)  

1.25 2.5 

Double distilled water (ddH2O) (ml) 2.6 3 

Tetramethylethylenediamine (TEMED) (µl) 15 10 

1.5% Ammonium Persulfate (APS) (ml) 0.2 0.5 

  

 Stacking and resolving gel mixes were made by mixing all reagents with APS added 

last to initiate acrylamide polymerisation. Resolving gels were prepared first and poured into 

the casts followed by a layer of 70% ethanol to ensure a level top edge before incubation for 

30 minutes at RT until fully polymerised. Stacking gel was then added to the top of the set 

resolving gel and a 10 well comb inserted before incubation for 30 minutes at RT. Gels were 

stored hydrated with running buffer (0.1 M Tris pH 7.4, 0.1 M glycine, 0.1% w/v SDS) at 4 oC 

until use. 

2.6.2 Protein extraction and quantification 

Tissue was manually homogenised in a 1.5 ml microfuge tube and 250 µl ice cold 

radioimmunoprecipitation assay (RIPA) extraction buffer (50 mM Tris HCl [pH 8], 150 mM 

NaCl, 1 % w/v Nonidet P-40 (NP40), 0.5% w/v sodium deoxycholate, 1 mM EDTA and 0.1% 

w/v SDS) supplemented with 1 protease and phosphatase inhibitor Tablet (ThermoFisher 

Scientific, Massachusetts, USA) per 10 ml RIPA buffer. Homogenised samples were freeze-

thawed twice on dry ice to ensure thorough lysis, then vortexed for 5 seconds and 

centrifuged at 13,000 x g at 4°C for 10 minutes to pellet debris. 
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 Protein concentration of the extracted lysate was determined via DCTM Protein Assay 

(Bio-Rad, California, USA) using bovine serum albumin (BSA) standards in RIPA buffer ranging 

from 0-12.5 mg/ml. Samples and standards were measured in duplicate on a clear flat 

bottomed 96 well plate with 5 µl standard or sample combined with 25µl of BioRad protein 

assay reagent A (supplemented with 20µl of reagent 5 per 1ml of reagent S) followed by 200 

µl reagent B. The plate was incubated for 15 minutes at RT then absorbance measured at 

750 nm using a Victor3 1420 Multilabel Counter (Perkin Elmer, Massachusetts, USA). Sample 

lysate protein concentrations were then determined by extrapolation from a standard curve 

plotted from standard measurements. 

2.6.3 Lysate preparation and immunoblotting 

Protein samples were made to a concentration of 30 µg/µl. Laemmli buffer (5 µl, 200 mM 

Tris-HCl [pH 6.8], 50% glycerol, 12.5% β-mercaptoethanol, 10% SDS, 0.02% bromophenol 

blue) was added and made up to 20 µl with dH2O, then heated to 98 oC for 3 minutes before 

cooling at 4 oC for 10 minutes. Polyacrylamide gels were placed into the gel running 

apparatus (Bio-Rad, California, USA) which was filled with running buffer (0.1 M Tris pH 7.4, 

0.1 M glycine, 0.1% w/v SDS). Protein lysates were loaded into wells (15 µl), alongside 7 µl 

protein ladder (New England Biolabs, Massachusetts, USA). Gels were electrophoresed at 

120 V for 90 minutes or until dye front termination. Separated proteins were then 

transferred to a nitrocellulose membrane using an iBlot (Invitrogen, California, USA) and 

ponceau stain was used to visualise the protein bands and check quality of transfer. 

Phosphate-buffered saline (PBS) with 0.5% w/v Tween 20 (PBS-T) was used for all 

subsequent membrane washes. The membrane was blocked to prevent nonspecific antibody 
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binding with 5% w/v BSA in PBS-T, then washed and primary antibody added to relevant 

membrane sections in PBS-T and incubated at 4 oC on a gentle shaker overnight. Membranes 

were washed once every 15 minutes four times and species appropriate secondary HRP - 

conjugated antibodies (Dako Laboratories, Denmark) were added at 1 in 10,000 in PBS-T and 

incubated for 2 hours on a gentle shaker at RT. Membranes were washed once every 15 

minutes four times and then exposed to ECL substrate (GE Amersham, Buckinghamshire, UK) 

for 5 minutes at RT. Blue x-ray film was exposed to the membranes using a developing 

cassette in a dark room for the required exposure time and developed (Xograph compact X4, 

Xograph Healthcare, UK).  

2.7 NAD+/NADH quantification 

NAD+/NADH concentrations were determined using a commercially available colorimetric 

NAD+/NADH quantification kit (BioVision, California, USA). The assay uses a cycling enzyme 

that catalyses the conversion of NAD+ to NADH before quantifying NADH levels. When NADH 

developer reagent is added, sample colour intensity is directly proportional to total NADH 

present (Figure 2-6). Total NAD+/NADH levels are determined by the addition of the cycling 

enzyme to unmodified samples, while NADH levels are determined by heating the samples 

to 60 oC for 30 minutes before cycling, which destroys all NAD+ but leaves NADH intact. NAD+ 

levels were determined by subtracting the NADH value from the total NAD+/NADH value. 
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Figure 2-6 – Example standard NADH curve for analysis of results generated using the 
NAD+/NADH Quantitation Kit (Biovision, California, USA). 

 All steps were performed on wet ice unless otherwise stated. Approximately 10 mg 

(TA, quadriceps) or 5 mg (soleus) tissue was homogenised in 400 µl NAD+/NADH extraction 

buffer by shaking on a TissueLyser II (QIAGEN, Germany) at 30 cycles per second for 2 

minutes. Homogenised samples were freeze thawed twice on dry ice lysis before a 10 

second vortex and centrifugation at 14, 000 x g for 5 minutes at 4 oC. Supernatant (200 µl) 

was transferred into two separate sample tubes. The NADH sample was incubated at 60 oC in 

a dry heat block for 30 minutes to decompose NAD+. For TA and quadriceps, total NAD 

samples were diluted 1 in 10 and NADH samples 1 in 4 with extraction buffer, while soleus 

samples were diluted 1 in 5 and 1 in 2 respectively. 50 µl diluted total NAD and NADH for 

was loaded onto a flat bottomed clear 96 well plate in duplicate, along with NADH standards 

of known concentration between 0-160 pmol in duplicate from which the standard curve 

was calculated (Figure 2-6). The NAD+ cycling enzyme was reconstituted and 2 µl enzyme 

and 98 µl cycling buffer was loaded per sample. The plate was incubated at room 

temperature for 10 minutes to allow for full NAD+ cycling to NADH before addition of 10 µl 

NADH developer per well. The plate was incubated at RT for 30 minutes – 2 hours for to 

developer to take effect. The plate was read every 30 minutes and the best incubation time 
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was selected for analysis on the basis of standard curve linearity without signal saturation. 

 Absorbance measurements at 450 nm were obtained using a Wallac Victor3 1420 

Multilabel plate reader (Perkin Elmer, Massachusetts, USA). The calculated NAD+ and NADH 

values were normalised to sample protein concentration to control for variation in tissue 

volume between samples, determined with the DCTM Protein Assay described in section 

2.6.2 on the unheated total NAD+/NADH samples. 

2.8 High resolution respirometry 

Respirometry is a method for quantifying mitochondrial function. The most common 

methods involve measuring oxygen flux in cells or tissue samples, where oxidative capacity 

can be determined as a function of oxygen consumption over time. Respirometry was 

performed using an OROBOROS Oxygraph-2k (O2k) system (OROBOROS Instruments, 

Innsbruck, Austria). The O2k utilises a highly sensitive polarographic O2 flux measurement 

system to determine the oxidative capacity of milligram sized samples of tissue, cell 

suspensions or isolated mitochondria. A higher rate of oxygen flux implies a greater rate of 

oxidative phosphorylation, as more oxygen is required at any given time as the final electron 

acceptor. Alternative respiratory states are induced by incubating samples with 

combinations of respiratory substrates and mitochondrial complex inhibitors, allowing for 

thorough interrogation of the molecular machinery critical to oxidative phosphorylation 

(353). The HRR protocol on permeabilised muscle fibres was derived and adapted from 

Doerrier et al., 2018 (354). 



Chapter 2  Materials and Methods 

104 
 

2.8.1 Tissue preparation 

Mice were culled via cervical dislocation and TA and soleus muscles immediately extracted 

and placed into ice cold biopsy preservation medium (BIOPS – 2.77 mM calcium-potassium-

egtazic acid [CaK2EGTA], 7.23 mM potassium-egtazic acid [K2EGTA], 5.77 mM Na2ATP, 6.56 

mM magnesium chloride hexahydrate [MgCl2.6H2O], 20 mM taurine, 15 mM NA2-

phosphocreatine, 20 mM imidazole, 0.5 mM dithiothreitol [DTT], 50 mM 2-[N – 

morpholino]ethanesulfonic acid (MES); adjusted to pH 7.1 with 5 M potassium 

hydroxide[KOH]). Muscle fibres were gently teased apart and permeabilised through 

incubation in 50 µg/ml saponin/BIOPS for 30 minutes at 4 oC. Saponin selectively 

permiablilises cell membranes via the removal of cholesterol, depleting endogenous 

metabolites and allowing entry of experimentally controlled exogenous concentrations. 

Crucially, mitochondrial membranes remain intact, preserving their functional integrity 

(355). Permeabilised muscle samples were then washed in mitochondrial respiration buffer 

(MiR05 - 0.5 mM EGTA, 3 mM MgCl2.6H2O, 60 mM lactobionic acid, 20 mM taurine, 10 mM 

KH2PO4, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 110 mM D-

sucrose, 1 g/l fatty acid free BSA, adjusted to pH 7.1 using 5 M KOH) for 10 minutes at 4 oC. 

Mitochondrial function ex vivo was then determined using a two-chamber Oxygraph O2k 

(OROBOROS Instruments, Innsbruck, Austria) corrected for tissue wet weight. Individual 

tissue samples weighing between 2-4 mg were placed into each chamber in 2 ml MiR06 

(MiR05 + 280 units/ml catalase). 
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2.8.2 O2k protocol 

Chambers were initially oxygenated to 380-400 nmol/ml through injection of 3 µl 200 µM 

H2O2, after which baseline respiratory measurements were obtained by measuring oxygen 

flux in absence of exogenous substrates. Oxygen concentration levels were kept between 

250-400 nM/ml to avoid hypoxia and chambers were reoxygenated via the addition of 2 µl 

200 µM H2O2 as required. Malate (0.05 mM) and 0.2 mM octanoyl-carnitine (TOCRIS 

Bioscience, Bristol, UK) was added first to induce β-oxidation through acylcarnitine excess, at 

which point the O2 flux derived from proton leak, proton slip, cation cycling and electron 

leak was determined prior to ATP synthase activity (FAO LEAK) (Figure 2-7). ADP was then 

titrated to saturation through initial addition of 3mM and further increments of 1mM until 

maximal oxidative phosphorylation (OXPHOS) capacity was achieved, reflected by no further 

increase in oxidative flux (FAO OXPHOS). Malate (2 mM) and 10 mM glutamate were then 

added to reflect complex I specific respiration (CI OXPHOS) (Figure 2-7). Malate and 

glutamate activate dehydrogenases which reduce NAD+ to NADH, feeding electrons into 

complex I via NADH-ubiquinone oxidorecuctase (356). Outer mitochondrial membrane 

integrity was then checked through addition of 10 µM cytochrome c, as isolation procedures 

can result in damage and compromised function. Cytochome c is released upon damage to 

the outer mitochondrial membrane, the concentration of which is a limiting factor in 

mitochondrial respiration. If the addition of exogenous cytochrome c increased oxygen flux 

rate by >15%, mitochondrial outer membrane integrity was regarded as compromised and 

the data was rejected (BEFORE CYT C). Succinate (10 mM) was then added to stimulate 

electron flow from complex II through action of the FADH2 linked succinate dehydrogenase 

subunit, at which point total OXPHOS capacity from complex I and II was determined (CI+II 
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OXPHOS) (Figure 2-7). Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) was 

then titrated in 0.5 µM increments until maximum O2 flux, which uncouples mitochondria by 

dissipating the proton gradient across the inner mitochondrial membrane (353) and removes 

any influence exerted on the ETC by ATP synthase, phosphate transporters or adenine 

nucleoside translocase (353). The electron transfer state (ETS) is represented by maximal O2 

flux, describing maximum OXPHOS capacity (Figure 2-7). The complex I inhibitor rotenone 

was then added (5 µM) to establish the contribution of electron flow from complex II only 

(CII ETS), followed by addition of 2.5 µM antimycin A, a complex III (cytochrome bc1) 

inhibitor which completely arrests the ETC allowing for quantification of residual, non-

mitochondrial respiration (ROX) (Figure 2-7). Respiratory substrate stocks were suspended in 

dH2O while uncouplers and inhibitors were suspended in absolute ethanol.  

Figure 2-7 – Example trace of a high resolution respirometry experiment. The blue line 
indicates absolute O2 concentration while the red line represents O2 flux. Metabolic 
substrates and inhibitors are added to the sample chamber to induce successive respiratory 
states as indicated above the graph and within the text. 

2.9 Metabolomics 

Metabolomics is the high throughput quantification of metabolites. Metabolomic techniques 

can be targeted where ions are quantified from known metabolites of interest allowing for 

specific and accurate quantification when coupled with internal standards. 
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2.9.1 Targeted metabolomics - gas chromatography mass 

spectrometry (GCMS) 

Gas chromatography mass spectrometry (GCMS) was utilised for targeted analysis of TCA 

cycle metabolite concentrations. GCMS utilises gas chromatography coupled with mass 

spectrometry to separate and detect polar, thermostable metabolites. Samples are injected, 

vaporised and transferred to a chromatography column by a carrier gas. Different molecules 

interact differently with the column, separating sample components. After separation, the 

mass spectrometer (MS) ionises samples and then quantifies mass-to-charge (m/z) ratio of 

ions. Firstly, samples undergo electron ionisation (EI), achieved by heated filaments emitting 

electrons which collide with gas phase molecules as they elute. This occurs in a vacuum and 

is deemed “hard” ionisation, meaning molecules are highly fragmented (357). Individual 

metabolites have different fragmentation patterns, and each fragment has different 

retention times dependent on molecular weight (defined as the time it takes for a given 

molecule to cross a magnetic field, or time-of-flight) (358). A qualifier ion, selected from the 

mass spectrum of a given target compound, is used to identify metabolites and they are 

quantified relative to other metabolite abundance on this basis. Thus, metabolite 

concentrations can be quantified relative to each other or an internal standard, and 

information can be obtained on individual aspects of molecular structure (358). 

2.9.1.1 GCMS - sample extraction 

500 µl HPLC grade methanol chilled to -20 oC and 200 µl 2.5 µg/ml glutaric acid in ddH2O was 

added to 30 mg frozen tissue in a 2 ml microfuge tube with a 5 mm steel bead (QIAGEN, 

Germany). Samples were placed into a cassette cooled to -20 oC and tissue was 
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homogenised using a TissueLyser II (QIAGEN, Germany) by shaking at a frequency of 30 

cycles per second for 2 minutes. Lysed samples were span at 14,000 x g at 4 oC for 5 minutes 

and the supernatant transferred to a 13 x 100 mm glass tube (ThermoFisher Scientific, 

Massachusetts, USA). Protein contaminants were precipitated by adding 1.4 ml 2:1 

acetone:isopropanol solution chilled to -20 oC, vortexing vigorously for 10 seconds and 

agitating at 750 rpm on an orbital shaker (Fisherbrand multi-tube vortexer, ThermoFisher 

Scientific, Massachusetts, USA) for 10 minutes. Samples were then centrifuged at 3220 x g 

for 5 minutes to pellet protein. Supernatant was transferred to a fresh glass tube and 1 ml 

high performance liquid chromatography (HPLC) grade water with 500 µl chloroform chilled 

to -20 °C was added before agitating the samples as before. Samples were then centrifuged 

at 4000 rpm for 5 minutes and the top aqueous polar fraction transferred into 2 ml 

microfuge tubes. Of the final extract, 10% was placed into a fresh microfuge tube and fully 

dried for 2 hours at 45 oC and 5 torr of vacuum pressure using a Savant SPD1010 SpeedVac 

Concentrator (Thermo Fisher Scientific, Massachusetts, USA) and stored at -80 oC until 

chemical derivatisation. 

2.9.1.2 GCMS - Derivatisation 

Prior to GCMS analysis, samples must be chemically derivatised to reduce molecular polarity 

and hydrogen bond formation and increase volatility and thermostability of metabolites. 

This is achieved through the addition of a silyl group to molecules as a substitution for active 

hydrogen, allowing metabolites to withstand the GCMS protocol without degradation. 

 Dried GCMS samples were incubated at 95 oC for 10 minutes to ensure removal of all 

moisture before solubilisation in 40 µl 2% methoxyamine HCl in pyridine. Samples were 

vortexed for 1 minute, shaken vigorously for 5 minutes then incubated at 60 oC for one hour. 
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60 µl derivatisation agent was then added (N-tertbutyldimethylsilyl-N-

methyltrifluoroacetamide (MTBSTFA) with 1% w/v tertbutyldimethyl-chlorosilane 

(TBDMSCI)) and the sealed samples incubated for 1 hour at 60 oC. Samples were centrifuged 

at 13,000 rpm for 5 minutes and the clear supernatant transferred to a chromatography vial 

with glass insert (Thermo Fisher Scientific) immediately prior to GCMS analysis.  

2.9.1.3 GCMS - sample analysis 

Samples were analysed using an Agilent 7890B Series GC/MSD gas chromatograph with a 

medium polar range polydimethylsiloxane GC column (DB35-MS), coupled with a mass 

spectrometer (Agilent Technologies, Santa Clara, USA). The GC-MS was tuned to a full width 

at half maximum (FWHM) peak width of 0.6 atomic mass units (amu) in a mass range of 50-

650 m/z using perfluorotributylamine (PFTBA) tuning solution. Helium was used as a carrier 

gas and set to a flow rate of 1 ml/min-1. Sample (1 µl) was then injected into the GCMS in 

splitless mode. Inlet liner temperature was set to 270 oC and oven temperature was set to 

100 oC for 1 minute then ramped to 280 oC at a rate of +5 oC/min-1. The temperature was 

then further ramped to 320 oC at a rate of +10 oC/min-1 and held at 320 oC for 5 minutes. 

Compound detection was performed in full scan mode in the 50-650 m/z range with 2-4 

scans/sec-1, a source temperature of 250 oC and a transfer line temperature of 280 oC. A 

solvent delay time of 6.5 minutes was included to ensure all solvent had eluted from the 

column before the heating element engaged. The injector needle was cleaned with 

methanol and hexane between samples to prevent cross contamination. Raw data was 

converted to common data format (CDF) and further data processing was performed using 

Metabolitedetector software. 
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2.9.2 Untargeted metabolomics - liquid chromatography mass 

spectrometry (LCMS) 

Untargeted metabolomics involves registration of all ions within a specific mass range with 

the aim of uncovering differences in novel metabolites for further analysis. These ions can be 

identified through comparisons with retention times of known standards and/or compared 

against metabolite mass databases. Untargeted metabolomics was performed via liquid 

chromatography mass spectrometry (LCMS). LCMS differs to GCMS in that it utilises a liquid 

solvent rather than an inert gas as the mobile phase, allowing for identification and 

quantification of a broader range of compounds (359).  

2.9.2.1 LCMS – sample preparation 

Ice cold LCMS extraction buffer (1ml, 50:30:20 methanol:acetronitrile:water, all HPLC grade) 

was added to approximately 10 mg frozen tissue per sample with a cold 5 mm metal bead. 

Samples were placed into a cassette cooled to -20 oC and tissue was homogenised using a 

TissueLyser II (QIAGEN, Germany) by shaking at a frequency of 30 cycles per second for 2 

minutes. Lysates were span at 14,000 x g at 0 oC for 15 minutes to pellet solid debris, then 

the supernatant transferred to glass chromatography vials (ThermoFisher Scientific, 

Massachusetts, USA). Extracted samples were stored at -80 oC until analysis.  

2.9.2.2 LCMS – sample analysis 

Pre-prepared LCMS samples were collaboratively analysed by Dr David Watson (University of 

Edinburgh, UK). Samples were prepared and injected in a randomised order to avoid 

sampling bias. Untargeted metabolomics analysis was performed using an Accela HPLC 

system interfaced to an Exactive Orbitrap mass spectrometer (ThermoFisher Scientific, 
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Massachusetts, USA). ZIC-pHILIC (150 x 4.6 mm, 5 µm) HPLC columns (HiChrom, Reading, UK) 

were used for liquid chromatographic separations. The ZIC-pHILIC mobile phase consisted of 

20 mM ammonium carbonate in HPLC-grade water (solution A) and acetonitrile (solution B). 

The solvent gradient was 80% acetonitrile at 0 minutes, 20% at 30 minutes, 8% between 31-

36 minutes and 80% between 37-45 min at a flow rate of 0.3 mL/min. Auxilliary gas flow 

rates and the nitrogen sheath were maintained at 17 and 50 AU. The electrospray ionisation 

(ESI) interface was set to positive/negative dual polarity mode with a spray voltage of 4.5 kV 

in positive mode and 4 kV in negative mode, with the ion transfer capillary temperature at 

275 oC. Full scan data were obtained within 75-1200 amu in m/z ratio for both ionisation 

modes. Data collection and processing was performed using Xcalibur 2.1.0 software 

(ThermoFisher Scientific, Massachusetts, USA), and data extraction and statistical analysis 

was performed using MZMatch software (SourceForge, La Jolla, USA). Metabolites were 

identified, filtered and compared using a macro-enabled Microsoft Excel Ideom file, and 

identified metabolites were evaluated manually through peak quality evaluation and 

matching with retention times of known standard mixtures ran to the same protocol. 

Furthermore, library searches were carried out against metabolite mass data within the 

Human Metabolome Data Base (HMDB) and the Kyoto Encyclopedia of Genes and Genomes 

(KEGG). All metabolites were determined within 3 ppm of their exact masses. 

2.10 Indirect calorimetry 

A large proportion of this project initially involved installing, calibrating, optimising and 

developing standard operating procedures for a recently acquired indirect calorimetry 

system for mice, both for effective assessment of basal metabolism via home cage analysis 
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and for assessment of responses to metabolic stress in real time through integration with a 

single lane treadmill. Indirect calorimetry involves the quantification of O2 utilised and the 

amount of CO2 emitted by an organism, from which heat production and energy expenditure 

is calculated. This gives a wealth of information on energy expenditure and overall metabolic 

status. Traditionally, heat production was directly analysed as a measure of energy 

expenditure, but this can be inferred much more precisely and noninvasively from indirect 

measurement of metabolic gas exchange, which also allows for assessment of substrate 

preferences and metabolic flexibility.  

 The method assumes that all oxygen consumed by an organism goes towards 

oxidation of carbohydrates and lipids in the production of ATP (though amino acids are also 

oxidised, the relative contribution in this case is assumed to be negligible), and all CO2 

emitted is produced as a result of such metabolic reactions and processes (360). For mice, 

room air is used a reference for comparison with respiratory air sampled from sealed 

metabolic cages in which the subject animals reside individually (Figure 2-8). From this, the 

relative change in O2 and CO2 composition as a result of respiration (ΔO2/ΔCO2) is calculated. 

From these values, the VO2 and VCO2, defined as the volume of O2 consumed and CO2 

produced over a given time period, can be further calculated using the sample air flow rate. 

Heat production can be calculated as a measure of energy expenditure using VO2 and VCO2 

values. These values can be further normalised to body weight (BW) or lean body mass 

(LBM). Additionally, substrate utilisation can be determined as the RER, which is calculated 

as VCO2/VO2 (76).  
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Figure 2-8 – Schematic diagram of the TSE Systems PhenoMaster and example output 
graph. The TSE PhenoMaster works on the “pull” principle whereby air is drawn through 
reference and mouse cages by a negative pressure pump and analysed for O2 and CO2 
composition at a set flow rate. Air from occupied mouse cages is sequentially compared 
against room air drawn through the empty reference cage. The red line represents energy 
expenditure, the blue line represents RER and the green and purple lines represent 
cumulative food and water intake respectively.  

 Indirect calorimetry was performed using a TSE PhenoMaster 8 cage system (TSE 

Systems, Bad Homburg, Germany), which assesses eight mice simultaneously (Figure 2-8, 

Figure 2-9). Cage configuration is depicted in Figure 2-9. Mice are placed individually in 

airtight cages and air is pulled through the cage at a set flow rate, which is then analysed for 

O2 and CO2 concentration relative to reference room air (Siemens OXYMAT/ULTRAMAT 6) 

(Figure 2-9). The system collects data from each box sequentially over nine minutes, after 

which the sequence restarts. During the first minute, room air composition is measured 
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which serves as a blank measurement followed by sequential sampling of exhaust air from 

cages 1-8 for one minute each, allowing for the best balance between measurement 

accuracy and resolution. All indirect calorimetry experiments took place over five days on a 

12:12 6:00/18:00 light/dark cycle in a light, noise and temperature controlled room. The 

most accurate box flow rate was ascertained as 0.4 l/min, with these parameters being 

determined by ΔO2 and ΔCO2 values remaining between 0.2-1% for greatest measurement 

accuracy. 

 
Figure 2-9 – Photograph of TSE PhenoMaster and schematic diagram of home cage layout. 
Room temperature, lighting intensity and on/off timings and operator disturbance were 
strictly controlled for all experiments. Mice were assigned experimental cages at random to 
avoid positioning bias.  

2.10.1 Mouse acclimatisation and experimental procedure 

An important aspect of home cage calorimetry is that mice are properly acclimatised to the 

environment and unstressed, for both welfare and data validity reasons. Consistency of 

environment is also important, thus the same lighting conditions, amount of bedding 

materials and red, round shelter style was used for every animal.  

 On Day 1, Mice were weighed and placed onto the TSE PhenoMaster in their home 

cages with their littermates at 12:00 to allow for acclimatisation to the new environment 
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and food/water hoppers, which provide food and water ad libitum. The sample flow rate 

was set to 0.38 l/min, the box air flow rate set to 1 l/min and ventilation port opened to 10 

mm to accommodate for more than one mouse per cage. On day 2 at 12:00, mice were 

removed from the home cages, weighed and their overall condition checked. Mice were 

then placed into new cages in isolation with three handfuls of new bedding swapped for 

soiled bedding to aid with acclimatisation to isolation. The box flow rate was reduced to 0.4 

l/min and ventilation port reduced to 2 mm before the mice were placed back onto the TSE 

PhenoMaster in isolation for the 24 hour isolation acclimatisation phase. On the morning of 

day 3, mice were visually checked for signs of stress at 09:00 and food/drink consumption 

was recorded. If mice were not eating and/or drinking (determined as less than 1 g of food 

or 1 ml of water) they were removed from the experiment. For the data collection phase, 

mice were then left undisturbed until 13:00 on day 5, where they were removed. Food/drink 

consumption data was checked again and mice were weighed. If the mice had not eaten or 

drank and/or had lost more than 20% body weight since day 1, the data was excluded from 

the experiment.  

2.11 Intraperitoneal glucose tolerance tests (IPGTTs) 

An intraperitoneal glucose tolerance test (IPGTT) involves establishing fasting blood glucose 

levels then intraperitoneally injecting a concentrated glucose solution into a mouse, after 

which blood glucose levels are monitored at set time intervals. The rate at which an 

organism can clear excess glucose from the blood is determined by many variables including 

insulin production and insulin sensitivity of peripheral energy storage tissues (muscle, liver 

and fat) (361). Alongside fasting glucose levels, these measurements therefore give valuable 
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insight into whole body metabolic status (361). Mice were fasted for 6 hours prior to the 

experiment to avoid postprandial variations in blood glucose levels. Stress can be a major 

determinant of resting blood glucose, and the protocol was designed to reduce stress and 

maintain consistency as much as possible. Food was withdrawn at 08:00 with the 

experiment always starting at 14:00 to avoid circadian bias. Mice were weighed, marked and 

treated with EMLATM 5% analgesic cream (Aspen Pharmacare, Durban, South Africa) on the 

tail to minimise pain and stress. Mice were then restrained using a red tinted restraining 

tube and an incision was made in the left tail vein using a scalpel from which the baseline 

blood glucose measurement was taken using a glucometer (AccuChek Aviva, Roche, Basel, 

Switzerland). Mice were then injected intraperitoneally with 2 g/kg L-glucose. Blood glucose 

measurements were then taken at 15, 30, 60 and 120 minutes post glucose administration. 

Mice were returned to their home cages between measurements and blood was always 

withdrawn from the same incision point in the tail to minimise further stress. 

2.12 Graphical and statistical analysis 

Graphical and statistical analysis was performed using GraphPad Prism V8. Student’s 

unpaired t tests were used when comparing unrelated groups to controls with paired t tests 

being used for comparison of response to NR in the same animal. For comparisons of 

multiple variables, Ordinary two-way analysis of variance (ANOVA) with Sidak’s multiple 

comparisons test was used to assess statistical significance between relevant groups. 

Statistically significant relationships are represented for group mean variance of genotype, 

age, NR supplementation and any interdependency of these variables alongside direct post 

hoc comparison of individual groups. Western blot densitometry, PCR band intensity and 
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skeletal muscle fibre type cross sectional area analyses were performed using ImageJ 

V1.48V. Indirect calorimetry parameters were calculated using TSE PhenoMaster Software 

V5.0 and analysed as a trace of absolute (not normalised to body weight) hourly averages 

over time, mean comparisons of absolute day and night hour values and as linear regression 

models with each parameter plotted against body weight and subjected to analysis of 

covariance (ANCOVA) as outlined in Fernandez-Verdejo et al., 2019 (362). For gene 

expression, qPCR data was plotted as arbitrary units with statistical analysis performed on 

mean ΔCt values. 
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3.1 Introduction 

The functional roles of the NRK salvage pathway within skeletal muscle are poorly 

understood. Studies utilising cellular models of skeletal muscle NRK augmentation have 

suggested roles of NRK2 in skeletal muscle development and adhesion (341) as well as being 

the rate limiting enzyme for NAD+ salvage from NR (16). Further studies investigating global 

NRK1 and/or NRK2 KO mouse models have inferred that the NRKs may be inessential for 

regular skeletal muscle metabolic homeostasis (15). However, NRK2 upregulation has been 

identified in a model of severe myopathy (325). The same study reported a decrease in 

skeletal muscle NAD+ levels with simultaneous knockout of NRK2 in this model, implying that 

the upregulation of NRK2 is of functional relevance (325). NRK2 is also upregulated in 

conditions of impaired skeletal muscle NAD+ homeostasis (15). It has also been suggested 

that NRK2 expression levels follow a circadian oscillatory pattern within skeletal muscle, and 

the functional relevance of such observations remains unclear.  

 The consequences of NRK2 upregulation in skeletal muscle have not been 

investigated in vivo outside of pathological settings, in which it is difficult to identify specific 

functional effects directly attributed to NRK2 upregulation alongside complex and severe 

pathological phenotypes. The validation and characterisation of a skeletal muscle NRK2 

overexpressing mouse model will therefore allow for direct observation of any functional 

consequences caused by constitutive NRK2 overexpression both basally and in the context of 

experimentally controlled metabolic stressors, offering insight into the role of the NRK2 

protein and the wider metabolic relevance of the NRK salvage pathway in skeletal muscle. 
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3.1.1 Validation of novel skeletal muscle specific NRK2.Tg mouse 

model 

The NRK2.Tg mouse is a novel strain which utilises complex molecular genetic mechanisms 

to achieve tissue specific overexpression of a transgene. Various aspects of tissue specific 

Cre/loxP systems are prone to error and thus the model must be thoroughly validated. Such 

problems may include failures in the Cre recombinase mediated genetic recombination of 

the transgene, inhibited or error-prone mRNA transcription and protein translation, 

translation of a misfolded and/or non-functioning transgenic protein product, saturation and 

pathological aggregation of unfolded protein within the ER and ribosomal machinery, and 

aberrant activation of the transgene within untargeted tissues (363). All of these potential 

issues must be discounted prior to phenotypic experimentation, which was the initial focus 

of this chapter.  

3.1.2 Characterisation of young NRK2.Tg metabolic phenotype  

The metabolic consequences of skeletal muscle specific NRK2 overexpression are unknown. 

Skeletal muscle is critical to the maintenance of whole body metabolic homeostasis as a 

major site of energy metabolism and as a storage organ for metabolic substrates including 

glycogen, triglycerides and proteins (64). NAD+ has widespread roles both in oxidative 

metabolism as a redox cofactor and as a critical signalling molecule for metabolic adaptation 

(112), and therefore the augmentation of NAD+ salvage pathways within skeletal muscle can 

have metabolic consequences ranging from altered NAD+ consumption/salvage dynamics, 

altered redox ratios affecting oxidative metabolism and altered responses to metabolic 

stressors such as exercise (315, 318). It was therefore critical to establish any such effects 
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both for the elucidation of any functional roles of the NRK pathway within young, healthy 

mice and to serve as a baseline for comparison against responses to further metabolic 

stressors that were introduced later in the project, such as altered nutrition and ageing. 

 This chapter aimed to first conclusively validate the NRK2.Tg mouse model before 

establishing any metabolic consequences of skeletal muscle NRK2 overexpression in young 

NRK2.Tg mice, both at basal levels and in response to energetic stress. To achieve this, 

NRK2.Tg mice were monitored for developmental differences throughout adolescence and 

assessed for potential differences in expression of other NAD+ salvage and signalling 

enzymes, NAD+ dynamics both at basal levels and when supplemented with NR precursor, 24 

hour whole body metabolic status, real-time and biochemical metabolic responses to acute 

exercise and mitochondrial oxidative capacity.  

3.2 Materials and methods 

3.2.1 Animal care 

Animals were housed in conditions detailed in section 2.1. To monitor body weight gain 

during adolescence, WT and NRK2.Tg mice were weighed every 7 days from 4 to 11 weeks of 

age at 10:00 am. 

3.2.2 Intraperitoneal NR administration 

Mice were injected with 400 mg/kg nicotinamide riboside chloride (Chromadex, California, 

USA) in PBS and immediately returned to their home cages. Mice were culled via cervical 

dislocation after one hour post injection and tissues collected according to section 2.3. IP 
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injection and tissue collections were performed between 10:00-12:00 to minimise circadian 

variability.  

3.2.3 Tissue collection 

Mice were culled and tissues collected according to section 2.3. 

3.2.4 Genomic DNA extraction, PCR and electrophoresis 

DNA from mouse earclips was extracted according to the protocol outlined in section 2.2.4, 

while DNA from mouse TA and soleus was extracted using a QIAGEN DNeasy Blood and 

Tissue Kit (QIAGEN, Germany) and assessed for purity using a Nanodrop© ND-1000 (Labtech 

International, Cambridge, UK) as detailed in section 2.4.1. PCR was performed according to 

section 2.2.5 and analysed via gel electrophoresis as detailed in section 2.2.6. 

3.2.5 RNA extraction, reverse transcription and qPCR 

RNA was extracted from mouse quadriceps samples as detailed in section 2.5.1 and reverse 

transcription was performed according to the protocol detailed in section 2.5.2. For qPCR 

analysis, all genes besides Nmrk2 were assayed using TaqMan probes following the protocol 

detailed in section 2.5.4. Nmrk2 was optimised and assayed using the SYBRGreenTM gene 

expression assay method to the protocol detailed in section 2.5.5. Table 3-1 contains the list 

of TaqManTM probes used in this chapter. For qPCR data presented in section 3.3.1, 18s was 

used as a reference gene, while qPCR data presented in section 3.3.2 was normalised to 

Gusb.  
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Table 3-1 – TaqManTM probes used in chapter 3.  

Gene Accession Number 

18S (reference gene) 4333760T (Cat no.) 

Gusb (reference gene) Mm01197698_m1 

Nadk Mm00446804_m1 

Nadsyn1 Mm00513448_m1 

Nampt Mm00451938_m1 

Nmnat1 Mm01257929_m1 

Nmrk1 Mm00521051_m1 

Parp1 Mm01321084_m1 

Sirt1 Mm01168521_m1 

Sirt3 Mm00452131_m1 

 

3.2.6 Protein Extraction, lysate preparation and Immunoblotting 

Protein was extracted and quantified from ~30mg TA, quadriceps and cardiac tissue 

according to section 2.6.2. Protein lysates were prepared from 30 µg/µl protein per sample 

according to section and separated via SDS-PAGE electrophoresis according to section 2.6.3 

on 12% polyacrylamide gels made as outlined in section 2.6.1. Separated proteins were then 

transferred to nitrocellulose membranes using an iBlot Dry Blotting System (ThermoFisher 

Scientific, Massachusetts, USA) before blocking and probing with primary (Table 3-2) and 

secondary antibody followed by film exposure and image processing as detailed in section 

2.6.3. 

Table 3-2 – Table of primary antibodies used for immunoblotting in chapter 3. 

Antibody Species/ 
Specificity 

Source Product 
Code 

Immunoblotting 
Dilution 

Rabbit α NRK2 BioGenes (Germany) N/A 1:1000 

Mouse α-Tubulin (B-7) Santa Cruz Biotechnologies (USA) SC-5286 1:1000 
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3.2.7 NAD+/NADH quantification 

Frozen TA, soleus and quadriceps tissue were pulverised using a pestle and mortar. 5 mg 

soleus and 10 mg TA and quadriceps was weighed according to section 2.3.1 then 

homogenised in 400 µl NAD/NADH Extraction buffer in a 1.5 ml microfuge tube using a 

tissue plunger. NAD+ and NADH levels were quantified using the NAD+/NADH quantitation kit 

(Biovision, California, USA) as detailed in section 2.7. 

3.2.8 Home cage metabolic quantification 

Acclimatisation and indirect calorimetry was performed on 12 week old female WT and 

NRK2.Tg mice over 48 hours according to the protocol detailed in section 2.10.1. 

3.2.9 Mouse acute exercise 

As well as home cage indirect calorimetric analysis, the TSE PhenoMaster features a TSE 

CaloTreadmill, upon which the acute exercise runs in this study were performed (TSE 

Systems, Bad Homburg, Germany). The TSE CaloTreadmill is an airtight single lane treadmill 

which replaces the first home cage, from which exhaust air is fed through to an O2 and CO2 

analyser integral to the TSE PhenoMaster (Siemens OXYMAT/ULTRAMAT 6). Using room air 

for comparison as a zero value, the system is able to measure gas exchange as a mouse runs, 

allowing for quantification of metabolic response to exercise (Figure 3-1).  

Male WT and NRK2.Tg mice aged between 3-7 months of age were acclimatised to 

treadmill running according to section 3.2.9.1 and subjected to the acute exercise protocol 

detailed in section 3.2.9.2. 
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Figure 3-1 – Photograph of TSE Systems six lane training treadmill, CaloTreadmill and an 
example of a mouse metabolic trace in response to an acute exercise protocol. The red line 
indicates energy expenditure, the blue line represents RER and the purple line represents 
treadmill speed. 

3.2.9.1 Acclimatisation 

The acclimatisation process was designed to introduce mice to the concept of treadmill 

running but not induce a trained phenotype. Mice were acclimatised to treadmill running by 

a three day acclimatisation protocol on a six lane mouse treadmill (TSE Systems, Bad 

Homburg, Germany). On day 1, mice were placed onto the unmoving belt for 10 minutes to 

allow for familiarisation with the surroundings. Then mice were ran at 5 m/min for 10 

minutes at a +10o incline to introduce them gently to the moving belt. On day 2, mice were 

placed on the unmoving belt for 10 minutes then ran at 5 m/min at a +10o incline for 5 

minutes, followed by a 2 minute rest then 10 m/min for 10 minutes at a +10o incline. On day 

3, mice were placed on the unmoving belt for 10 minutes then ran at 5 m/min at a +10o 

incline for 5 minutes, followed by a 2 minute rest then 15 m/min at +10o incline for 15 

minutes. Throughout acclimatisation, mice were freely allowed to seek refuge from the belt 

but were encouraged back on through use of an air puff if unwilling. This was repeated for a 

maximum of 3 times per mouse, and if mice were still unwilling after this they were removed 

from the experiment. 
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3.2.9.2 Acute exercise protocol 

Acute exercise runs were carried out using a TSE CaloTreadmill in conjunction with a TSE 

PhenoMaster (TSE Systems, Bad Homburg, Germany). A +10o incline was selected to ensure 

that the mice had to work sufficiently to induce metabolic responses associated with 

moderate to intense exercise (364). The belt speed of 15 m/min and duration of 30 minutes 

was selected through both reference to literature, which suggests that the maximum 

sustained speed for a C57/BL6 mouse ranges between 14-17 m/min (365), and also through 

trial and error and optimisation to establish speed tolerances of the NMRK2.Tg/ACTA1-Cre 

mice, where around 75% of mice assessed were able and willing to complete 30 minutes of 

exercise at this intensity without prior training. The sample flow rate was set to 0.38 l/min 

and box flow rate set to 0.5 l/min, ensuring that ΔO2 and ΔCO2 values remained between 

0.2-1% for greatest measurement accuracy. At the beginning of the protocol, room air was 

sampled for 2 minutes and used as a zero measurement value and exhaust gas from the 

CaloTreadmill was sampled every minute thereafter. Mice were allowed to acclimatise to the 

belt and chamber for 10 minutes before a 5 m/min, +10o incline warm-up run for 5 minutes. 

Mice were then rested for 2 minutes before running at 15 m/min at a +10o incline for 30 

minutes. Unwilling mice were encouraged to run through use of a slider, but if this was 

required more than 3 times the mouse was removed from the experiment. Mice were 

immediately culled via Schedule 1 cervical dislocation and tissues collected upon completion 

of the exercise protocol.  
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3.2.10 GCMS 

GCMS was performed on WT and NRK2.Tg quadriceps to quantify anaplerotic amino acids 

and central carbon metabolites of the TCA cycle according to section 2.9.1. Samples were 

extracted according to section 2.9.1.1 followed by derivatisation (section 2.9.1.2) and 

analysis (section 2.9.1.3). 

3.2.11 High resolution respirometry 

To quantify mitochondrial respiratory capacity, WT and NRK2.Tg mouse TA and soleus was 

assessed via high resolution respirometry according to section 2.8. Tissue preparation was 

performed according to section 2.8.1 followed by experimentation and analysis according to 

section 2.8.2. 

3.2.12 Intraperitoneal glucose tolerance tests 

IPGTTs were performed on 3 month old female WT and NRK2.Tg mice according to the 

protocol detailed in section 2.11.   
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3.3 Results 

3.3.1 NRK2 is robustly overexpressed in NRK2.Tg skeletal muscle 

 Initially, reliable identification methods of intended target animal genotypes had to be 

established as well as thorough validation of the mouse model on genomic, transcriptomic 

and proteomic levels. Furthermore, tissue specific overexpression of an exogenous 

transgene via Cre/LoxP recombination is reliant on complex molecular genetic systems 

which can be prone to error, such as aberrant expression of the transgene outside of target 

tissues or failures in genetic recombination (363). Such possibilities had to be discounted 

before experimentation could begin. 

 PCR was performed on NRK2.Tg floxed control (hereby referred to as WT) mouse 

tissue and NRK2.Tg/ACTA1-Cre (hereby referred to as NRK2.Tg) tissue to determine the 

presence of a conditional transgenic NRK2.Tg allele and an intact ROSA26 locus in tissue 

other than skeletal muscle confirming target animal hemizygosity (Figure 3-2A). Possession 

of the ACTA1/Cre allele was also determined via PCR through the presence or absence of a 

band (Figure 3-2B), which served as an identifier of target NRK2 overexpressing animals 

against floxed controls going forward. Recombination of the conditional allele into the 

constitutively active conformation was also confirmed within skeletal muscle in TA and 

soleus as well as absence of this band within the floxed control mice (Figure 3-2C). 
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Figure 3-2 – NRK2.Tg genotyping and verification of NRK2.Tg transgene recombination in 
skeletal muscle of mice positive for Cre recombinase. A. PCR Amplification of the 
conditional NRK2.Tg and WT ROSA26 locus in mouse ear tissue indicating target animal 
hemizygosity. B. PCR amplification of the Cre recombinase allele in mouse ear tissue. C. PCR 
amplification of the constitutive NRK2.Tg allele in skeletal muscle (TA and soleus) in floxed 
(WT) vs. NRK2.Tg mice. n=3. 

After qualitative detection of the recombined constitutive NRK2.Tg allele within Cre 

recombinase positive mice, the next priority was to determine proper functioning of the 

constitutive allele through quantification of transgenic transcriptional activity and NRK2 

protein levels in WT and NRK2.Tg mice. Quantitative PCR confirmed significant 

overexpression of Nmrk2 mRNA within NRK2.Tg skeletal muscle (TA and soleus) and heart 

with approximately five-fold upregulation in these tissues relative to WT controls (Figure 

3-3A,B). Endogenous Nmrk2 mRNA levels were higher in TA than soleus in WT mice, agreeing 
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with previous observations that NRK2 expression levels are greater within the predominantly 

type II TA muscle than the type I soleus (15). This was also reflected in NRK2.Tg mice albeit 

approximately five-fold higher (Figure 3-3A, B). NRK2 expression levels in NRK2.Tg liver and 

kidney were comparable to WT levels, indicating that overexpression of NRK2 was specific to 

muscle as intended (Figure 3-3B). Assessment of protein levels in NRK2.Tg quadriceps 

identified significant upregulation of NRK2 relative to WT levels by approximately three-fold 

(Figure 3-3C,E) and floxed control mice had comparable NRK2 protein levels to that of 

genotypically WT mice, indicating no aberrant expression of transgenic NRK2 in floxed 

mouse muscle (Figure 3-3D,E).  
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Figure 3-3 – NRK2 is significantly and specifically overexpressed in NRK2.Tg muscle. A+B. 
Quantification of NMRK2 mRNA transcript levels using qPCR in TA, soleus, heart, liver and 
kidney. C. Immunoblot of NRK2 protein levels in floxed and Cre recombinase expressing 
mouse quadriceps with positive (H6PD KO) and negative (NRK2 KO) controls D. Immunoblot 
of NRK2 protein levels in genotypically WT, floxed and Cre recombinase expressing mouse 
quadriceps. E. Semi-quantitative densitometry analysis of WT, floxed and Cre recombinase 
positive immunoblot band intensity. Mice were 3 months of age. Data presented as mean ± 
standard error of the mean (SEM). Statistical significance was determined by student’s 
unpaired t test (* p < 0.05, ** p < 0.01, *** p < 0.001). n = 3. 

NRK2.Tg             +   +   +   +   +   +

ACTA1-Cre            - - - +   +   +

Nrk2

α - Tubulin

N
R

K
2 

K
O

H
6P

D
 K

O

~ 22 kDa

NRK2.Tg/ACTA1-Cre

~ 50 kDa

TA

Soleu
s

Hea
rt

Live
r

Kidney
0

5

10

15

20

NRK2

AU

***

**

**

WT
NRK2.Tg

NRK2.Tg             - - - +   +    +   +   +   +

ACTA1-Cre            - - - - - - +   +   +

Nrk2

α - Tubulin

~ 22 kDa

~ 50 kDa

WT NRK2.Tg/ACTA1-Cre

A B

C D

E

TA Soleus
0

5

10

15

20

Nmrk2
AU

✱ ✱✱

Heart Liver Kidney
0.0

0.2

0.4

0.6

0.8

Nmrk2

AU

✱✱

WT

NRK2.T
g
+/-

NRK2.T
g
+/- /ACTA1-C

re
+/-

0.0

0.2

0.4

0.6

0.8

N
rk

2/


-T
ub

ul
in

 R
at

io

✱

✱✱ns



Chapter 3  Metabolic Characterisation of NRK2.Tg Mice 

132 
 

Elevated NRK2 protein levels were also identified in NRK2.Tg cardiac muscle at 

approximately five fold upregulation relative to WT, though absolute NRK2 levels were 

significantly lower than within transgenic skeletal muscle (Figure 3-4). 

 
Figure 3-4 – NRK2 is significantly overexpressed in NRK2.Tg cardiac muscle. A. Immunoblot 
of floxed vs. NRK2.Tg NRK2 protein levels in cardiac tissue. B. Immunoblot of NRK2.Tg TA vs. 
cardiac tissue NRK2 protein levels. C. Semi-quantitative densitometry analysis of NRK2 
immunoblot band intensity in floxed cardiac tissue vs. NRK2.Tg cardiac tissue vs. NRK2.Tg TA. 
Data presented as mean ± SEM. Statistical significance was determined by student’s 
unpaired t test (* p < 0.05, ** p < 0.01, *** p < 0.001). n = 3. 
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3.3.2 NRK2.Tg mice develop normally with no induction of the 

unfolded protein response in skeletal muscle 

To assess the impact of skeletal muscle NRK2 overexpression on development, NRK2.Tg mice 

were monitored weekly throughout adolescence from 4 to 11 weeks old, displaying no overt 

behavioural changes and comparable rates of development in terms of weekly increases in 

body weight (Figure 3-5). 

 
Figure 3-5 – Male and Female NRK2.Tg mice develop normally through adolescence. Body 
weight measurements of male and female WT and NRK2.Tg mice from 4-11 weeks of age. 
Statistical significance was determined by student’s unpaired t test between WT and 
NRK2.Tg per weekly timepoint (* p < 0.05, ** p < 0.01, *** p < 0.001). Data presented as 
mean ± SEM. n = 5-7. 
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shock protein α5 (Hspa5), which are upregulated in response to ER stress (367), were 

quantified and determined to be comparable between WT and NRK2.Tg mouse muscle 

indicating that the UPR is not activated in NRK2.Tg muscle (Figure 3-6A,B). 

 
Figure 3-6 – The unfolded protein response is not induced in NRK2.Tg Skeletal Muscle. 
Quantification of mRNA transcript levels of Ddit3 and Hspa5 from 11 week old WT and 
NRK2.Tg mouse quadriceps. Data presented as mean ± SEM with individual data points 
representing one biological replicate. Statistical significance was determined by student’s 
unpaired t test (* p < 0.05, ** p < 0.01, *** p < 0.001). n = 5-8. 
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NADP generating enzyme Nadk (Figure 3-7). Expression levels of Nampt, the key mediator of 

NAD+ salvage from NAM in skeletal muscle (11), was also unchanged as well as Nmnat1, the 

most highly expressed enzyme isoform in skeletal muscle catalysing the conversion of NMN 

to NAD+ (15) and the alternative Nmrk2 isoform Nmrk1 (Figure 3-7). Expression levels of key 

NAD+ dependent signalling enzymes Sirt1, Sirt3 and Parp1 were also not significantly altered 

(Figure 3-7). These results indicate that skeletal muscle NRK2 overexpression does not 

influence NAD+ biosynthetic and NAD+ dependent enzymes at the transcript level in young, 

metabolically unchallenged mice.  
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Figure 3-7 – Expression levels of NAD+ biosynthesis and NAD+ dependent signalling 
enzymes are unaffected by NRK2 overexpression in young skeletal muscle. Quantification 
of mRNA transcript levels of NAD+ processing and dependent enzymes WT and NRK2.Tg 
quadriceps in 3 month old mice. Data presented as mean ± SEM with individual data points 
representing one biological replicate. Statistical significance was determined from ΔCt values 
by student’s unpaired t test (* p < 0.05, ** p < 0.01, *** p < 0.001). n = 5-8. 
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3.3.4 NAD+ boosting through NR supplementation is more efficacious 

in NRK2.Tg skeletal muscle 

Given the primary role of NRK2 as an NAD+ salvage enzyme, the effects of NRK2 

overexpression on the whole cell skeletal muscle NAD+ metabolome were next investigated, 

both at basal levels and with an excess of NR substrate. The NRKs are rate limiting enzymes 

for the production of NAD+ from NR (16), and therefore perturbations to in vivo NAD+ 

metabolism were hypothesised upon NRK2 overexpression. Basal NAD+ and NADH levels 

were not significantly altered between WT and NRK2.Tg muscle across quadriceps (mixed 

fibre type), TA (predominantly type II fibres) and soleus (predominantly type I fibres) (369) 

(Figure 3-8), indicating that endogenous substrate availability could be a limiting factor and 

NRK2 overexpression alone may not impact on the NAD+ metabolome. 

An upward trend in NAD+ and NADH concentration was observed in all muscle beds 

one hour post NR supplementation, with NR supplementation producing a significant 

elevation in quadriceps NAD+, TA NADH and tNAD, and soleus NAD+, NADH and tNAD (Figure 

3-8). No discernible effect on NAD+/NADH ratio was noted in any muscle bed (Figure 3-8). NR 

supplemented NRK2.Tg skeletal muscle NAD+ levels were significantly elevated relative to 

basal measurements alongside a marked additive increase in TA and soleus NAD+ levels 

relative to WT NR supplemented muscle (Figure 3-8). Interaction analysis determined a 

significant increase in the boosting efficacy of NR in NRK2.Tg mice for TA NAD+ and total NAD 

levels, with a strong comparable trend in soleus NAD+ (p = 0.089) and total NAD (p = 0.061) 

(Figure 3-8). However, this trend was not observed in quadriceps (Figure 3-8). NAD+/NADH 
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ratios were marginally elevated in NRK2.Tg quadriceps and TA relative to WT irrespective of 

NR supplementation, though this was not statistically significant (Figure 3-8). 

Together, these results support previous assertions of NRK enzymes being rate 

limiting for the production of NAD+ from NR (16) and also imply that intraperitoneally 

injected NR is bioavailable to skeletal muscle at one hour post administration. The 

availability of NR substrate also appears critical, with these data suggesting that endogenous 

NR levels are not sufficient to provide an NAD+ boosting effect with increased NRK2 enzyme 

concentration. These results also serve as additional model validation, with the significant 

increase in NR efficacy in boosting NAD+ within NRK2 overexpressing skeletal muscle 

indicating that the transgenic NRK2 protein product is functional.  



Chapter 3  Metabolic Characterisation of NRK2.Tg Mice 

139 
 

 
Figure 3-8 – NAD+ levels are significantly elevated in response to NR supplementation in 
NRK2 overexpressing TA and soleus. Quantification of NAD+, NADH, NAD+/NADH ratio and 
total NAD levels in WT and NRK2.Tg mouse skeletal muscle, with or without intraperitoneal 
NR supplementation and 1 hour incubation followed by immediate cull. Mice were 11 weeks 
of age. Data presented as mean ± SEM with individual data points representing one 
biological replicate. Statistical significance was determined by ordinary two way ANOVA with 
Sidak’s multiple comparison tests (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). n 
= 6. # = statistically significant interaction between genotype and NR supplementation; + = 
statistically significant variation upon NR administration; † = statistically significant variation 
between WT and NRK2.Tg mice. 
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3.3.5 Skeletal muscle NRK2 overexpression does not affect the 

metabolic response to acute exercise 

Intense acute exercise imposes severe metabolic stress and ATP deficit on skeletal muscle 

(64) eliciting a metabolic response in order to maintain energetic homeostasis, for which 

NAD+ is critical (310). Skeletal muscle NRK2 is upregulated in response to impaired NAD+ 

homeostasis (15) and metabolic stress (325). Furthermore, NRK2 has also been implicated as 

a key mediator in skeletal muscle development (341, 342, 344), and therefore any potential 

developmental or structural differences in NRK augmented muscle could impact on exercise 

ability. It was hypothesised that chronic NRK augmentation within skeletal muscle may alter 

the metabolic response to exercise. Untrained WT and NRK2.Tg mice were subjected to 30 

minutes of controlled intense treadmill exercise with real-time metabolic response assessed 

via indirect calorimetry. Absolute energy expenditure, RER and VO2 traces were not 

significantly different between WT and NRK2.Tg mice at any single timepoint throughout the 

protocol with area under the curve (AUC) values also being comparable (Figure 3-9). Linear 

regression and ANCOVA analysis comparing AUC values with body mass indicated a positive 

correlation for energy expenditure and VO2 but no significant differences in slope angle, 

elevation or Y intercept between WT and NRK2.Tg mice for all three parameters, implying no 

significant metabolic differences when controlled for differences in body mass (Figure 3-9).  
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Figure 3-9 – Metabolic response to acute exercise is comparable between WT and NRK2.Tg 
mice. Energy expenditure (EE), respiratory exchange ratio (RER) and VO2 of WT and NRK2.Tg 
mice subjected to 30 minutes of acute treadmill exercise presented as a 30 minute trace, 
area under the curve (AUC) and linear regression against body mass. Data presented as 
mean ± SEM. Statistical significance of corresponding trace timepoints and AUC were 
determined by student’s unpaired t test (* p < 0.05, ** p < 0.01, *** p < 0.001). n = 9-10. 
 

 Skeletal muscle NAD+ and NADH levels were quantified in skeletal muscle 

immediately extracted and snap frozen after cessation of acute exercise. No significant 

changes in skeletal muscle NAD+ concentrations were observed between sedentary and 

exercised animals with or without overexpression of NRK2 (Figure 3-10). Exercised NRK2.Tg 

mice had slightly elevated NADH levels relative to exercised WT mice and elevated total NAD 

levels as a result, though these observations were not statistically significant. 
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Figure 3-10 – NAD+ levels are unaffected and comparable between WT and NRK2.Tg TA 
muscles immediately after acute exercise. Quantification of NAD+, NADH, NAD+/NADH ratio 
and total NAD levels in male WT and NRK2.Tg mouse TA which were sedentary or culled 
immediately after cessation of acute exercise (AE). Data presented as mean ± SEM with 
individual data points representing one biological replicate. Statistical significance was 
determined by ordinary two way ANOVA with Sidak’s multiple comparison tests (* p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001). n = 8-10. # = statistically significant interaction 
between genotype and acute exercise; + = statistically significant variation upon acute 
exercise; † = statistically significant variation between WT and NRK2.Tg mice. 
 

3.3.6 NRK2 overexpression does not affect skeletal muscle central 

carbon metabolism or mitochondrial oxidative capacity 

Given the importance of NAD+ to oxidative metabolism, skeletal muscle central carbon 

metabolism in the context of NRK augmentation was next assessed. Impairment of NAMPT 
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driven NAD+ biosynthesis results in NAD+ deficit and subsequent energetic stress, 

manifesting as perturbations to TCA cycle metabolite flux (370). Although augmentation of 

the NRK pathway was not expected to perturb oxidative metabolism, NAD+ availability 

remains a major factor and quantification of NAD+ and NADH+ levels from a single timepoint 

cannot provide information on NAD+ flux rates and utilisation. It was therefore deemed 

important to establish both basal TCA metabolite and amino acid levels alongside changes in 

response to exercise within NRK2 overexpressing mouse muscle to establish any potential 

changes within molecular oxidative metabolism. 

 Several anaplerotic amino acids were significantly depleted in response to acute 

exercise. Serine, glycine and alanine are glucogenic amino acids that are able to enter the 

TCA cycle through conversion to pyruvate under energetic stress (94, 371), with serine and 

alanine being significantly depleted after acute exercise in both WT and NRK2.Tg mice 

(Figure 3-11). Asparagine can be converted to aspartate and subsequently enter the TCA 

cycle as oxaloacetate, and asparagine was significantly reduced in exercised mice with a 

subsequent increase in aspartate (Figure 3-11). A similar relationship was observed between 

glutamine and glutamate levels, where glutamine is converted to glutamate which is then 

further converted to the TCA cycle intermediate 2-oxoglutarate (371) (Figure 3-11). 

Furthermore, the TCA cycle intermediates citrate, fumarate and malate were significantly 

increased in exercised vs. sedentary mice (Figure 3-11). These observations are indicative of 

energetic stress and subsequent upregulation of anaplerotic pathways to feed the TCA cycle 

to meet increased energetic demand, implying that the exercise protocol was effective at 

inducing energetic deficit and metabolic stress. However, no significant differences were 
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observed in such responses between WT and NRK2.Tg mice, indicating that NRK2 

overexpression does not alter the oxidative response to exercise within skeletal muscle.   
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Figure 3-11 – Skeletal muscle TCA cycle intermediates and amino acid content were not 
significantly altered between WT and NRK2.Tg mice that were subjected to acute exercise, 
though aspartate levels were significantly decreased in sedentary NRK2.Tg muscle. GCMS 
quantification of metabolically relevant TCA cycle intermediates and amino acids in male WT 
and NRK2.Tg mouse quadriceps which were sedentary or culled immediately after cessation 
of acute exercise (AE). Statistical significance was determined by ordinary two way ANOVA 
with Sidak’s multiple comparison tests (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 
0.0001). n = 8-10. # = statistically significant interaction between genotype and acute 
exercise; + = statistically significant variation upon acute exercise; † = statistically significant 
variation between WT and NRK2.Tg mice. 
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 Despite few differences in central carbon metabolism between exercised WT and 

NRK2.Tg mice, basal pyruvate levels appeared elevated within NRK2.Tg skeletal muscle 

though this was not statistically significant and lactate/pyruvate ratios were not significantly 

perturbed (Figure 3-11). Additionally, basal aspartate levels were significantly decreased 

relative to WT muscle, suggesting some potential perturbations to basal oxidative 

metabolism in NRK2.Tg muscle. Skeletal muscle mitochondrial fatty acid oxidative capacity 

was therefore assessed both in predominantly type II (TA) and type I (soleus) muscle beds. 

As expected (369), the more oxidative soleus muscle presented with significantly higher 

oxidative flux rates for every respiratory state but fatty acid leak state and residual oxygen 

consumption, but no significant differences between WT and NRK2.Tg muscle were 

observed in either TA or soleus suggesting that NRK augmentation alone does not affect 

skeletal muscle oxidative respiratory capacity (Figure 3-12). 
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Figure 3-12 – Mitochondrial respiratory capacity is comparable between WT and NRK2.Tg 
mouse TA and soleus. FAO capacity of TA and soleus from female 3 month old WT and 
NRK2.Tg mice. Data presented as mean ± SEM. Statistical significance between groups was 
determined by student’s unpaired t test at each respiratory state (* p < 0.05, ** p < 0.01, 
*** p < 0.001). n = 3.  
  

FAO LEAK

FAO O
XPHOS

BEFORE CYT C

CI O
XPHOS

CI+II O
XPHOS

ETS

CII E
TS

ROX
0

50

100

150

200

250

TA
R

es
pi

ra
to

ry
 F

lu
x 

(p
m

ol
 O

2/m
g-1

/s
-1

)

FAO LEAK

FAO O
XPHOS

BEFORE CYT C

CI O
XPHOS

CI+II O
XPHOS

ETS

CII E
TS

ROX
0

50

100

150

200

250

Soleus

R
es

pi
ra

to
ry

 F
lu

x 
(p

m
ol

 O
2/m

g-1
/s

-1
)

TA

Soleu
s

Hea
rt

Live
r

Kidney
0

5

10

15

20

NRK2

AU

***

**

**

WT
NRK2.Tg



Chapter 3  Metabolic Characterisation of NRK2.Tg Mice 

148 
 

3.3.7 Skeletal muscle NAD+ levels are significantly elevated in 

NRK2.Tg skeletal muscle during the active phase 

NAD+ salvage enzymes are differentially expressed throughout the day under the control of 

circadian regulatory genes such as the CLOCK:BMAL1 complex, modulating NAD+ levels and 

consequent metabolic processes throughout the day (227, 330). Publically available gene 

expression data (NCBI GEO Profiles) also implies that NRK2 is differentially regulated in 

skeletal muscle over 24, with the functional relevance of this dynamic regulation remaining 

unclear. This experiment aimed to clarify this through observation of functional 

consequences with constitutive NRK2 overexpression in vivo compared to normal circadian 

regulation in WT mice. Interestingly, NRK2.Tg NAD+ levels were significantly elevated at 

zeitgeber (ZT) 16 (22:00) in both TA and soleus and additionally at ZT20 (02:00) in TA (Figure 

3-13). In contrast, NADH levels were almost significantly decreased at ZT12 and ZT20, 

resulting in significant elevation of the NAD+/NADH ratio at ZT12 (18:00) and ZT16, though 

this effect was not observed within soleus where the NAD+/NADH ratio was instead 

significantly elevated at ZT 0 (06:00) (Figure 3-13). These observations suggest that NRK2 

expression levels could play a key role in NAD+ homeostasis, significantly augmenting the 

skeletal muscle NAD+ pool if there is an excess of NRK2 enzyme during active hours.  
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Figure 3-13 – NRK2.Tg mice present with significantly elevated NAD+ levels during active 
hours in TA and soleus. Quantification of NAD+, NADH, NAD+/NADH ratio and total NAD 
levels in TA and soleus collected from 3 month old male WT and NRK2.Tg mice at 4 hour 
intervals over a 24 hour period. Data presented as mean ± SEM. Statistical significance was 
determined by student’s unpaired t test between WT (* p < 0.05, ** p < 0.01, *** p < 0.001). 
n = 4 per timepoint.  
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These observations of circadian NAD+ elevation were then compared against NRK2 protein 

expression levels. In both TA and soleus, WT NAD+ levels were lowest at ZT16 (Figure 3-13), 

though quantification of TA NRK2 protein levels throughout 24 hours via immunoblotting 

indicated that strongest upregulation of NRK2 protein occurs during ZT8 and ZT12 with very 

little detection of NRK2 at other timepoints (Figure 3-14). NRK2.Tg NAD+ levels trended 

upwards relative to WT levels at these times, though this was not statistically significant. In 

contrast, NRK2 protein was strongly detected at every timepoint in NRK2.Tg TA as would be 

expected from the presence of the constitutively active NRK2.Tg transgene (Figure 3-14).  

 
Figure 3-14 – Circadian variation in Nmrk2 protein levels in WT and NRK2.Tg TA. 
Representative immunoblot indicating variable circadian expression levels of NRK2 in WT 
skeletal muscle and constitutive circadian expression in NRK2.Tg muscle. n = 1.  

3.3.8 Skeletal muscle NRK2 overexpression does not affect whole body 

metabolic phenotype or glucose tolerance 

Having observed that NRK2 overexpression may augment NAD+ levels during night hours, it 

was then important to ascertain any functional metabolic consequences caused by 

constitutive NRK2 overexpression. 48 hour home cage monitoring indicated that the mice 

consumed approximately 24 calories over 48 hours with an increased rate of consumption 
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during dark (active) hours accompanied by increased energy expenditure and VO2 as would 

be expected during periods of activity. Furthermore, RER values peaked during these times 

indicating a switch to carbohydrate metabolism, with fatty acid oxidation proportionally 

more favoured during inactive hours (Figure 3-15). However, no significant differences in 

these parameters were observed in skeletal muscle NRK2 overexpressing mice. Over the 48 

hours both during light and dark phases. When subjected to linear regression and ANCOVA, 

no significant differences in slopes, elevations or Y intercepts were observed in any 

parameter when plotted against body weight indicating that no there are no significant 

metabolic differences when adjusted for body weight. Taken together, these results indicate 

that skeletal muscle NRK2 overexpression does not alter whole body metabolic phenotype 

despite apparent elevation in skeletal muscle NAD+ levels during active hours. 
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Figure 3-15 – Whole body basal metabolic phenotype is comparable between WT and 
NRK2.Tg mice over 48 hours. Indirect calorimetric analysis of 3 month old female WT and 
NRK2.Tg mice quantifying caloric consumption (CC), energy expenditure (EE) and VO2 
presented as a trace of hourly averages, average day/night values and linear regression 
relative to body weight. RER is presented as a trace of hourly averages and ΔRER, a 
representation of metabolic flexibility which is calculated by subtracting the average of the 5 
highest values during the night phase from the average of the 5 lowest values during the day 
phase. Data presented as mean ± SEM. Statistical significance of corresponding trace 
timepoints and average day/night values were determined by student’s unpaired t test (* p < 
0.05, ** p < 0.01, *** p < 0.001). n = 12. 
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 Given the importance of skeletal muscle in whole body glucose homeostasis as a 

major insulin responder and carbohydrate reserve organ (66) and the importance of NAD+ in 

glucose tolerance and insulin response levels (165, 180), IPGTT were performed to assess 

any potential changes in speed and efficacy of the excess blood glucose clearing response 

with NRK augmentation. Blood glucose clearance rates were closely comparable between 

WT and NRK2.Tg mice (Figure 3-16), NRK2 indicating that augmentation of the NRK pathway 

within skeletal muscle does not affect whole body glucose metabolism in young mice. 

 
Figure 3-16 – Glucose tolerance is comparable between WT and NRK2.Tg mice. Baseline 
blood glucose measurements followed by 15, 30, 60 and 90 minutes post glucose 
administration in 3 month old female WT and NRK2.Tg mice (A) alongside AUC analysis (B). 
Data presented as mean ± SEM. Statistical significance of corresponding trace timepoints 
and AUC were determined by student’s unpaired t test (* p < 0.05, ** p < 0.01, *** p < 
0.001). n = 6-8.  
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3.4 Discussion 

The results of this chapter validated and comprehensively established the basal metabolic 

phenotype of NRK2.Tg mice that will form the basis of onward experimental work for two 

main reasons. Firstly, to now better evaluate the functional consequences of constitutive in 

vivo overexpression of NRK2 within skeletal muscle, and inform how NRK2 upregulation 

under metabolic stress can influence metabolism. Secondly, the results provide a 

comparative baseline for upcoming experiments involving ageing and altered nutrition. The 

NRK2.Tg mouse model was thoroughly validated at the genomic, transcriptomic, protein and 

functional level, demonstrating no induction of the UPR, no detection of aberrant transgene 

expression within the skeletal muscle of floxed control mice or any expression of transgenic 

NRK2 outside of muscle tissue in either floxed or skeletal muscle specific NRK2 

overexpressing mice.  

 Although cardiac muscle was not a primary target tissue for NRK2 overexpression, 

higher expression levels were detectable at RNA and protein level at approximately the 

same fold change relative to WT expression as in skeletal muscle, though absolute 

expression levels were far less. ACTA1 is expressed in the heart, albeit at a lower magnitude 

in comparison to skeletal muscle as the cardiac actin (ACTC) isoform constitutes the vast 

majority (372). This low level of expression however appears enough to induce some 

transcription of Cre recombinase in some cardiac fibres, resulting in NRK2 overexpression.  

 NRK2 overexpression did not significantly affect development, with mice developing 

through adolescence into adulthood with no discernible differences in body weight or 

behaviour. This indicates that though NRK2 has been shown to have roles within myogenesis 
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(344) and myotube fusion and differentiation (341), constitutive skeletal muscle 

overexpression of NRK2 does not severely impact on embryonic myogenesis or normal 

development through adolescence. During embryogenesis, skeletal muscle tissue mainly 

expresses ACTC rather than skeletal muscle actin which gradually switches to skeletal muscle 

actin (ACTA1) as gestation progresses (372). Furthermore, a recent study quantifying gene 

expression throughout activation and differentiation stages of an in vitro human embryonic 

muscle stem cell model suggests that ACTA1 mRNA levels remain very low during cycling 

Pax7+, quiescent Pax7+ and activated Pax7+/MyoG+ stages, with a marked increase upon 

downregulation of Pax7 and subsequent differentiation into striated muscle (373). Initial 

quantification of the ACTA1-Cre mouse model corroborated this, with Cre transcription 

detected within embryonic somites at 9.5 days post coitum (dpc) within elongated and 

differentiated muscle cells in a rostrocaudal orientation, progressing to strong expression in 

dorsal-ventral running fibres within segmental blocks of the myotome (352). These data 

suggest that NRK2 overexpression is minimal within embryonic myogenic precursors during 

embryonic development and that in this model, the NRK2.Tg allele may not be active in 

embryonic skeletal muscle during critical developmental stages with the majority of 

development occurring under normal expression levels of NRK2. While it is thought that 

endogenous Nmrk2 expression is primarily confined to mature, striated muscle (374), 

further investigations into temporal expression patterns of endogenous Nmrk2 during 

embryogenesis would be beneficial, though a different model of NRK2 overexpression would 

be required to further investigate the effects of NRK2 overexpression on embryonic 

myogenesis.  
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 Overexpression of NRK2 did not significantly affect basal skeletal muscle NAD+ and 

NADH levels at 10:00. This agrees with previous observations that while the NRKs are rate 

limiting in the overall production of NAD+ from NR (16), substrate bioavailability is also a key 

factor. It is likely that endogenous NR levels are insufficient to saturate available NRK 

enzyme at physiological expression levels with the conversion of NR to NMN operating far 

below the Vmax of NRK2, thus increasing enzyme concentrations does not increase cellular 

NAD+ levels. This may also explain why mRNA expression levels of other key skeletal muscle 

NAD+ salvage enzymes and NAD+ dependent signalling enzymes were unaffected, which also 

agrees with the observed redundancy of the NRK salvage pathway relative to NAM recycling 

via NAMPT in the preservation of skeletal muscle NAD+ homeostasis under resting metabolic 

conditions (15, 16). The observation of significantly elevated NAD+ levels in NRK2.Tg skeletal 

muscle relative to WT muscle in conditions of NR substrate excess reaffirmed the idea that 

NRK mediated phosphorylation of NR to NMN is the rate limiting step the conversion of NR 

through to NAD+, and also determined that transgenic NRK2 exhibits functional kinase 

activity within NRK2.Tg skeletal muscle. NR is unstable in blood (375, 376) and plasma (16) , 

undergoing hydrolysis to NAM and ADPr with a half-life of approximately three minutes 

(314). However, the observed additive effect with NR supplementation in NRK2 

overexpressing skeletal muscle confirms that at least some NR must reach skeletal muscle 

intact when injected intraperitoneally up to at least one hour post administration, a 

phenomenon that has until now only been confirmed in labelled NR administered through 

intravenous injection (314).  

 NAD+ and NADH are critical in contracting muscle through its role as a redox cofactor 

driving oxidative metabolism (310). Furthermore, NAD+ consumption is significantly 
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increased through increased SIRT activity, driving metabolic adaptation to meet cellular 

energy requirements (317). Despite this imposed reliance of contracting skeletal muscle on 

NAD+ salvage from NAM and NR (15), NRK2 overexpression did not significantly affect the 

real time metabolic response to exercise and no differences in skeletal muscle NAD+ levels or 

post-exercise TCA cycle metabolite concentrations were observed in muscle collected 

immediately after cessation of exercise.  

 NAD+, NADH and total NAD concentrations were not significantly different between 

sedentary and exercised skeletal muscle immediately after exercise in either genotype, nor 

were any significant perturbations to the NAD+/NADH ratio. Animal studies have suggested 

increases in skeletal muscle NAD+ and the NAD/NADH ratio following exercise (105, 248) 

though other studies have conversely suggested increases in NADH and a reduction in NAD+ 

(377) as well as no immediate changes in NAD+ during contraction (378) or immediately 

following exercise (220), the latter of which these data corroborate. The picture is also 

complicated in contracting human muscle (310), though exercise intensity is thought to 

significantly impact on NAD+/NADH dynamics, with one study reporting reduced NADH levels 

but no impact on NAD+/NADH ratio under lower intensity and elevated NAD+ and 

NAD+/NADH ratio under intense exercise (379). The animal licensing regulations under which 

the exercise data presented in this chapter was generated did not allow for determination of 

VO2max and thus no means of accurate determination of exercise intensity, constituting a 

study limitation. Furthermore, no differences in skeletal muscle lactate levels were observed 

between sedentary and exercised muscle, though this could be explained through rapid 

clearance from skeletal muscle into the blood (380). Despite this, differences in TCA 
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metabolites were apparent indicating that the exercise protocol was efficacious enough to 

elicit an oxidative metabolic response.  

 It is again likely that the NAD+ metabolome was unchanged between WT and 

NRK2.Tg animals due to insufficient endogenous levels of endogenous NR precursor, 

resulting in no effect of enzyme overexpression on the NAD+ metabolome. However, the 

NAD+/NADH and central carbon metabolite quantification methods available for this thesis 

only provided a snapshot of absolute concentrations and could offer no information on 

synthesis and flux rates, which may have varied between WT and NRK2.Tg animals, though it 

is clear that NAD+ was maintained at sufficient levels throughout the exercise protocol in 

both genotypes with both WT and NRK2.Tg animals being equally capable of completing the 

designated exercise protocol. Furthermore, it could be assumed that the skeletal muscle 

NAD+ salvage pathways could sufficiently maintain metabolic homeostasis under the 

imposed energetic stress of the acute exercise protocol due to the mice being young and 

healthy, and therefore further augmentation of NAD+ salvage would not improve metabolic 

phenotypes past the physiological optimum (315). 

 The observed trend of elevated basal pyruvate and significantly lower aspartate 

levels in NRK2.Tg skeletal muscle indicated a potential dysregulation of oxidative 

metabolism, prompting examination of maximal fatty acid oxidation (FAO) capacity of 

NRK2.Tg TA and soleus relative to WT muscle. No significant differences in O2 flux were 

observed under any respiratory state indicating that such differences are not relevant to 

maximal mitochondrial function, and it could be further concluded from this experiment that 

augmentation of the NRK pathway does not significantly alter mitochondrial capacity or 

increase mitochondrial volume in slow and fast twitch muscle types in young mice.  
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 The transient yet significant elevation in TA and soleus NAD+ concentrations during 

night time hours was an unanticipated observation given the consensus that endogenous NR 

concentrations are insufficient to influence changes to the NAD+ metabolome regardless of 

NRK2 levels (164, 314). Most interestingly, differences in skeletal muscle NAD+ levels 

coincided with times at which a disparity was observed between normal circadian 

fluctuations of NRK2 expression in WT muscle and constitutive overexpression in NRK2.Tg 

tissue. Mice are nocturnal and more physically active during night hours, which could explain 

the observed increase in NAD+ and decrease in NADH (310), a trend which was apparent in 

NRK2.Tg TA relative to WT muscle but not soleus, although data in section 3.3.5 suggested 

no changes in NAD+ as a result of physical activity. However, other mouse studies have 

reported no immediate changes in skeletal muscle NAD+ after exercise but a significant rise 3 

hours afterwards (220). It could be assumed that the mice had been active and feeding for at 

least 3-4 hours prior to collection at ZT16, and it is therefore possible that constitutive 

overexpression of NRK2 could potentiate contraction induced rises in skeletal muscle NAD+ 

over sustained bouts of activity through augmentation of NRK mediated NAD+ salvage from 

NR.  

 Mice also consume food at a greater rate during night hours, therefore ingesting 

more niacin which could raise endogenous NR levels to effective levels for NAD+ boosting 

with more NRK2 enzyme, though NR levels in the regular animal chow are undetermined. NR 

is present in other foodstuffs such as milk (160) with NR dependent bacteria able to thrive in 

the gut (381), and NR is known to be orally bioavailable (164), although a more recent study 

has suggested that orally ingested NR may not reach skeletal muscle tissue intact (314). 

More studies into prolonged exercise bouts, trained phenotypes and/or NR supplementation 
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methods are required to elucidate functional mechanisms behind this transient NAD+ 

boosting effect in NRK2.Tg skeletal muscle.  

 Despite the observed nocturnal skeletal muscle NAD+ boosting effects, no significant 

differences were observed in metabolic phenotype, with mice consuming comparable levels 

of calories, expending similar amounts of energy and effectively switching between 

carbohydrates and lipids as main fuel sources during times of heightened activity and rest as 

is expected in healthy animals (67). Furthermore, glucose tolerance levels were unaffected in 

NRK2.Tg mice. Skeletal muscle is of central importance to systemic metabolism as a key site 

of energy storage and energy expenditure with high adaptability to conditions of metabolic 

stress (18), processes which are reliant on sufficient cellular NAD+ levels (11, 220, 382). The 

metabolic flexibility of skeletal muscle is also directly driven by NAD+ dependent activity of 

SIRTs (237). However, increasing NAD+ bioavailability past physiological requirements is 

unlikely to improve metabolic phenotypes that are already optimal in young, healthy and 

metabolically unstressed mice (315). Furthermore, increasing skeletal muscle NAD+ levels 

alone in young and healthy animals does not promote a shift towards a more oxidative 

metabolic phenotype (315), which could explain why no improvements in mitochondrial 

oxidative capacity were observed despite possible transient NAD+ boosting in NRK2.Tg 

skeletal muscle. To further determine the roles of the NRK2 pathway in skeletal muscle, the 

next step was therefore to establish any beneficial metabolic consequences resulting from 

skeletal muscle NRK pathway augmentation in context of metabolic stressors such as altered 

nutrition and ageing. 



CHAPTER 4 – METABOLIC RESPONSE TO 

AGEING IN MICE WITH MUSCLE-SPECIFIC 

OVEREXPRESSION OF NRK2  
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4.1 Introduction 

4.1.1 NRK2 Augmentation in young mice 

The previous chapter confirmed significant and specific NRK2 overexpression in skeletal 

muscle of NRK2.Tg mice, in which NAD+ levels are more efficaciously boosted in response to 

IP administered NR. Circadian variations in endogenous NRK2 expression levels were also 

confirmed, with significant transient increases in skeletal muscle NAD+ in NRK2.Tg skeletal 

muscle which could be attributed to constitutive NRK2 overexpression. However, no 

significant functional metabolic differences were observed between WT and NRK2.Tg mice 

both basally and in response to exercise, agreeing with previous observations that increasing 

skeletal muscle NAD+ levels past optimum physiological levels does not confer additional 

metabolic benefits (315). However, metabolic stressors are accompanied by a drastic 

compensatory increase in cellular NAD+ consumption, placing significant demands on NAD+ 

salvage systems for maintaining NAD+ homeostasis (289, 310). Under chronic conditions of 

metabolic dysfunction such as with ageing, this results in a cellular NAD+ deficit as NAD+ 

repleting pathways are downregulated and/or unable to keep pace with increased cellular 

requirements (105, 315), leading to metabolic decline and pathophysiological disease states 

(289). 

4.1.2 NAD+ and metabolic decline with age 

A sedentary lifestyle results in metabolic decline with age in the form of insulin resistance, 

obesity, impaired mitochondrial biogenesis and function, impaired metabolic flexibility and 

increased inflammation (67, 383, 384). This predisposes individuals to disease states such as 
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type II diabetes, NAFLD, cardiovascular disease and sarcopenic obesity (385, 386). Many 

ageing rodent models also report a significant decline in cellular NAD+ levels within liver 

(168, 284, 292, 387), adipose tissue (180, 284) and skeletal muscle (11, 171, 180, 184, 284, 

292, 387). This loss of bioavailable NAD+ is cited as both a cause and a symptom of age 

related metabolic decline, and is driven by a multitude of factors including NAMPT 

expression and activity levels declining significantly in aged skeletal muscle (105, 315) and 

upregulation of NAD+ consuming enzymes such as PARPs and CD38, ultimately leading to 

suppressed SIRT activity and impaired oxidative metabolism (261, 284, 292). This phenotype 

is thought to be self-sustaining in that lower SIRT activity decreases mitochondrial biogenesis 

and turnover (388, 389), leading to increased ROS generation from defective mitochondria 

and more DNA damage (390), and thus ever increasing PARP NAD+ consumption (261, 389, 

391, 392). In absence of nutritional and/or exercise interventions, severe metabolic 

impairment and clinical sarcopenia arises resulting in an ever declining metabolic phenotype 

(296). Given the importance of skeletal muscle as a site of energy metabolism and substrate 

storage, dysfunctional skeletal muscle significantly impairs whole body metabolic 

homeostasis and overall healthspan.  

4.1.3 NRK salvage as an inducible path to NAD+ under metabolic stress 

Though NRK2 is dispensable for maintaining general skeletal muscle NAD+ homeostasis (15, 

16), it is upregulated in response to severe redox stress (325). Furthermore, a negative effect 

on skeletal muscle NAD+ levels was observed upon knocking out NRK2 (325). Such 

observations may implicate NRK2 as an inducible auxiliary route to NAD+ in skeletal muscle 

under metabolic stress. Many studies have already reported functional metabolic 
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improvements and protective effects with NR (11, 165, 167, 168, 173) and NMN (180, 181, 

184) supplementation in models of ageing and/or obesity. It is therefore possible that 

chronic augmentation of the NRK pathway through constitutive NRK2 overexpression and/or 

chronic NR supplementation could prevent sarcopenia and metabolic decline associated 

with insufficient NAD+ levels in skeletal muscle, improving whole body metabolism as a 

result (19). It is also important to note that endogenous NRK2 expression within skeletal 

muscle is dynamic over 24 hours and associated with circadian regulation, as determined in 

the previous chapter. A lifetime of chronic NRK2 overexpression may therefore present 

significant metabolic consequences in aged mice.  

 To further investigate the functional relevance of the skeletal muscle NRK salvage 

pathway in vivo, the next objective was to establish any adaptive metabolic consequences of 

constitutive NRK2 overexpression in response to metabolic stress imparted through the 

ageing process. Furthermore, the metabolic effects of chronic oral NR administration in aged 

animals was investigated, both in light of NR as a potential therapeutic option for combating 

age and NAD+ associated pathophysiology and to further establish the metabolic relevance 

of NRK2 through a model of constitutive NRK pathway augmentation under conditions of 

substrate excess. It was hypothesised that under conditions of inactivity, obesity and ageing, 

skeletal muscle NRK pathway augmentation via NRK2 overexpression and/or NR precursor 

supplementation could counterbalance the cellular NAD+ deficit resulting from 

downregulation of NAD+ salvage mechanisms and upregulation of NAD+ consumption 

pathways, improving the oxidative metabolic phenotype under chronic metabolic stress 

(Figure 4-1). 



Chapter 4  Aged Metabolic Response of NRK2.Tg Mice 

165 
 

 
Figure 4-1 – Hypothesised in vivo metabolic consequences of NRK2 overexpression and/or 
NR supplementation in aged skeletal muscle. In ageing muscle, NAMPT is downregulated 
whilst PARP and cyclic ADP-ribose synthase activity increases (261, 284, 292). As a result, 
NAD+ consumption outweighs NAD+ repletion, creating an NAD+ deficit that contributes 
towards metabolic decline through downregulated SIRT activity. Augmentation of the NRK 
salvage pathway through constitutive NRK2 overexpression and NR precursor 
supplementation could boost cellular NAD+ levels in skeletal muscle, thereby improving aged 
and obese metabolic phenotypes.  
 

Specifically, this chapter aimed to: 

- Characterise the molecular and physiological consequences of lifetime 

constitutive skeletal muscle NRK2 overexpression in aged mice. 

- Assess the applicability of orally administered NR in augmenting the skeletal 

muscle NAD+ metabolome and overall metabolic health with age. 

- Establish the relationship between NRK2 levels and NR substrate levels given 

the observed affects on the NAD+ metabolome in aged skeletal muscle.  
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4.2 Materials and methods 

4.2.1 Animal care 

Age related deteriorations in skeletal muscle signalling, structure and function manifest at 

around 18 months of age in C57BL/6 mice (393-396), and ageing past 18 months significantly 

increases the risk of potentially confounding comorbidities which are often undetectable 

until post mortem analysis. It was therefore decided that in vivo metabolic profiling would 

be carried out on 18-20 month old mouse cohorts, with tissue analysis performed on 21-23 

month old mice upon completion of in vivo experimentation. Mice were bred and aged in-

house, with ageing mice kept in conditions as detailed in section 2.1. Mice were monitored 

daily for signs of illness and weighed weekly after 52 weeks of age to ensure welfare 

standards and to assess the impact of oral NR supplementation on animal health and 

behaviour. Mice with overt comorbidities were excluded from experiments. 

4.2.2 Oral NR supplementation  

To investigate the effects of skeletal muscle NRK2 overexpression in aged mice under 

conditions of nutrient excess, regular drinking water was replaced with 5 g/L nicotinamide 

riboside chloride. This concentration was selected based on previous studies into the 

supplemental efficacy of orally administered NR which utilised approximately 400 mg/kg/day 

NR, taking into account observed average daily mouse water consumption and average body 

weight of 18 month old WT and NRK2.Tg mice (164, 165, 167), with the aged mice in this 

study consuming approximately 325 mg/kg/day. 5 g nicotinamide riboside chloride 

(Chromadex, California, USA) was dissolved in 1 l tap water and filter sterilised through a 0.2 
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µm pore diameter filter. The addition of NR to tap water was not found to significantly alter 

pH levels, which was determined as approximately 6.5 for both the regular tap water and 

with 5 g/L NR. This was deemed acceptable based on evidence that NR retained ~95% 

stability after 1 week when dissolved in drinking water (11) and was most stable in water 

around neutral pH levels (160).NR water bottles were protected from light with the water 

replaced every third day to further minimise degradation. 

4.2.3 Indirect calorimetry 

Indirect calorimetry experiments were performed on 18 month old female WT and NRK2.Tg 

mice according to the acclimatisation and experimentation protocols detailed in section 

2.10.1. Indirect calorimetry was repeated to the same specifications after 4 weeks of NR 

supplementation in the NR supplemented cohort. 

4.2.4 IPGTTs 

IPGTTs were performed on 18 month old mice one week after indirect calorimetry as 

detailed in section 2.11. For welfare reasons, 40% glucose was used instead of 20% glucose 

allowing for administration of half the regular volume of glucose solution. Mice of the NR 

supplementation cohort were then placed onto NR water 72 hours post IPGTT to ensure full 

recovery prior to supplementation. IPGTTs were then repeated to the same specifications a 

week after the second metabolic assessment via indirect calorimetry (5 weeks post onset of 

NR supplementation). 
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4.2.5 High resolution respirometry 

After cervical dislocation and tissue collection, TA and soleus from 22-24 week old WT and 

NRK2.Tg mice with or without 16 weeks of NR supplementation was assessed via high 

resolution respirometry according to section 2.8. Mice were culled and tissue collected 

between 10:00 and 12:00. Tissue preparation was performed according to section 2.8.1 

followed by high resolution respirometry according to section 2.8.2. 

4.2.6 NAD+ quantification 

Snap frozen quadriceps from aged WT and NRK2.Tg animals with or without oral NR 

supplementation was pulverised and 10 mg tissue weighed according to section 2.3.1. Tissue 

samples were then homogenised in 400 µl NAD+/NADH Extraction buffer and NAD+ and 

NADH levels were quantified using the NAD+/NADH quantitation kit (Biovision, California, 

USA) as detailed in section 2.7. 

4.2.7 RNA extraction, reverse transcription and qPCR 

RNA was extracted from mouse quadriceps samples as detailed in section 2.5.1 and reverse 

transcription was performed according to section 2.5.2. For qPCR analysis, all genes besides 

Nmrk2 were assayed using TaqMan probes following the protocol detailed in section 2.5.4. 

Nmrk2 was optimised and assayed using the SYBRGreen gene expression assay method to 

the protocol detailed in section 2.5.5. GUSB was used as the endogenous control gene for all 

qPCR performed within this chapter for reasons outlined in section 2.5.4. 
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4.2.8 Targeted Metabolomics 

Female WT and NRK2.Tg 22-24 month old quadriceps samples were extracted derivatised 

and analysed via GCMS to quantify key anaplerotic amino acids and TCA cycle intermediates 

according to section 2.9.1. 

4.2.9 Untargeted Metabolomics 

Female WT and NRK2.Tg 22-24 month old quadriceps samples were prepared for LCMS 

analysis according to section 2.9.2.  
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4.3 Results 

4.3.1 The in vivo effects of chronic skeletal muscle NRK augmentation 

on ageing metabolic phenotype 

A decline in bioavailable NAD+ is thought to be a key contributor to the functional decline of 

skeletal muscle with age, which in turn leads to overall metabolic decline and predisposition 

to metabolic disease (11, 171, 180, 184, 284, 292, 387). Based on the role of NRK2 as an 

NAD+ salvage enzyme that is upregulated under conditions of metabolic stress (325), it was 

hypothesised that augmentation of the skeletal muscle NRK pathway could ameliorate this 

age related decline in NAD+ and ameliorate the associated decline in skeletal muscle 

metabolic health. WT and NRK2.Tg mice were therefore aged to 18-23 months before 

metabolic phenotyping experiments were performed.  

4.3.2 Aged NRK2 overexpressing skeletal muscle presents with 

upregulated Nmrk1, Nampt and SIRTs 

Previous studies have reported significant changes in NAD+ salvage enzyme expression levels 

with age as well as NAD+ dependent signalling enzymes within skeletal muscle (105). To 

further investigate these reports and establish any effects of chronic NRK2 overexpression 

on NAD+ signalling and salvage dynamics in aged skeletal muscle, expression levels of key 

NAD+ salvage and NAD+ dependent enzymes were assessed in aged WT and NRK2.Tg mice 

and also compared directly with expression levels in young skeletal muscle. Interestingly, 

expression levels of NRK2 were lower in aged WT mice relative to young WT mice with a 

similar statistically significant trend observed in NRK2.Tg mice, though Nmrk2 remained 
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significantly overexpressed relative to WT in both young and aged mice (Figure 4-2). Nmrk1 

levels were unexpectedly upregulated in aged mice relative to young, particularly so within 

NRK2.Tg mice (Figure 4-2). Furthermore, Nampt and Nmnat1 were significantly upregulated 

in aged NRK2.Tg mice relative to young NRK2.Tg mice which was not observed in WT mice, 

suggesting that chronic NRK2 overexpression may also augment expression levels of other 

key skeletal muscle NAD+ salvage enzymes with age (Figure 4-2). Expression levels of Sirt1 

and Sirt3 trended upwards in aged NRK2.Tg mice relative to young mice. This was not 

observed in either SIRT isoform within WT mice, suggesting that NRK2 overexpression could 

marginally increase SIRT expression levels with age. Parp1 expression levels were also 

unexpectedly lower in aged relative to young WT muscle, which was not observed in 

NRK2.Tg muscle. These changes suggest that NRK2 overexpression could affect NAD+ salvage 

and signalling dynamics in aged skeletal muscle.  
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Figure 4-2 – Expression levels of key skeletal muscle NAD+ salvage enzymes, NADK and 
SIRTs in female young and aged WT vs. NRK2.Tg quadriceps. Quantification of mRNA 
transcript levels of NAD+ processing and dependent enzymes WT and NRK2.Tg quadriceps in 
3 month and 20-22 month old female mice. Data presented as mean ± SEM with individual 
data points representing one biological replicate. Statistical significance was determined by 
ordinary two way ANOVA (* p < 0.05, ** p < 0.01, *** p < 0.001). n = 5-8. # = statistically 
significant interaction between genotype and age; + = statistically significant variation 
between young and aged mice; † = statistically significant variation between WT and 
NRK2.Tg mice. 
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4.3.3 NRK2 overexpression does not significantly alter aged skeletal 

muscle bioenergetics 

Observations in section 3.3.3 and previous studies (15, 16) implicate NRK2 as the rate 

limiting enzyme for the production of NAD+ from NR, with previous studies suggesting that 

skeletal NAD+ declines with age, contributing towards a diminished metabolic phenotype 

(11, 171, 180, 184, 284, 292, 387). It was therefore critical to establish the effects of age and 

NRK pathway augmentation on the skeletal muscle NAD+ metabolome. NAD+, NADH and 

total NAD levels were quantified in young and aged WT and NRK2.Tg quadriceps. 

Remarkably, skeletal muscle NAD+ levels were unchanged with age, with NADH, total NAD 

concentrations and NAD+:NADH ratios all comparable (Figure 4-3). These data indicate that 

skeletal muscle NAD+ levels do not decline with age in this model, and chronic NRK 

augmentation within skeletal muscle does not affect absolute NAD+ concentrations within 

aged skeletal muscle. 
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Figure 4-3 – Skeletal muscle NAD+ dynamics are not significantly altered between young or 
aged WT and NRK2Tg mice. Quantification of NAD+, NADH, NAD+/NADH ratio and total NAD 
levels in quadriceps collected from 3 month old WT and NRK2.Tg mice and 20-24 month old 
mice. Data presented as mean ± SEM with individual data points representing one biological 
replicate. Statistical significance was determined by ordinary two way ANOVA with Tukey’s 
multiple comparison tests (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). n = 6-8. # 
= statistically significant interaction between genotype and age; + = statistically significant 
variation between young and aged mice; † = statistically significant variation between WT 
and NRK2.Tg mice. 
 

 To further validate these unexpected observations and estimate cellular energetic 

status, quadriceps tissue from young and aged WT and NRK2.Tg mice was analysed via 

untargeted LCMS. Again, no significant differences between young and aged skeletal muscle 

NAD+ levels were observed (Figure 4-4). Furthermore, ATP levels were not significantly 
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changed with age, indicating sufficient energy production at rest in all animals (Figure 4-4). 

Concentrations of NAM and the clearance metabolite N-methylnicotinamide (MeNAM) were 

not significantly altered between all groups.  

 
Figure 4-4 – Skeletal muscle NAD+, ATP, NAM and MeNAM levels are comparable between 
young and aged WT and NRK2.Tg mice. LCMS Quantification of NAD+, ATP, NAM and 
MeNAM levels in quadriceps collected from female 3 month old and 22-24 month old WT 
and NRK2.Tg mice. Data presented as mean ± SEM with individual data points representing 
one biological replicate. Statistical significance was determined by ordinary two way ANOVA 
with Sidak’s multiple comparison tests (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 
0.0001). n=5-7. # = statistically significant interaction between genotype and age; + = 
statistically significant variation between young and aged mice; † = statistically significant 
variation between WT and NRK2.Tg mice. 

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0

200000

400000

600000

NAD+

AU

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0

50000

100000

150000

200000

250000

ATP

AU

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0

500000

1000000

1500000

2000000

2500000

Nicotinamide

AU

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0

500

1000

1500

N-methylnicotinamide

AU



Chapter 4  Aged Metabolic Response of NRK2.Tg Mice 

176 
 

 Based on observations of increased NAD+ levels in male NRK2.Tg mice during night 

hours in section 3.3.7, a similar experiment was then performed to validate these 

observations in female mice and to establish if the boosting effect persists with age. Skeletal 

muscle from young and aged WT and NRK2.Tg mice was harvested at 22:00 during the dark 

active phase followed by quantification of the NAD metabolome. Unprecedentedly, the 

significant nightly NAD+ boosting effect seen in young male TA and soleus was not present 

within young female quadriceps. This suggests potential sex specific or muscle bed specific 

variations in circadian regulation of NAD+ levels with regards to skeletal muscle NRK 

augmentation. Furthermore, no significant differences in total NAD+, NADH, and NAD/NADH 

ratio were observed across all groups (Figure 4-5). However, total NAD levels were 

significantly lower in aged mice (Figure 4-5), a phenomenon which was not observed in 

skeletal muscle collected at 10:00 (Figure 4-3), but no significant differences were observed 

between WT and NRK2.Tg skeletal muscle. These data suggest a dysregulation of the NAD 

metabolome in aged mice during active hours whereby total levels of NAD are diminished 

but cellular redox status is unaffected, and constitutive overexpression of the NRK2 enzyme 

is not sufficient to ameliorate this effect. 
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Figure 4-5 – Aged skeletal muscle total NAD levels are significantly depleted during active 
hours, with NRK2 overexpression having no significant effects on the skeletal muscle NAD 
metabolome in young or aged female mice. Quantification of NAD+, NADH, NAD+/NADH 
ratio and total NAD levels in quadriceps collected from female 3 month old and 18-20 month 
old WT and NRK2.Tg mice at 22:00. Data presented as mean ± SEM with individual data 
points representing one biological replicate. Statistical significance was determined by 
ordinary two way ANOVA with Tukey’s multiple comparison tests (* p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001). n = 8-9. # = statistically significant interaction between 
genotype and age; + = statistically significant variation between young and aged mice; † = 
statistically significant variation between WT and NRK2.Tg mice. 
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relative to NRK2.Tg mice (Figure 4-6). Several TCA cycle intermediate concentrations trended 

downwards with age in WT skeletal muscle, including succinate and malate, though again 

these downward ageing trends were not present within NRK2 overexpressing skeletal 

muscle (Figure 4-6). These data suggest some preservation of free amino acid levels in NRK2 

overexpressing skeletal muscle with age and some amelioration of altered TCA cycle 

dynamics in NRK2.Tg skeletal muscle. Notably, the upward trend in pyruvate and 

significantly reduced aspartate levels observed in young male NRK2.Tg mice in section 3.3.5 

were not present in the young female cohort used for this experiment.  
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Figure 4-6 – Skeletal muscle alanine, proline and asparagine concentrations were 
significantly lower in aged mice independent of genotype. GCMS quantification of 
metabolically relevant TCA cycle intermediates and amino acids in young (3 month old) and 
aged (22-24 month old) female WT and NRK2.Tg mouse quadriceps. Statistical significance 
was determined by ordinary two way ANOVA with Sidak’s multiple comparison tests (* p < 
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). n = 8-10. # = statistically significant 
interaction between genotype and age; + = statistically significant variation between young 
and aged mice; † = statistically significant variation between WT and NRK2.Tg mice. 

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0.0

0.5

1.0

1.5

2.0

Pyruvate
AU

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0.000

0.005

0.010

0.015

0.020

Citrate

AU

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0.0

0.1

0.2

0.3

0.4

Succinate

AU

+

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0.00

0.02

0.04

0.06

0.08

0.10

Malate

AU

+
†

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0.00

0.05

0.10

0.15

Fumarate

AU

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0

1

2

3

4

Lactate
AU

+

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0.0

0.1

0.2

0.3

0.4

0.5

Alanine

AU

✱✱✱

✱✱

++++

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0.00

0.05

0.10

0.15

0.20

Serine

AU

p = 0.09

++

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0.0

0.1

0.2

0.3

Glycine

AU

WT

NRK2.T
g

Aged
 W

T

Aged
 N

RK2.T
g

0.00

0.02

0.04

0.06

0.08

0.10

Proline

AU

✱✱

✱

++++

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0.000

0.005

0.010

0.015

0.020

0.025

Asparagine
AU

✱✱

++++

✱

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0.00

0.02

0.04

0.06

Aspartate

AU

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0.000

0.005

0.010

0.015

0.020

0.025

Glutamine

AU

WT

NRK2.T
g

Aged
 W

T

Aged
 NRK2.T

g
0.0

0.1

0.2

0.3

0.4

Glutamate

AU



Chapter 4  Aged Metabolic Response of NRK2.Tg Mice 

180 
 

4.3.4 The effects of NRK2 overexpression on aged skeletal muscle 

mitochondrial oxidative capacity 

Mitochondrial function declines with age due to decreased mitochondrial biogenesis and 

mitophagy, resulting in impaired oxidative metabolism, metabolic flexibility and reduced 

cellular capacity for managing metabolic stress (100-102). NAD+ dependent signalling 

pathways promote upregulation of these processes, and therefore NAD+ bioavailability is a 

critical factor in maintaining a healthy mitochondrial pool with age. Direct assessment of 

maximal oxidative capacity was therefore performed to assess the impact of constitutive 

NRK2 overexpression on skeletal muscle mitochondrial health with age. No significant 

differences in respiratory flux were observed between aged WT and NRK2.Tg TA or soleus 

muscle, indicating that NRK2 overexpression does not significantly alter skeletal muscle 

mitochondrial respiratory capacity with age (Figure 4-7). However, an upward trend in 

complex I, I+II and electron transfer state oxygen flux in NRK2.Tg TA relative to WT was 

present (Figure 4-7), suggesting a potentially slight augmentation of oxidative capacity 

within type II fibre dominant muscle with increased NRK2 levels. 
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Figure 4-7 – Skeletal muscle mitochondrial respiratory capacity is not significantly altered 
between aged WT and NRK2.Tg mice, though oxidative capacity in NRK2.Tg TA is elevated. 
FAO capacity of TA and soleus from 20-22 month old WT and NRK2.Tg mice. Data presented 
as mean ± SEM. Statistical significance was determined by student’s unpaired t test at each 
respiratory state (* p < 0.05, ** p < 0.01, *** p < 0.001). n = 7.  
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4.3.5 The effects of skeletal muscle NRK2 overexpression on aged 

metabolic phenotype  

Given the importance of skeletal muscle to overall metabolic status (19) and NAD+ 

bioavailability being a central factor in skeletal muscle metabolic health (11, 171, 180, 184, 

284, 292, 387), aged WT and NRK2.Tg mice were also subjected to 48h metabolic tracing via 

home cage indirect calorimetry in order to assess any systemic metabolic connotations of 

skeletal muscle NRK2 overexpression. 

 In terms of body weight, aged mice were significantly heavier than young mice with a 

greater spread of individual values (Figure 4-8). No significant differences in body weight 

were observed between WT and NRK2.Tg mice in the aged cohort, suggesting that chronic 

skeletal muscle NRK2 overexpression does not affect weight gain associated with ageing and 

a sedentary lifestyle (Figure 4-8).   
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Figure 4-8 – Aged mice are significantly heavier than young mice, with no significant 
difference between genotypes. Body weights of female 3 month and 18 month old (aged) 
WT and NRK2.Tg mice. Data presented as mean ± SEM with individual data points 
representing one biological replicate. Statistical significance was determined by student’s 
unpaired t test (* p < 0.05, ** p < 0.01, *** p < 0.001). n = 12-20. # = statistically significant 
interaction between genotype and age; + = statistically significant variation between young 
and aged mice; † = statistically significant variation between WT and NRK2.Tg mice. 
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(young = 0.487 Kcal/h ± 0.02, aged = 0.566 Kcal/h ± 0.029, p = 0.055 for WT; young = 0.478 

Kcal/h ± 0.025, aged = 0.583 Kcal/h ± 0.026, p = 0.011 for NRK2.Tg) with comparable feeding 

patterns (Figure 4-9). Furthermore, hourly averages for energy expenditure were 

comparable between young and aged mice (young = 0.574 Kcal/h ± 0.06, aged = 0.571 Kcal/h 

± 0.01, p = 0.096 for WT; young = 0.56 Kcal/h ± 0.06, aged Kcal/h = 0.057 ± 0.007, p = 0.83 

for NRK2.Tg) despite aged mice being significantly heavier (Figure 4-8). Though clear 

differences in metabolic phenotype between young and aged animals were present, no 

significant differences in caloric intake, energy expenditure or VO2 were observed between 

aged WT and NRK2.Tg mice were observed indicating that chronic lifetime NRK2 

overexpression does not affect aged whole body metabolic phenotype (Figure 4-9). RER 

traces and ΔRER values were also comparable between aged WT and NRK2.Tg mice, though 

interestingly the slope elevation of ΔRER plotted against body weight for NRK2.Tg mice was 

significantly higher than WT mice, implying that NRK2.Tg mice were more metabolically 

flexible when normalised to individual body weights (Figure 4-9).  
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Figure 4-9 – Whole body basal metabolic phenotype is comparable between aged WT and 
NRK2.Tg mice over 48 hours. Indirect calorimetric analysis of 18-20 month old female WT 
and NRK2.Tg mice quantifying caloric consumption (CC), energy expenditure (EE) and VO2 
presented as a trace of hourly averages, average day/night values and linear regression 
relative to body weight. RER is presented as a trace of hourly averages and ΔRER, a 
representation of metabolic flexibility which is calculated by subtracting the average of the 5 
highest values during the night phase from the average of the 5 lowest values during the day 
phase. Data presented as mean ± SEM. Statistical significance of corresponding trace 
timepoints and average day/night values were determined by student’s unpaired t test. 
Linear regression plots were analysed via ANCOVA. (* p < 0.05, ** p < 0.01, *** p < 0.001). n 
= 20.  
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IPGTTs were also performed on aged WT and NRK2.Tg mice to establish any effects of NRK 

augmentation in skeletal muscle on glucose tolerance in aged animals. Aged mice presented 

with impaired glucose tolerance relative to young mice, though no genotype specific 

differences were apparent indicating that skeletal muscle NRK augmentation has no effect 

on glucose tolerance with age (Figure 4-10). 

 
Figure 4-10 – Aged WT and NRK2.Tg mice have comparable glucose tolerance. Baseline 
blood glucose measurements followed by 15, 30, 60 and 90 minutes post glucose 
administration in 18-20 month old female WT and NRK2.Tg mice alongside glucose tolerance 
levels in 3 month old WT and NRK2.Tg mice. Data presented as blood glucose concentration 
with time and AUC values (mean ± SEM). Statistical significance was determined by two way 
ANOVA (* p < 0.05, ** p < 0.01, *** p < 0.001). n = 6-8. # = statistically significant interaction 
between genotype and age; + = statistically significant variation between young and aged 
mice; † = statistically significant variation between WT and NRK2.Tg mice.  
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4.3.6 Oral NR supplementation is well tolerated and does not affect 

aged metabolic phenotype with or without skeletal muscle NRK 

augmentation 

The availability of NR substrate is thought to be a rate limiting factor in the ultimate 

production of NAD+ (16). In section 3.3.4, NRK2 enzyme expression level was also established 

in section as a rate limiting factor for NAD+ production, with NRK2.Tg skeletal muscle 

producing a more efficacious NAD+ boosting response in conditions of NR precursor excess. 

In order to further investigate the metabolic roles of the NRK2 pathway with age and the 

interplay between enzyme and substrate bioavailability, aged WT and NRK2 mice were 

chronically administered an excess of NR precursor orally within drinking water for four 

weeks, in place of regular drinking water. The NR water was well tolerated and did not result 

in body weight discrepancies or adverse health consequences (Figure 4-11).  

 

Figure 4-11 – Orally administered NR is well tolerated in aged WT and NRK2.Tg mice. Body 
weight comparison of aged WT and NRK2.Tg mice before and after 4 weeks of drinking 
water replacement with 5 g/l NR. n = 12. 
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4.3.7 Oral NR supplementation does not affect skeletal muscle 

bioenergetics with or without NRK augmentation 

As NRK2 catalyses phosphorylation of NR to NMN which is rate limiting for the production of 

NAD+ (16), the effects of exogenous oral NR supplementation on the skeletal muscle NAD 

metabolome were assessed in aged WT and NRK2.Tg mice. Chronic oral NR supplementation 

did not significantly alter skeletal muscle NAD+, NADH or total NAD+ concentrations or 

NAD+/NADH ratios in either WT or NRK2.Tg mice (Figure 4-12). Given that a direct NAD+ 

boosting effect was observed in skeletal muscle upon IP NR administration in section 3.3.4 

which was augmented in the presence of increased NRK2 enzyme, these observations 

suggest that orally administered NR may not be directly bioavailable to skeletal muscle. 
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Figure 4-12 – Skeletal muscle NAD+ dynamics are not significantly altered between aged 
WT and NRK2Tg mice with or without oral NR supplementation. Quantification of NAD+, 
NADH, NAD+/NADH ratio and total NAD levels in quadriceps collected from 20-24 month old 
mice with or without 9 weeks of oral NR supplementation. Data presented as mean ± SEM 
with individual data points representing one biological replicate. Statistical significance was 
determined by ordinary two way ANOVA with Sidak’s multiple comparison tests (* p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001). n = 7-8. # = statistically significant interaction 
between genotype and NR supplementation; + = statistically significant variation with NR 
supplementation; † = statistically significant variation between WT and NRK2.Tg mice. 
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MeNAM by the nicotinamide N-methyltransferase (NNMT) enzyme and constitutes a 

methylated clearance metabolite (397). These data therefore indicate that orally 

administered NR affects the skeletal muscle NAD metabolome despite no direct 

observations of elevated NAD+ levels, though this is independent of NRK2 expression levels.  
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Figure 4-13 – Skeletal muscle NAD+, ATP, and NAM levels are unaffected by oral NR 
supplementation in aged WT and NRK2.Tg mice, though MeNAM levels are elevated. LCMS 
Quantification of NAD+, ATP, NAM and MeNAM levels in quadriceps collected from female 3 
month old and 22-24 month old WT and NRK2.Tg mice with or without NR supplementation. 
Data presented as mean ± SEM with individual data points representing one biological 
replicate. Statistical significance was determined by ordinary two way ANOVA with Sidak’s 
multiple comparison tests (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). n = 5-8. # 
= statistically significant interaction between genotype and NR supplementation; + = 
statistically significant variation with NR supplementation; † = statistically significant 
variation between WT and NRK2.Tg mice.  
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levels within NRK2.Tg skeletal muscle which could imply an increased rate of glycolysis (398), 

though this was not a statistically significant observation and a concurrent depletion of 

pyruvate was not present. NR supplementation had no observable effects on any other 

metabolite in either genotype (Figure 4-14). Though no significant effects were observed, 

strong trends were apparent between aged WT and NRK2.Tg mice around specific 

metabolites irrespective of oral NR supplementation. Aged NRK2.Tg skeletal muscle 

presented with increased asparagine levels and subsequently decreased aspartate (Figure 

4-14), as was also observed in young NRK2.Tg quadriceps in section 3.3.6. Glutamine levels 

were also elevated in NRK2.Tg skeletal muscle though glutamate levels were not significantly 

changed, with malate significantly increased and fumarate trending towards an increase 

(Figure 4-14). These data suggest subtle perturbations to TCA cycle metabolism and amino 

acid metabolism in aged NRK2.Tg skeletal muscle. 
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Figure 4-14 – Oral NR supplementation significantly increases skeletal muscle lactate levels 
in NRK2.Tg mice. GCMS quantification of metabolically relevant TCA cycle intermediates and 
amino acids in female WT and NRK2.Tg 22-24 month old mouse quadriceps with or without 
oral NR supplementation. Statistical significance was determined by ordinary two way 
ANOVA with Sidak’s multiple comparison tests (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p 
< 0.0001). n = 8-10. # = statistically significant interaction between genotype and age; + = 
statistically significant variation between young and old mice; † = statistically significant 
variation between WT and NRK2.Tg mice. 
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4.3.8 Oral NR supplementation does not significantly affect aged 

skeletal muscle mitochondrial oxidative capacity with or without 

skeletal muscle NRK augmentation 

Any potential effects of oral NR supplementation on mitochondrial oxidative capacity were 

next assessed on WT and NRK2.Tg TA and soleus via high resolution respirometry. No 

significant differences in respiratory flux were observed in aged WT (Figure 4-15) or NRK2.Tg 

(Figure 4-16) TA or soleus muscle after NR supplementation, suggesting that orally 

administered NR does not affect aged skeletal muscle oxidative capacity regardless of NRK2 

expression levels. 
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Figure 4-15 – Aged skeletal muscle mitochondrial respiratory capacity is not significantly 
altered with oral NR supplementation in WT mice. FAO capacity of TA and soleus from 20-
22 month old WT mice with and without 9 weeks of oral NR supplementation. Data 
presented as mean ± SEM. Statistical significance was determined by student’s unpaired t 
test at each respiratory state (* p < 0.05, ** p < 0.01, *** p < 0.001). n = 7.  
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Figure 4-16 – Aged skeletal muscle mitochondrial respiratory capacity is not significantly 
altered with oral NR supplementation in NRK2.Tg mice. FAO capacity of TA and soleus from 
20-22 month old NRK2.Tg mice with and without 9 weeks of oral NR supplementation. Data 
presented as mean ± SEM. Statistical significance was determined by student’s unpaired t 
test at each respiratory state (* p < 0.05, ** p < 0.01, *** p < 0.001). n = 7-9.  
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4.3.9 Oral NR supplementation does not significantly affect aged 

whole body metabolic phenotype with or without skeletal muscle NRK 

augmentation 

In order to determine the effects of oral NR supplementation on aged metabolic phenotype, 

whole body metabolic parameters of aged WT and NRK2.Tg mice were assessed immediately 

prior to NR supplementation and again after four weeks of NR water through 48h home cage 

indirect calorimetry. Energy expenditure, VO2 levels and caloric consumption rates trended 

downwards in WT mice after four weeks of NR supplementation, potentially suggesting a 

decrease in activity (Figure 4-17). However, no significant differences in mean caloric 

consumption, energy expenditure, RER or VO2 for both the light or dark phase, indicating 

that oral NR supplementation does not significantly affect basal metabolic parameters of 

aged WT mice (Figure 4-17). Similarly, no significant differences were observed across these 

parameters in NRK2.Tg mice, indicating that NRK2 enzyme levels within skeletal muscle are 

not relevant for driving metabolic adaptation or acute changes in metabolic phenotype in 

the presence of excess NR substrate administered orally (Figure 4-18). 
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Figure 4-17 – Whole body basal metabolic phenotype is not affected by 4 weeks of oral NR 
supplementation in WT mice. Indirect calorimetric analysis of 18-20 month old female WT 
mice before and after 4 weeks of oral NR supplementation, quantifying caloric consumption 
(CC), energy expenditure (EE) and VO2 presented as a trace of hourly averages, average 
day/night values and linear regression relative to body weight. RER is presented as a trace of 
hourly averages and ΔRER, a representation of metabolic flexibility which is calculated by 
subtracting the average of the 5 highest values during the night phase from the average of 
the 5 lowest values during the day phase. Data presented as mean ± SEM. Statistical 
significance of corresponding trace timepoints and average day/night values were 
determined by student’s paired t test. Linear regression plots were analysed via ANCOVA. (* 
p < 0.05, ** p < 0.01, *** p < 0.001). n = 12. 
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Figure 4-18 – Whole body basal metabolic phenotype is not affected by 4 weeks of oral NR 
supplementation in NRK2.Tg mice. Indirect calorimetric analysis of 18-20 month old female 
NRK2.Tg mice before and after 4 weeks of oral NR supplementation, quantifying caloric 
consumption (CC), energy expenditure (EE) and VO2 presented as a trace of hourly averages, 
average day/night values and linear regression relative to body weight. RER is presented as a 
trace of hourly averages and ΔRER, a representation of metabolic flexibility which is 
calculated by subtracting the average of the 5 highest values during the night phase from the 
average of the 5 lowest values during the day phase. Data presented as mean ± SEM. 
Statistical significance of corresponding trace timepoints and average day/night values were 
determined by student’s paired t test. Linear regression plots were analysed via ANCOVA. (* 
p < 0.05, ** p < 0.01, *** p < 0.001). n = 12. 
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 Oral NR supplementation has also been reported to improve glucose tolerance under 

conditions of metabolic stress (165). IPGTTs were performed on aged WT and NRK2.Tg mice 

to establish any effects of NRK augmentation in skeletal muscle on glucose tolerance in aged 

animals. NR supplementation resulted in a significant yet small increase in blood glucose 

clearance efficiency independent of genotype (Figure 4-19). These data suggest that orally 

administered NR bestows a mild improvement on whole body glucose tolerance in aged 

mice, though skeletal muscle NRK2 expression levels do not modulate this effect.  

 
Figure 4-19 – Oral NR supplementation does not significantly affect glucose tolerance of 
aged WT and NRK2.Tg mice. Baseline blood glucose measurements followed by 15, 30, 60 
and 90 minutes post glucose administration in 18-20 month old female WT and NRK2.Tg 
mice before and after 4 weeks of oral NR supplementation. Data presented as blood glucose 
concentration with time and AUC values (mean ± SEM). Statistical significance of 
corresponding trace timepoints and AUC were determined by student’s unpaired t test (* p < 
0.05, ** p < 0.01, *** p < 0.001). n = 6-8. # = statistically significant interaction between 
genotype and NR supplementation; + = statistically significant variation with NR 
supplementation; † = statistically significant variation between WT and NRK2.Tg mice.  
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4.4 Discussion 

Healthy skeletal muscle is critical to metabolic homeostasis (18, 19). The loss of skeletal 

muscle mass and function with ageing and obesity is closely linked to whole body metabolic 

decline and evidence suggests a lack of bioavailable NAD+ as a potentially reversible driving 

factor (11, 171, 180, 184, 284, 292, 387). Using an in vivo model of skeletal muscle specific 

NRK2 overexpression, this chapter characterised the metabolic consequences of constitutive 

skeletal muscle NAD+ salvage pathway augmentation in the context of ageing. The key aims 

were to elucidate any specific functional metabolic roles of the NR/NRK salvage pathway in 

response to age related metabolic decline, as well as to further evaluate the potential of 

NAD+ repletion strategies involving the NR/NRK pathway for improving metabolic health 

with age. 

 An age related decline in NAD+ has been attributed to decreased expression and 

activity of key skeletal muscle NAD+ repletion mechanisms, such as salvage from NAM via 

NAMPT (11, 104, 105) and increased activity of NAD+ consuming enzymes such as PARPs and 

CD38 (261, 284). The resultant loss of bioavailable NAD+ leads to decreased SIRT signalling 

and therefore diminished mitochondrial biogenesis and function (261, 284, 292). Conversely, 

both aged WT and NRK2.Tg mice had significantly increased skeletal muscle mRNA levels of 

Nampt and Nmrk1 relative to young mice along with a significant increase in Nmnat1 

observed in aged NRK2.Tg muscle. Despite NAMPT upregulation, NAM levels were not 

perturbed in NRK2.Tg skeletal muscle as might be expected, though this was also reported in 

another study of NAMPT overexpression in skeletal muscle (315). Nmrk1 mRNA levels were 

also significantly increased, with a contrasting downregulation of Nmrk2 in both WT and 
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NRK2.Tg skeletal muscle. Nmrk2 overexpression was still present in aged NRK2.Tg muscle 

relative to aged WT though absolute mRNA levels had declined, likely as a result of 

endogenous Nmrk2 downregulation. These age related changes in skeletal muscle Nmrk1, 

Nmrk2 and Nmnat1 mRNA have not previously been observed, with one human study 

reporting no change with age in NRK1 and NRK2 expression (104). Though the NR kinase 

roles of NRK1 and NRK2 appear to be redundant (15), phosphorylation of NR by NRK is the 

rate limiting step for NAD+ production (16), and thus differential endogenous regulation of 

NRKs could still have consequences on the applicability of NR as a skeletal muscle NAD+ 

boosting supplement with age.  

 Expression levels of NAD+ dependent enzymes were also modulated in aged and 

NRK2.Tg skeletal muscle. Parp1 mRNA was downregulated in aged WT muscle relative to 

young, agreeing with a previous human study which established a significant downregulation 

in PARP1 and PARP2 mRNA in 69-75 year old humans (399). Interestingly, mRNA encoding 

the nuclear deacetylase Sirt1 was significantly upregulated in aged NRK2.Tg skeletal muscle, 

with mRNA levels of the mitochondrial deacetylase Sirt3 showing a strong positive trend. 

SIRT signalling is NAD+ dependent with SIRT1 being a potent inducer of mitochondrial 

biogenesis and potential mediator of skeletal muscle injury with age (234, 395, 400, 401), 

and Sirt3 implied a protective gene against mitochondrial ageing (239, 240, 402, 403). This 

upregulation has previously been observed in kidney, lung, spleen, adipose tissue and skin of 

aged mice (404) and SIRT1 expression was reported to be elevated in skeletal muscle of aged 

rats (105). SIRTs are upregulated in response to metabolic stressors such as exercise and 

caloric restriction, promoting a shift towards oxidative metabolism (245, 405-407). SIRT 

expression falls under the control of AMPK which is activated in times of energetic stress, 
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with NAMPT expression also under AMPK control to ensure NAD+ bioavailability for SIRT 

signalling (405). As this was observed only in aged NRK2.Tg mice and not WT mice, SIRT 

upregulation may be a response to the metabolic stressors of aging amidst enhanced NAD+ 

salvage from the NRK pathway. However in terms of functional metabolic relevance, it is 

important to note that mRNA abundance does not directly correlate with protein levels or 

enzyme activity levels, with one model reporting an upregulation of SIRT1 in aged rat 

skeletal muscle but a higher relative activity level despite downregulation following exercise 

(105). 

 Superficially, the concomitant upregulation of NAMPT and SIRTs alongside chronic 

NRK2 overexpression may suggest a general augmentation of skeletal muscle NAD+ salvage 

pathways with age as well as an upregulation in oxidative metabolism exclusively in NRK2.Tg 

skeletal muscle. However, quantification of skeletal muscle NAD+ using both colourimetric 

assays and LCMS revealed no significant differences in NAD+ levels between aged WT and 

NRK2.Tg mice, and no significant differences in whole body metabolic phenotype were 

observed between WT and NRK2.Tg mice through indirect calorimetry. Furthermore, no 

significant elevations in mitochondrial capacity were observed in NRK2.Tg skeletal muscle 

despite some differential trends in TCA metabolite concentrations including increases in 

asparagine, fumarate, glutamine and malate with a concurrent decrease in aspartate. A non-

significant upward trend in oxidative capacity was observed in NRK2 overexpressing TA, 

possibly suggesting type II fibre specific augmentation of oxidative capacity, though further 

investigations would be required to confirm this. Overall, the data suggests that the 

observed differences in expression levels of NAD+ salvage and signalling genes are not 

functionally relevant, and lifetime augmentation of the NRK2 skeletal muscle NAD+ salvage 
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pathway does not bolster skeletal muscle NAD+ levels with age. Other models of amidated 

NAD+ skeletal muscle salvage pathway augmentation have reported direct, significant NAD+ 

boosting effects in the case of NAMPT overexpression (315) as well as the preservation of 

aged cellular NAD+ levels with NAMPT (315) and NMNAT3 (408) overexpression, while 

knockout models of NRK2 have demonstrated that it is dispensable for general NAD+ 

homeostasis in skeletal muscle (15). This comparative redundancy could be due to the 

relatively low circulatory availability of NR (164, 314) and the increased availability of NAM 

through production from NAD+ consumption (139). Endogenous pools of NR and NAR have 

been identified within skeletal muscle (315) which are potentially generated through 

interconversion of NMN by 5’ nucleotidases such as CD73 (162, 409), though this does not 

appear sufficient to generate an NAD+ boosting effect upon augmentation of NRK2 enzyme 

levels with age. The data presented in this chapter therefore suggests that the NRK salvage 

pathway does not function as an auxiliary NAD+ salvage mediator within skeletal muscle 

under metabolic decline as was hypothesised.  

 The previously observed increase in NRK2.Tg skeletal muscle NAD+ during the active 

dark phase were not present in aged NRK2.Tg mice, and critically a young control cohort also 

did not present with elevated NAD+ during night hours as previously observed in section 

3.3.7, casting doubt on these initial observations. The initial circadian and acute exercise 

experiments were performed on male mice, but females were used for the remainder of the 

study due to an unforeseen occurrence of inflammation and stiffening of ankle joints in 

ageing male mice which was not genotype specific. It is therefore possible that this effect is 

sex linked, as transcriptional differences in NAD+ dependent oxidative pathways are present 

between male and female skeletal muscle (410), with SIRT1 activity also having been linked 
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to androgen receptor (AR) regulation (411) which is a mediator of skeletal muscle 

hypertrophy (412). Furthermore, quadriceps was sampled throughout this chapter as a lack 

of time and resources meant that both TA and soleus could not be assessed. Given that 

quadriceps uniquely did not respond to IP NR+ supplementation in section 3.3.4, it is 

possible that NAD+ boosting effects of NRK2 overexpression are muscle bed dependent, and 

this work should be followed up with thorough investigation into exclusively oxidative and 

glycolytic muscle. 

 The effects of NRK2 overexpression under conditions of chronic NAD+ depletion were 

difficult to ascertain using this model, as though a significant decrease in total NAD levels 

was determined in aged skeletal muscle relative to young tissue during night hours, no 

significant decline in NAD+ was detected in aged skeletal muscle in either WT or NRK2.Tg 

mice. Furthermore, an unanticipated upregulation in NAMPT with age was observed. These 

findings directly contradict a range of studies documenting a chronic decline in skeletal 

muscle NAD+ decline with age (180, 184, 284, 292, 315). This thesis utilised mice at 18-20 

months old as an ageing model for in vivo experimentation, with mice sacrificed for in vitro 

assessment of skeletal muscle at 21-23 months of age upon the conclusion of 

comprehensive metabolic assessment. This was decided due to project licence welfare 

restrictions imposing an age limit of 24 months alongside the high rate of comorbidities 

observed in mice of advanced age, further supported by evidence suggesting that the onset 

of age related skeletal muscle function and the resulting systemic metabolic decline occurs 

at 18 months of age (393-396).  

It has been determined that age related skeletal muscle decline occurs in mid life 

prior to the full onset of sarcopenia in the context of mitochondrial and metabolic 
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dysfunction, with significantly reduced capacity for exercise and strength detectable as early 

as 10-14 months (394). As expected, in vivo metabolic phenotyping of mice aged 18-20 

months revealed typical hallmarks of age related metabolic dysfunction including significant 

weight gain, impaired blood glucose clearance and impaired metabolic flexibility. However, it 

remains unclear as to whether these mice were aged sufficiently such that decreased 

skeletal NAD+ levels were a major contributing factor to these observed metabolic 

deficiencies. The ages of mice utilised in prominent studies investigating age related decline 

of skeletal muscle NAD+ have not been standardised, and the incidence of skeletal muscle 

NAD+ decline relative to young muscle therefore varies between models. One study 

established a minor, non significant decrease in skeletal muscle NAD+ in mice aged 18 

months (184), while studies on 24 month old mice presented with a 50-70% depletion 

relative to young controls (11, 292). Further studies reported an 80-85% decline in mice aged 

between 25-31 months (180), a 45% decline at 30 months (184) and a 60-65% decrease at 32 

months (284). Based on these data, mice aged between 18-20 months may not have 

constituted truly “old” mice with respect to skeletal muscle NAD+ depletion, instead 

providing insight into the metabolic roles of NRK2 and NR supplementation for late middle 

age mice in vivo.  

Despite this, a previous study identified a significant 35% decline in skeletal muscle 

NAD+ in mice aged 22 months (184), which were comparable in age to the 21-23 month old 

skeletal muscle tissue utilised in this chapter in which a similar decline in NAD+ could not be 

reproduced. Furthermore, a significant decline in muscle stem cell NAD+ has been observed 

in mice aged 22-24 months, (171) though this may not have manifested in an observable 

decrease in NAD+ due to the use of whole muscle lysate rather than quantification within 
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specific cell types. In all, while it is possible that the aged cohort was insufficiently aged for 

significant skeletal muscle NAD+ depletion, the presented in vivo metabolic phenotyping 

data are still valuable in the context of age related metabolic decline through late middle 

age. Conversely, direct quantification of skeletal muscle NAD+ was performed on muscle of 

an age in which significant NAD+ decline has been previously confirmed (184), therefore 

constituting viable contradictory evidence for the concept of age related NAD+ decline in 

skeletal muscle.  

Such disparate results could also be linked to differences between rodent models. , . 

Several mouse studies cited utilised the C57BL/6J substrain (180, 184, 292), while the mice 

utilised for this study were C57Bl/6Ntac/J hybrids. C57BL/6J mice possess a mutant complete 

loss of function form of NNT gene, which encodes an integral inner mitochondrial membrane 

protein that catalyses the formation of NADPH from NADP+ at the expense of NADH and 

translocation of an H+ ion into the matrix (413). In absence of NNT, NADPH levels within the 

mitochondrial matrix are insufficient resulting in impaired mitochondrial H2O2 detoxification 

which functionally manifests as mitochondrial redox abnormalities and impaired glucose 

tolerance (413). It could therefore be possible that such chronic metabolic stress may result 

in decreased NAD+ levels with advancing age, though further studies would be required to 

support this explanation. In contrast, the mice bred for this study were genotyped as 

heterozygotes for the functional NNT allele, which is sufficient for normal NNT function 

(414).  

 Despite no significant changes to oxidised cellular NAD+, there was a significant 

decrease in total NAD levels in aged skeletal muscle that was only present during the dark 

active phase. This suggests a general inability to maintain total NAD levels during periods of 



Chapter 4  Aged Metabolic Response of NRK2.Tg Mice 

208 
 

heightened activity, which may also explain the observed decrease in metabolic flexibility 

and carbohydrate switching in aged mice. NRK2.Tg mice appeared to be more metabolically 

flexible when ΔRER was normalised to individual body weights, though no significant 

differences were observed between RER traces or absolute ΔRER, and it is therefore difficult 

to conclude that skeletal muscle overexpression improves metabolic flexibility with age 

Circadian NRK2 expression data discussed in section 3.3.7 indicated that endogenous NRK2 

protein expression is lowest at this time, but constitutive skeletal muscle NRK2 

overexpression did not ameliorate this decline in NAD or significantly alter the aged 

metabolic phenotype. Thus unlike NAMPT overexpression (11), NRK2 overexpression is not 

sufficient to ameliorate aged related changes to the NAD metabolome utilising 

endogenously produced and dietary NR alone.  

 Aged WT and NRK2.Tg mice were also supplemented with 325 mg/kg/day NR orally 

via drinking water to establish any metabolic effects of NRK2 overexpression in the presence 

of excess substrate. Orally administered NR is bioavailable (164) and several rodent studies 

have reported positive effects on systemic metabolic health in aged animals upon oral NR 

supplementation (11, 168) along with specific improvements within aged skeletal muscle 

metabolism and mitochondrial health (11, 171). Similar effects have been observed with 

exogenous NMN (180, 184, 415), with an acute increase in skeletal muscle NAD+ upon 

gavage and improved mitochondrial oxidative capacity in aged mouse skeletal muscle upon 

chronic administration (181). Furthermore, despite questionable bioavailability of orally 

administered NR to skeletal muscle (314, 315), oral NR supplementation boosted NAD+ levels 

in aged satellite cells, resulting in improved mitochondrial function and reduced senescence 

in aged mice and ultimately improving lifespan (171). However, no changes to skeletal 
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muscle NAD+ levels were observed with NR supplementation in either aged WT or NRK2.Tg 

mice in this case. Furthermore, no such metabolic improvements were detected in NR 

supplemented mice via indirect calorimetry, with energy expenditure, VO2 and metabolic 

flexibility following comparable patterns regardless of NR supplementation in both aged WT 

and NRK2.Tg mice. Additionally, despite an NR dependent increase in skeletal muscle lactate 

levels which could conversely suggest a shift towards anaerobic respiration (398), skeletal 

muscle mitochondrial oxidative capacity was not affected by chronic oral NR 

supplementation in either WT or NRK2.Tg skeletal muscle. NAD+ and ATP levels were also 

unaffected indicating no effects of NR on cellular bioenergetics, though more detailed 

experiments into metabolic flux rates would be required to establish any potential 

differences in metabolite consumption and turnover. 

 Despite no skeletal muscle NAD+ boosting or functional metabolic differences, NR 

supplementation significantly raised levels of the NAM clearance metabolite MeNAM. 

Skeletal muscle NAM levels remained comparable to unsupplemented mice suggesting that 

excess NAM is rapidly cleared to MeNAM, with excessive cellular NAM levels leading to SIRT 

inhibition (416). MeNAM has been suggested as a metabolic signalling mediator in skeletal 

muscle itself (417), though the lack of any observed metabolic changes implies that this is 

not biologically relevant in this context. MeNAM is produced and excreted under conditions 

of excess NAM via methylation of NAM through activity of NNMT (397), signifying that oral 

NR supplementation does augment the skeletal muscle NAD+ metabolome, though no 

significant redox changes or functional metabolic improvements were noted. The oral 

bioavailability of NR to skeletal muscle is still unclear, with NR thought to be unstable in the 

bloodstream (375, 376) and a large proportion of orally administered NR is thought to be 
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degraded to NAM through first pass metabolism (314). Experiments utilising isotopically 

labelled NR also indicate that most exogenously derived NAD+ within skeletal muscle 

following oral NR administration can be traced to NR-derived NAM (314, 315), whereas 

intravenous (IV) administration effectively delivered intact NR to skeletal muscle (314). The 

data presented within this chapter corroborates such observations in that orally 

administered NR did not directly affect skeletal muscle NAD+ levels even in skeletal muscle 

overexpressing NRK2, which catalyses the rate limiting step for NR conversion to NAD+ (16). 

Comparatively, an additive increase in skeletal muscle NAD+ was observed with IP delivery in 

NRK2.Tg muscle in section 3.3.4, but intravenously administering NR to aged individuals is 

invasive and therefore potentially unsuitable as a chronic therapeutic strategy.  

 Similarly to these observations, an increase in skeletal muscle MeNAM was also 

observed in a concurrent study of oral NR supplementation in aged but otherwise healthy 

men (176). An increase in skeletal muscle NAAD was also detected, which signifies an 

increased rate of NAD+ turnover and is produced in retrograde from exogenous NR (164, 

176). Though this further supports the idea that orally administered exogenous NR does 

affect the skeletal muscle NAD+ metabolome, no further improvements to skeletal muscle 

bioenergetics were identified and no differences were observed between young and aged 

skeletal muscle NAD+ levels (176), as was also observed in this mouse study. Another recent 

human study reported no beneficial systemic metabolic effects in obese men (177), and it is 

important to note that the aged mice used for this study were sedentary and effectively 

obese. Taken together, it could be suggested that mammalian cellular NAD+ levels remain 

unperturbed with “healthy” ageing in the absence of serious metabolic comorbidities such 

as type II diabetes or cardiovascular disease.  
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 The data presented in this chapter indicates that skeletal muscle NRK2 

overexpression is not sufficient to protect against ageing metabolic phenotypes, with no 

significant impact on the NAD+ metabolome or functional alterations to whole body 

metabolism and skeletal muscle mitochondrial oxidative capacity. Furthermore, NR 

supplementation impacted upon the skeletal muscle NAD+ metabolome but did not affect 

cellular redox status, absolute NAD+ concentrations, metabolic phenotype or skeletal muscle 

oxidative capacity in either aged WT or NRK2.Tg mice. The absence of any effect on skeletal 

muscle NAD+ levels in NRK2.Tg mice suggests that orally administered NR may not be 

functionally bioavailable as intact NR to skeletal muscle. These data suggest that NRK2 and 

the NRK salvage pathway do not constitute an endogenous metabolically relevant pathway 

in the context of metabolic stress induced by ageing. However, the unprecedented lack of 

skeletal muscle NAD+ deficit in this aged model leaves the physiological role of NRK2 in this 

context unclear. Future experiments should prioritise investigations into states of severe 

metabolic stress coupled with ageing such as acute and endurance exercise, which was 

unsuccessfully attempted due to an inability to motivate the aged cohort to exercise.
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5.1  Introduction 

The previous chapter determined that skeletal muscle NRK2 overexpression has a minimal 

impact on aged metabolic phenotype. However, evidence suggests that the roles of NRK2 

stretch beyond that of a rate limiting kinase in a seemingly redundant NAD+ generating 

pathway for metabolic homeostasis. This chapter aimed to further clarify such potential 

roles through investigating the consequences of in vivo NRK2 skeletal muscle overexpression 

on muscle mass, structure and strength alongside the molecular mechanisms governing 

these processes.  

The most prominent roles of NAD+ are as a critical hydrogen and electron transfer 

molecule for glucose and fatty acid oxidation (106, 112), as well as a consumed cosubstrate 

for posttranslational modifications that influence metabolic adaptation (109, 118, 212, 230). 

However, NAD+ dependent protein deacetylation and ADP-ribosylation events mediate a 

multitude of cellular processes alongside energy metabolism including transcription, cell 

cycle progression, apoptosis, DNA repair and regulation of cell adhesion (192, 418). This 

suggests that the biological influence of NAD+ may be even more widespread than is 

currently established. NRK2 orthologs and splice variants have been specifically implicated as 

critical for zebrafish embryonic myogenesis (344), mouse myoblast differentiation (341) and 

the maintenance of skeletal muscle structural organisation (342), all of which processes are 

reliant on cell adhesion receptors such as integrins (341, 342, 419, 420). Such processes are 

also critical to skeletal muscle hypertrophy, remodelling and regeneration, implicating 

potential indirect roles of NRK2 in the homeostasis of skeletal muscle mass, structure and 

function. 
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5.1.1 Skeletal muscle hypertrophy and atrophy 

Skeletal muscle mass is governed by several signalling pathways which modulate the balance 

between hypertrophy and atrophy (Figure 5-1). Upregulation of key skeletal muscle 

hypertrophy pathways are mediated by the growth hormones insulin growth factor 1 and 2 

(IGF1/2) signalling through the insulin receptor (IR) which itself has two isoforms (421) 

(Figure 5-1). IGF1 is primarily active in adult muscle growth and regeneration, whereas IGF2 

normally mediates skeletal muscle growth and development during embryonic myogenesis 

(422). IGF1 and IGF2 production are themselves regulated by mTOR signalling and nutritional 

status (423). IR receptor activation by IGF propagates signalling through the PI3K/AKT 

signalling pathway and the MAPK/ERK pathway, both of which ultimately result in mTOR 

activation and subsequent upregulation of transcription factors, such as eIF4E which 

promotes myofibrillar protein synthesis, and ribosomal protein S6 (rpS6) which promotes 

protein synthesis and ribosomal biogenesis (424, 425) (Figure 5-1). 

Skeletal muscle hypertrophy pathways are counterbalanced by atrophic pathways, 

including transforming growth factor β (TGFβ) signalling through the p38 MAPK pathway 

(426), and the TGFβ related myostatin (MSTN) which binds the activin type II receptor 

(ACVR2) (427). MSTN induced signalling targets include the transcription factors FOXO and 

receptor mothers against decapentaplegic homologs 2 and 3 (R-SMAD2/3), which are 

phosphorylated and translocated to the nucleus (428), promoting expression of the ubiquitin 

E3 ligases Atrogin1 and muscle RING-finger protein 1 MuRF1 (Figure 5-1)(429). This leads to 

ubiquitination and subsequent proteasomal degradation of muscle proteins, reducing 

muscle mass (429, 430). Crosstalk between hypertrophy and atrophy signalling pathways 

serve as further regulatory mechanisms, with AKT inhibiting FOXO activity and SMAD2/3 
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inhibiting AKT activity, as well as activation of the MAPK/ERK pathway having 

downregulatory effects on TGFβ signalling (431, 432) (Figure 5-1).  

 
Figure 5-1 – Simplified Diagram of the major skeletal muscle hypertrophy/atrophy 
signalling pathways. Skeletal muscle hypertrophy is promoted through IGF mediated 
activation of the PI3K/AKT pathway, which inhibits tuber sclerosis complex 1 and 2 (TSC1/2) 
and stabilises the mTOR complex. The mTOR complex phosphorylates 4E binding protein 1 
(4EBP1), releasing the protein synthesis inducing factor eIF4E, and p70S6K which itself 
phosphorylates rpS6, upregulating protein synthesis (light green). IGF signalling can also 
activate the MAPK/ERK pathway which also inhibits TSC2 (dark green). Conversely, skeletal 
muscle atrophy is promoted through myostatin (MSTN) signalling through FOXO and 
SMAD2/3 pathways (light red) and TGFβ signalling through the p38 MAPK pathway (dark 
red), upregulating the ubiquitin E3 ligases Atrogin1 and MuRF1 leading to protein 
degradation. Anabolic and catabolic homeostasis is also modulated through crosstalk 
between these pathways, with AKT having inhibitory effects on FOXO signalling and 
SMAD2/3 inhibiting AKT activity. IRS1: insulin receptor substrate 1; MEK: Mitogen-Activated 
protein kinase kinase; PIP3: phosphatidylinositol (3,4,5)-trisphosphate; RAS: Ras GTPase; 
RAF: rapidly accelerated fibrosarcoma; TAK1: transforming growth factor beta activated 
kinase 1; TβR: transforming growth factor beta receptor. 
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Further to ligand/receptor mediated signalling, it important to note that physical 

activity can also modulate skeletal muscle mass. Short, intense exercise can induce skeletal 

muscle hypertrophy through mTOR complex stabilisation via mechanoreceptor signalling 

(433, 434), while AMPK can arrest hypertrophy in times of prolonged energetic stress 

through phosphorylation of RAPTOR and/or upregulation of TSC2 and subsequent inhibition 

of mTORC1 (435). AMPK can also promote skeletal muscle atrophy through activation of the 

p38 MAPK pathway, producing free amino acids which can be oxidised as fuel under 

conditions of starvation whilst also upregulating mitochondrial biogenesis pathways. 

Prolonged skeletal muscle disuse therefore results in increasingly diminished skeletal muscle 

health with age (436). 

5.1.2 Regeneration of adult skeletal muscle 

Skeletal muscle retains a remarkable capacity for regeneration after injury due to an 

extensive cohort of self-repopulating skeletal muscle stem cells, termed satellite cells (39, 

437). Broadly, skeletal muscle regeneration can be split into three phases following injury. 

Firstly, an initial inflammatory reaction occurs which is characterised by infiltration of 

neutrophils and CD68+ proinflammatory macrophages, followed by an influx of CD163+ anti-

inflammatory macrophages (438, 439). The second phase is characterised by activation, 

differentiation and subsequent fusion of satellite cells (439, 440). Quiescent Pax7 expressing 

satellite cells reside within their niche between the basal lamina and sarcolemma until 

proliferation is induced by cues which include sphingosine-1-phosphate generation on the 

inner plasma membrane (441), increased nitric oxide (NO) production (442) and subsequent 

hepatic growth factor (HGF) release from the ECM (443). Differentiation is then controlled by 
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Wnt and Notch signalling pathways, at which point the committed myogenic daughter cells 

express the MRFs MyoD, Myf5, Mrf4 and MyoG (439, 444). Subsequent differentiation to 

myoblasts is identified through expression of MyHC isoforms, dependent on their fibre type 

of origin, before fusion to multinucleated myotubes (439, 445). Lastly, further 

morphogenesis into mature muscle is dependent on re-establishment of blood supply and 

reformation of neuromuscular and myotendinous junctions (NMJs and MTJs), for which an 

intact basal lamina and proper myofibre/ECM interactions are critical (446-448). Growth 

factors such as IGF1 enhance the efficacy of skeletal muscle regeneration through activation 

of hypertrophic PI3K/AKT and ERK/MAPK pathways (449, 450), which are also required for 

myoblast fusion and differentiation (451). Terminally regenerated skeletal muscle fibres 

present with centrally located nuclei for 6-12 months post regeneration, with the likelihood 

of nuclei returning to the periphery thought to be influenced by localised factors such as 

proximity to NMJs and blood supply (452-454).  

5.1.3 The satellite cell niche 

Skeletal muscle homeostasis requires a fine balance between skeletal muscle atrophy, 

hypertrophy and retention of self renewal capacity. This is dynamically regulated by a highly 

specified satellite cell niche located between the basal lamina and sarcolemma, with 

niche/satellite cell interactions playing a major role ensuring specific regulation of satellite 

cell quiescence, self-renewal, proliferation and differentiation through structural and 

biochemical cues (43). Wnt and notch signalling pathways play major roles in regulating 

these processes (444, 455), with an exchange of diffusible signalling molecules including 

Wnt, IGF and FGF as well as cell-cell contact between adjacent satellite cells and/or 
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myofibres playing a major part (43). Sphingolipid signalling is also important, with 

sphingomyelin enrichment of quiescent satellite cell membrane diminishing upon activation 

in association with the biosynthesis of mitogenic S1P (43, 441, 456).  

The satellite cell niche is located between the basal lamina and apical sarcolemma, 

separating satellite cells from muscle interstitium (457, 458). Direct interactions between the 

ECM of these interfaces and satellite cells are critical to regulation of satellite cell activity 

(43). The apical sarcolemma is covered with laminin while the ECM of the basal lamina 

consists mainly of type IV collagen, laminin, fibronectin, perlecan, entactin and decorin 

glycoproteins amongst other proteoglycans (457, 458). Though ECM is maintained primary 

by fibroblasts, it is also produced and remodelled by myoblasts upon skeletal muscle 

development and/or regeneration (43, 458).  

Due to the two opposing microenvironments of the basal lamina and apical 

sarcolemma, quiescent satellite cells exhibit asymmetric distribution of regulatory cell 

surface proteins including M-cadherin and β-catenin which are enriched towards the 

myofibre, while ECM-interacting proteins such as integrin α7/β1 are concentrated towards 

the basal lamina (459). β-catenin is a potent driver of self renewal(460) while cadherins have 

been identified as critical regulators of satellite cell quiescence and the transition to 

activation (461). Physical tethering of the satellite cell actin cytoskeleton to the ECM via 

integrin α7/β1 allows for transduction of extracellular mechanical force through to 

intracellular chemical signalling, promoting satellite cell activation for repair of exercise 

induced damage (343, 462). Muscle specific laminin-2 and -4 associate with myofibres via 

integrin α7/β1 and dystroglycan (463), while satellite cell surface proteoglycans function as 

receptors for inactive growth factor precursors including Wnt glycoproteins, (444, 464) 
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hepatocyte growth factor (HGF)(465), basic fibroblast growth factor (bFGF) (466), epidermal 

growth factor (EGF) (467) and IGF1/2 (450). Upon muscle injury, proteolytic enzymes are 

released from serum or muscle interstitium, activating these precursors and eliciting a rapid 

proliferative response (43, 468). 

Further to the immediate niche, the broader microenvironment is also critical to 

satellite cell regulation including blood vessels, neurons, interstitial cells and their associated 

secretable factors as well as systemic signalling from immune cells, androgens and nitric 

oxide signalling (43) altogether comprising a highly complex picture of regulation of skeletal 

muscle growth and regeneration.  

5.1.4 Aged related skeletal muscle atrophy 

From middle age, skeletal muscle mass is lost at a rate of 1% per year, reaching up to 50% by 

the 8th-9th decade, predisposing individuals to frailty, morbidity, metabolic decline and 

mortality (469). This age related decline in skeletal muscle mass can be attributed to many 

contributing factors besides that of insufficient NAD+ for oxidative metabolism and 

metabolic adaptation, many of which are linked to imbalances between skeletal muscle 

protein synthesis and degradation (469). As well as a general decrease in physical activity 

with age (436), “Anabolic resistance” is a major factor, which is defined as an inability to 

respond to fundamental environmental cues that positively regulate muscle mass such as 

physical activity (470) and protein/amino acid intake (302, 469). The underlying molecular 

causes are not fully characterised but are thought to include impaired protein synthesis and 

ribosomal biogenesis due to impaired mTOR activation and p70S6K signalling (297, 469, 

471), ROS accumulation and energetic stress from defective and inefficient mitochondria 



Chapter 5   NRK2.Tg Muscle Functional Phenotype 

220 
 

(101, 102), increased lipid infiltration (305), increased inflammation (304) and impaired 

amino acid sensing (303, 469). Ageing muscle also presents with a greater proportion of 

denervated and therefore redundant fibres, indicating that defective neuromuscular 

remodelling could also be important (472). 

Aged skeletal muscle also loses its capacity for regeneration due to reductions in 

satellite cell populations as a result of impaired self-renewal and increased senescence (299-

301). Loss of skeletal muscle fibres, or hypoplasia, also contributes to skeletal muscle 

atrophy with age as well as a decrease in average fibre cross sectional area (469, 473), 

though this does not completely account for the loss of force (474, 475). Interestingly, 

satellite cell density remained stable between aged (20-24 month) and geriatric (28-32 

month) old mice despite a further steep decline in myofibre number and size, implicating 

loss of intrinsic regenerative potential as the main driver of age related satellite cell 

dysfunction rather than an absolute decrease in satellite cell count (459). NR treatment has 

been shown to partially reverse age related satellite cell senescence through NAD+ repletion 

(171). The metabolic rate of quiescent satellite cells is low, but dramatically increases upon 

activation which is characterised by a switch from oxidative to glycolytic metabolism (476). 

The resulting NAD+ deficit decreases Sirt1 activity, in turn resulting in H4K16 

hyperacetylation and increased transcription of skeletal muscle genes (476). Sirt1 driven 

autophagy has also been identified as critical for the provision of sufficient ATP under 

increased metabolic demand during satellite cell activation, with SIRT1KO mice showing 

impaired muscle regeneration and impaired satellite cell activation (477). These studies 

suggest that metabolic status directly influences satellite cell fate, highlighting loss of NAD+ 



Chapter 5   NRK2.Tg Muscle Functional Phenotype 

221 
 

homeostasis as a major driver of age related satellite cell dysfunction and subsequent 

skeletal muscle incompetence.  

5.1.5 NRK2 and myogenesis, differentiation and cell adhesion 

Individual skeletal muscle fibres, fibre bundles and whole muscles are surrounded by ECM 

comprised of collagens, elastin, laminin, glycoproteins and proteoglycans (478), and the 

interaction between skeletal muscle cells and the basement membrane is critical to skeletal 

muscle morphogenesis and function (479). In skeletal muscle, two major membrane 

complexes mediate force transmission between the skeletal muscle cytoskeleton and the 

ECM: the dystroglycan/sarcoglycan complex and the integrin α7-laminin complex (480). 

Interestingly, a shortened splice variant of NRK2 termed MIBP binds to a shared membrane-

proximal cytoplasmic region of β1A and β1D integrins which mediate skeletal muscle/ECM 

interaction (341). It was later determined that MIBP is a catalytically inactive splice variant of 

NRK2 lacking any affinity for NR phosphorylation (14). Further investigations determined 

that MIBP interacts specifically with the crucial α7β1 integrin subtype and is necessary for 

maintaining paxillin expression and phosphorylation levels, a protein essential for cell-ECM 

binding (342). More recent studies in zebrafish embryos have provided additional detail, 

reporting interactions of the NRK2 ortholog Nrk2b with integrins α6 (ITGA6) and α7 (ITGA7) 

and improper paxillin recruitment to cell matrix adhesion complexes (CMACs) upon knocking 

out Nrk2b (345). Furthermore, removal of Nrk2b leads to dysregulated cytoskeletal 

dynamics, defective laminin organisation, disrupted MTJ interactions and impaired myomere 

formation within developing skeletal muscle (344).  
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Crucially, such phenotypes could be rescued with the addition of NAD+ (344, 345), suggesting 

a localised NAD+ generating role of NRK2 for maintaining proper skeletal muscle/ECM 

interactions. One proposed model involves ADP-ribosyltransferases (ARTs), which are NAD+ 

dependent mono-ADP ribosylases that are anchored to the surface of skeletal muscle cells 

(274, 277). EctoARTs are located on the plasma membrane with the catalytic site facing 

outwards, and are thought to mono-ADP ribosylate integrin α7β1 subtypes enabling skeletal 

muscle integrin/laminin binding, with ART1 being of particular importance (273, 274, 276, 

277). Recruitment of NRK2 to integrin α7β1 may therefore ensure sufficient localised NAD+ 

levels for integrin ADP-ribosylation via ARTs and subsequent recruitment of CMAC proteins 

such as paxillin, maintaining proper skeletal muscle/ECM binding dynamics (17) (Figure 5-2).   
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Figure 5-2 – The hypothesised role of NRK2 and NAD+ in the maintenance of muscle-
extracellular matrix (ECM) adhesion. In response to damage, muscle growth or 
development, NRK2 is recruited to the cytoplasmic tails of integrin receptors, where a 
membrane proximal cytosolic NAD+ pool is generated. NAD+ then crosses the sarcolemma 
into the ECM, possibly via the passive pyridine dinucleotide transporter connexin 43 (17, 
481) or leaking through damaged sarcolemma in cases of localised injury (275). NAD+ is then 
consumed by ADP-ribosyltransferases (ARTs) which mono ADP-ribosylate integrin receptors, 
promoting integrin/laminin binding and proper localisation of paxillin (PXN) to cell matrix 
adhesion complexes (CMACs). 

Corroborating this, NRK2 is significantly upregulated in mammalian cells during 

conditions whereby skeletal muscle/ECM remodelling takes place, such as during myoblast 

fusion into myotubes (Figure 5-3) (15) and as a result of injury (326). Overexpression of the 

catalytically inactive MIBP isoform in C2C12 cells impaired myotube fusion and 

differentiation, also impairing cell adhesion to laminin as well as laminin deposition (341, 

342). It is therefore likely that MIBP overexpression competitively inhibits the binding of 

catalytically active NRK2 to the integrin α7/β1 heterodimer, causing depletion of the 

membrane proximal NAD+ pool and impairment of integrin/laminin binding integrity (Figure 

5-3). Despite the apparent importance of NRK2 in this role, murine NRK2KO models did not 

CMAC

NRK2 PXN

NRK2 PXN

NR

ART ADPR ADPR

NAD+

NAD+
NAD+

ART

Cytosol

Sarcolemma

Extracellular matrix
(laminin)

CMAC

NRK2 PXN

NAD+ 

Mediated 
Response

ITGA6/7B1 ITGA6/7B1

ART ART

Muscle damage/growth Muscle/ECM binding

Connexin
43?



Chapter 5   NRK2.Tg Muscle Functional Phenotype 

224 
 

result in any structural abnormalities within skeletal muscle as was observed in zebrafish (15, 

320). This suggests that the functional redundancy of NRK1 could compensate for the loss of 

NRK2 in mammals in this respect (15), although laminin/integrin integrity was not specifically 

investigated in these studies. 

 
Figure 5-3 – Potential mechanism of constitutive MIBP overexpression causing impairment 
of myocyte fusion and differentiation. During normal myogenesis, NRK2 is upregulated 
during myocyte fusion then downregulated upon subsequent differentiation (15). Chronic 
overexpression of the catalytically inactive MIBP splice variant perturbs these expression 
dynamics, leading to impaired fusion and differentiation (A) (341, 342) as a result of 
competitive inhibition of catalytically active NRK2 binding to integrin α7β1 and subsequent 
depletion of the membrane proximal NAD+ pool (B). 

The data discussed indicate firstly that NRK2 retains a specific role concerning cell 

adhesion within mammals, and secondly that spatial and temporal expression levels of NRK2 

are critical in this regard. Given the importance of cell-ECM interactions to skeletal muscle 

morphogenesis and regeneration, lifetime constitutive NRK2 overexpression may therefore 

influence the structural and functional properties of skeletal muscle with age as strength, 

regenerative capacity and metabolic health declines. The novel mouse strain validated for 

this thesis therefore provides an excellent opportunity to ascertain any effects of skeletal 

muscle NRK2 overexpression on skeletal muscle structure and function in vivo. The aim of 
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this chapter was to therefore establish the effects of lifetime constitutive NRK2 

overexpression on aged skeletal muscle structure and function. 

5.2 Materials and Methods 

5.2.1 Tissue collection and weighing 

Mice were culled via cervical dislocation and tissues weighed and snap frozen according to 

section 2.3. Unless otherwise stated, mice were culled between 10:00 and 12:00 to avoid 

circadian bias. 

5.2.2 Grip Strength Tests 

Grip strength tests are a technique for quantifying skeletal muscle strength in vivo on the 

basis that mice will instinctively grasp nearby surfaces tightly when suspended by the tail 

(482). Whole body grip strength tests were used because it allowed for quantification of 

total fore and hindlimb strength, and also because issues with differing animal compliance 

levels were mitigated using this method. The whole limb grip strength test was adapted from 

Castro and Kuang, 2017 (364). Grip strength tests were carried out using a Linton Grip 

Strength Meter (Linton Instrumentation, Norfolk, UK). Female WT and NRK2.Tg mice were 

held by the base of the tail and allowed to grip with all four limbs onto an angled mesh grid 

before being pulled away horizontally and peak grip force recorded. This was repeated 5 

times with 1 minute of rest in between attempts. Results were normalised to mouse body 

weight and presented as peak force and average force from 5 attempts. All experiments 



Chapter 5   NRK2.Tg Muscle Functional Phenotype 

226 
 

were carried out between 10:00-13:00 to minimise circadian bias and performed by the 

same experimenter blinded to mouse genotype to avoid interpersonal and genotype bias.  

5.2.3 RNA extraction, reverse transcription and qPCR 

RNA was extracted from mouse quadriceps samples using phenol/chloroform extraction 

(detailed in section 2.5.1) and reverse transcription was performed according to the protocol 

detailed in section 2.5.2. For qPCR analysis, all genes besides Nmrk2 were assayed using 

TaqMan probes following the protocol detailed in section 2.5.4. Nmrk2 was optimised and 

assayed using the SYBRGreenTM gene expression assay method to the protocol detailed in 

section 2.5.5. Table 5-1 contains the list of TaqManTM probes used in chapter 5.  
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Table 5-1 – TaqManTM probes used throughout chapter 5. 

Gene Accession Number 

Act2 Mm00473658_m1 

Act3 Mm00496495_m1 

Acvr2b Mm00431664_m1 

Anxa1 Mm00440225_m1 

Hspa5 Mm00517691_m1 

Cav1 Mm00483057_m1 

Col1a1 Mm00801666_g1 

Ddit3 Mm01135937_g1 

Gusb (reference gene) Mm01197698_m1 

Igf1 Mm00439560_m1 

Igf2 Mm00439564_m1 

Il6 Mm00446190_m1 

Itga6 Mm00434375_m1 

Itga7 Mm00434400_m1 

Itgb1 Mm01253230_m1 

Mrf4 Mm00435127_g1 

Mstn Mm01254559_m1 

Myf5 Mm00435125_m1 

Myod1 Mm00440387_m1 

Myog Mm00446194_m1 

Plec Mm01197443_m1 

Pxn Mm00448533_m1 

Tnf Mm00443258_m1 

Trim63 Mm01185221_m1 

 

5.2.4 Protein Analysis 

5.2.4.1 Lysate preparation 

Approximately 30 mg of three month and 22-24 month old female mouse quadriceps was 

prepared according to section 2.3.1 and placed into a 2 ml microfuge tube (Eppendorf UK 

Ltd, Stevenage, UK) along with 300 µl sucrose lysis buffer (50 mM Tris/HCl [pH 7.5], 250 mM 

sucrose, 10 mM Na-β-glycerophosphate, 5 mM Na-pyrophosphate, 1 mM benzamidine, 

1mM EDTA, 1mM EGTA, 1% Triton X-100, 1mM Na3VO4, 50 mM NaF) and supplemented 
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with 1x protease and phosphatase inhibitor cocktail (Abcam, Cambridge, UK) on ice. A 5mm 

metal bead was added to the tube and homogenisation was performed using a TissueLyser II 

(QIAGEN, Germany) by shaking at a frequency of 30 cycles per second for 2 minutes. Lysates 

were centrifuged at 4 oC for 15 minutes to pellet debris. Protein concentration was 

determined using a PierceTM Coomassie Protein Assay Kit with BSA standards ranging from 0 

-12.5 µg/ml (ThermoFisher Scientific, Massachusetts, USA).  

5.2.4.2 Immunoblotting 

Immunoblotting of prepared lysates was then performed collaboratively by Yu-Chiang Lai’s 

group within the School of Sport, Exercise and Rehabilitation Sciences (University of 

Birmingham, UK). Lysate containing 15 µg total protein was loaded into 4-12% Bis-Tris 

precast gels (ThermoFisher Scientific, Massachusetts, USA) and ran for approximately 80 

minutes at 140V in 200 mM 3-(N-morpholino)propanesulfonic acid/sodium acetate/sodium 

dehydrate (MOPS) buffer (pH 7). Proteins were transferred onto polyvinylidene difluoride 

(PVDF) membranes (GE Healthcare, USA) for 1h at 100 V. membranes were blocked in 5% 

milk in tris-buffered saline diluted with 150 mM sodium chloride/20 mM Tris-base/0.1% 

Tween-20 at pH 7.5 (TBS-T) for 1h then washed in TBS-T for 3 x 10 minutes before overnight 

incubation at 4 oC with primary antibody (Table 5-2) diluted in 3% BSA in TBS-T. Membranes 

were then washed for 3 x 10 minutes in TBS-T before incubation with species appropriate 

HRP-conjugated secondary antibody (Dako Laboratories, Denmark) at RT for 1h. 3 x 10 

minute washes were performed again in TBS-T before antibody chemiluminescent detection 

(Enhanced Chemiluminescence HRP Substrate Detection Kit, Millipore, Massachusetts, USA). 

Imaging was performed directly using a G:Box Chemi-XR5 (Syngene, India). Densitometry 

was performed using ImageJ V1.48V. 
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Table 5-2 – Primary antibodies used for Immunoblotting in chapter 5. 

Antibody 
Species/Specificity 

Source Product 
Code 

Immunoblotting 
Dilution 

Rabbit α eEF2 Cell Signalling 
Technology (USA) 

#2332 1:1000 

Rabbit α phospho-p44/42 
MAPK (Erk1/2) 
(T202/Y204) 

Cell Signalling 
Technology (USA) 

#4370 1:1000 

Rabbit α phospho-AKT 
(Thr308) 

Cell Signalling 
Technology (USA) 

#2965 1:1000 

Rabbit α phospho-AKT 
(Ser473) 

Cell Signalling 
Technology (USA) 

#4060 1:1000 

Rabbit α Phospho-4EBP1 
(Thr37/46) 

Cell Signalling 
Technology (USA) 

#9459 1:1000 

Rabbit α phospho-p70 S6 
Kinase (Thr389) 

Cell Signalling 
Technology (USA) 

#9205 1:1000 

Rabbit α phospho 
ribosomal protein -S6 
(Ser240/244) 

Cell Signalling 
Technology (USA) 

#5364 1:1000 

Mouse α MuRF1 (C11) Santa Cruz 
Biotechnologies 
(USA) 

sc-398608 1:1000 

5.2.5 Immunohistochemistry 

5.2.5.1 Formalin fixed paraffin embedding (FFPE) – tissue fixation, dehydration 

and clearing 

Excised quadriceps from 22-24 month old female WT and NRK2.Tg mice were placed in 4% 

formaldehyde in PBS for at least 48 hours at RT to ensure complete tissue fixation. Before 

embedding, tissue must be dehydrated in order for the hydrophobic paraffin wax to 

infiltrate, which is achieved by exposure to increasing concentrations of alcohol. Samples 

were placed into plastic cassettes and submerged in 40% industrial methylated spirits (IMS) 

diluted in tap water for 1 hour, then transferred to 70% IMS for 1 hour, followed by 100% 

IMS for 1 hour then fresh 100% IMS for 1 hour. The tissue must next be cleared of alcohol 

before paraffin will infiltrate. This is achieved by exposure to xylene, which is miscible with 
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alcohols and once cleared turns the tissue samples translucent. Samples were placed in 

xylene for 3 hours at RT, being transferred to fresh xylene every hour. For paraffin 

infiltration, tissues were then placed into molten paraffin wax and incubated at 60 oC for one 

hour. This process was repeated twice more for a total of three hours. 

5.2.5.2 Tissue embedding and sectioning 

Tissues were embedded using an EG1150 H embedding workstation (Leica, Wetzlar, 

Germany). The tissue samples were placed into metal embedding moulds on a small volume 

of molten paraffin wax and promptly solidified whilst holding the sample in place, ensuring 

correct orientation was achieved. The mould was then filled with molten wax with care 

taken not to disturb the tissue sample. The cassette base was then placed onto the metal 

mould, topped up with more wax and allowed to solidify on a cold plate. Sections were then 

cut to a thickness of 5 µm using a Leica RM2125 RTS microtome (Leica, Wetzlar, Germany), 

floated on a 50 oC water bath to eliminate creases in the section and mounted on 

microscope slides (SuperFrost Plus, ThermoFisher Scientific, Massachusetts, USA). Mounted 

sections were incubated at 40 oC for an hour to ensure adhesion.  

5.2.5.3 Haematoxylin and eosin staining and microscopy 

To visualise tissue architecture, mounted sections must be treated with a tinctorial stain to 

provide contrast, in which two dyes are used in combination. Haematoxylin is a blue dye 

which is cationic when conjugated with metal salts, and will therefore bind to and stain 

negatively charged molecules such as nucleic acids, resulting in cell nuclei being dyed blue. 

Conversely, eosin is an anionic dye and will stain positively charged tissue components pink, 
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such as cytoplasmic protein groups. Other tissue components will take on variations and 

combinations of these colours. 

 Mounted tissue sections were placed in xylene for 15 minutes, changing the xylene 

every 5 minutes, then into 100% for 2 washes, 70% and 40% IMS for 2 minutes sequentially 

followed by dH2O for 2 x 2 minutes. Sections were then stained in haematoxylin for 5 

minutes before being transferred to Scott’s tap water (50 µl 10 M NaOH in 400 ml tap water) 

for 2 minutes, turning the haematoxylin blue, followed by a brief dip in acid alcohol (0.5% 

conc. HCl in 70% ethanol) to prevent over staining (0.5% conc. HCl in 70% ethanol). Sections 

were then washed under running tap water for 5 minutes then stained with aqueous eosin 

for 5 minutes, followed by rinsing in 100% IMS prior to 2 washes in 100% IMS for 2 minutes, 

then cleared in xylene for 3 x 5 minutes. Sections were then mounted using a coverslip and 

Depex mounting medium (Vector Laboratories, California, USA). Images were obtained using 

a Leica DMIL Microscope and a Leica HI PLAN I objective at 10 x magnification.  

5.2.5.4 Antibody staining of FFPE sections 

Protein distribution can be visualised on FFPE sections by staining with a primary antibody 

specific to a protein of interest (Table 5-3) followed by a streptavidin/biotin HRP conjugated 

secondary antibody, before incubation with H2O2 and 3,3’-Diaminobenzidine (DAB). The 

peroxidase catalyses the conversion of H2O2 to water and oxygen, resulting in localised 

oxidation of DAB forming a brown precipitate in areas where the protein of interest is 

present. Before staining, FFPE sections must be rehydrated and the protein cross-linkages 

which form during formalin fixation must be reversed to allow the primary antibody to bind, 

in a process called antigen retrieval. 
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 Table 5-3 – Primary antibodies used for immunohistochemistry in chapter 5.  

Antibody Species/Specificity Source Product 
Code 

IHC Dilution 

Rabbit α laminin polyclonal Abcam ab11575 1/100 

Rabbit α CD45 polyclonal Abcam ab10558 1/1000 

 

 All steps were performed at RT unless otherwise stated. Mounted FFPE Sections were 

dewaxed with 3 x 2 minute incubations in xylene then rehydrated with successive 2 minute 

incubations in serial dilutions of IMS (100%, 70% then 40%) followed by 2 x 2 minutes in 

ddH2O. Antigen retrieval was performed by incubating the sections for 20 minutes at 95 oC in 

a sodium citrate buffer (4.7 g sodium citrate in 1.6 L ddH2O, pH 6) then washing in ice cold 

PBS for 5 minutes. Sections were circled with an ImmEdgeTM hydrophobic barrier pen (Vector 

Laboratories, California, USA) and incubated with avidin for 15 minutes, rinsed with PBS-T 

and incubated in biotin for 15 minutes. Sections were then washed in PBS-T for 5 minutes 

followed by 1 hour incubation in blocking buffer (5% blocking serum [250 µl/1% BSA [50 µl] 

in 5 ml PBS-T) and overnight incubation at 4 oC with primary antibody (Table 5-3) diluted in 

blocking buffer. 3 x 2 minute washes in PBS-T were then performed before incubation with 

the species appropriate biotinylated secondary antibody in blocking buffer (5 µl antibody/1 

ml buffer) (Vector Laboratories, California, USA). Sections were washed again in TBS-T as 

before and incubated for 30 minutes in ready to use avidin/biotin complex (ABC) reagent 

(Vector Laboratories, California, USA). PBS-T washes were repeated and the sections rinsed 

with ddH2O then incubated in DAB solution (Vector Laboratories, California, USA). Sections 

were rinsed in tap water for 5 minutes followed by incubation with haemotoxylin for 5 

minutes to counterstain, then transferred to Scott’s tap water for 2 minutes and a brief dip 

in acid alcohol followed by 2 more minutes in Scott’s tap water. Sections were then placed in 
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40%, 70% and 100% IMS successively for 2 minutes each, with the 100% step repeated once. 

Finally, sections were cleared in xylene for 3 x 2 minutes with fresh xylene for each 

repetition. Sections were then mounted using a coverslip and Depex mounting medium 

(Vector Laboratories, California, USA).  

5.2.5.5 Quantification of fibre cross-sectional area (CSA) and centralised nuclei 

Images were obtained from 5 µm laminin stained sections taken from female 22-24 month 

old WT and NRK2.Tg quadriceps using a Leica DMIL Microscope and a Leica HI PLAN I 

objective at 10 x magnification. Images were taken spanning the entire muscle section and 

analysed using ImageJ V1.48V. Fibre CSA was calculated in µm2 for each fibre by manual 

outlining, and the presence or absence of central nuclei was noted as well as any incidence 

of multiple central nuclei being visible within one fibre. 

5.2.5.6 Assessment of centralised nuclei fibre distribution 

Images of a 5 µm quadriceps section from a 24 month old NRK2.Tg mouse were taken using 

a Leica DMIL Microscope and a Leica HI PLAN I objective at 10 x magnification, from which a 

composite image of the entire muscle section was created. The distribution of fibres 

featuring centralised nuclei was manually assessed by eye. 

5.2.6 Proteomics 

Proteomics is a method by which large scale quantification of proteins within biological 

samples can be achieved. Though post-translational modifications and relative activity levels 

of proteins cannot be quantified this way, the method is able to offer insight into differing 

protein expression levels between experimental cohorts and thus identify potentially 
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dysregulated cellular processes. Samples are first lysed and proteins are extracted then 

reduced and/or alkylated to facilitate peptide identification (483), before separation via 

mass spectrometry and identification using libraries of known peptide signatures. 

Specifically, the method used for this chapter utilised untargeted quantitative proteomics 

using sequential window acquisition of all theoretical mass spectra (SWATH-MS). Non-

labelled protein samples are digested with trypsin and subjected to LCMS under data-

independent acquisition (DIA) mode, resulting in unbiased and systematic fragmentation of 

all ionised compounds falling within a specific mass range (484). This also leads to co-

fragmentation of many more eluting peptides within the precursor ion window, presenting 

complex fragment ion spectra (484). This multiplexed data is then analysed using peptide-

centric scoring which utilises mass spectrometric and chromatographic coordinates of 

peptides of interest, termed Peptide Query Parameters (PQP), which are derived from pre-

generated spectral libraries (484, 485). Identified proteins were then further analysed 

according to fold change using Reactome analysis to isolate potential pathways and 

ontological groups of importance in relation to any observed differences between aged WT 

and NRK2.Tg skeletal muscle. 

5.2.6.1 Protein extraction, purification and trypsinisation 

To extract protein, 50 mg of pulverised frozen quadriceps (prepared according to section 

2.3.1) was homogenised in 500 µl CellLytic MT cell lysis buffer and 5 µl Halt Protease 

Inhibitor Cocktail (ThermoFisher Scientific, Massachusetts, USA) followed by centrifugation 

at 20,000 x g for 10 minutes. Lysate concentration was determined using the Pierce BCA 

Protein Assay Kit (ThermoFisher Scientific, Massachusetts, USA) according to manufacturer’s 

protocol before storage at -80 oC. Protein (50 µg) was digested using sequencing grade 
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modified trypsin solution (Promega, Wisconsin, USA) and processed using S-trapTM micro 

column methodology according to manufacturers protocol (ProtiFi, USA). Samples were 

dried and stored at -80°C until analysis. On the day of analysis, samples were resuspended in 

5% acetonitrile and 0.1% formic acid prior to LCMS. 

5.2.6.2 Mass Spectrometry 

LCMS analysis was performed collaboratively by Dr David Boocock (Nottingham Trent 

University, UK). Samples (4 µl) were injected by Eksigent 425 LC system onto a trap column 

(Mobile Phase A; 0.1% formic acid, B; acetonitrile with 0.1% formic acid; YMC Triart C18 

guard column 0.3 x 5 mm, 300 µm internal diameter) at 10 µl/min mobile phase A for 2 min 

before gradient elution onto the analytical column (YMC Triart C18 150 x 0.3 mm internal 

diameter, 3 µm) in line to a Sciex TripleTOF 6600 Duospray Source using a 50 µm electrode, 

positive mode +5500V. Samples were analysed in two modes; information dependent 

acquisition (IDA) for the generation of a spectral library, and data independent acquisition 

(SWATH) to generate quantitative data. The following linear gradients were used: for IDA, 

mobile phase B increasing from 2% to 30% over 68 min; 40% B at 72 min followed by column 

wash at 80% B and re-equilibration (87 min total run time). For SWATH, 3-30% B over 38 

min; 40% B at 43 min followed by wash and re-equilibration as before (57 min total run 

time). IDA acquisition mode was used with a top 30 ion fragmentation (Time of flight mass 

spectrometry (TOFMS) m/z 400-1250; product ion 100-1500) followed by 15 sec exclusion 

using rolling collision energy, 50 ms accumulation time; 1.8 s cycle. SWATH acquisition was 

using 100 variable windows (optimised on sample type) 25 ms accumulation time, 2.6 s cycle 

(m/z 400-1250). IDA data was searched using ProteinPilot 5.0.2, iodoacetamide alkylation, 

thorough search with emphasis on biological modifications (Swissprot mouse database, June 
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2018). SWATH data was analysed using Sciex OneOmics software extracted against the 

locally generated library to the following parameters: 12 peptides per protein, 6 transitions 

per peptide, extracted ion chromatogram (XIC) width 30 ppm, 5 min retention time window.  

5.2.6.3 Statistical Analysis 

Proteomic analysis was carried out using Advaita Bioinformatic iPathwayGuide software, 

identifying dysregulated proteins in NRK2.Tg quadriceps relative to WT quadriceps with a 

minimum of ± 0.5 fold change and a threshold of 0.25 for statistical significance (p value). 

Significantly dysregulated biological processes, pathways and molecular interactions were 

analysed using Gene Ontology (GO) terms in the context of pathways obtained from the 

Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Release 84.0+/10-26, Oct 

2017) (486, 487) and the Gene Ontology Consortium database (Nov 2017)(488). 

Differentially expressed genes are attributed to GO terms based on their function and 

further grouped according to known molecular functions, cellular components and biological 

processes. For a given GO term, the number of differentially expressed genes assigned to the 

term is compared with the number of differentially expressed genes which may be expected 

by chance, followed by an over-representation approach which computes the statistical 

chance of observing at least the given number of genes which were differentially expressed. 

To overcome the limitation of errors introduced by considering genes multiple times, the 

Elim pruning method is then used which iteratively removes genes mapped to a significant 

gene ontology (GO) term from more general (higher level) GO terms (489).  
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5.3 Results 

5.3.1 NRK2.Tg mice present with significantly larger skeletal muscle 

beds 

Despite few observable differences in metabolic parameters within aged NRK2.Tg skeletal 

muscle in the previous chapter, several skeletal muscle beds were significantly larger in aged 

NRK2.Tg animals when normalised to body weight. Female aged NRK2.Tg quadriceps, 

gastrocnemius and soleus were all significantly larger, though TA mass was comparable 

(Figure 5-4 A, B). In young female mice, this phenomenon was only present in soleus muscle 

(Figure 5-4C).  
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Figure 5-4 – Aged Female NRK2.Tg mice have significantly increased muscle mass relative 
to WT mice. A. Quantification of hindlimb skeletal muscle bed weights normalised to body 
weight from 22-24 month old (A) and 3-6 month old (B) WT and NRK2.Tg female mice. Data 
presented as mean ± SEM with individual data points representing one biological replicate. 
Statistical significance was determined by student’s unpaired t test (* p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001), n = 26-30. B. Representative photographs of litter-matched 
22 month old female aged WT vs. NRK2.Tg mouse hindlimbs and excised muscle beds.  

This phenotype was also present in aged overexpression male mice (Figure 5-5A), 

again with no significant difference in TA but significantly larger quadriceps, soleus and 
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gastrocnemius in NRK2.Tg mice (Figure 5-5). No differences in muscle mass relative to body 

weight were observed in young WT and NRK2.Tg mice (Figure 5-5B). These data indicate that 

NRK2 increases muscle mass in aged mice irrespective of sex. 

 
Figure 5-5 – Aged Male NRK2.Tg mice have significantly increased muscle mass relative to 
WT mice. Quantification of hindlimb skeletal muscle bed weights normalised to body weight 
from 22-24 month old (A) and 3-7 month old (B) WT and NRK2.Tg male mice. Data presented 
as mean ± SEM with individual data points representing one biological replicate. Statistical 
significance was determined by student’s unpaired t test (* p < 0.05, ** p < 0.01, *** p < 
0.001), n =9-21.  
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 Absolute skeletal muscle weights were then compared between young and aged WT 

and NRK2Tg skeletal muscle to establish the effects of NRK2.Tg overexpression on age 

related decline of muscle mass. Soleus muscles of young NRK2.Tg mice were significantly 

larger relative to WT while TA, quadriceps and gastrocnemius were not significantly changed 

(Figure 5-6). Female aged mice presented with significantly larger skeletal muscle beds than 

young mice, which was not expected (4, 490). It is therefore possible that the female cohort 

had not yet attained full adult muscle mass at 3 months of age. However, the young male 

cohort ranged between 4-7 months with male muscle beds from 22-24 month old mice 

having significantly lower mass (Figure 5-6). The increased skeletal muscle mass in aged 

NRK2.Tg mice relative to aged WT mice could therefore indicate that skeletal muscle NRK2 

overexpression bestows partial resistance to age associated sarcopenia.  
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Figure 5-6 – Skeletal muscle beds in aged female and male NRK2.Tg mice are significantly 
larger, with soleus being significantly larger in young NRK2.Tg mice. Weights of female TA, 
soleus, quadriceps and gastrocnemius in young and aged WT and NRK2.Tg mice alongside 
age distributions of young and aged cohorts. Data presented as mean ± SEM with individual 
data points representing one biological replicate. Statistical significance was determined by 
ordinary two way ANOVA with Sidak’s multiple comparison tests (* p < 0.05, ** p < 0.01, *** 
p < 0.001, **** p < 0.0001). # = statistically significant interaction between genotype and 
age; + = statistically significant variation between young and aged mice; † = statistically 
significant variation between WT and NRK2.Tg mice. n = 7-26. 
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Weights of other metabolic tissues including liver, gonadal white adipose tissue 

(WAT) and heart were also quantified, all of which were found to be significantly larger in 

aged mice relative to young mice independent of genotype. In both male and female mice, 

aged mouse livers were significantly larger than young mice though no weight differences 

between WT and NRK2.Tg livers were observed (Figure 5-7). Aged female mice presented 

with significantly larger gonadal WAT, though again no significant mass differences were 

observed between WT or NRK2.Tg mice in either the young or aged cohort (Figure 5-7). 

However, male aged NRK2.Tg mice trended towards larger gonadal WAT deposits than aged 

WT mice though this was not a significant observation (Figure 5-7). Interestingly, aged 

NRK2.Tg hearts were smaller than aged WT hearts, which was a significant observation in 

female mice (Figure 5-7). Given that that NRK2 was determined as overexpressed in NRK2.Tg 

heart as well as skeletal muscle in section 3.1.1, this may suggest that NRK2 overexpression 

could also confer resistance to age related cardiac hypertrophy (491), though this assertion 

would require further investigation. 
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Figure 5-7 – Aged female NRK2.Tg hearts are significantly smaller than WT mice. Weight 
measurements of total body weight, liver, gonadal WAT and heart in male young and aged 
WT and NRK2.Tg mice. Data presented as mean ± SEM with individual data points 
representing one biological replicate. Statistical significance was determined by ordinary two 
way ANOVA with Sidak’s multiple comparison tests (* p < 0.05, ** p < 0.01, *** p < 0.001, 
**** p < 0.0001). # = statistically significant interaction between genotype and age; + = 
statistically significant variation between young and aged mice; † = statistically significant 
variation between WT and NRK2.Tg mice. n = 8-26. 
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5.3.2 Aged NRK2.Tg mice are significantly stronger than aged WT mice 

Grip strength tests were next performed on young and aged WT and NRK2.Tg mice to 

establish any functional consequences of increased aged NRK2.Tg skeletal muscle mass. 

Aged female NRK2.Tg mice generated significantly higher average and peak force values 

both when normalised to body weight (Figure 5-8A). These differences were not present 

within young mice (Figure 5-8B), indicating potential augmentation of skeletal muscle 

strength or ameliorated decline in weakness in NRK2 overexpressing skeletal muscle with 

age. 
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Figure 5-8 – Average and peak grip strength is significantly higher in aged NRK2.Tg mice. A. 
Quantification of average across 5 attempts and peak all-limb grip strength of female 18-22 
month old WT and NRK2.Tg mice normalised to body weight. B. Absolute average and peak 
force of 3 month old WT and NRK2.Tg mice normalised to body weight. Data presented as 
mean ± SEM with individual data points representing one biological replicate. Statistical 
significance was determined by student’s unpaired t test. (* p < 0.05, ** p < 0.01, *** p < 
0.001, **** p < 0.0001), n = 8-16.  
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5.3.3 Skeletal muscle hypertrophic pathway growth factors are 

upregulated in NRK2.Tg skeletal muscle while atrophic ubiquitin E3 

ligases are downregulated at mRNA level 

Skeletal muscle mass and functional grip strength data suggested an augmentation of 

skeletal muscle with NRK2 overexpression. Potential molecular mechanisms behind such 

observations were next investigated, starting with expression levels of key skeletal muscle 

hypertrophy and atrophy markers. No significant changes were observed in expression levels 

of the MRFs Myf5, MyoD, Mrf4 and MyoG as well as the satellite cell quiescence marker 

Pax7 (Figure 5-9). Expression levels of the adult skeletal muscle hypertrophy marker insulin 

growth factor 1 (Igf1) and the skeletal muscle hypertrophy repressor myostatin (Mstn) were 

also unchanged between aged WT and NRK2.Tg skeletal muscle (Figure 5-9). However, 

expression levels of the hypertrophy promoting embryonic skeletal muscle growth factor 

insulin growth factor 2 (Igf2) were significantly upregulated with the skeletal muscle atrophy 

inducing ubiquitin E3 ligase muscle RING-finger protein-1 (Trim63) also being downregulated 

at transcript level (Figure 5-9). Taken together, it is possible that skeletal muscle NRK2 

overexpression modulates skeletal muscle hypertrophy and atrophy signalling pathways with 

age, favouring skeletal muscle hypertrophy relative to WT muscle.  
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Figure 5-9 – Expression levels of myogenic regulatory factors and skeletal muscle atrophy 
markers in WT and NRK2.Tg quadriceps. Quantification of mRNA transcript levels in 
quadriceps from 3 month and 20-22 month old female mice. Data presented as mean ± SEM 
with individual data points representing one biological replicate. Statistical significance was 
determined by student’s unpaired t test (* p<0.05, ** p < 0.01, *** p < 0.001, **** p < 
0.0001). n = 5-8. 
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5.3.4 Hypertrophic signalling pathways are not significantly 

upregulated at protein level in aged NRK2.Tg skeletal muscle 

To further investigate the cause of increased skeletal muscle mass in aged NRK2 

overexpressing skeletal muscle in light of observed upregulation of Igf2 in NRK2.Tg skeletal 

muscle, activation levels of skeletal muscle hypertrophy pathways which are induced 

through IGF2 were next assessed. IGF1 and IGF2 stimulate skeletal muscle hypertrophy 

through binding the insulin receptor activating the PI3K/AKT/mTOR and MAPK/ERK signalling 

pathways, which in turn induce myofibrillar protein synthesis, cell growth pathways and 

inhibition of autophagy/skeletal muscle protein degradation (425, 492-494). The activation 

status of the PI3K/AKT/mTOR pathway can be assessed through phosphorylation status of 

AKT, for which partial and full activation requires phosphorylation of threonine 308 and 

serine 473 respectively. AKT is phosphorylated by mTORC2 at Ser473, which facilitates 

further phosphorylation by phosphoinositide-dependent kinase 1 (PDK1) at Thr308 forming 

a positive feedback loop promoting increased inhibition of TSC2 and therefore mTOR 

activation (495). Activation of skeletal muscle hypertrophy pathways can also be assessed 

through phosphorylation status of S6 kinase (S6K), its target rpS6 and 4E-BP1, which releases 

the transcription factor eIF-4E upon phosphorylation promoting protein synthesis (496). 

Activation of the alternative MAPK/ERK signalling pathway can also be assessed through 

levels of phosphorylated ERK1 and 2, which also promotes activation of the mTOR complex 

through phosphorylation and inhibition of TSC2 (497). 

Quadriceps samples from young and aged WT and NRK2.Tg skeletal muscle were 

probed for levels of phosphorylated AKT at Thr308 and Ser473, p70S6K, rpS6, 4-EBP1 and 
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ERK1/2. A marked yet statistically insignificant decrease in AKT phosphorylated at Thr308 

was observed between young and aged skeletal muscle for both WT and NRK2.Tg mice 

(Figure 5-10). A downward trend was also observed between young and aged WT skeletal 

muscle in AKT phosphorylated at Ser473 which was not present in young vs. aged NRK2.Tg 

mice (Figure 5-10). However, these observations were not significant and it is therefore 

unlikely that a reduced decline in AKT signalling is a major contributing factor to the 

observed preservation of skeletal muscle mass with age in NRK2.Tg mice. Furthermore, this 

relationship was not identified in any other of the assessed markers, and despite significant 

upregulation in Igf2 mRNA within aged NRK2.Tg skeletal muscle, no significant differences 

were identified directly between both young and aged WT and NRK2.Tg skeletal muscle 

(Figure 5-10).  



Chapter 5   NRK2.Tg Muscle Functional Phenotype 

250 
 

 
Figure 5-10 – Phosphorylated AKT levels are significantly lower in aged WT animals relative 
to WT, though no significant differences in mTOR activation markers are present in young 
or old WT and NRK2.Tg skeletal muscle. Densitometric analysis and representative 
immunoblots of phosphorylated (p-)AKT at threonine 308 or serine 473, p-ERK1/2, p-4EBP1 
p-rpS6 and p-p70S6K levels in aged female quadriceps. Values were normalised to EEF2 
loading control. Data presented as mean ± SEM. Statistical significance was determined by 
ordinary two way ANOVA with Sidak’s multiple comparison tests (* p < 0.05, ** p < 0.01, *** 
p < 0.001, **** p < 0.0001). # = statistically significant interaction between genotype and 
age; + = statistically significant variation between young and aged mice; † = statistically 
significant variation between WT and NRK2.Tg mice. n = 3-6.  
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5.3.5 MuRF1 protein levels are downregulated in aged NRK2.Tg 

skeletal muscle relative to aged WT muscle  

Given the observations of decreased Trim63 gene expression in aged NRK2.Tg mice, 

expression of the corresponding MuRF1 protein product was also quantified in quadriceps 

tissue. MuRF1 is an E3 ubiquitin ligase and a critical mediator of skeletal muscle remodelling 

and atrophic processes through ubiquitination, resulting in signal transduction and/or 

subsequent proteasomal degradation of target proteins (498). MuRF1 levels were similar 

between young WT and NRK2.Tg mice but elevated in aged WT mice, constituting a 

statistically significant difference across genotype means and a strong trend upon direct 

comparison of aged WT and NRK2.Tg muscle (Figure 5-11). Despite a lack of statistical 

significance upon direct comparison of aged WT and NRK2.Tg MuRF1 protein levels, these 

trends agreed with the significant decrease of Trim63 mRNA in aged NRK2.Tg quadriceps 

relative to WT tissue and indicate a decreased expression of MuRF1 in NRK2.Tg skeletal 

muscle. As no significant upregulation of the mTOR pathway was observed, these data 

suggest that the increased skeletal muscle mass in aged NRK2.Tg mice could be due to lower 

expression levels of MuRF1 with age and thus decreased skeletal muscle protein breakdown 

relative to normal ageing levels rather than any significant upregulation of hypertrophic 

pathways through IGF signalling.  
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Figure 5-11 – MuRF1 protein levels are elevated in aged WT but not NRK2.Tg skeletal 
muscle. Densitometric analysis and representative immunoblot of MuRF1 in aged female 
quadriceps. Data presented as mean ± SEM. Statistical significance was determined by 
ordinary two way ANOVA with Sidak’s multiple comparison tests (* p < 0.05, ** p < 0.01, *** 
p < 0.001, **** p < 0.0001). # = statistically significant interaction between genotype and 
age; + = statistically significant variation between young and aged mice; † = statistically 
significant variation between WT and NRK2.Tg mice. n =3. 
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skeletal muscle fibres had an increased incidence of several nuclei being present within the 

same 5 µm tissue section, implying that nuclei were in closer proximity or more numerous 

than in WT fibres. These observations were unexpected as nuclei within skeletal muscle 

fibres are typically peripheral, with centralised nuclei only being present within regenerating 

or previously regenerated adult skeletal muscle (452-454). 

 
Figure 5-12 – Aged NRK2.Tg skeletal muscle fibres are larger with an increased proportion 
of fibres exhibiting centralised nuclei. A. Analysis of quadriceps muscle fibre cross-sectional 
area (CSA) in 24 month old female WT and NRK2.Tg mice. B. Analysis of proportion of fibres 
with centralised nuclei and multinucleated fibres. Data presented as mean ± SEM with 
individual data points representing one biological replicate. Statistical significance was 
determined by student’s unpaired t test (* p < 0.05, ** p < 0.01, *** p < 0.001), n = 3. C. 
Representative image of 5 µm thick FFPE laminin stained quadriceps section of 24 month old 
WT and NRK2.Tg quadriceps.  
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A whole NRK2.Tg quadriceps section was imaged and subjective analysis of relative 

positioning of skeletal muscle fibres with centralised nuclei was performed. Generally, 

muscle fibres with centralised nuclei were concentrated at the periphery of the muscle bed 

(Figure 5-13).  

 
Figure 5-13 – Skeletal muscle fibres featuring centralised nuclei were subjectively 
determined to be more concentrated around the periphery of the muscle bed (outlined in 
blue). Mosaic Image of 5 µm thick, FFPE laminin stained 24 month old NRK2.Tg whole 
quadriceps section. n = 1.  
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5.3.7 Pro-inflammatory pathways and the UPR are not significantly 

induced in aged NRK2.Tg skeletal muscle relative to aged WT muscle 

Centralised nuclei within myofibres can be indicative of skeletal muscle regeneration, and 

are a hallmark of pathological dystrophic disease states along with a decreased fibre CSA and 

skeletal muscle atrophy (499, 500). An active immune response is indicative of ongoing 

skeletal muscle regeneration (438, 439, 501), but chronic inflammation results in skeletal 

muscle atrophy and a loss of regenerative capacity (501), as is observed in aged skeletal 

muscle (304). Though aged NRK2.Tg skeletal muscle are hypertrophic and stronger despite 

increased levels of centralised nuclei, it was necessary to discount any pathological causes 

for these observations in NRK2.Tg skeletal muscle, such as a hyperactive UPR induced by 

misfolded transgenic NRK2 or immune cell infiltration and localised inflammation within 

NRK2.Tg skeletal muscle. No statistically significant upregulation of the putative UPR 

markers Hspa5, Hsp90 and Ddit3 was detected in aged NRK2.Tg skeletal muscle relative to 

aged WT muscle (Figure 5-14). The pro-apoptotic factor and UPR marker Ddit3 was 

significantly upregulated in aged NRK2.Tg skeletal muscle relative to young NRK2.Tg muscle, 

possibly suggesting some induction of the UPR with age in NRK2.Tg mice. However, this was 

not significantly higher than aged WT skeletal muscle levels (Figure 5-14), and therefore it 

could be concluded that the UPR is not significantly upregulated in aged NRK2.Tg muscle 

relative to aged WT muscle.  
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Figure 5-14 – The UPR is not significantly induced in aged NRK2.Tg mice relative to aged 
WT mice. Quantification of UPR marker mRNA transcript levels in WT and NRK2.Tg 
quadriceps in 3 month and 20-22 month old female mice. Data presented as mean ± SEM 
with individual data points representing one biological replicate. Statistical significance was 
determined by ordinary two way ANOVA with Sidak’s multiple comparison tests (* p<0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001). # = statistically significant interaction between 
genotype and age; + = statistically significant variation between young and aged mice; † = 
statistically significant variation between WT and NRK2.Tg mice. n = 5-8. 
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being significantly higher in aged WT skeletal muscle upon direct comparison to young 

tissue, but no significant differences were observed between WT and NRK2.Tg skeletal 

muscle both in young and aged quadriceps (Figure 5-15A). No significant changes in mRNA 

levels of the macrophage marker F4/80 and the marker of NF-κB activity Hif1a were 

identified between aged WT and NRK2.Tg quadriceps, and immunohistochemical staining for 

the pan-leukocyte marker CD45 revealed no positive staining in either WT or NRK2.Tg 

quadriceps (Figure 5-15B). Together, these data imply that inflammation and leukocyte 

infiltration are not responsible for the observed structural differences and increased muscle 

mass in aged NRK2.Tg skeletal muscle, and a lack of macrophage markers suggests that 

ongoing skeletal muscle regeneration is not present. 



Chapter 5   NRK2.Tg Muscle Functional Phenotype 

258 
 

 
Figure 5-15 – Inflammatory Markers are not significantly upregulated in NRK2.Tg muscle. 
A. Quantification of immune cell infiltration marker mRNA transcript levels in WT and 
NRK2.Tg quadriceps in 3 month and 20-22 month old female mice. Data presented as mean 
± SEM with individual data points representing one biological replicate. Statistical 
significance was determined by two way ANOVA with Sidak’s multiple comparison tests (* p 
< 0.05, ** p < 0.01, *** p < 0.001). # = statistically significant interaction between genotype 
and age; + = statistically significant variation between young and aged mice; † = statistically 
significant variation between WT and NRK2.Tg mice. n = 5-12. B. Representative images of 
Immunohistochemical H + E staining along with staining of the leukocyte marker CD45 in 
steatotic liver positive control tissue, aged WT and NRK2.Tg quadriceps. CD45 positive cells 
are stained brown.  
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5.3.8 NRK2 is upregulated upon ITGA7 overexpression, though 

cytoskeletal and cell adhesion mediating proteins are not 

differentially regulated in aged NRK2.Tg skeletal muscle at the 

transcriptional level 

NRK2 has previously been linked with skeletal muscle structural and cytoskeletal 

components and the regulation of muscle fibre/ECM interactions including integrins and 

paxillin (17, 344, 345). The skeletal muscle critical cell-ECM binding mediator integrin α7β1 

subtype was shown to be of particular importance, with NRK2 overexpression disrupting 

C2C12 cell adhesion to laminin (342). Skeletal muscle regeneration and myonuclear 

positioning is also dependent on cell-ECM interactions (446, 502), and based on previous 

observations of centralised nuclei in NRK2.Tg skeletal muscle in section 5.3.6, expression 

levels of genes governing skeletal muscle cell adhesion were next assessed in the context of 

NRK2 overexpression.  

Utilising publically available gene expression microarray data generated by 

Mahmassani et al., 2017 in which Itga7 was overexpressed in a mouse model (343), it was 

determined that Nmrk2 was significantly upregulated in response to Itga7 overexpression in 

mouse skeletal muscle (Figure 5-16), suggesting that NRK2 and ITGA7 expression levels are 

possibly co-regulated (Figure 5-16).  
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Figure 5-16 – Integrin α7 (ITGA7) overexpression results in significant upregulation of NRK2 
in mouse gastrocnemius/soleus complex. Statistical significance was determined by 
student’s unpaired t test (* p < 0.05), n=3. Data obtained from Mahmassani et al., 2017 
(343). 

To explore this interaction further and investigate the wider consequences of NRK2 

overexpression for skeletal muscle cell adhesion, relative mRNA expression levels of critical 

cell adhesion and cytoskeletal components were therefore investigated in aged WT and 

NRK2.Tg quadriceps (Figure 5-17). Interestingly, subsequent Itga7 upregulation was not 

observed, together suggesting that NRK2 expression levels may be co-dependent on Itga7 

but not vice versa (Figure 5-17). Furthermore, no significant differences were detected in the 

main collagen isoform (Col1a1), ECM binding integrin alpha subunit 6 (Itga6) or integrin 

subunit β1 (Itgb1), with paxillin (Pxn) expression levels also unchanged (Figure 5-17). 

Expression levels of Cytoskeletal actin isoforms 2 and 3 (Act2/3), the membrane scaffolding 

protein, mechanotransducer and satellite cell differentiation modulator annexin (Anxa1) 

(503) and the integral membrane protein, endocytic facilitator and satellite cell activator 

caveolin 1 (Cav1) (504) were downregulated in NRK2.Tg skeletal muscle, but not significantly 

so (Figure 5-17). Furthermore, expression levels of the cytoskeletal linker protein plectin 
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(Plec), which is essential to myonuclear architecture and positioning (505) were also 

unchanged (Figure 5-17). These data indicate that NRK2 overexpression does not affect 

skeletal muscle structural processes at the transcriptional level. 
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Figure 5-17 – Expression levels of ECM, cytoskeletal and cell adhesion facilitating genes in 
aged WT and NRK2.Tg mice. Quantification of mRNA transcript levels in WT and NRK2.Tg 
quadriceps in 3 month and 20-22 month old female mice. Data presented as mean ± SEM 
with individual data points representing one biological replicate. Statistical significance was 
determined by student’s unpaired t test (* p < 0.05, ** p < 0.01, *** p < 0.001) n = 5. 
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5.3.9 Aged NRK2.Tg Skeletal Muscle Proteomics 

Though NRK2 has been associated with cell adhesion and skeletal muscle development (17), 

the NRK2 interactome remains largely unclear. Previous experiments have determined aged 

NRK2 overexpressing skeletal muscle as hypertrophic and structurally distinct, though 

investigations into skeletal muscle hypertrophic and atrophic pathways and cytoskeletal 

gene expression levels yielded no clear mechanisms responsible for these observations. 

Untargeted quantitative proteomics using sequential window acquisition of all theoretical 

mass spectra (SWATH-MS) was therefore performed on aged WT and NRK2.Tg quadriceps 

tissue to isolate potential pathways and ontological groups of importance in relation to the 

observed differences in NRK2.Tg skeletal muscle.  

Overall, 1606 proteins were detected of which 378 were differentially regulated in 

NRK2.Tg quadriceps according to analysis parameters detailed in section 5.2.6.3, including a 

1.7 fold upregulation of NRK2 itself (Figure 5-18). Several key observations emerged from 

this analysis including significant changes in proteostasis, cytoskeletal and ECM protein 

dynamics, mono-ADP ribosylation, acyl-CoA metabolism and calcium signalling. 
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Figure 5-18 – Volcano Plot of differentially regulated proteins in NRK2.Tg quadriceps 
relative to WT, plotting adjusted p value (y axis) against log fold change (x axis). 1606 
proteins were positively identified with 378 marked as dysregulated. Blue dots indicate 
downregulated proteins while red dots indicate upregulated proteins. The yellow dot 
represents NRK2. 

5.3.10 Gene Ontology 

Gene Ontology (GO) is a method of unbiased analysis for large protein expression datasets 

by which significantly dysregulated proteins are grouped into known biological processes, 

cellular components and molecular functions relative to control tissue, in this case allowing 

for insight into the cellular processes which are significantly affected by skeletal muscle 

NRK2 overexpression. In total, 104 GO terms were significantly enriched in NRK2.Tg 

quadriceps vs. WT quadriceps prior to correction for multiple comparisons via the elim 

pruning method (489). 

Gene LogFC p value

Nrk2 1.783 0.099
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5.3.10.1 Enriched biological processes 

Interestingly, several GO terms within the top 20 most dysregulated biological processes 

involved cell-cell adhesion, adherens junction organisation and actin cytoskeletal 

organisation in NRK2.Tg skeletal muscle, further supporting the proposed regulatory role of 

NRK2 in cell adhesion (Table 5-4). “Negative regulation of mitochondrion regulation” was 

also significantly enriched, suggesting mitochondrial dysregulation (Table 5-4).  

Table 5-4 – The top 20 most significantly dysregulated GO terms in the context of 
molecular functions. Red indicates involvement in energy metabolism, green indicates 
involvement in cell adhesion, ECM binding and cytoskeletal/contractile processes, and 
orange indicates involvement in skeletal muscle hypertrophy, atrophy and/or differentiation 
processes. 

 

Additional analysis of significantly dysregulated biological processes outside of the 

top 20 revealed further enrichment of many GO terms concerning cell adhesion, 

Top 20 dysregulated biological processes

Rank GO Term 
Elim p 
value

1 organic anion transport 0.0073

2 cellular iron ion homeostasis 0.0094

3 neural tube closure 0.0123

4 cellular copper ion homeostasis 0.0152

5 negative regulation of embryonic development 0.0152

6 positive regulation of neural precursor cell proliferation 0.0152

7 organophosphate ester transport 0.0187

8 negative regulation of inflammatory response 0.0229

9 cell-cell adhesion via plasma-membrane adhesion molecules 0.0229

10 inorganic cation import across plasma membrane 0.0262

11 negative regulation of mitochondrion organization 0.0362

12 protein localization to endosome 0.0364

13 positive regulation of dendritic spine morphogenesis 0.0364

14 positive regulation of substrate adhesion-dependent cell spreading 0.0364

15 regulation of protein localization to plasma membrane 0.0382

16 digestive system process 0.0471

17 regulation of Rho protein signal transduction 0.0471

18 regulation of adherens junction organization 0.0471

19 regulation of actin cytoskeleton organization 0.0492

20 maturation of SSU-rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA) 0.0496



Chapter 5   NRK2.Tg Muscle Functional Phenotype 

266 
 

actin/myosin and sarcomere dynamics, adherens junction formation, focal adhesion 

assembly and vesicle trafficking, indicating widespread dysregulation of cytoskeletal 

dynamics and cell adhesion processes in NRK2.Tg skeletal muscle (Table 5-5). Crucially, 

“Positive regulation of myoblast fusion” and “positive regulation of substrate adhesion 

dependent cell spreading” were also enriched upon NRK2 overexpression, directly opposing 

the phenotype observed in MIBP overexpressing myocytes which demonstrate impaired 

fusion, differentiation and laminin binding/deposition (341, 342). Interestingly, “ positive 

regulation of Ras protein signal transduction” and “positive regulation of insulin receptor 

signalling pathway” were also significantly enriched alongside “muscle hypertrophy” and 

striated muscle hypertrophy”, reflecting the observed increase in NRK2.Tg skeletal muscle 

mass (Table 5-5). Several GO terms concerning mitochondrial dynamics were also enriched 

involving mitochondrial fusion, membrane permeability and intracellular distribution 

suggesting that NRK2 could be important for regulating the mitochondrial network within 

skeletal muscle (Table 5-5). Enrichment of “triglyceride homeostasis” and “regulation of lipid 

biosynthetic process” may also indicate dysregulated lipid dynamics in NRK2.Tg muscle, 

while enrichment of glucocorticoid and steroid biosynthetic processes could potentially 

suggest a role of NRK2 in endogenous corticosteroid processing (Table 5-5).  
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Table 5-5 – Selected significantly dysregulated GO terms in the context of molecular 
functions. Red indicates involvement in energy metabolism, green indicates involvement in 
cell adhesion, ECM binding and cytoskeletal/contractile processes, and orange indicates 
involvement in skeletal muscle hypertrophy, atrophy and/or differentiation processes. 

 

5.3.10.2 Enriched cellular components 

Of the top 20 most significantly enriched GO terms for cellular components, many 

concerned clathrin mediated vesicle formation and vesicular transport indicating 

dysregulated membrane/cytoskeletal interactions, membrane vesicle formation and cell 

adhesion (506) (Table 5-6). Clathrin is also important in skeletal muscle for actin anchoring 

and sarcomere organisation (507). Furthermore, keratin and myosin filament proteins were 

dysregulated, which are critical to sarcomeric contractile function (Table 5-6), together 

Selected dysregulated biological processes (p < 0.1)

Rank GO Term
Elim p 
value

26 glucocorticoid metabolic process 0.0496

27 regulation of mitochondrial fusion 0.0496

29 negative regulation of mitochondrial membrane permeability 0.0496

30 positive regulation of Ras protein signal transduction 0.0496

31 positive regulation of insulin receptor signaling pathway 0.0496

32 intracellular distribution of mitochondria 0.0496

33 triglyceride homeostasis 0.0496

34 positive regulation of myoblast fusion 0.0496

35 negative regulation of cell adhesion 0.051

38 negative regulation of cell-cell adhesion 0.0521

39 negative regulation of actin filament depolymerization 0.0521

43 steroid biosynthetic process 0.0538

44 transmembrane receptor protein serine/threonine kinase signaling pathway 0.0538

45 muscle hypertrophy 0.0538

48 striated muscle hypertrophy 0.0538

47 negative regulation of actin filament polymerization 0.0538

48 regulation of actin filament organization 0.056

49 actomyosin structure organization 0.0606

53 positive regulation of adherens junction organization 0.0685

56 regulation of lipid biosynthetic process 0.0704

59 cell-substrate adherens junction assembly 0.0755

60 focal adhesion assembly 0.0755

61 actin filament depolymerization 0.076

62 regulation of actin filament depolymerization 0.076

64 contractile actin filament bundle assembly 0.077

65 regulation of actin filament bundle assembly 0.077

67 stress fiber assembly 0.077

68 vesicle-mediated transport to the plasma membrane 0.077
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indicating potential dysregulation of sarcomeric integrity in NRK2.Tg skeletal muscle (Table 

5-6). Enrichment of “mitochondrial outer membrane” and cAMP-dependent protein kinase 

complex” terms indicated potentially dysregulated mitochondrial function and substrate 

selection (Table 5-6). Furthermore, the small ribosomal subunit and eukaryotic translation 

initiation factor 3 complex (eIF3m) was significantly dysregulated indicating dysregulated 

protein translation in NRK2.Tg muscle (Table 5-6). 

 
Table 5-6 – The top 20 most significantly dysregulated GO terms in the context of cellular 
components. Red indicates involvement in energy metabolism, green indicates involvement 
in cell adhesion, ECM binding and cytoskeletal/contractile processes, and orange indicates 
involvement in skeletal muscle hypertrophy, atrophy and/or differentiation processes.  

 

5.3.10.3 Enriched molecular functions 

Further GO analysis in the context of dysregulated molecular functions highlighted “ankyrin 

binding”, and “fibronectin binding” and “clathrin binding”. Ankyrins modulate attachment of 

Top 20 dysregulated cellular components

Rank GO Term 
Elim p 
value

1 mitochondrial outer membrane 0.0041

2 clathrin-coated pit 0.0097

3 ciliary basal body 0.0154

4 Golgi apparatus 0.0171

5 cAMP-dependent protein kinase complex 0.0503

6 clathrin vesicle coat 0.0503

7 clathrin coat of coated pit 0.0503

8 trans-Golgi network transport vesicle 0.0503

9 clathrin-coated vesicle membrane 0.0503

10 keratin filament 0.0503

11 presynaptic endocytic zone 0.0503

12 presynaptic endocytic zone membrane 0.0503

13 coated vesicle membrane 0.0551

14 nuclear body 0.0629

15 plasma membrane protein complex 0.0661

16 clathrin-coated vesicle 0.0696

17 myosin filament 0.0696

18 eukaryotic translation initiation factor 3 complex, eIF3m 0.0696

19 cytosolic small ribosomal subunit 0.0723

20 extrinsic component of cytoplasmic side of plasma membrane 0.0777
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integral membrane proteins to the actin/β-spectrin based membrane cytoskeleton (508), 

while fibronectin is a key ECM protein which binds integrins mediating cell-ECM adhesion 

(509). Together these enriched GO terms imply dysregulated actin dynamics and cell 

adhesion in NRK2.Tg skeletal muscle, providing further support for the importance of NRK2 

in these processes. Additional enrichment of GO terms concerning cellular ATP dynamics and 

protein kinase A (PKA) mediated signalling imply metabolic perturbations, while 

dysregulated growth factor receptor binding could relate to the observed hypertrophy of 

aged NRK2.Tg skeletal muscle (Table 5-7). “Calmodulin binding” and “potassium channel 

activity” were also highly enriched, suggesting perturbed skeletal muscle depolarisation and 

calcium signalling in NRK2.Tg muscle (Table 5-7).  
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Table 5-7 – The top 20 most significantly dysregulated GO terms in the context of 
molecular functions. Red indicates involvement in energy metabolism, green indicates 
involvement in cell adhesion, ECM binding and cytoskeletal/contractile processes, and 
orange indicates involvement in skeletal muscle hypertrophy, atrophy and/or differentiation 
processes. 

 

Further to the top 20 dysregulated molecular function GO terms, “dynein light 

intermediate chain binding” and “motor activity” were enriched indicating dysregulated 

intracellular trafficking, possibly relating to dysregulated cytoskeletal mechanics (510) (Table 

5-8). “Lipid transporter activity” was also enriched, further indicating dysregulated fatty acid 

processing in NRK2.Tg skeletal muscle alongside “calmodulin-dependent protein kinase 

activity” which could suggest dysregulated calcium signalling (Table 5-8).  

Top 20 dysregulated molecular functions

Rank GO Term
Elim p 
value

1 symporter activity 0.0039

2 ankyrin binding 0.0046

3 steroid binding 0.0052

4 calmodulin binding 0.0103

5 potassium channel activity 0.0155

6 growth factor receptor binding 0.0155

7 exodeoxyribonuclease activity 0.0156

8 ATP transmembrane transporter activity 0.0156

9 ADP transmembrane transporter activity 0.0156

10 anion:anion antiporter activity 0.0156

11 protein kinase A regulatory subunit binding 0.0156

12 organic hydroxy compound transmembrane transporter activity 0.0156

13 transition metal ion binding 0.0156

14 clathrin binding 0.0156

15 organic anion transmembrane transporter activity 0.0256

16 ATP binding 0.0271

17 fibronectin binding 0.0475

18 arylesterase activity 0.0506

19 endodeoxyribonuclease activity 0.0507

20 transmembrane signaling receptor activity 0.0507
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Table 5-8 – The top 20 most significantly dysregulated GO terms in the context of 
molecular functions. Red indicates involvement in energy metabolism, green indicates 
involvement in cell adhesion, ECM binding and cytoskeletal/contractile processes, and 
orange indicates involvement in skeletal muscle hypertrophy, atrophy and/or differentiation 
processes. 

 

Taken together, GO analysis indicates that NRK2 overexpression results in 

widespread dysregulation of skeletal muscle cytoskeletal dynamics and cell adhesion 

processes, protein translation, mitochondrial dynamics, fatty acid processing and calcium 

signalling, which could offer insight into the molecular causes of aberrant skeletal muscle 

structure, nuclear positioning and hypertrophy observed in aged NRK2.Tg skeletal muscle. 

The potential molecular mechanisms behind these enriched GO terms were therefore next 

investigated through interrogation of specific genes which were identified as significantly 

dysregulated. 

5.3.11 NRK2 overexpressing skeletal muscle exhibits 

dysregulated proteostasis, acyl-CoA synthesis and calcium signalling 

proteins 

Previous experiments suggested that the skeletal muscle mTOR pathway was not 

differentially activated in NRK2.Tg skeletal muscle while there was a downregulation of the 

ubiquitin E3 ligase MuRF1, and thus the observed hypertrophy in aged NRK2.Tg skeletal 

Selected dysregulated molecular functions (p < 0.1)

Rank GO Term
Elim p 
value

21 dynein light intermediate chain binding 0.0507

22 motor activity 0.054

27 calmodulin-dependent protein kinase activity 0.0704

31 lipid transporter activity 0.0798
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muscle could be due to downregulated proteolysis pathways rather than increased protein 

synthesis. Conversely, SWATH-MS indicated that many proteasomal 20S core complex α and 

β subunit isoforms were upregulated in NRK2.Tg skeletal muscle, including proteasome 

subunits α2 (PSMA2), α4 (PSMA4), β3 (PSMB3), β4 (PSMB4), β5 (PSMB5) and β7 (PSMB7). 

The E2 ubiquitin conjugating enzyme ubiquitin conjugating enzyme E2 K (UBE2K) was also 

upregulated, though proteasome 26S subunits ATPase 1 (PSMC1) and 14 (PSMD14) were 

significantly downregulated (Figure 5-19), along with significant downregulation of the MyoD 

ubiquitinating E3 ligase HUWE1 (511). 

 
Figure 5-19 – Significantly dysregulated proteins in NRK2.Tg quadriceps concerning 
proteostasis as determined through SWATH-MS. Red indicates an upregulation in log fold 
change (LogFC) relative to quadriceps while blue represents a downregulation. n=6. 

Many proteins involved with ribosomal biogenesis and structure were 

downregulated, including many small 40s ribosomal subunit (RPS) and large 60s subunit 

(RPL) protein isoforms, as well as S6 kinase A6 (RPS6KA6) which is downstream of the mTOR 

skeletal muscle hypertrophy pathway and required for myoblast differentiation (512). A 

Proteasomal Subunits/

Ub Enzymes Ribosomal subunits Translation Initiation

Gene LogFC p value Gene LogFC p value Gene LogFC p value

Psmb5 0.994 0.017 Rps21 3.730 0.043 Eif4g2 -0.530 0.131

Psma2 0.766 0.248 Rps16 2.783 0.110 Eif3c -0.618 0.001

Psmd1 0.751 0.243 Rps3a1 1.084 0.177 Eif3i -0.785 0.029

Ube2k 0.688 0.224 Rplp2 0.675 0.089 Eif3b -0.826 0.077

Psmb7 0.621 0.078 Rpl8 -0.518 0.009 Eif3e -0.879 0.072

Psma4 0.575 0.225 Rps8 -0.548 0.052 Eif3h -1.860 0.131

Psmb4 0.541 0.027 Rpl6 -0.576 0.089

Psmb3 0.531 0.083 Rpl23a -0.584 0.003

Psmc1 -0.540 0.054 Rpl7a -0.597 0.017

Psmd14 -0.600 0.040 Rps5 -0.604 0.025

Huwe1 -1.407 0.022 Rps26 -0.682 0.117

Rps6ka6 -0.720 0.111

Rps9 -0.761 0.125

Rps25 -0.777 0.195

Rps4x -0.897 0.100

Mrpl49 -1.702 0.059
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concurrent upregulation in RPS21, 16, 3a1 and RPLP2 was also observed. Furthermore, 

several subunits of the eukaryotic translation initiation factor 3 (EIF3) complex were 

downregulated including EIF3b, EIF3c, EIF3e, EIF3h and EIF3i as well as the EIF4 subunit 

EIF4G2. Translational elongation is a critical step in protein production, and EIF3 deficiency 

causes a decline in mitochondrial capacity and skeletal muscle strength (513). Together, this 

suggests dysregulated protein translation and perturbations to proteostasis within NRK2.Tg 

skeletal muscle. 

5.3.12 NRK2 overexpressing skeletal muscle exhibits 

dysregulated acyl-CoA synthesis and calcium signalling proteins 

NRK2.Tg skeletal muscle also revealed a downregulation in enzymes that mediate the 

production of acyl-CoA from fatty acids, including acetyl-CoA acyltransferase (ACAA1) 1 and 

2 (ACAA2), ATP citrate lyase (ACLY), acyl-CoA dehydrogenase medium chain (ACADM), long 

chain fatty acid CoA ligase 1 (ACSL1) and acyl-CoA thioesterase 9 (ACOT9), along with an 

upregulation in Acetyl-CoA carboxylation and dehydrogenation enzymes Acetyl-CoA 

carboxylase 2 (ACACB) short/branched chain acyl-CoA dehydrogenase (ACADSB) (Figure 

5-20). Histidine triad nucleotide binding 2 (HINT2) was the most significantly dysregulated 

gene with a 4.2 fold downregulation, which has been found to be essential for mitochondrial 

function and glucose/lipid processing (514). These perturbations suggest a link between 

fatty acid oxidation and NRK2, although no significant differences were observed in 

mitochondrial FAO respiratory capacity in young, aged or NR supplemented NRK2.Tg mice, 

suggesting these observations may not be phenotypically relevant. An upregulation in 

calcium signalling proteins was also observed, including a 6.6 fold increase in 
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Calcium/calmodulin dependent protein kinase IIγ (CAMK2G) and a 4 fold upregulation of 

ryanodine receptor 1 (RYR1), though CAMK2D was significantly downregulated (Figure 5-20). 

 
Figure 5-20 – Significantly dysregulated proteins in NRK2.Tg quadriceps concerning fatty 
acid and acyl-CoA processing and calcium signalling as determined through SWATH-MS. 
Red indicates an upregulation in log fold change (LogFC) relative to quadriceps while blue 
represents a downregulation. n=6. 

5.3.13 Aged NRK2.Tg skeletal muscle exhibits dysregulation of 

cytoskeletal, ECM, cell adhesion and organelle motility proteins 

Many cytoskeletal proteins were downregulated in NRK2.Tg skeletal muscle despite few 

changes observed at mRNA level in section 5.3.8, including the actin associated proteins β-

actin Like Protein 2 (ACTBL2), α-Actin Cardiac Muscle 1 (ACTC1), F-Actin-Capping Protein α2 

(CAPZA2), and actin cap proteins tropomodulin 1 (TMOD1) and 4 (TMOD4). Myocilin (MYC) 

and the sarcomeric F-actin binding protein myotilin (MYOT) were also significantly 

downregulated, both of which are important for actin related sarcomeric organisation (515-

517), as well as nebulin-related anchoring protein (NRAP) which anchors terminal actin 

filaments to the membrane and is enriched at MTJs (518, 519). Profilin1 (PFN1) was also 

downregulated ~4.5 fold. Profilins are critical actin binding proteins that modulate 

FA/Acyl-CoA Processing Calcium Signalling 

Gene LogFC p value Gene LogFC p value

Acadsb 3.524 0.170 Camk2g 6.644 0.140

Acacb 2.800 0.039 Ryr1 3.853 0.228

Hacd1 -0.707 0.226 Camk2b 0.988 0.223

Acaa1a -0.607 0.004 Camk2d -0.729 0.014

Acaa2 -0.626 0.053

Acsl1 -0.809 0.018

Acadm -1.179 0.049

Acot9 -1.502 0.001

Acly -2.395 0.137

Hint2 -4.18185 0.001
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cytoskeletal and sarcomeric integrity, though the PFN1 isoform is of more importance in 

cardiac muscle (520, 521). The critical myogenic differentiation and cytoarchitecture 

regulator cysteine and glycine-rich protein 3 (CSRP3) was also downregulated (522).  

Alongside potentially dysregulated actin dynamics, a 2-3.4 fold downregulation in the fast 

twitch fibre associated myosin heavy chain isoforms 1 (MYH1) and the slow twitch 

associated myosin heavy chain isoform 7 (MYH7), as well as the embryonic myosin heavy 

chain isoform 3 (MYH3) alongside a 2.5 fold upregulation in MYH8, suggesting dysregulated 

actin/myosin dynamics within type I and type IIB fibres (Figure 5-21). The myosin chaperone 

UNC45B was also downregulated, which has been implicated as important for myofibrillar 

formation (523). Additionally, the cell adhesion associated protein cadherin EGF LAG seven-

pass G-type receptor 3 (CELSR3) was also downregulated as well as ECM associated collagen 

subunits COL1A1 and the skeletal muscle specific type IV collagen subunit Collagen Type 6 

α2 Chain (COL6A2), despite no previously observed differences in COL1A1 mRNA expression 

levels. A ~2 fold upregulation of keratin isoforms 1, 75 and 79 (KRT1, KRT75, KRT79) was also 

observed suggesting structural and compositional changes in intermediate filaments.  
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Figure 5-21 – Significantly dysregulated proteins in NRK2.Tg quadriceps concerning 
actin/myosin dynamics, intermediate filaments and cytoskeletal dynamics/organelle 
motility as determined through SWATH-MS. Red indicates an upregulation in log fold 
change (LogFC) relative to quadriceps while blue represents a downregulation. n=6. 

Interestingly, the dynein protein subunit Dynein Cytoplasmic 1 Heavy Chain 1 

(DYNC1H11) was downregulated with Dynein Light Chain LC8-type 2 (DYNLL2) significantly 

upregulated in NRK2.Tg skeletal muscle. Dynein is a microtubule associated motor protein 

which is essential for movement and positioning of organelles, including the positioning of 

nuclei within myofibres (524). It is therefore possible that cytoskeletal defects coupled with 

dysregulated dynein mediated nuclear locomotion are contributing factors in the aberrant 

centrally located nuclei observed in NRK2.Tg skeletal muscle fibres. In all, such widespread 

differences at the protein level could indicate major dysregulation of cytoskeletal integrity 

and function as well as disruptions to cell adhesion and ECM remodelling.  

Actin/myosin Dynamics Intermediate Filaments
Cytoskeletal Dynamics and 
Organelle Motility

Gene LogFC p value Gene LogFC p value Gene LogFC p value

Myh8 2.475 0.121 Krt75 2.625 0.043 Dynll2 1.983 0.028

Cap1 -0.535 0.081 Krt79 2.148 0.066 Nrap -0.505 0.033

Actbl2 -0.550 0.013 Krt1 2.121 0.198 Myot -0.538 0.026

Capza2 -0.637 0.220 Col1a1 -0.792 0.016

Csrp3 -0.824 0.051 Col6a2 -1.495 0.209

Tmod4 -0.865 0.080 Dync1h1 -1.657 0.156

Unc45b -1.172 0.099 Myoc -2.078 0.212

Myh4 -2.107 0.104 Celsr3 -4.719 0.089

Actc1 -2.149 0.191

Tmod1 -2.460 0.216

Myh1 -3.154 0.028

Myh7 -3.389 0.036

Pfn1 -4.452 0.112
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5.3.14 Aged NRK2.Tg skeletal muscle has dysregulated cell-ECM 

adhesion proteins including NAD+ dependent ARTs 

Differential expressions of proteins which mediate the formation of ECM and cell-ECM 

interactions were also identified in NRK2.Tg skeletal muscle. The basement membrane 

component laminin α4 chain (LAMA4), a component of laminin 8, 9 and 14 (525) was 

identified as significantly upregulated alongside a downregulation in fibromodulin (FMOD) 

which is required for ECM assembly and can modulate myostatin signalling during myoblast 

differentiation (526) (Figure 5-22). The critical skeletal muscle fibre sarcolemmal/plasma 

membrane stabilising, cell-ECM adhesion anchoring and signalling protein dystrophin (DMD) 

was also significantly downregulated (527). Furthermore, an upregulation in Cavin4 was 

identified. Cavin4 is a muscle specific protein that is thought to promote formation of 

caveolae at the plasma membrane (528). Caveolae are thought to be important for cell 

adhesion signalling (528), and Cavin4 has also been implicated as important for sarcolemmal 

stability and myogenesis in zebrafish (529). 

 
Figure 5-22 – Significantly dysregulated proteins in NRK2.Tg quadriceps concerning cell-
ECM adhesion as determined through SWATH-MS. Red indicates an upregulation in log fold 
change (LogFC) relative to quadriceps while blue represents a downregulation. n=6. 

Cell adhesion/ECM Proteins Mono-ADP ribosyltransferases

Gene LogFC p value Gene LogFC p value

Lama4 1.820 0.154 Arl3 0.733 0.095

Cavin4 0.690 0.001 Art1 0.655 0.123

Fmod -0.512 0.110 Art3 0.639 0.012

Dmd -0.650 0.002 Arl6ip5 0.565 0.069

Arf1 -0.543 0.228

Arf5 -1.733 0.004
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Alongside these changes, ADP-ribosyltransferase 1 (ART1) and 3 (ART3) were 

upregulated in NRK2.Tg skeletal muscle alongside ADP-Ribosylation Factor-Like 6 Interacting 

Protein 5 (ARL6IP5 and ADP-Ribosylation Factor-Like 3 (ARL3) as well as subsequent 

downregulation of ADP-ribosylation factor 1 (ARF1) and 5 (ARF5). ARFs are small, membrane 

localised G proteins that regulate cell membrane structure and vesicle formation and also 

influence phospholipid dynamics, with ARF6 being critical for myoblast fusion (530). A 

proposed role of NRK2 in cell adhesion and skeletal muscle/ECM binding involves the 

generation of a membrane localised NAD+ pool, allowing NAD+ dependent ARTs to catalyse 

the mono-ADP ribosylation of integrins which facilitates integrin/laminin binding (17, 344, 

345), with the membrane tethered extracellular ART1 isoform being required for mono-ADP 

ribosylation of integrin α7 (273, 274, 276, 277).These observations may therefore indicate an 

NAD+ salvage specific consequence of NRK2 overexpression associated with cell adhesion 

dynamics, further implying an intrinsic link between NRK2 and ARTs in skeletal muscle.  

Taken together, these observations suggest that NRK2 overexpression results in widespread 

changes to the skeletal muscle proteome, particularly concerning proteostasis, 

cytoskeletal/sarcomeric regulation and cell adhesion/ECM binding. Though this data cannot 

determine whether such changes are as a direct or indirect result of NRK2 overexpression, it 

can serve to highlight potential areas which are worthy of further scrutiny to further clarify 

the causes of skeletal muscle hypertrophy and altered histological structure within aged 

NRK2.Tg skeletal muscle.  
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5.4 Discussion 

This chapter determined that NRK2 overexpression increases muscle mass and physical 

strength, particularly within aged skeletal muscle. Significant mRNA upregulation of the 

skeletal muscle hypertrophy inducing growth factor Igf2 was identified in NRK2.Tg skeletal 

muscle, implying upregulated hypertrophy signalling as a potential cause alongside 

significant downregulation of skeletal muscle atrophy as indicated by significantly lower 

mRNA levels of the ubiquitin E3 ligase Trim63. Key markers of mTOR pathway activation 

were comparable between both young and aged WT and NRK2.Tg muscle, though levels of 

the Trim63 protein product MuRF1 were strongly trending downwards in aged NRK2.Tg 

skeletal muscle relative to aged WT muscle, reflecting Trim63 mRNA levels. Further 

histological analysis revealed an increase in skeletal muscle fibre CSA alongside evidence of 

fibre regeneration in the form of centralised nuclei concentrated around the muscle bed 

periphery, and activation of the UPR and chronic inflammation were discounted as 

potentially confounding pathological causes. NRK2 has been implicated as a critical mediator 

of skeletal muscle development, differentiation and cell-ECM adhesion (341, 342, 344, 345), 

but NRK2 overexpression did not affect mRNA levels of critical skeletal muscle cell adhesion 

genes. However, subsequent analysis of the NRK2.Tg proteome indicated widespread 

dysregulation of these processes in NRK2.Tg skeletal muscle alongside potential 

perturbations to skeletal muscle proteostasis, fatty acid processing and calcium signalling. 

IGF2 is a critical activator of skeletal muscle growth pathways during embryonic 

myogenesis (531), and is also induced during regeneration and differentiation of adult 

skeletal muscle (423). Autocrine and paracrine activity through insulin receptor binding of 
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IGF2 is necessary for satellite cell differentiation, resulting in expression of MRF genes such 

as Myog (532). IGF2 mediated signalling subsequently induces skeletal muscle differentiation 

though PI3K/AKT (533) with the induction of the Igf2 gene itself governed by mTOR signalling 

and amino acid availability (423), which may possibly relate to the dysregulated proteostasis 

implied by proteomics analysis within NRK2.Tg skeletal muscle. Interestingly, an association 

between NRK2 and IGF2 has been identified through a high throughput protein interaction 

screen (534). Furthermore, overexpression of the catalytically inactive NRK2 isoform MIBP 

impairs myoblast differentiation (341) indicating a role for NRK2 in this process, for which 

IGF2 is also a critical mediator (532). Though the specific dynamics of this interaction are 

unknown, this study provides further evidence for the importance of NRK2 and IGF2 in 

skeletal muscle and also implies that Nmrk2 and Igf2 could be co-regulated.  

Upregulation of IGF2 could therefore be considered as a molecular mechanism 

responsible for the increased muscle mass and evidence of myofibre regeneration upon 

overexpression of NRK2 in aged muscle, with IGF signalling being capable of driving skeletal 

muscle hypertrophy, regeneration and differentiation (532, 535-537). However, though Igf2 

mRNA was significantly upregulated, levels of phosphorylated AKT, p70S6K and rpS6 were 

not increased implying no significant upregulation of mTOR and PI3K/AKT signalling. 

Alongside the insulin receptor, IGF2 also has a high affinity for the IGF2 receptor (IGF2R), 

which serves to sequester and degrade IGF2 attenuating IGF2/IR driven hypertrophic 

signalling (538). IGF2R is upregulated in Duchenne muscular dystrophy (DMD) and mdx mice, 

contributing to the atrophic phenotype (539). The pathology of DMD is driven by mutated 

dystrophin, which disrupts cytoskeletal and ECM interactions (527, 540). Dystrophic muscle 

is also characterised by increased centralised nuclei due to constant regeneration (527, 540), 
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drawing parallels with the observed NRK2.Tg histological phenotype, though paradoxically 

NRK2.Tg skeletal muscle fibres were larger and conferred greater grip strength in aged 

NRK2.Tg mice. Given the evidence that constitutive NRK2 overexpression causes 

dysregulated skeletal muscle cell-ECM adhesion, IGF2R may also be upregulated and thus 

partially attenuating IGF driven hypertrophic pathways, which further experiments must 

determine. 

It is also possible that the misplaced nuclei in NRK2.Tg skeletal muscle are due to 

impaired cytoskeletal dynamics, with untargeted proteomics identifying potentially 

widespread dysregulation of cytoskeletal integrity and organelle trafficking motor proteins 

such as dynein. After myoblast fusion, myofibrillar nuclei are centralised by dynein transport 

along microtubules and spread out along the length of the myotube by the kinesin-1 motor 

protein before migrating and anchoring to the periphery by desmin and nesprin (453). 

Significantly increased incidences of multiple nuclei within the same 5 µm section could 

indicate a failure at the nuclear spreading phase in regenerated NRK2.Tg myofibres, though 

no significant dysregulation of the microtubule network, kinesins, nesprin or desmin were 

identified. Peripheral nuclear positioning is thought to influence skeletal muscle function 

through regulation of myonuclear domains, and different subsets of myonuclei exist which 

preferentially localise to cell-cell junctions including NMJs and MTJs (541). Though the 

functional relevance of these precisely positioned nuclei remains unclear, it is remarkable 

that aged NRK2.Tg mice appear stronger despite possessing a significantly elevated 

proportion of fibres with aberrantly positioned myonuclei, coupled with potential 

disruptions to cytoskeletal and sarcolemmal organisation.  
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Another possibility is that the cytoskeletal and sarcolemmal perturbations were 

secondary features of impaired cell-ECM adhesion, as significant dysregulation of ART and 

ARF enzymes in NRK2.Tg skeletal muscle was also detected. Importantly, the critical ectoART 

ART1 was significantly dysregulated, which is required for NAD+ dependent mono-ADP 

ribosylation of integrin α7 facilitating skeletal muscle/laminin binding (274-277). 

Furthermore, dysregulation of the laminin 8, 9 and 14 component laminin α4 and the ECM 

assembly facilitator fibromodulin implied perturbed laminin organisation (525) alongside 

significant dysregulation of the cytoskeletal/ECM binding mediators dystrophin and cavin4. 

In support of these observations, a recently published study found that NRK2KO mice 

developed dilated cardiomyopathy with age and were vulnerable to injury through pressure 

overload (374). Disordered laminin deposition between cardiomyocytes and a loss of 

integrin α7 expression with age was found to be a driving mechanism alongside depleted 

cardiomyocyte NAD+ levels (374), drawing remarkable parallels with the effects of 

catalytically inactive MIBP overexpression in skeletal muscle which likely arose due to 

competitive inhibition of NRK2/integrin α7β1 binding and subsequent local NAD+ depletion 

(341, 342). Together, these observations corroborate previously hypothesised models in 

which NRK2 is required for the dynamic generation of a membrane proximal NAD+ pool 

which maintains laminin organisation and muscle/ECM binding in response to muscle growth 

and regeneration (17, 344, 345), further implicating NRK2 as an important regulator of 

cell/ECM adhesion.  

NAD+ dynamics are clearly important during skeletal muscle development, with a 

detectable decrease in NAD+ in fully differentiated myotubes relative to myoblasts (542) 

which closely follows the pattern of NRK2 expression during myogenesis (15, 341). However, 
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changes to the NAD+ metabolome induced through NRK2 may be subtle and highly 

compartmentalised, and may therefore be undetectable using whole cell quantification 

methods. Further experiments could spatially visualise membrane proximal NAD+ pools using 

sarcolemma and/or ECM targeted NAD+ biosensors (201, 209, 210) with concurrent 

visualisation of spatial and temporal NRK2 expression levels throughout skeletal muscle 

remodelling. Furthermore, relative ADP-ribosylation status of the critical integrin receptor 

subunits α6 and α7 could also be assessed in NRK2.Tg skeletal muscle, offering valuable 

insight into the relationship between NRK2, NAD+ and skeletal muscle cell adhesion.  

Despite few differences in mTOR and AKT activation levels, aged NRK2.Tg skeletal 

muscle beds were significantly larger and aged NRK2.Tg mice were stronger implying that 

NRK2.Tg skeletal muscle at least partially resists age related sarcopenia. The observed 

downregulation in both Trim63 mRNA and MuRF1 protein levels in aged NRK2.Tg muscle 

could therefore constitute an alternative mechanism of hypertrophy. MuRF1 levels in aged 

WT mice were elevated relative to young WT mice while aged NRK2.Tg remained 

comparable to young mice, implying that downregulated atrophic pathways could be 

responsible for the observed resistance of NRK2.Tg mice to sarcopenia. However, age 

related skeletal muscle loss is mainly thought to be driven by resistance to anabolic signals 

rather than upregulated atrophy pathways (297). Furthermore, previous studies have 

determined that Atrogin1 and MuRF1 are counterintuitively downregulated in ageing 

skeletal muscle, implying that the molecular mechanisms of sarcopenia are distinct from 

drivers of acute atrophy (543). This suggests that decreased MuRF1 expression is unlikely to 

be behind the observed sarcopenic resistance of NRK2.Tg skeletal muscle. However, skeletal 

muscle hypertrophy has also been associated with increased proteasomal activity driven by 
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FOXO1 and FOXO3a independently of Atrogin1 and MuRF1 (544), indicating that 

hypertrophy involves an increase in both protein synthesis and degradation. Indeed, 

untargeted proteomics determined that proteasomal dynamics were significantly 

dysregulated in aged NRK2.Tg skeletal muscle alongside ribosomal dynamics and protein 

elongation, thus constituting an area in which further targeted analysis is required to fully 

elucidate the molecular mechanisms behind increased muscle mass in aged NRK2.Tg muscle. 

Increased skeletal muscle mass with age was not consistent across all muscle beds 

assessed within NRK2.Tg mice. Significant hypertrophy was not present in the predominantly 

glycolytic TA muscle bed in either young or aged NRK2.Tg mice of both sexes, while 

conversely the predominantly oxidative soleus muscle was significantly larger in young 

NRK2.Tg mice despite no other muscle beds being relative enlarged at a young age. 

Comparatively, mixed fibre type quadriceps and gastrocnemius muscles were only 

significantly larger with advancing age. Disparate endogenous NRK2 expression levels 

between TA and soleus allude to the varying importance of this pathway depending on 

skeletal muscle type (15), and these observations could imply that the hypertrophic effects 

of NRK2 overexpression may be specific to type I muscle fibres. It is possible that any 

augmentation of the NAD+ metabolome by NRK2 overexpression could augment type I fibres 

more than type II fibres due to their increased reliance on NAD+ for oxidative metabolism. 

Elevated NRK2.Tg skeletal muscle NAD+ levels were only observed in young male animals 

during night hours, but NRK2 overexpression could influence NAD+ flux rates which cannot 

be detected by absolute quantification methods, thereby requiring more detailed analysis 

utilising isotopically labelled precursors.  
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Though NRK2.Tg muscle fibres appeared regenerative, mTOR/AKT signalling 

pathways were not significantly upregulated in NRK2.Tg skeletal muscle and the pro-

regenerative MRF genes Myf5, MyoD, Mrf4 and Myog (439, 545) were not elevated relative 

to WT levels despite an increase in Igf2 mRNA, the expression of which is closely linked to 

MRF expression (537, 546, 547). Furthermore, no evidence of an active immune response 

was detected including an absence of infiltrating leukocytes and comparable levels of pro-

inflammatory cytokines and macrophage markers between WT and NRK2.Tg muscle (439). It 

is therefore possible that the increased incidence of fibres containing centralised nuclei is 

indicative of historic regeneration, though further quantification of quiescent and activated 

satellite cell markers within aged NRK2.Tg skeletal muscle is required to confirm this, such as 

through immunostaining for satellite cell activation status in whole muscle sections or gene 

expression levels in isolated satellite cell populations. The predominantly peripheral location 

of centrally nucleated fibres is also indicative of past regeneration, as centralised nuclei 

return to the periphery more quickly in regenerated skeletal muscle fibres with greater 

innervation and blood supply (454), and capillary density is higher in the deep sections of 

rodent muscle relative to superficial white regions of larger mixed fibre type muscles such as 

the quadriceps and gastrocnemius (548, 549).  

Future experiments must therefore determine the point at which this regeneration 

occurs in the lifecycle of the animal across different skeletal muscle beds. The zebrafish 

NRK2 ortholog Nrk2b is critical for embryonic myomere development resulting in improper 

laminin polymerisation and disrupted cell-ECM binding at MTJs when knocked out (344), but 

skeletal muscle NRK2 expression levels may be comparable to WT during embryogenesis in 

this model given low Acta1 expression levels in embryonic muscle stem cells (373) and initial 
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ACTA1-Cre mouse embryo validation experiments only detecting strong cre expression in 

somites with differentiated embryonic muscle (352). It is however clear from the untargeted 

proteomics analysis that NRK2 overexpression results in widespread dysregulation of cell 

adhesion and cytoskeletal integrity in adult skeletal muscle. 

 Endogenous NRK2 is strongly expressed prior to myoblast fusion, falling dramatically 

upon differentiation to myotubes (15, 341). This temporal modulation of NRK2 expression 

appears critical, with constitutive overexpression of the catalytically inactive NRK2 splice 

variant MIBP impairing myoblast differentiation, cell adhesion and laminin deposition in 

C2C12s (341, 342), likely through competitive inhibition of NRK2 binding to integrin α7β1. 

Interestingly, no perturbations to mRNA levels of the myogenic differentiation signalling 

protein paxillin were observed in NRK2.Tg muscle despite MIBP/NRK2 levels having been 

reported to directly influence paxillin protein levels and phosphorylation status, constituting 

a potential mechanism by which NRK2 affects myogenic differentiation (342, 344, 345). It is 

possible that this effect was present but not reflected at the transcriptional level, and future 

experiments should seek to quantify paxillin protein levels and phosphorylation status in 

NRK2.Tg muscle.  

The presented data indicate that constitutive skeletal muscle NRK2 overexpression 

causes dysregulation of myoblast differentiation in vivo, which is of particular importance 

during periods of intense skeletal muscle remodelling and growth such as during 

adolescence (550, 551). Given the inhibitory effect of MIBP overexpression on myoblast 

fusion and differentiation (341, 342), it is possible that constitutive overexpression of NRK2 

dysregulates these processes through specific augmentation of membrane proximal NAD+ 

pools during phases where endogenous NRK2 is downregulated (15), enabling increased 
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levels of integrin α7β1 ADP-ribosylation through elevated ART activity. Significant 

enrichment of protein pathways mediating positive regulation of myoblast fusion and 

substrate adhesion in NRK2.Tg muscle alongside widespread dysregulation of cell adhesion 

processes supports this assertion, though it should be noted that markers of active skeletal 

muscle regeneration were not significantly upregulated. This suggests that a transient, 

hyper-regenerative phenotype may be induced during incidences of upregulated skeletal 

muscle hypertrophy (537). This augmented hypertrophy could persist with age, particularly 

as regenerating and undamaged fibres within injured muscle are protected against apoptosis 

(552) and further damage by genes such as Zeb1 (553). Similarly, NAD+ dependent cell-ECM 

interactions are critical to skeletal muscle regeneration and repair (275, 439) with NRK2 

upregulation identified post skeletal muscle injury (326). Experiments assessing the in vivo 

response of NRK2 overexpressing skeletal muscle to injury would therefore provide further 

insight as to this assertion and the role of NRK2 in skeletal muscle regeneration as a whole, 

establishing whether the observed regenerative phenotype corresponds with increased 

regenerative capacity upon acute injury. 

Alternatively, it is possible that low levels of regeneration and myofibre turnover 

remain active within aged NRK2.Tg skeletal muscle, where upregulation of MRFs may be 

subtle and restricted to satellite cells and therefore undetectable in mRNA derived from 

whole muscle lysate. Interestingly, the observed NRK2.Tg myofibre phenotype bears a 

striking resemblance to a recent study which noted a significant increase in centrally 

nucleated skeletal muscle myofibres upon conditional knockout of N- and M-Cadherin, 

crucially without acute injury as was observed in this case (461). Cadherins are adhesion 

proteins which mediate interactions between stem cells and niche cells at adhesive junctions 
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(AJs) between satellite cells and myofibres (461), with known roles in myogenesis (554, 555) 

and regulation of satellite cell activation, commitment and differentiation (556, 557). N and 

M cadherin was determined to be inessential for skeletal muscle development but critical to 

the maintenance of satellite cell quiescence in adult muscle (461). Conditional removal of N- 

and both N- and M-Cadherin resulted in a non-pathological, pseudo-regenerative response 

due to expansion of a partially activated population of Pax7+/MyoD+/Myf5- satellite cells, 

resulting in hyperactivation of muscle fibre regeneration without stimulus from acute injury 

(461). Further analysis identified disruption to AJs through aberrant localisation of β-catenin 

at the cell periphery and nucleus rather than the apical membrane, which was identified as a 

driver for self renewal of the partially activated satellite cell population due to upregulation 

of axin2, a positive regulator of β-catenin signalling (461). M- and N-Cadherin KO myoblasts 

failed to fuse in vitro drawing further parallels with the proposed function of NRK2 as 

evidenced by fusion inhibition upon overexpression of catalytically inactive MIBP (341, 342). 

Though MyoD mRNA expression levels were not significantly elevated in NRK2.Tg 

skeletal muscle and no differences in cadherin, β-axin2 expression were detected with 

untargeted proteomics from whole muscle lysate, the observed disruptions to cell adhesion 

and cytoskeletal organisation processes could have an indirect effect on the stability of the 

satellite cell niche in NRK2.Tg skeletal muscle through perturbations to the basal lamina 

and/or apical membrane. It is important to note that the expression levels of endogenous 

NRK2 are linked to levels of integrin α7β1, which mediates important physical interactions 

between the satellite cell actin cytoskeleton and laminin within the basal lamina (343, 462). 

NRK2 may therefore indirectly regulate the transduction of physical signals promoting 

satellite cell activation, with overexpression resulting in satellite cell hyperactivation and the 
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observed regenerative phenotype. In this context, upregulation of IGF2 may therefore 

constitute a secondary autocrine/paracrine driver of satellite cell differentiation as a result 

of aberrant satellite cell activation due to niche instability (423, 532, 536, 547, 558), 

ultimately resulting in continuous regeneration and hypertrophy of skeletal muscle which 

directly opposes age related sarcopenia. Notably, adult soleus muscle has a two- to fourfold 

higher proportion of satellite cells than TA and EDL muscle which also exhibit greater 

regeneration capacity (60), with more satellite cells localised to type I fibres relative to type 

II (43, 559). The fact that the hypertrophic phenotype was more prominent in NRK2.Tg 

soleus and mixed muscle beds over predominantly fast twitch TA supports this satellite cell 

driven hypothesis. This concept therefore remains an interesting possibility, necessitating 

further targeted investigations across all muscle bed types including quantification of niche 

and AJ morphology, satellite cell numbers, subpopulations and activation status through 

immunofluorescence staining of specific markers including Pax7, MyoD, MyoG, Mrf5, β-

catenin and axin2.  

Importantly, ageing increases satellite cell senescence and decreases overall satellite 

cell numbers, impairing the ability of aged muscle to regenerate (171). Interestingly, 

repletion of NAD+ via oral NR supplementation resulted in renewal of regenerative capacity 

through restored mitochondrial function, significantly increasing the lifespan of mice (171). 

Stem cells are thought to primarily rely on glycolysis to meet energetic requirements, 

imposing further demand on cellular NAD+ levels (560). A significant decline in NAD+ levels 

was indeed identified within satellite cell populations from 22-24 month old mouse muscle, 

with NR supplementation effectively replenishing aged satellite cell NAD+ levels back to 

levels found within satellite cells derived from young mice (171, 476, 477). Based on this 
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evidence, it is also possible that NRK2 overexpression could replicate this effect through 

increased capacity of NAD+ repletion via NR in satellite cells, contributing towards the 

regenerative phenotype.  

If dysregulated regeneration is a contributing factor, it is important to consider the 

nature of regeneration. Satellite cells can differentiate and fuse to pre-existing fibres as well 

as form entirely new myofibres (50, 61, 461). Newly derived fibres are characterised by long 

strings of central nuclei, while fusion of satellite cells to pre-existing fibres results in widely 

dispersed central nuclei along the longitudinal plane (461). Determination of this would 

allow for insight into the specific mechanisms of regeneration which are involved, 

highlighting satellite cell subsets which may be relevant to the phenotype (50, 61). 

Longitudinal or serial transverse myofibre sectioning and subsequent visualisation of nuclear 

positioning and the cytoskeleton is therefore required to further investigate these 

possibilities and define any potential mechanisms. 

In all, there is significant evidence to suggest that the NRK2.Tg regenerative 

phenotype is driven by dysregulation of satellite cell activation. However, the activation 

state of the NRK2.Tg transgene within satellite cells remains unclear throughout embryonic 

myogenesis, juvenile and adult muscle development and repair. As ACTA1 is a major 

component of the sarcolemma (561), strong overexpression of NRK2 may only occur upon 

fusion and differentiation into striated muscle. Absent Acta1 expression within embryonic 

muscle progenitor cells suggests that NRK2 overexpression is minimal within embryonic 

myogenic precursors in this model (373). However, within adult mouse satellite cells, 

absolute levels of Acta1 mRNA were observed to be low relative to differentiated muscle yet 

still detectible (562). Furthermore, the actin cytoskeleton plays an important part in 
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activation of satellite cells in response to physical signals (343, 462) and sarcomeric α-actin 

has been detected in activated satellite cells within adult skeletal muscle (563) suggesting 

some degree of Acta1 transcription. NRK2 may therefore be overexpressed sufficiently 

within satellite cells to drive such a phenotype within this model, particularly if a “pseudo-

activated” population of satellite cells is present due to disrupted niche/ECM interaction 

(461). It is also possible that overexpression of NRK2 in striated muscle causes dysregulation 

of laminin deposition which would cause inherent niche instability without NRK2 

overexpression within satellite cells (342). Direct quantification of spatiotemporal NRK2 

expression levels within satellite cells across all stages of quiescence, activation, 

proliferation, fusion and differentiation with assessment of satellite cell niche integrity is 

therefore required to further investigate this hypothesis.  

In all, the data presented in this chapter describes an unforeseen consequence of 

skeletal muscle NRK2 overexpression in the form of augmented skeletal muscle mass. This 

effect was more pronounced in aged mice and accompanied with functional improvements 

in grip strength, strongly suggesting that NRK2 overexpression confers at least partial 

resistance to age related skeletal muscle loss. Histological analysis of NRK2.Tg skeletal 

muscle revealed an increase in average myofibre CSA alongside an elevated proportion of 

fibres featuring centralised nuclei. Despite significantly increased skeletal muscle Igf2 levels, 

skeletal muscle hypertrophic pathways driven by mTOR and PI3K/AKT signalling were not 

definitively activated, while skeletal muscle Murf1 levels were attenuated. Though the 

specific molecular mechanisms driving this phenotype remain elusive, the specific 

importance of NRK2 mediated NAD+ salvage for cell adhesion and therefore skeletal muscle 

regeneration and differentiation was reinforced. The experimental evidence presented in 
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this chapter suggests periods of historic muscle fibre regeneration and hypertrophy, which 

may have occurred as a result of ongoing regeneration due to disrupted cell-ECM adhesion 

during periods of elevated skeletal muscle growth (537, 550) and/or in response to a loss of 

function of other muscle groups, which could be more widely affected at this stage than 

others (564) (Figure 5-23). There is also strong evidence to suggest satellite cell 

hyperactivation through niche disruption as a potential driver given the similarities of the 

NRK2.Tg phenotype to such a model (461) and the roles of NRK2 in regulating 

integrin/laminin interactions and laminin deposition (341, 342, 344, 345, 374) (Figure 

5-23)Targeted experiments are required to further define this phenotype, particularly 

concerning the age of onset and the status of skeletal muscle hypertrophic and atrophic 

pathways at this time, any potential bias between fibre types, and the specific molecular 

perturbations which occur as a result of NRK2 overexpression in the context of basal lamina 

organisation and integrity, muscle/ECM interactions and satellite cell properties. 



Chapter 5   NRK2.Tg Muscle Functional Phenotype 

293 
 

 
Figure 5-23 – Potential molecular, cellular and phenotypic consequences of constitutive 
skeletal muscle NRK2 overexpression. NRK2 overexpression promotes cell-ECM adhesion 
processes (A) which leads to dysregulated myogenesis and remodelling through 
overpromotion of integrin/laminin binding (B). This could result in hyperactive skeletal 
muscle regeneration and hypertrophy during periods of muscle remodelling which persists 
with age or ongoing regeneration in aged muscle without acute injury, which would need to 
be defined with further experiments (C). If NRK2 overexpression is also present within 
satellite cells or significant dysregulation of ECM protein organisation is present, 
dysregulated laminin-integrin-actin cytoskeleton interactions could promote a partially 
activated subset of satellite cells as described in Goel et al., 2017 (461) which drive the 
observed regenerative NRK2.Tg phenotype (D). Future work should prioritise investigating 
these potential mechanisms in developing animals across all ages and across different 
muscle bed types. 
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The importance of NAD+ in metabolism is now widely appreciated as both a redox cofactor 

and a consumed substrate for signalling processes governing metabolic homeostasis and 

adaptation. As the mediator of locomotion and the largest and most metabolically flexible 

site of energy metabolism in the body, the status of the skeletal muscle NAD+ metabolome is 

intrinsically linked to skeletal muscle health (11). Skeletal muscle health is essential for 

physical strength and whole body metabolic health. This is of particular importance amidst 

an increasingly sedentary and ageing world population in which sarcopenia is becoming 

increasingly common, bringing with it a range of clinically demanding comorbidities and 

significant curtailment of healthspan (1, 4-7, 9, 10). 

Recent research strongly suggests an age related decline in skeletal muscle NAD+ 

levels to which age related metabolic decline and sarcopenia is at least partly attributable 

(11, 171, 180, 184, 284, 292, 315, 387), prompting widespread research into endogenous 

skeletal muscle NAD+ repletion mechanisms and potential therapeutic strategies concerning 

NAD supplementation. Skeletal muscle homeostasis is primarily reliant on NAD+ salvage from 

NAM via NAMPT (11, 15). However, salvage from the alternative dietary precursor NR (160) 

via NRK2 constitutes an auxiliary route to NAD+, which is dispensable for general NAD+ 

homeostasis but significantly more efficacious for cellular NAD+ boosting upon exogenous 

substrate supplementation (15). Furthermore, exploitation of the NR/NRK pathway is a more 

viable option with regards to age related NAD+ decline due to downregulation of NAMPT 

with age (104, 105), inhibition of SIRTs via NAM (132, 140, 141) and self regulation of 

NAMPT by NAD+ (142).  

Of late, several highly informative skeletal muscle NRK gain and loss of function 

studies have been performed (15, 16, 320), identifying the NRKs as rate limiting for the 
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production of NAD+ from NR, their necessity for exogenous NMN processing and the 

functional redundancy between NRK1 and NRK2 in this regard (15, 16). However, the in vivo 

metabolic and functional consequences of NRK augmentation in skeletal muscle were poorly 

understood. Skeletal muscle NRK2 upregulation has been observed in conditions of chronic 

redox stress (325) and has a varied circadian expression pattern, suggesting that it is induced 

as a compensatory response during periods of high metabolic demand. The primary 

objective of this thesis was therefore to define the metabolic consequences of chronic 

lifetime NRK2 overexpression in skeletal muscle, further defining the metabolic niche of the 

NR/NRK salvage pathway and assessing its relevance as a therapeutic target in combating 

age related metabolic decline. Furthermore, NRK2 is also upregulated in skeletal muscle 

injury (326) and has hypothesised roles in skeletal muscle cell adhesion involving the 

generation of a cell membrane proximal NAD+ pool required for ADP-ribosylation of integrins 

to facilitate cell/ECM binding (17, 341, 342, 344, 345, 374). Based on such evidence, this 

thesis also sought to further define these potential specific roles of NRK2 in the context of 

chronic NRK2 overexpression.  

Young NRK2.Tg mice developed normally and had a similar capacity for acute 

exercise compared to WT mice, indicating that NRK2 overexpression did not impair skeletal 

muscle development and growth despite the perturbations to cell adhesion proteins 

identified within aged NRK2.Tg skeletal muscle. Though NRK2 overexpression did not 

significantly affect the NAD+ metabolome during periods of inactivity, Phosphorylation of NR 

to NMN via NRK2 was determined as the rate limiting step in the production of skeletal 

muscle NAD+ in both TA and soleus muscle, manifesting as an additive increase in total NAD+ 
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levels in NRK2.Tg mice upon IP administration of NR and agreeing with current knowledge 

derived from in vitro assessments (15, 16).  

Evidence was also presented for elevated skeletal muscle NAD+ levels during night 

hours in male NRK2.Tg mice, though this was subsequently re-assessed in females and not 

determined to be present, suggesting potential sex differences in the metabolic relevance of 

individual NAD+ salvage routes. Ultimately, this suggests that metabolic quantification 

should be repeated in male mice alongside females, but it was identified early in the study 

that the ankle joints of male NRK2.Tg mice were significantly enlarged, enflamed and 

stiffened as the mice aged irrespective of WT or NRK2.Tg genotype. The cause of these 

observations remained unknown, but would have significantly confounded any home cage 

metabolic assessment due to abnormal behaviour and rendered any exercise and grip 

strength studies on aged mice impossible, constituting a study limitation.  

Skeletal muscle specific NRK2 overexpression did not significantly affect the oxidative 

metabolic phenotype of young mice both basally and in response to acute exercise. 

Augmentation of the NAD+ metabolome through skeletal muscle NAMPT overexpression in 

young mice was previously determined to be ineffectual due to pre-existing NAD+ sufficiency 

(315), explaining these observations. This also indicated that nullifying NRK2 circadian 

expression dynamics through constitutive overexpression did not affect metabolic 

phenotype, implying that circadian variations of NRK2 expression levels are not 

metabolically relevant in the context of young and healthy animals. This study was limited in 

that NAD+ and TCA cycle metabolites could only be determined as a snapshot of absolute 

whole tissue levels. Further assessment of metabolic flux rates within the skeletal muscle 

NAD+ metabolome, endogenous NR and NMN levels and central carbon metabolite flux 
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using isotopically labelled tracers would therefore be beneficial for increasing confidence in 

these observations.  

NRK2 overexpression did not significantly affect the functional metabolic phenotype 

of aged mice, with few differences present in whole body metabolic phenotype upon 

assessment via indirect calorimetry. However, aged NRK2.Tg mice had significantly higher 

ΔRER values when normalised to body weight relative to aged WT mice, suggesting that 

NRK2.Tg mice are more metabolically flexible. This was interesting given the significantly 

increased skeletal muscle mass in aged NRK2.Tg mice observed in chapter 5, which may have 

shifted the lean mass of NRK2.Tg mice upwards relative to WT mice, increasing the 

proportion of metabolically plastic skeletal muscle and therefore impacting on metabolic 

phenotype. Though subsequent increases in body weight and gonadal fat mass were 

discounted, precise lean body mass measurements were not available, and utilising 

equipment such as a dual energy x-ray absorptiometer (DEXA) could provide further 

confidence in these observations going forward. No other whole body metabolic parameters 

were significantly different in NRK2.Tg mice, though a recent study which reported 

protection against sarcopenia and an improvement in endurance exercise capacity in aged 

male PGC1-α overexpressing mice also did not identify a subsequent improvement in whole 

body metabolism (565), implying that increased skeletal muscle mass is not always 

associated with significant metabolic improvements that are detectible with traditional 

methods. 

PGC1-α is a target of SIRT1 and induces mitochondrial biogenesis (234, 389, 566), 

with the same study also reporting an increase in endurance capacity. Given the upwards 

but non-significant trend in FAO capacity in aged NRK2.Tg TA, assessment of acute and 



Chapter 6  Discussion 

299 
 

endurance exercise capacity in aged NRK2.Tg mice would have been informative as to the 

relevance of NRK2 during exercise in a suboptimal metabolic model, but this was hampered 

by an inability to motivate aged mice to run as well as an inability to exercise mice to 

exhaustion within the guidelines of the current project licence. The lack of significant 

metabolic differences in aged NRK2.Tg muscle was interesting given that untargeted 

proteomics flagged up significant dysregulation of fatty acid processing and calcium 

signalling, though it is possible that the functional impact of such dysregulation may have 

been compensated by other undetected genes or simply have been too subtle to detect with 

the assay methods utilised.  

Contrary to recent research (11, 171, 180, 184, 284, 292, 315, 387), the aged mice in 

this study did not present with significantly depleted skeletal muscle NAD+ besides a 

significant decline in total NAD+ levels during the night which was not improved in NRK2.Tg 

mice. Due to licence restrictions, aged mice were metabolically assessed in vivo at 18-20 

months of age and sacrificed for skeletal muscle NAD+ quantification between 21-23 months 

old. Though the majority of cited studies which noted a decline in skeletal muscle NAD+ 

levels used mouse models aged 24 months or older, there is evidence for a significant 

decline at 22 months of age (184) which was not replicated in this study. This suggests that 

the intended aim of examining the metabolic consequences of NRK2 augmentation in a 

system of NAD+ deficit was not achieved, though a recent study in humans has suggested 

that skeletal muscle NAD+ may not decline significantly under “normal” ageing (176). Though 

skeletal muscle NAD+ repletion through oral NR has shown to improve severely impaired 

metabolic phenotypes due to critical depletion of NAD+ (11), NAD+ boosting may therefore 

not be an effective strategy for combating age related metabolic decline under normal 
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conditions in humans, and efforts should be refocused on metabolic disease states in this 

regard. The same study observed significant increases in the NAM clearance metabolite 

MeNAM but ultimately no increase in skeletal muscle NAD+ levels upon oral NR 

supplementation (176), as was also identified in both WT and NRK2.Tg aged mice. This 

corroborates studies suggesting that exogenous NR may not be available to skeletal muscle 

in its original form but as NAM derived from degradation of the exogenous NR through first 

pass metabolism and/or in the bloodstream (314, 315), indicating that oral administration of 

NR may not be optimal for boosting skeletal muscle NAD+ levels outside of the NAM/NAMPT 

salvage pathway due to degradation of NR to NAM. 

The increase in aged NRK2.Tg skeletal muscle mass was not expected, and could not 

be explained simply by a general augmentation of NAD+ salvage pathways and thus 

improved muscle metabolism with age, especially given that aged WT and NRK2.Tg skeletal 

muscle NAD+ levels were comparable. Furthermore, studies using skeletal muscle 

overexpressing NAMPT models have reported an improved oxidative phenotype with age 

and greater endurance capacity following training, but not increased muscle bed weights 

(11, 315, 316) indicating that this effect is directly associated with NRK2 rather than general 

NAD+ augmentation. Conversely, the mice used in this study were sedentary, and soleus 

muscles were significantly larger in NRK2.Tg mice even at a young age. This early onset of 

soleus augmentation and lack of mass increase at any stage in TA could indicate a skeletal 

muscle fibre type specific effect of NRK2 overexpression, which requires further clarification 

through identifying any potential correlations between fibre type and regeneration status as 

well as any potential fibre type switching. As has previously been noted (15), endogenous 

NRK2 levels were higher in the predominantly glycolytic TA relative to the oxidative soleus 
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implying that NRK2 may be of more importance in glycolytic muscle. However, this could 

also mean that NRK2 overexpression produces a more significant effect where levels are 

usually low. Comprehensive assessment of this phenotype within fast twitch TA and slow 

twitch soleus muscle alongside the previous analysis of quadriceps is required going forward 

to establish this. 

A more widespread increase across all muscle beds assessed was noted in aged 

animals as well as increased grip strength, suggesting that NRK2.Tg mice partially resist age 

related loss of skeletal muscle mass and function. Induction of the UPR and chronic 

inflammation were discounted as potential confounding causes, and further controls will be 

assessed to increase confidence in these observations including ACTA1-cre only control 

mice. Though the skeletal muscle growth factor Igf2 was significantly upregulated alongside 

a downregulation in the atrophy promoting ubiquitin E3 ligase MuRF1 in aged skeletal 

muscle, no significant upregulation of skeletal muscle hypertrophy signalling was observed. 

Histological analysis of aged muscle revealed a high incidence of centrally nucleated 

myofibres in NRK2.Tg skeletal muscle, though inflammatory pathways and skeletal muscle 

regeneration markers were not significantly upregulated, which together imply historic 

regeneration. However, striking parallels can be drawn between the NRK2.Tg phenotype and 

M- and N- cadherin KO mice in which the regenerative phenotype is driven by a subset of 

pseudo-activated satellite cells due to niche instability (461), constituting a potential driving 

mechanism which requires further investigation. Though the specific molecular mechanisms 

could not yet be determined due to time constraints, untargeted proteomics indicated 

widespread disruption to cell adhesion processes and cytoskeletal dynamics as well as 

positive regulation of fibroblast fusion and substrate binding in aged NRK2.Tg skeletal 
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muscle, further highlighting the importance of NRK2 in this role (344, 345) and implying 

persistent regeneration in aged NRK2.Tg muscle. This phenomenon has also not been 

reported in other models involving manipulation of other skeletal muscle NAD+ salvage 

mechanisms, suggesting that this role is specific to NRK2 (11, 15, 16, 315, 316). Future work 

should consider investigations into NRK2.Tg satellite cell dynamics and longitudinal 

sectioning of NRK2.Tg skeletal muscle to visualise sarcomeric structure, nuclear positioning 

across the long axis, positioning of structural/regenerative proteins including NRK2, and the 

appearance of NMJs/MTJs and further myofibrillar ultrastructure to determine key areas of 

dysregulation.  

Some of the data presented appears paradoxical, and it is not clear whether the 

observed phenotype in aged NRK2.Tg mice is benign, beneficial, or even potentially 

deleterious. The NRK2.Tg phenotype is not outwardly obvious at any stage of the life cycle, 

with young mice developing normally and presenting no metabolic or behavioural 

differences. The sarcopenic resistance and increased grip strength in aged NRK2.Tg animals 

would appear beneficial, though no overt metabolic benefits or changes to the NAD+ 

metabolome were observed. Regenerated fibres can be indicative of skeletal muscle 

malfunction as is apparent within dystrophic phenotypes (499, 500) and Igf2 is upregulated 

in response to muscle injury (537, 567), though regenerated fibres within healthy muscle are 

protected from apoptosis and further inflammatory damage induced by nearby damaged 

fibres (552, 553). Assessment of NRK2.Tg mouse lifespan via Kaplan-Meier survival curves 

would provide more information regarding this, but was not possible due to the constraints 

of the project licence. 
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Considering the data presented, it is possible that in H6PDKO muscle, NRK2 is not 

upregulated to alleviate severe metabolic and redox stress (325) but indirectly induced as a 

result of the extensive pathological skeletal muscle remodelling which follows (324), 

particularly given that NRK2 is strongly upregulated in response to skeletal muscle injury 

(326) and the fact that NRK2 induction and association with integrins is necessary for 

myoblast fusion (341, 342). Under normal conditions, the specific role of NRK2 in generating 

a membrane proximal NAD+ pool to maintain skeletal muscle cell/ECM cohesion may be of 

more prominence than NAD+ generation for metabolic homeostasis in skeletal muscle, which 

is mainly perpetuated by NAM recycling via NAMPT (15) (Figure 6-1). Use of NAD+ biosensors 

to determine spatially distinct NAD+ pools could serve to further determine this (201, 209, 

210).  

 
Figure 6-1 – Proposed roles of NRK2 in skeletal muscle. NRK2 mediated NAD+ salvage from 
NR is dispensable for endogenous skeletal muscle metabolic homeostasis, but the 
contribution of NR to the metabolic NAD+ pool could be increased if NR can be effectively 
delivered intact to skeletal muscle (A). However, NRK2 generates a membrane proximal pool 
of NAD+ facilitating cell-ECM adhesion, dynamically regulating structural homeostasis (B).  
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Based on this model, chronic overexpression of NRK2 may disrupt the stoichiometric 

balance of CMAC complex assembly and/or NRK2 and paxillin recruitment as well as the 

temporal NRK2 induction patterns which appear functionally relevant (341, 342), causing 

dysregulated skeletal muscle cell/ECM adhesion towards a more pro-adhesive phenotype. 

Constitutive NRK2 overexpression may also perturb myoblast differentiation due to the 

observed downregulation of endogenous NRK2 at this point (15). Such dysregulation may 

manifest critically during periods of increased skeletal muscle remodelling such as during 

adolescence or in response to injury, resulting in compensatory upregulation of myofibrillar 

hypertrophy as is observed during regeneration (537, 550) and in models of depleted muscle 

function (564). The effects of this hypothetical model are apparent upon examination of 

histological examination of aged NRK2.Tg skeletal muscle, which could also be initially driven 

and perpetuated with age through satellite niche instability favouring a pro-regenerative 

phenotype in absence of acute injury (461). 

In summary, this thesis has supplemented current knowledge of the metabolic 

relevance of the NR/NRK2 route to NAD+ in skeletal muscle, reinforced the specific 

importance of NRK2 in skeletal muscle structure and function, and identified that NRK2 

overexpression may potentially alleviate age related skeletal muscle loss. The evidence 

presented suggests that augmentation of skeletal muscle NRK mediated NAD+ salvage via 

overexpression of NRK2 does not increase skeletal muscle NAD+ levels with age and that oral 

NR supplementation may not be an optimal strategy for raising skeletal muscle NAD+ levels. 

Despite this, NRK2 has specific and compartmentalised roles within skeletal muscle which 

lead to increased skeletal muscle mass and strength when it is constitutively overexpressed, 

potentially prolonging healthspan in aged individuals. Future research should seek to further 
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clarify the specific molecular mechanisms by which this phenomenon initially occurs and is 

maintained with age. 
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