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Abstract 

Protein synthesis is the predominant process enabling skeletal muscle to adaptively regulate 

its size. The synthesis of new proteins is regulated by both the capability of the existing protein 

synthetic machinery - the ribosome - to translate mRNAs, a process termed ‘translational 

efficiency’; and by the quantity of available ribosomes for translation, a process called 

‘translational capacity’. This is primarily defined by ribosome biogenesis. Translational 

efficiency has been a major focus in muscle research field, however little is known about the 

role of translational capacity and ribosome biogenesis during regulation of muscle mass. The 

aim of this thesis is to investigate the role of the ribosome biogenesis during muscle growth 

and muscle growth impaired conditions. Experimentally, the analyses focused on the 

expression of the precursor ribosomal RNA (45S pre-rRNA), the rate-limiting step of ribosome 

biogenesis. Additionally, the upstream pathways leading to the ribosomal DNA transcription 

were also investigated.   

The initial studies of this thesis aimed at evaluating whether in healthy subjects, a growth 

stimulus such as a single bout of resistance exercise (RE) and further repeated RE training 

(RT) promotes ribosome biogenesis. It was demonstrated that rDNA transcription is 

upregulated for 2 days following RE. Chronically, RT promoted increase in ribosome RNA 

content, and more importantly, the increase in rRNA was associated with changes in muscle 

mass. Following the determination that ribosome biogenesis occurs during muscle growth, the 

role of ribosome biogenesis during muscle growth impaired conditions such as muscle 

inflammation, disuse and ageing was also analysed. It was found that ribosome biogenesis 

was reduced in those conditions, paralleling muscle loss or inability to increase muscle mass.  

Thus it was established that ribosome biogenesis is an important mechanism regulating 

muscle mass. Resistance exercise activates pathways associated with ribosome biogenesis 

resulting in increased pre-rRNA expression. Additionally, muscle inflammation and limb 

immobilisation impair muscle ribosome biogenesis and reduce rRNA content. Ageing also 

appears to impair the RE-induced increase in pre-rRNA. Muscle reloading and high doses of 

whey protein promote ribosome biogenesis in middle-aged and older subjects. Combined, 

these data demonstrate that ribosome biogenesis may be a rate limiting step of muscle growth.  
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Introduction 
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 Skeletal muscle – importance for health 1.1

Skeletal muscle is the largest tissue in the human body, compromising approximately 40% of 

the total body weight (or 28kg in an average 70kg human) (435). Skeletal muscle cells are 

predominantly composed of sarcomeric proteins arranged in tandem repeats. These 

sarcomeres are the basic contracting unit of the muscle, and are composed of the various 

myofibrillar proteins including myosin, actin, tropomyosin, and titin. More than 70% of the 

protein in muscle cells is made up of these myofibrillar proteins (163). Contractions of the 

myofibrillar proteins enable the main function of the skeletal muscle tissue. From a gross 

anatomical function, skeletal muscle provides postural control and locomotion. Several specific 

muscles also participate in additional physiological functions, such as the diaphragm muscle, 

which actively supports the lungs during breathing.  

Beyond contractile activity, skeletal muscles are the major tissue responsible for the uptake of 

circulating glucose (339). Greater muscle mass has been associated with better insulin 

sensitivity and lower risk for diabetes (385). Poor insulin sensitivity in the muscle has major 

health consequences, including playing a causal role in the pathogenesis of atherogenic 

dyslipidaemia, metabolic syndrome, diabetes and cardiovascular disease (324). Furthermore, 

diminished muscle mass has been associated with longer hospitalisation, rehabilitation care, 

and dependency of mechanical ventilation, and increased complications due to infection (325). 

The importance of skeletal muscle to health also extends to its less-defined role as an organ 

system. Skeletal muscle can produce many cytokines and muscle-specific isoforms of growth 

factors that have autocrine, paracrine and/or endocrine actions in neighbouring myofibres or 

other tissues. Furthermore, muscle produces an insulin-like growth factor-1 (IGF-1) isoform 

(IGF-1 Ec), also called mechano-growth factor (268). Skeletal muscle cells have been shown 

to produce and secrete hundreds of proteins (59, 151). A proportion of these are cytokines, 

with those established as having a direct role in skeletal muscle termed myokines. These exert 

regulatory roles both locally and on other tissues (317). For instance, myokines such as 

meteorin-like protein (Metrnl) (338), Irisin/FNDC5 (36, 179), myostatin (235, 275), and musclin 

(303) have been shown to exert a wide range of physiological roles. These myokines may alter 

the metabolism not only in skeletal muscle but also in other tissues such as adipose (338), 

bone (73), and brain (2, 318). 

Given the importance of muscle in locomotion, and in key aspects of metabolic function, it is 

not surprising that this tissue is important for the maintenance of optimal health. The concept of 
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exercise as medicine is increasingly recognised, and regular physical activity can exert a 

significant impact on overall health, preventing and treating highly prevalent diseases, such as 

diabetes, hypertension, and cancer (319, 320). Physical function and fitness variables, such as 

aerobic capacity (24, 332, 391, 438), walking speed, chair rising time (55, 76, 398) and muscle 

strength (8, 76, 171, 237, 245, 277, 300, 310, 336, 337, 352, 353) have been widely 

recognised as strong predictors of mortality and survival rates among people of all ages.  

Similarly, muscle mass is inversely associated with mortality risk in the elderly population, 

those undergoing haemodialysis, and critically ill patients (65, 135, 165, 200, 227, 281, 384, 

436). The rapid loss of skeletal muscle has also been associated with higher mortality rates 

(234, 397). Although a clear association has been observed, the reduction in muscle mass 

association with mortality could be seen as merely an indirect feature of poor health, i.e., 

diseases lead to waste in many tissues including muscle. This has, however, been 

experimentally tested. Zhou et al (476) treated mice with an antagonist of the myostatin 

receptor ActRIIB. Cancer cachexia was initiated and muscle wasting occurred as expected in 

the placebo treated animals. However, the ActRIIB antagonist prevented the loss of muscle 

mass and markedly increased life span even though it had no effect on tumour size. These 

findings show experimentally that muscle mass has a direct and independent effect on life 

span. 

Not only promoting a healthy life-style, but also strategies for muscle mass hypertrophy (either 

by encouraging healthier choices, such as physical activities and nutrition, or via pharmacology 

treatments that stimulate muscle mass accretion) may increase life span. Deciphering the 

regulation of the molecular mechanisms controlling muscle mass and the pathways associated 

with it are vital to understand and to promote strategies and treatments to increase or maintain 

muscle size. 

 Skeletal muscle across the lifespan 1.2

Skeletal muscle is a tissue of considerable plasticity and has the capacity to adapt to 

challenges imposed throughout the lifetime of an organism. With appropriate stimulation, such 

as resistance training, it can increase in size and strength, whereas mal-adaptation may 

promote muscle atrophy and degeneration. Many health conditions directly or indirectly affect 

the skeletal muscle tissue, which may increase morbidities and risk of mortality. Some of these 

conditions may cause the skeletal muscle to waste. In such conditions, the muscle starts to 

lose its contractile material and weakens which, in turn, leads to a loss of independence 



4 
 

whereby the affected individual is not able to undertake the physical tasks required for 

everyday living. Understanding the molecular pathways that regulate muscle growth and 

atrophy pathways are critical for future interventional approaches, either through lifestyles 

changes or via novel therapeutic strategies.  

 Muscle development 1.2.1

Mature myofibres are complex multinucleated cells. Progenitor muscle cells are the 

mononucleated myoblasts. During development, myoblasts proliferate, thus increasing the 

amount of muscle cells, and these cells later differentiate into myotubes/myofibres (Figure 1). 

The multinucleated, post-differentiated myotubes do not proliferate; instead, these cells can 

experience an increase in the number of myonuclei via fusion of the satellite cells. 

 

Figure 1. Muscle cell development. Mononucleated myoblasts proliferate and increase in 

number. Myoblasts can differentiate and fuse with each other into multinucleated 

myotubes/myofibres under particular stimulatory conditions. 

 

During muscle embryonic devolvement, muscle tissue growth depends on the proliferation and 

differentiation of muscle progenitor cells (20). Progenitor cells will fuse, becoming a larger 

oblong myofiber with multiple myonuclei while other progenitor cells remain as mononucleated 
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satellite cells. Postnatally, satellite cells reduce in number as myonuclei increase (467). The 

relevance of satellite cells in muscle development is also apparent in juvenile skeletal muscle. 

However, in fully mature muscle tissue, progenitor cells reduce considerably in number and 

become quiescent satellite cells (20, 239). As the number of these cells reduces with 

maturation, also does their relevance in muscle metabolism. For instance, the requirements for 

satellite cell are not widespread for muscle regeneration, as the key satellite cell protein Pax7 

is required during regeneration in juveniles but dispensable in adulthood (238). Moreover, 

satellite cells have also been shown to be dispensable for muscle growth in adult muscle 

subjected to mechanical loading (118, 273). Interestingly, during muscle development, all 

myonuclei appear to be transcriptionally activated, whilst in fully mature myofibres, myonuclear 

transcriptionally activity declines and the majority are inactive, even though all myonuclei are 

transcriptionally competent (299). Thus, myonuclear number may limit growth during 

development, but it seems unlikely to be a limiting factor in fully differentiated myofibres. During 

periods of increased demands, such as muscle regeneration, myofibres can markedly increase 

the number of active myonuclei (299).Therefore, it appears that adult muscle tissue relies 

extensively on its existing myonuclei and that satellite cells play a lesser part in maintenance 

and growth over time compared to those in younger muscle tissue.    

 Muscle maintenance 1.2.2

After puberty, a constant muscle mass is maintained under normal conditions, until the onset of 

muscle senescence. Certain diseases, a lack of physical activity, and/or inadequate nutrition 

can alter muscle protein metabolism and result in muscle atrophy. Conversely, regular physical 

activity (especially resistance training) coincident with proper nutrition can positively alter 

protein metabolism resulting in muscle hypertrophy. These processes depend upon the 

metabolism of muscle cells, especially on the existing myonuclei and myofibre components, as 

stated above. Therefore, muscle responds adaptively to physical activity and/or nutrition by 

increasing or decreasing its metabolism, especially protein metabolism. It is usually noted that 

a positive net balance in protein or nitrogen needs to be matched to support muscle 

hypertrophy, whilst atrophy is a result of a negative protein or nitrogen balance (37, 219, 347, 

361). This balance is maintained and regulated by a wide range of pathways, with cues coming 

from hormonal, nutritional, mechanical and energy signals (272, 361).  

It is known that muscle starts to deteriorate and lose mass and function with ageing - the effect 

of ageing in muscle mass will be discussed in the next subsection. However, regarding the 

maintenance of muscle mass, the onset of muscle loss related to ageing appears to initiate 
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during middle-age years (45-60 years old). Whilst research has focused on comparing young 

versus aged adults, research in middle-aged subjects seems to be important to determine the 

triggers of muscle loss. Recently, research studies in middle-aged subjects has been of 

particular interest because this population shows an accelerated muscle loss in response to 

muscle disuse (6). Therefore, although muscle mass may remain constant in adults, 

disturbances in protein metabolism either by illness or muscle disuse can negatively affect 

muscle metabolism leading to significant loss of muscle mass, especially in middle-aged 

individuals compared to young adults. 

 Ageing 1.2.3

Life expectancy has increased in an almost linear fashion in developed countries since the end 

of the 19th century (64). People aged >65 years old worldwide are projected to outnumber 

those aged <5 years old within this decade for the first time in human history (458). 

Populations worldwide are cumulatively ageing due to societies transitioning from high 

mortality and high fertility rates to relatively low mortality and low fertility rates. This is 

particularly true for developed countries as New Zealand (470). In 2010, more than 13% of the 

New Zealand population was 65+, and this is predicted to reach 20% of the population by the 

late 2020s (470). In 2010, there were more than 500 million people worldwide that were 65+ 

(8% of world’s population), and this figure is predicted to triple by 2050 (reaching 16% of the 

world’s population) (458). Most of the improvements in mortality have been accomplished 

through medical, nutritional, educational, hygiene and public health improvements (413). 

Despite the revolutionary improvements in human health span experienced in the past century, 

the elderly still suffer from disproportionately high rates of diseases and comorbidities 

compared with younger individuals (462). Ageing is accompanied by a wide range of different 

diseases, such as Alzheimer’s disease, osteoporosis, atherosclerosis, cancer, diabetes (462). 

The health implications of the associated diseases and comorbidities with ageing cause an 

economic burden to societies (28, 78, 176). Thus a major challenge is to both understand the 

effects of ageing on physical health, and to manage these factors in order to prevent and treat 

the physical disability and the associated diseases. 

1.2.3.1 The ageing muscle 

Ageing is a process that inherently leads to loss of skeletal muscle mass (175, 241, 249, 313). 

This loss of muscle mass with ageing is accompanied by reduced muscular strength (241, 

249). Loss of both muscle mass and strength contributes to disability and impairs mobility and 
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function; both of which increase the risk of falls and fractures (174, 241) affecting independent 

living and quality of life (78, 457). 

The effects of ageing on muscle mass occur in a wide range of mammalian species besides 

humans. For instance, dogs and cats (111), short-lived (155) and long-lived mammals (154), 

many different species of cetaceans as dolphins (375), nematodes (153, 456) and the fruit fly 

Drosophila melanogaster (11) show to some extent deleterious effects of ageing on muscle 

analogous to sarcopenia. Additionally, primates such as the rhesus monkey exhibit a similar 

sarcopenic signature to humans (74, 274, 334). Sarcopenia therefore appears to be an 

inherent biological process of ageing. However, ageing is also accompanied by a decrease in 

physical activity, differences in nutrition patterns and increased incidences of disease (137, 

190). Thus behavioural components likely play an important role in accelerating sarcopenia. 

Furthermore, aiming to improve those behaviours may minimise or delay the effects of ageing 

in muscle (190). 

As mentioned above, the loss of muscle mass due to ageing is termed sarcopenia (sarco 

meaning flesh, and -penia meaning lack or deficiency). The term was first coined to specifically 

characterise the loss of muscle mass due to ageing (348). Recently, the loss of muscle 

strength associated with ageing was incorporated into the definition of sarcopenia by the 

European Working Group on Sarcopenia in Older People (78). As an aspect of frailty in elderly 

people, sarcopenia contributes to an increase in morbidity and mortality in this population (53, 

112, 289, 300, 373, 433, 457). Frailty in humans is considered a syndrome that affects elderly 

people when at least three of the following symptoms are present: weight loss/sarcopenia, low 

physical activity, muscular weakness, slowness, exhaustion/low energy (53, 78, 112). It is 

debatable whether the loss of muscle mass is the cause or consequence of any of the 

aforementioned symptoms. However it is clear that the maintenance of muscle mass plays an 

integral role in mitigating most of those symptoms. In this regard, interventions against 

sarcopenia have been reported to ameliorate physical frailty (289). In fact, it has been 

estimated that up to 5% of all death among older people could be delayed by countering frailty 

(373). 

1.2.3.2 Characteristics of the ageing muscle 

Although muscle mass and strength are reduced during ageing, these variables are not as 

clearly related to each other in older subjects as they are in healthy young subjects, because 

there is also a reduction in muscle quality during ageing – i.e., reduction of torque generated 

per area of muscle. The loss of muscle quality is an important feature of sarcopenia. Loss of 
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strength occurs more rapidly than loss of muscle mass; even during periods when muscle 

mass is increasing or maintained, strength loss may still occur (132). A possible explanation for 

a decrease in muscle quality with ageing is an accumulation of non-muscle tissue/components, 

such as connective tissue and adipose tissue, within muscle tissue (4, 34, 118, 130, 193, 230, 

416). In this regard, Newman et al. (300) have shown that muscle strength is correlated with 

mortality, but in some cases, muscle mass is not. This discrepancy could be explained by the 

lack of adjustment of muscle cross-sectional area for the non-muscle tissue within the muscle 

compartment. This possibility was pointed-out by researchers decades ago (39, 183, 276). 

Additionally, different methods of measuring muscle mass or area within the same study could 

generate different correlations with muscle strength, also because of the non-muscle 

components within the cross-sectional area and muscle mass (276). For instance, fat 

infiltration occurs with ageing (130, 131, 230, 416), which should be taken into account when 

analysing cross-sectional area data in this population.  

The effect of sarcopenia is mainly observed in type II myofibres, and is not as prevalent in type 

I fibres (180, 241, 274, 302). In fact, type I fibre area has been reported to increase modestly 

with ageing (274). Also, sarcopenia seems to affect type II fibres in weight–bearing muscles 

compared to non-weight-bearing muscles (160). Consequently, muscles that respond the most 

to hypertrophic stimuli seem to be the same ones that are susceptible to atrophy during ageing. 

Therefore, resistance training seems to be a good preventative measure for counteracting 

sarcopenia, given that entering an elderly age with a greater muscle mass could contribute to a 

subsequently healthier life. 

Muscle mass decreases significantly after 45 years of age in humans (175) and this loss 

becomes pronounced after 60 years of age (249). Contrary to most atrophy conditions (as will 

be discussed in the ‘Mechanisms regulating skeletal muscle mass’ section), sarcopenia is 

characterised by a slow decrease in muscle mass over a period of years. It could occur as 

slowly as a reduction of free-fat mass of 1.5 kg per decade in men over 60 years old (222), or 

1.4% per year reduction in cross-sectional area after 65 years old (114), or 1% per annum 

reduction after 70 years old (132). Although strength loss is also almost imperceptible during 

follow-up studies of several years, requiring decades for  differences to be observed, it is much 

more pronounced than loss of muscle mass (114, 182, 231). In this regard, loss in muscle 

strength has been reported to be three times greater than the losses in muscle mass (132); 

specifically, a loss of 0.37 kg per year in handgrip strength has been reported after the age of 

50 years in men (17). Additionally, a reduction in muscle strength seems to be more 

pronounced in muscles from the lower limb than in those from the upper limb (114). Muscle 
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power (an index of muscle force/torque and velocity) is another important component lost with 

ageing. Subjects 85 years of age and older have only 25% muscle power of that found in 

young subjects (20-29 years of age). Similarly, muscle strength is reduced by 50% and calf 

muscle cross sectional area by 20% in that population (231).  

Altogether, ageing muscle in humans is characterised by reduction of muscle cross-sectional 

area and muscle mass, reduction of individual fibre size (mainly type II) and loss of type II 

fibres, significant reduction in muscular strength and power, and an increase in non-muscle cell 

components (adipose and connective tissue) within muscle tissue (Figure 2). 

Figure 2. The effect of ageing on muscle composition. A representation of a young muscle 

in cross section and a similar cross section from an older individual with a reduction in the 

number of Type II fibres, reduced size of individual type II fibres, and increased connective 

tissue covering muscle areas in addition to infiltration of adipose tissue. 

 

1.2.3.3 Mechanisms of muscle loss during ageing 

The chief molecular mechanism(s) by which muscle atrophies during ageing is still matter of 

debate. One potential mechanism is the mitochondrial theory of ageing applied to sarcopenia 

(156, 180) in which the accumulation of lifelong oxidative stress and mitochondrial DNA 

mutations observed during ageing could be causing muscle loss. Another potential mechanism 
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is that muscle atrophy occurs due to the loss of motor neurons with ageing (137). More 

recently, it has also been proposed that elderly individuals exist in a heightened state of 

disuse/unloading due to illness, hospitalisation and immobilisation which would increase 

muscle loss leading to a degree of atrophy (37). This scenario has been posited to be a state 

of “catabolic crises”, which would exacerbate the effects of sarcopenia (98). The most 

prominent hypothesis for muscle atrophy seen in ageing is the impairment of muscle protein 

metabolism, more specifically an impairment of protein synthesis, which has been called the 

“anabolic resistance” hypothesis. However, although a large number of research studies have 

been done on the regulation muscle protein metabolism and its effect on hypertrophy/atrophy 

in healthy young subjects, attempts to use those approaches in elderly subjects to explain 

sarcopenia have not given the exact and expected impairment.   

Since muscle protein synthesis is an important and major effector of muscle mass, it was first 

hypothesised that basal protein synthesis was reduced in elderly individuals (140, 439, 440, 

465). However, later studies reported that basal/post-absorptive muscle protein synthesis was 

not decreased compared to young subjects (80, 116, 187, 219, 312, 394-396, 423, 425). It was 

then proposed that the response to exercise or feeding could be impaired in elderly individuals, 

as opposed to the basal protein synthesis (80, 116, 188, 218, 219). As stated before, this 

model is referred to as an “anabolic resistance” state due to ageing (343), and this model 

posits that there is an age-related deficit on the maximal muscle protein synthetic resposes to a 

meal. However, it is still matter of intense debate if “anabolic resistance” occurs with ageing 

(41, 42, 279) as many studies have failed to report the proposed difference in muscle protein 

synthesis in older versus young subjects after an anabolic stimulus (89, 202, 210, 211, 312, 

322, 394-396, 424).  

Muscle mass reduction with ageing is a slow and gradual process and, therefore, it is not 

obvious that age-related decreases in muscle mass are due to impairments in protein 

synthesis. Rather, if in fact there is an “anabolic resistance” with aging, it may be a small and 

phenomenon which is almost undetectable using current methods for measuring protein 

synthesis (41), because muscle mass reduction is also undetectable in the short term. This 

could explain why some studies have not reported differences in the response to maximal 

stimulation of protein synthesis due to feeding/exercise. The difference could be so small 

that it does not reach statistical significance. In fact, the aforementioned supposition could be 

also postulated regarding changes in basal protein synthesis (37).  

If the “anabolic resistance” hypothesis holds true, one molecular candidate for age-related 

impairment could be related to the overall abundance or functionality of the intramuscular 
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ribosome machinery. Under basal conditions most ribosomes are uncommitted to protein 

translation, however during an anabolic stimulus (such as exercise and/or feeding) if there is 

an impairment in the ribosome machinery, then stimulating maximal ribosome function may 

represent a bottleneck in aged skeletal muscle. The potential for therapeutic approaches to 

ameliorate the effects of sarcopenia relies on a better knowledge of the molecular mechanisms 

involved. It has been stated that elderly people, although benefiting from resistance training 

and protein supplementation, may fail to respond as effectively as younger people. The 

mechanisms of this diminished anabolic sensitivity to both exercise and protein ingestion are 

poorly described, if it indeed happens. Current data suggest that the kinase mammalian Target 

of Rapamycin (mTOR) is an important node promoting muscle protein synthesis after 

resistance exercise, and the mTOR pathway may be impaired with ageing (102, 209, 427). 

mTOR is a key upstream regulator of both protein synthesis and ribosome biogenesis. 

Therefore, ribosome biogenesis may be an important factor involved in “anabolic resistance” 

that may help explain the current controversy on this issue. 

It is not the scope of the present thesis to  determine if anabolic resistance exists and/or 

whether anabolic resistance is the major determinant of muscle mass decay with ageing. 

However, the concept that disuse and chronic inflammation may worsen the phenotype is 

relevant for this current thesis, as will be discussed later. 

 Disuse 1.3

Muscle requires activity for maintenance, and prolonged muscle disuse via limb immobilisation 

or hospitalisation requiring bed rest promotes muscle atrophy. As discussed above, a lack of 

routine physical activity and subsequent disuse atrophy leads to decreased muscle strength 

and functional capacity (429). Older subjects are considered an at-risk population since they 

may lose a greater amount of muscle mass compared to young people when disuse events 

occur, which further exacerbates the effects of sarcopenia (101).  

The mechanism of muscle atrophy induced by disuse involves key intracellular events related 

to protein metabolism; specifically, protein degradation increases and synthesis initially 

declines (30, 126, 379, 430). However, it appears that with prolonged disuse, a decline in 

protein synthesis is the predominant factor rather than prolonged protein degradation (125). 

Additionally, a reduced protein synthesis response to feeding appears to contribute significantly 

to muscle loss, although resting protein synthesis may also underpin muscle loss in this 
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scenario (429). Therefore, a decline in ribosome content and ribosome biogenesis may help 

explain the muscle loss induced by disuse. 

 Chronic inflammation 1.4

Inflammation is a physiological response, and part of a proper response to muscle stress 

stimuli such as resistance exercise. Moreover, inflammation is needed for muscle repair and 

this process seems to be necessary for muscle adaptation such as muscle hypertrophy (208, 

263, 292). This is a self-resolving and necessary process (371). Not surprisingly, a growing 

body of evidence has reported that the use of non-steroidal anti-inflammatory drugs (NSAIDs) 

may be counterproductive for treating acute inflammation in muscle (251, 252, 265, 278, 406).  

Ageing is accompanied by an inflammatory state (99, 128). Unlike a normal inflammatory 

response (i.e., an acute increase in of pro-inflammatory cytokines, which return to basal levels 

hours after an exercise stimulus), ageing is characterised by a low-grade and chronic 

inflammatory state. Due to the close relationship between ageing and inflammation, 

researchers have coined the term ‘inflamm-ageing’ for this phenomenon (110). Older people 

have higher basal cytokines concentration than younger subjects, especially IL-6, TNF-α and 

CRP (105, 365, 366, 377, 405). Interestingly, the serum concentration of IL-6 doubles in men 

from the twenties and thirties to the sixties (105), and high systemic levels of IL-6 and TNF-α 

have been correlated with muscle mass and strength loss (365, 366, 405, 417). Additionally, 

treatment with high doses of IL-6 causes muscle loss (177). However, IL-6 is still required for 

muscle hypertrophy, as genetic deletion of IL-6 in mice impairs the proper response to muscle 

stimulus (372), which confirms a role of IL-6 in satellite cells. Indeed numerous studies have 

shown that IL-6 is produced and released after intense exercise (159, 189, 414), possible 

playing a role in muscle hypertrophy. In other cells types, low doses of IL-6 promote cell 

proliferation but at higher doses it inhibits proliferation (35). Such findings suggest that IL-6 

overstimulation may promote the degradation of its receptor, thus causing desensitisation of 

cells to signalling and downstream effects (35, 335, 477). Whilst in young healthy subjects the 

use of NSAIDs may blunt the inflammatory response to exercise and inhibit aspects of the 

adaptive response, the use of NSAIDs in elderly individuals that exhibit low-grade systemic 

inflammation may be beneficial (226, 251). This divergent response may be due to the different 

nature of acute versus chronic inflammation. Whilst the former is self-resolved and necessary 

for muscle adaptation, low-grade chronic inflammation exhibits the opposite effects whch can 

lead to muscle wasting. For instance, in rats with chronic inflammation due to ageing, protein 
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synthesis in response to feeding is impaired (14) and the use of NSAIDs increases muscle 

protein synthesis and muscle mass whilst decreasing pro-inflammatory cytokines such as IL-6 

and IL-1β (345).  

Chronic inflammation may play a relevant and perhaps central role in muscle atrophy seen in 

ageing in as much as the very effect of ageing itself may not be easily dissociated or 

experimentally isolated from inflammation. Many of the discrepancies regarding which 

mechanism accounts for sarcopenia could be better explained under the lens of the chronic 

inflammation that affects elderly. In this regard, many studies might have failed to distinguish 

between healthy elderly people and those who are f rai l  and may exhibi t  low-grade 

inf lammation (37), therefore adding an important and confounding factor in the sampling. If 

some research groups are more prone to distinguish and remove frail elderly individuals from 

the study, they may less frequently report an impairment in protein synthesis, whereas 

research groups that do not exclude older people with chronic inflammation might be more 

likely to report differences in protein synthesis in older subjects compared to younger 

individuals.  

 Interventions towards amelioration of sarcopenia, disuse and chronic 1.5

inflammation 

Although ageing is an unavoidable process that will lead to eventual muscle loss, a great body 

of evidence supports the notion that muscle senescence is tractable and preventable. 

However, even though sarcopenia is a geriatric condition (79, 168), there are no available 

drugs that have been shown to mitigate sarcopenia (248). One promising drug class that may 

prove to be effective is NSAIDs to treat the chronic inflammation associated with ageing. 

Beyond pharmacological approaches, others strategies, such as a healthier life style with 

proper nutrition and resistance exercise, have been found extremely useful in ameliorating 

sarcopenia. 

 Nutrition 1.5.1

Nutrition is undoubtedly an important and central component in maintaining a healthy life 

regardless of life stage,  and d ie ta ry  protein has been the most studied macronutrient in 

the context of muscle anabolism. It is known that the amino acid profile (i.e., the amount of 

non-essential versus essential amino acids) of a given dietary protein, the source of protein 
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and the timing/frequency of ingestion all play roles in the muscle protein synthetic response to 

feeding (66). 

Nutrition is an important factor for counteracting muscle senescence and sarcopenia because 

elderly individuals are frequently found to be in a state of malnutrition or even anorexia (225, 

412), a phenomena which has been termed ‘nutritional frailty’ (15). This population often 

shows a reduction in food intake, probably due to loss of appetite and alterations in taste and 

smell, but others factors may play a role in under-nutrition (15, 225, 412). It is often proposed 

that interventions that increase caloric and protein ingestion may ameliorate sarcopenia. 

Protein and caloric supplementation promote weight gain in malnourished elderly (282). 

Therefore, optimising nutrition is essential to prevent the associated age-related health 

problems (15). 

Dietary protein is a key nutrient in mitigating muscle loss in elderly individuals (455). In addition 

to malnutrition, it is hypothesised that elderly individuals have a higher protein requirement 

versus younger individuals (422, 454). Higher protein intakes than the recommended dietary 

allowance (RDA) may ameliorate sarcopenia. Some researchers suggest that the elderly may 

be required to nearly double the RDA (0.8 g protein / kilogram of body weight per day) (120, 

422, 455). Especially during critical periods, increased protein ingestion is important. For 

instance, during bed rest, when protein breakdown is increased and synthesis is decreased 

promoting muscle mass loss in the elderly, increasing protein ingestion might be a key strategy 

to counteract muscle loss (98, 104). Additionally, in elderly individuals who are unable to 

exercise due to physical disability and frailty, increasing dietary protein and/or amino acid 

intake presents as one of a few viable options to help mitigate muscle loss (313). 

Amino acid supplementation is a potential strategy to increase muscle mass in elderly (86, 256, 

358). Leucine in particular is of great importance, given that it stimulates mTOR signalling. 

Intracellular levels of leucine are sensed by the leucyl-tRNA synthetase enzyme, which binds 

to Rag GTPases-activating protein (GAP), activating mTOR (32, 147). However, even before 

the the mechanism by which leucine activates mTOR was elucidated, leucine supplementation 

was reported to increase protein synthesis in a wide range of tissues. Of greater clinical 

relevance, the simple addition of leucine to feeding was found to increase muscle protein 

synthesis in elderly (50, 344). Although ageing muscle is thought have a dampened protein 

synthetic response to amino acid ingestion, higher doses of amino acids, specifically leucine, 

may overcome this deficiency (119). Therefore, protein and/or leucine supplementation 

ameliorates muscle metabolism regardless the physical status, and may also be a viable 

strategy to ameliorate muscle wasting during ageing. 
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  Resistance training 1.5.2

Skeletal muscle adapts to high-intensity resistance training via individual fibre enlargement 

Additionally, a single session of resistance exercise robustly alters muscle gene 

expression during the commencement of exercise, and this extends hours after its cessation 

(48). Exercise and nutrition modulate a wide range of cellular programmes which ultimately 

facilitate muscle adaptation both at the transcriptional and translational level (148). 

Concerning protein metabolism, nutrition and physical exercise synergistically modulate 

muscle protein synthesis. For instance, protein supplementation close to an exercise 

stimulus increases muscle protein synthesis in young adults (66, 329). Chronically, the 

summation of these acute increases over time is thought to be the primary source for muscle 

mass gains (66).   

Regular resistance training may be used as an effective therapeutic strategy to counter muscle 

loss in the elderly (67, 209, 330), being considered by some researchers as the most effective 

strategy (15, 180). Protein supplementation in elderly individuals appears to further promote 

the effects of resistance exercise (402). Moreover, the benefits of resistance exercise on 

increasing muscle mass in elderly individuals is correlated with the reduction in pro-

inflammatory cytokines (306).  

Exercise and protein/calorie modulation have been recognised as important tools towards 

prevention and treatment of physical frailty/sarcopenia (289, 431). Furthermore, amino acid 

and protein supplementation have been shown to enhance the protein synthetic response to 

resistance exercise (256). Therefore, prescribing resistance exercise and a proper nutritional 

regimen are two key components for mitigating sarcopenia. 

 Mechanisms regulating skeletal muscle mass 1.6

Skeletal muscle is a highly malleable tissue that responds to a variety of stimuli, tailoring the 

adaptive response to ensure improved capability to cope with the impositions of the 

environment. Muscle can suppress metabolism and size following unloading or sedentary 

behaviours, whereas it may also increase metabolism and size when subjected to overloading 

and increased physical activity. Two opposing metabolic processes – anabolism and 

catabolism – regulate muscle size. Many factors modulate the gene expression and/or function 

in a wide array of cellular processes; at the level of DNA transcription, mRNA translation, post-

translational modifications of proteins, enzymatic activities, transport or intake of 
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substrates/metabolites, degradation pathways and others. For the regulation of muscle mass, 

there appears to be a convergence directly or indirectly related to protein metabolism (a 

summary of the main mechanism regulating muscle plasticity is shown in Figure 3). Protein 

metabolism is regulated by both protein synthesis and proteolysis. Hypertrophy or atrophy of 

muscle tissue is dictated by the positive or negative balance of protein metabolism, e.g., for 

muscle mass augmentation (muscle hypertrophy), both an increase in protein synthesis and a 

decrease in protein breakdown could be involved, and vice-versa for atrophy (133). For 

instance, muscle hypertrophy experienced during resistance training is thought to be an 

accumulation of structural protein synthesis after every resistance exercise session (100, 194), 

whereas muscle atrophy can be a result of increased protein degradation and/or decrease in 

protein synthesis rates (97, 362). 

 

Figure 3. Mechanisms regulating muscle mass. A variety of signals converges towards 

protein metabolism. 
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 Protein degradation 1.6.1

Proteolysis is the cellular process responsible for degrading proteins into their constituent 

amino acids. Physiological protein degradation is a necessary process in which proteins with 

sequence errors introduced during synthesis, and misfolded or damaged proteins, are cleared 

from cells. In eukaryotes, the ubiquitin-proteasome and autophagy-lysosome pathways are the 

predominant systems responsible for protein degradation (360). The autophagy-lysosome 

system degrades long-lived proteins and organelles, whereas myofibrillar components are 

degraded by the ubiquitin-proteasome pathway (381).  

In skeletal muscle the degradation and turnover of myofibrillar components and other proteins 

are necessary for muscle remodelling and growth (13, 246, 267). However, dysregulation of 

both protein degradation systems can lead to severe muscle atrophy. A wide range of 

pathologies and conditions leading to severe atrophy, such as sepsis, cachexia, renal failure, 

AIDS, burn injury and muscle denervation, have all  been reported to include an increase in 

muscle protein breakdown rates (31, 233, 360). Studies from the laboratory of Alfred Goldberg 

have elegantly demonstrated the role of protein degradation, particularly the ubiquitin-

proteasome pathway, and the central role of the atrogenes (atrogin-1 and MuRF1), in muscle 

atrophy (72, 127, 233, 363, 381). 

MuRF1 (TRIM63) is an E3 ligase which functions to ubiquitinate myofibrillar proteins and target 

their degradation by the 26S proteasome (70, 72). Atrogin-1, in turn, promotes ubiquitination of 

other proteins involved in muscle metabolism, like MyoD and calcineurin A (31, 360). 

Mechanistically, the Akt pathway regulates via FoxO transcription factors which, in turn, 

modulate the genetic expression of Atrogin-1 and MuRF1 and also regulate autophagy (259, 

370, 474). Additionally, inflammatory cytokines such as TNF-α promotes activation of the NF-

κB pathway which increases the expression of MuRF1 and presumably increases muscle 

proteolysis (47). 

Unlike the above mentioned pathologies and conditions where muscle atrophy occurs at an 

accelerated rate, chronic low-grade inflammation and disuse during ageing does not 

upregulate protein degradation (98, 257, 362, 449). In addition, the proteolytic response to 

resistance exercise is not compromised with ageing (117, 123, 388). Furthermore, MuRF1 and 

Atrogin-1 k decrease with ageing (95) and so probably do not contribute to sarcopenia (358, 

362). Therefore, the aspect of skeletal muscle protein metabolism most likely impaired with 

ageing and disuse seems to be protein synthesis rather than protein degradation, although 

there is still debate and more research appears to be necessary (257, 331, 341, 360). 
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 Protein synthesis 1.6.2

It is well know that the number of copies of mRNA is not stoichiometrically related to future 

protein abundance, so the important steps of gene expression also rely on translation. Protein 

synthesis occurs through translation of the messenger RNA (mRNA). The mRNA is translated 

into the polypeptide chain sequence by the ribosomes. Two main forces drive the rates of 

protein synthesis: translational efficiency (the rate of new polypeptide synthesis per existing 

ribosome) and translational capacity (the amount of available cellular ribosomes).  

Protein synthesis is an energy-consumptive process within the cell (266) and is tightly 

regulated. In this regard, associations between cell growth and translation initiation have been 

made in different cell types, from yeast to mammalian cells (326). mRNA translation has been 

conventionally described as a three-step process: initiation, elongation and termination. 

However, mRNA translation is likely to be a four-step process when recycling is considered to 

be part of the process (185, 196). Translation initiation is the rate-limiting step of the protein 

synthesis, and many extracellular and intracellular cues regulate this step (266, 326). However, 

there is also evidence to suggest that t rans la t ion elongation also plays a critical role in 

mRNA translation (254) at least for a subset of mRNAs (240), and thus may be another 

important regulatory step of mRNA translation. 

.  

1.6.2.1 Initiation 

The translation initiation step is coordinated by more than a dozen eukaryotic Initiation Factors 

(eIFs). The majority of these proteins are relatively small (12 to 170 kDa), with the exception of 

eIF3, which is 790 kDa (418). The initiation step is of great interest, since it is a converging 

point for many cues related to stress, nutritional and growth factors (326).  

Translation commences with the formation of a complex which includes eIF2, GTP, and 

initiator methionyl-tRNA (Met-tRNAi) (Figure 4). Prior to translation initiation, the ribosome 

(80S) needs to dissociate into its two subunits, 60S and 40S. The ribosomal small subunit 

(40S), along with eIF1A and eIF3 (which facilitate ribosomal subunit dissociation), bind to the 

ternary complex Met-tRNAi-eIF2-GTP. This complex consitutes the 43S Preinitiation Complex 

(43S PIC) (326).  mRNA recruitment to the 43S PIC is made possible by the eIF4s (124). 

mRNAs that have a cap structure at the 5ʹ end are recruited to the 43S PIC by the eIF4F 

complex which is composed of eIF4E, 4A and 4G. eIF4E directly binds to the cap structure of 

the mRNA, eIF4A unwinds the mRNA secondary structure, and eIF4G is a scaffold protein that 
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binds others eIFs, including 4A and 4E (326). Once the eIF4-mRNA complex is generated, the 

scaffold 4G protein interacts with eIF3 from the 43S PIC complex, forming then the 48S PIC 

complex (Met-tRNAi-eIF2-GTP complex plus eIF4F-mRNA complex) (133, 326). The 43S 

complex, now bound to the mRNA, will scan the mRNA for the initiation AUG codon, which is 

facilitated by eIF1 and eIF1A (316, 323). The codon AUG forms a base pair with the anticodon 

of Met-tRNAi residing in the PIC. The base pair formed triggers hydrolysis of the GTP bound to 

the eIF2 in the same complex to Met-tRNAi, requiring eIF5 which acts as a GTPase-activating 

protein (GAP). The eIF2-GDP releases the Met-tRNAi and other eIFs from the 40S ribosome 

subunit enabling eIF5B to bind 60S (the large subunit) to 40S (186, 326, 382). Once the 

association of the ribosomal subunits commences, the 80S ribosome is committed to 

translation as the following codon will be read and the respective aminoacyl-tRNA will be 

inserted, generating the first peptide bond between two amino acids.  

The master regulator of translation initiation is the mTOR protein complex. mTOR centralises a 

wide range of signals such as growth factors (as IGF-1 and insulin) and cues regarding 

nutrition (amino acids, specially leucine), energy status, and mechanical stress. mTOR is 

complexed in two forms within the cell; mTOR complex 1 and 2 (mTORC1 and mTORC2). 

Regarding translation initiation, mTORC1 is the more relevant complex as it directly 

phosphorylates eIF4E binding protein-1 (4EB-P1) and p70S6K in the TOR signalling (TOS) 

motif (367). 4E-BP1 inhibits initiation by sequestering eIF4E and preventing its binding to the 5ʹ 

cap of mRNAs. Upon phosphorylation by mTOR, 4E-BP1 dissociates from eIF4E permitting 

protein initiation (109, 149, 326). p70S6k is known to have multiple roles in cell growth and 

development. Although p70S6K has been found to be strongly correlated to protein 

synthesis, the mechanism by which it affects translation remains elusive. It has been 

speculated tha p70S6K operates by phosphorylating the S6 ribosomal protein, and that 

phosphorylated S6 ribosomal protein is directly involved in protein synthesis. However this 

concept has been challenged (355). It should be also noted that p70S6K has multiple targets, 

and therefore it is likely that it acts on multiple levels of protein synthesis, including levels 

upstream of mTOR (149, 253). 
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Figure 4. Mechanism of translation initiation. The ribosome dissociates into its two 

subunits. With the help of several eukaryotic initiation factors (eIFs), translation commences. 

eIF3 (3) and eIF1a (1a) promote the dissociation of the 80S subunit, and eIF2 (2), GTP and 

met-tRNAi form the 43S pre-initiation complex (PIC). The eIF4F (4F) complex binds mRNA 

causing the association between the 43S PIC and mRNA. When the complex scans and 

locates the start codon, the eIFs dissociate from the ribosome. eIF5B (5B) then facilitates the 

association of the large subunit with the small subunit forming the translationally competent 

ribosome. 

 

1.6.2.2 Elongation 

Translation elongation is the step of protein synthesis when amino acids are added to the first 

amino acid, forming the (poly)peptide chain until the ribosome reads the stop codon on the 

mRNA. The elongation step is cyclic, requiring elongation factors, aminoacyl-tRNA synthetase 

enzymes, and charged tRNAs conjugated with amino acids. The elongation steps are: i) codon 

selection/recognition, ii) peptide bond formation and iii) translocation to the next codon (62, 

224).  

Following initiation, the specific aminoacyl tRNA is sorted from the pool of more than 40 

different aminoacyl-tRNAs (266), which are tightly arranged and kept within cells (297) in a 

channelled manner from the aminoacyl-tRNA synthetases to the elongation factor to the 

ribosome entry (386). After the aminoacyl-tRNA reaches the ribosome the amino acid forms a 
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peptide bond with the first (or subsequent) amino acid from the nascent peptide chain. The 

ribosome then translocates to the next mRNA codon. Although the ribosome could do this 

alone, it is extremely slow, and for higher rates of protein synthesis, it requires the action of 

elongation factors (62). It is calculated that the ribosome is able to add 6 to 20 amino acids per 

second (266). Furthermore, the process of amino acids addition to the growing polypeptide 

chain is highly controlled and the misincorporation of amino acids is estimated to be as low as 

one in 1000 incorporations (266). The repetitive elongation cycle repeats until the entire mRNA 

sequence is read to the stop codon (UAA, UGA or UAG). 

Global protein synthesis can be decreased by the phosphorylation and inactivation of 

eukaryotic Elongation Factor-2 (eEF2) by eEF2 kinase (eEF2K) (356). Increased energy 

demand for processes other than protein synthesis (decrease in the ratio of ATP/AMP) 

increases the activity of AMP-activated protein kinase (AMPK), which activates eEF2K (58, 

164) therefore coupling energy sensing to protein synthesis at the elongation step. Notably, 

AMPK directly phosphorylates eEF2K, thereby increasing its activity (38).  

Although mTOR has been widely studied regarding its role in protein synthesis at the initiation 

step, due to its function in phosphorylating 4E-BP1 and p70S6K, mTOR also regulates 

translation elongation. Specifically, mTOR promotes the phosphorylation of eEF2k on different 

phosphorylation residues compared to AMPK. eEF2K phosphorylation residues have opposite 

roles in its kinase activity. While AMPK phosphorylates eEF2K and directs it to phosphorylate 

eEF2 to inhibit elongation, p70S6K phosphorylates eEF2K on an inhibitory site which prevents 

it from phosphorylating eEF2, and therefore permits elongation to continue. However, it should 

be noted that mTOR has been reported to inhibit eEF2K activity in a p70S6K-independent 

manner (38). 

1.6.2.3 Termination and Recycling 

Although considerably fewer studies have analysed the termination and recycling steps of 

protein synthesis, these are important events given that every initiation event occurs after the 

termination of another round of mRNA translation within the existing ribosomes (172, 196). 

Contrary to the initiation and elongation steps, termination and recycling are not conserved 

through evolution, as prokaryotes and eukaryotes have different mechanistic regulation of 

these last two steps (85). As stated above, termination occurs when the stop codon reaches 

the ribosome. Two classes of proteins are mainly responsible for termination, the eukaryotic 

Release Factors 1 (eRF1) and 3 (eRF3) (85). These two proteins exist in a ternary complex 
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with GTP. More specifically, eRF1 is responsible for the recognition of the termination codon 

and eRF3 hydrolyses the GTP which, in turn, releases the polypeptide chain (172).  

After translation of the newly-synthesised polypeptide, some components of the translation 

machinery are recycled for another round of mRNA translation. The ribosome itself and the 

tRNA, but also the mRNA, are disassembled by eIF3 (220).  

 Ribosome biogenesis 1.7

Increasing translational efficiency can acutely increase protein synthesis rates. However 

sustained growth requires increased translation capacity, which is achieved by increasing the 

number of ribosomes (178, 272, 288). Ribosome biogenesis is a tightly-regulated multistep 

process of synthesising new ribosomes. Many cell types require a marked increase in many 

cell components, including ribosomes, during proliferation (291). Ribosome biogenesis is 

relevant for muscle biology because a diverse range of signalling pathways that regulate cell 

growth and proliferation also regulate rRNA synthesis. In many cell types, oxidative stress, 

starvation and diminished protein synthesis down-regulate rDNA transcription. Conversely, 

anabolic factors stimulate RNA Polymerase I (Pol I) transcriptional activity (93, 254). The 

quantitative and qualitative changes in rRNA synthesis is a “new, large and unexplored field of 

research” as stated previously by Drygin and colleagues (93). Although the capacity of the cell 

to promote protein synthesis is a natural candidate and a regulatory node of muscle cell size, 

there are few studies that have addressed this important mechanism in the skeletal muscle 

biology literature. 

 The ribosome 1.7.1

The ribosome is the specialised cellular organelle responsible for the translation of mRNA into 

the polypeptide chain. This complex organelle is composed of non-coding ribosomal RNA 

(rRNA) and more than 80 ribosomal proteins. Additionally, ribosomes interact with a wide array 

of proteins that assist in the initiation, elongation and termination steps of mRNA translation.  

The backbone of a ribosome is formed by the 18S, 5.8S, 28S and 5S rRNAs. The first three 

rRNAs are processed from a primary transcript, the 45S pre-rRNA, whose transcription if 

performed by Pol I, whereas RNA Polymerase III (Pol III) transcribes 5S rRNA (93). These 

rRNAs are non-protein-coding ribozymes, which are the enzymatic entities of the mRNA 

translation process.  
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The mature 80S ribosome is composed of 2/3 rRNA and 1/3 ribosomal proteins, distributed in 

two subunits: a large 60S (which is composed of 28S, 5.8S and 5S rRNAs plus ∼49 proteins) 

and a small 40S (composed of 18S plus ∼33 proteins) (291). The majority of total cellular RNA 

is rRNA. Depending on the cell, 80% of extracted RNA in tissue or cells may be rRNA (291, 

437). In proliferating cells, the majority of newly transcribed RNA is rRNA which functions to 

make new ribosomes, while another great portion of coding mRNAs encode ribosomal proteins 

or proteins required for ribosome assembly (291, 437). Due to ribosome biogenesis being an 

energy-costly process, it is tightly regulated at many levels by nutritional, hormonal and 

energy sensing cues. 

 The ribosome gene(s) 1.7.2

Ribosomal DNA (rDNA) is present in excess of 200 copies, as tandem repeats throughout the 

genome (46, 393). These rDNA genes are arranged in large arrays forming the nucleolus, 

where they are transcribed into the 45S rRNA. rDNA genes are separated from each other by 

the intergenic spacers (IGS) (Figure 5). 

 

 

Figure 5. The rDNA gene. The ribosomal DNA gene is arranged in tandem repeats. The IGS 

region has a promoter region with the UPE and Core sequences where the PIC binds and 

promotes the transcription of the 45S rRNA. Following transcription, the ETS and ITS regions 

are cleaved and give rise to the 18S, 5.8S and 28S rRNAs.  
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The coding region (comprising the sequences from 18S to 28S) has ~13 kb, whereas the entire 

gene, which includes the non-coding IGS, has ~43 kb in humans and ~45.3 kb in mice (46, 

393, 471, 472). Although the IGS is not transcribed, it possesses the key elements for 

transcription of the rDNA (i.e., the promoter region). Human rDNA promoter regions have two 

control sequences: the core promoter region (Core) and the upstream promoter element (UPE, 

previously known as the upstream control element, UCE) (146, 173, 232, 291, 369), where the 

preinitiation complex binds for transcription initiation. 

The formation of the ribosomes requires a fourth rRNA species, 5S, the gene for which is 

located in the nucleoplasm. Interestingly, 5S rRNA genes are dispersed as single genes in the 

genome, although tandem repeats can exist in the form of pseudogenes (383). In mammals, 

200 to 400 copies of functional single 5S genes are found (145, 383). Whilst Pol I is the 

dedicated enzyme transcribing 45S, the 5S shares the enzyme Pol III with tRNAs and other 

small RNAs. The 5S transcript is the smallest rRNA (120 nucleotides). In eukaryotic cells, 

newly transcribed 5S rRNA binds to a few select proteins to be translocated into the cytoplasm, 

but it only associates with the ribosomal protein L5 in the mature ribosome. The L5-5S rRNA 

complex can be found dissociated from ribosomes and accumulated/stored in the cytoplasm 

(68). This pool of 5S rRNA will be incorporated back to the nucleolus for assembly with other 

rRNAs. Although much less is known regarding the role of 5S rRNA in ribosome biogenesis, 

because 5S copies exist in excess, it is generally assumed that 45S transcription and not 5S 

transcription is the rate-limiting step for ribosome biogenesis.  

 rDNA transcription 1.7.3

Ribosome biogenesis is a multistep process involving the de novo synthesis of ribosomal RNA 

(rRNA) and its modification into ribosomal subunits. This process involves complex dynamics 

of DNA transcription, processing, maturation and assembly of the ribosomal components. Most 

of these processes occur in the nucleolus, with the various ribosomal subunits either being 

synthesised in the nucleolus or translocated to it from other compartments. The nucleolus is a 

prominent and dense region within the nucleus (Figure 6). The size nucleolus has frequently 

been shown to be related to cell growth and proliferation (83, 84).  
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Figure 6. Nucleolus in skeletal muscle. (A) Proliferative muscle mouse cell line (C2C12, at 

myoblast stage) under light microscopy. Note the dark prominent structure inside the nucleus, 

the nucleoli. (B) A cross-section of skeletal muscle visualized using transmission electron 

microscopy. The Black N denotes the entire nucleus, whereas the white N denotes one of the 

two nucleoli present within the myonucleus. S denotes the sarcomeres. The nucleolus is 

shown as a dark structure due to its high protein density. (Images made by the author). 

 

Ribosome biogenesis requires the activity of all three RNA Polymerases (Pol I, Pol II and Pol 

III). Of great interest to the ribosome biogenesis field, Pol I is the fully dedicated enzymatic 

complex responsible for transcribing rDNA. The first and major rate-limiting event in ribosome 

biogenesis involves the synthesis of 45S pre-rRNA by Pol I (314). Ribosome biogenesis 

requires, along with the ribosomal rRNA, an equimolar quantity of the ribosome proteins, of 

which are approximately 80. The mRNAs encoding the ribosomal proteins are transcribed by 

Pol II, as are the mRNAs of all other protein-coding genes (236). Pol III is a polymerase that 

transcribes the 5S rRNA, and many small transcripts such as transfer RNAs (tRNAs) (93, 446). 

To transcribe 45S pre-rRNA, the Pol I enzyme requires a series of other proteins. These 

proteins form the preinitiation complex (PIC) (Figure 7). rDNA transcription is initiated by 

certain transcription factors binding to te hrDNA promoter region. Transcription factors that are 

know to up-regulate rDNA transcription include upstream binding factor (UBF), the selectivity 

factor 1 (SL1) complex, transcription initiation factor TIF-IA (also known as RRN3), and the 

RNA Pol I complex itself (Figure 7). 

rDNA transcription occurs when UBF and SL1, the Pol I-specific factors, bind to the rDNA 

promoter (93). UBF is central to the regulation of rDNA transcription, because it associates with 

DNA recruiting other factors and is a central target receiving cues from different pathways 
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regulated by hormonal, nutritional and energetic signals (as will be discussed later). As a 

dimer, UBF is the first protein associated with both UPE and the core promoter of the rDNA 

gene (389). It has several high mobility group (HMG) box domains which carry a strong 

association for DNA. When the two UBF proteins bind to the rDNA, this association bends the 

DNA through 360º forming an enhanceosome for transcription (389).   

UBF recruits SL1 complex to the UCE region (232). The protein-protein interactions between 

UBF and SL1 are necessary for SL1 binding to the promoter region in human rDNA (19). At the 

same time, SL1 recruitment to the rDNA also helps stabilise UBF on the rDNA template (113). 

The SL1 complex comprises a few transcriptional factors: the TATA-binding protein (TBP), and 

four TBP-associated factors (TAFs) (75, 134).  

TIF-IA is another essential mediator of the PIC forming in a transcriptionally competent fashion 

(29, 44, 51, 157, 280, 327, 368, 459, 469). TIF-IA recruits the Pol I complex enzyme to the PIC 

formed in the rDNA promoter (51, 280, 327, 469). In the current model, TIF-IA acts as a bridge 

between SL1 components and the Pol I enzyme via protein-protein interactions (25, 29, 51, 

327, 469). However in addition to its interaction with Pol I and SL1, TIF-IA may also directly 

interact with rDNA during PIC formation (390). 

Following transcription initiation, UBF and SL1 remain bound to the rDNA promoter for another 

round of PIC formation and transcription initiation, whilst Pol I continues to transcribe the rDNA 

gene (354). During transcription, Pol I encounters several UBF proteins bound nonspecifically 

to the rDNA gene outside the rDNA promoter regions (including the regions for mature rRNAs) 

(255, 311) which may positively affect the elongation process (311). Transcription continues 

until the termination elements located at the 3’ end of the rDNA gene are reached, which 

causes Pol I transcriptional to stall (354). 
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Figure 7. Transcription of rDNA. Transcription initiation requires PIC formation on the rDNA 

promoter region (UCE and Core regions). Following initiation, TIF-IA dissociates from the 

promoter region, whilst Pol I continues transcription and UBF and SL1 remain bound to the 

promoter for another round of transcription. 

 Processing and maturation of pre-rRNA 1.7.4

Following transcription, 45S pre-rRNA is processed into mature rRNAs. The processing of the 

newly-synthesised pre-rRNA into the mature rRNAs is carried out by proteins complexes. 

Specific proteins play essential roles in the maturation of each subunit. For instance, the NIP7 

protein seems essential for proper processing of the 18S rRNA and synthesis of the 40S 

subunit (286, 287). The ETS and ITS regions are removed while still in the nucleolus by exo 

and endonucleases (152). A major cleavage site exists within ITS1. The pre-rRNA is cleaved 

between ITS1 and 5.8S creating two intermediate rRNAs: the first intermediate containing 18S 

plus ITS and 5’ETS and a second containing 5.8S, 28S and the associated ITS2 and 3’ETS. 
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Both intermediates undergo further processing with the removal and degradation of the 

transcribed spacers (223). Although the majority of the processing occurs in the nucleolus, a 

few steps may occur in the nucleoplasm and cytoplasm, including the final removal of ITS1 

from 18S (152, 294).  

Simultaneous to the 45S rDNA transcription steps, 5S rRNA is translocated to the nucleolus to 

complex with the 28S and 5.8S subunits and, together with ribosomal proteins, eventually form 

the pre-60S subunit. 18S is also processed into the pre-40S ribosomal subunit. Ribosomal 

proteins synthesised in the cytoplasm are imported to the nucleus and nucleolus where they 

are assembled with the rRNAs (215). Both subunits are finally translocated to the cytoplasm 

where they form the mature protein synthesis competent ribosome (Figure 8). 

 

Figure 8. Overview of rRNA processing and maturation: from transcription to 
translation. Ribosomal proteins are depicted as ‘r’. 
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 Upstream regulation of ribosome biogenesis 1.7.5

The majority of Pol I complex and SL1 found associated with rDNA, including in the IGS region, 

is not engaged in transcription (255). Therefore, it is plausible to assume that the abundance of 

SL1, and of the Pol I enzyme itself, are not limiting factors for rDNA transcription, but the 

factors which contribute to activation of rDNA transcription, such as PIC formation and 

initiation, might be. This has also been suggested to be the case in growing cardiomyocytes 

(473), although it cannot be ruled out that increasing the abundance of PIC elements can 

increase rDNA transcription, especially in quiescent cells.  

Activation of the PIC is tightly controlled by a variety of pathways. Growth factors, nutrients and 

energy modulate pre-rRNA synthesis (93, 221). Many of these pathways are known from cell 

cycle and cancer research. An important challenge is to verify whether these pathways are 

preserved in mature, differentiated, adult skeletal muscle cells. 

Importantly, UBF and TIF-IA are key proteins involved in PIC formation and initiation. The 

PI3K/Akt/mTORC1 and ERK pathways regulate the phosphorylation and activation of PIC 

components (221). Growth factors also activate both of these pathways at multiple levels. 

Amino acids, in particular leucine, can also promote ribosome biogenesis by increasing 

mTORC1 activity via Leucyl tRNA synthethase (221).  

As stated previously, the activity of the UBF protein is critical for PIC assembly and rDNA 

transcription. UBF protein content and phosphorylation state have been well correlated and 

associated with Pol I recruitment and rDNA transcription rates (197, 243, 364, 419). 

Unphosphorylated UBF may dissociate from rDNA (308). Of great interest, UBF can be 

phosphorylated at a several serine residues including Ser388 and Ser484 (12, 420). These are 

both highly phosphorylated during cell cycle progression via the cyclin-dependent kinases 

(CDKs) (419, 420). CDK4, for instance, is a direct kinase of UBF, and CDK4 is activated 

following dimerization with cyclin D1 protein (206, 420).  

Like UBF, phosphorylation of TIF-IA is critical for its function (25, 52). TIF-IA interacts with 

RPA43 (a subunit of Pol I), and two Pol I–specific TAFIs, linking Pol I with the pre-initiation 

complex at the rDNA promoter (93, 254). TIF-IA has multiple phosphorylation residues that can 

either positively or negatively affect TIF-IA binding capacity to either Pol I subunits or the SL1 

complex; both of which ultimately affect PIC formation (25, 52, 157). Via mTOR-dependent 

mechanisms, TIF-IA is phosphorylated at Ser44 and dephosphorylated at Ser199 (271). 

Rapamycin treatment causes hyperphosphorylation of Ser199 which inactivates TIF-IA and 
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causes its translocation to the cytoplasm (271), although the specific protein phosphorylating 

TIF-IA at Ser44 via an mTOR-dependent manner remains unknown.  

TIF-IA is also regulated by other signal transduction cascades such as the ERK pathway, 

cyclin-dependent kinase signaling, and growth and energy-related pathways. For instance, 

CDK2/cyclin E promotes phosphorylation of TIF-IA at Ser44 (271) and the ERK pathway 

regulates TIF-IA at Ser633 (ERK protein-dependent site) and Ser649 (RSK-dependent site) 

(475). Both phosphorylation sites positively regulate rDNA transcription. c-Jun N-terminal 

kinase 2 (JNK2) phosphorylates TIF-IA at Thr200 impeding the association of TIF-IA with Pol I 

and SL1 (269). As synthesis of pre-rRNA is an energy-consumptive process (93) AMPK 

signaling is also involved with regulating rDNA transcription. Specifically, AMPK can 

phosphorylate TIF-IA at Ser635, and this phosphorylation negatively impacts the association of 

TIF- IA with SL1 (162) which, in turn, destabilizes the PIC. 

Other known proteins usually involved in cell size regulation and growth pathways have roles in 

promoting ribosome biogenesis, including the classical oncogenes Akt and c-myc. The c-Myc 

protein regulates thousands of genes and is usually upregulated in cancer. Not surprisingly, it 

has also been found to interact with Pol I and rDNA, promoting its transcription (5). Akt also 

modulates ribosome biogenesis (23, 60, 301). Specifically, Akt can modulate TIF-IA 

phosphorylation at Ser170 and Ser172 via Casein kinase II (CK II), promoting its dissociation 

from Pol I and thus allowing elongation of pre-rRNA synthesis to continue (23, 301). 

rDNA transcription is highly regulated by multiple pathways, linking external and internal 

environments to nucleolar activity. Growth factors may activate AKT/mTOR and ERK pathways 

leading to an upregulation of ribosome biogenesis. Intracellular events, such as energy and 

nutriental status, can also affect ribosome biogenesis via AMPK signalling, mTOR signalling, 

and stress-related pathways such as the ERK pathway signalling. Although the vast majority of 

research so far has focused on studying ribosome biogenesis in mononucleated cells – given 

the decisive participation of ribosome biogenesis in cell proliferation – it is likely that this 

process also plays an important role in the dynamics of ribosome mass in postmitotic and 

mature myofibres. 

 Background of ribosome biogenesis in skeletal muscle 1.7.6

Very little is currently understood concerning the regulation of ribosomal biogenesis in skeletal 

muscle. Only recently have research groups examined the role of ribosome biogenesis in 

muscle growth in vivo. The first papers specifically measuring ribosome biogenesis and its 
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mechanisms in skeletal muscle during growth were published in the current decade (129, 426). 

Goodman et al. (129) and von Walden et al. (426) have shown that ribosome biogenesis is 

upregulated during muscle hypertrophy induced by synergistic ablation, a rodent model that is 

utilised to achieve rapid and substantial muscle growth. Interestingly, ribosome biogenesis 

appears to be independent of mTOR activity (129). Additionally, Zhang et al (473) have 

reported that the ERK pathway is required for increasing ribosomal biogenesis and subsequent 

hypertrophy in cardiomyocytes. Conversely, the roles of ribosome biogenesis in muscle 

atrophy induced by denervation have also been investigated (250). Machida et al. (250) 

demonstrated that ribosome biogenesis may be an important mechanism underpinning muscle 

atrophy. However, prior to the commencement of the studies presented in this thesis, there 

was a paucity of reported data in humans on the adaptive responses of ribosomal biogenesis 

to resistance exercise (RE), and in growth impairment conditions, such as ageing, disuse and 

muscle chronic inflammation.  

As noted in the previous sections, protein synthesis can be enhanced by improved efficiency of 

the existing ribosome or by increasing the number of ribosomes (178, 261, 272, 288). 

Translational efficiency has been a major focus of research in the field of skeletal muscle 

physiology. However, translational capacity has largely been overlooked. Moreover, the 

regulatory mechanisms of ribosome biogenesis have not been investigated in human skeletal 

muscle. In this regard, there is a lack of literature regarding how translational capacity and 

ribosome biogenesis are altered in response to a bout of resistance exercise and/or  chronic 

training, and/or whether these responses parallel with changes in muscle mass. Additionally, 

muscle ribosome biogenesis may play a role in modulating atrophy and impaired muscle 

growth conditions such as disuse and chronic inflammation. This thesis therefore aims to 

address this lack of knowledge utilising both animal models and physiologically meaningful 

clinical studies in humans.  

 Measuring rRNA - Methodological considerations 1.8

 Rationale 1.8.1

Ribosomal RNAs (rRNAs) are the most abundant RNA species in cells, including gamete cells 

(87), and somatic tissues such as human skeletal muscle (442, 468). The mature rRNA (18S, 

5.8S and 28S) is a result of the transcription of the 45S precursor ribosomal RNA (pre-rRNA). 

Detailed analysis of pre-rRNA expression is warranted because some portions of the pre-rRNA 
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are processed rapidly while others may accumulate, and thus transient alterations in cellular 

abundance may provide an index measure of altered synthesis. The region of the pre-rRNA 

subject to analysis may therefore have a profound impact on the data interpretation. This can 

be challenging with real-time polymerase chain reaction (RT-PCR) analysis of relative gene 

expression.  In the majority of circumstances, primers for real time PCR are designed to have 

smaller amplicons compared to end-point PCR, and therefore RT-PCR primers will cover a 

much smaller portion of the pre-rRNA compared to primers for end-point PCR. One main 

objective was therefore to provide a feasible way to measure 45S gene expression at different 

regions of the full transcript to gain a more insightful analysis of the rate and mechanisms of 

pre-rRNA synthesis. To achieve this, primers for amplification of specific target sequences 

covering all portions of mature rRNAs including the transcribed spacer regions (internal, ITS, 

and external ETS) were designed. Additionally, a primer set was specifically designed against 

the initial ETS region of the 45S pre-rRNA. In total seven primers sets were designed and 

applied in the studies reported here for both humans and mice (Table 1 and 2). The first primer 

set (‘a’) amplifies the initial 5’ETS region of the 45S pre-rRNA without spanning any mature 

rRNA. This region has been used by other researchers as a readout of pre-rRNA synthesis 

(136). Although for short term experiments this approach appears to reflect the synthesis of 

newly-synthesised pre-rRNA, it may not capture the accumulation of transcripts of pre-rRNA 

following a longer period since this region – or at least its initial portion – may be rapidly (within 

minutes) processed and degraded (333). In addition, processing of the 45S pre-rRNA is not 

linear, and can occur at different times and rates (192). However, contrary to evidence 

suggesting a rapid processing and degradation of the 5’ETS region of rRNA, this region has 

also been shown to accumulate and self-circularise in eukaryotes during growth, once it has 

detached from the 45S rRNA (142). Furthermore, rDNA transcription may lead to truncated 

versions, for whatever reason, that will be degraded rather than processed into mature rRNA. 

A nucleolar surveillance pathway system exists to ensure accuracy of pre-rRNAs synthesis and 

processing. Aberrant pre-rRNAs are polyadenylated and degraded by exosomes (152).   

It is also possible, due to the reasons listed above, that measuring a particular region of the 

pre-rRNA via PCR may not fully capture the entire response and this may lead to different 

results and interpretations. It is therefore logical that measuring other regions of the pre-rRNA 

is necessary to properly assess ribosome biogenesis. Thus, primer sets ‘b’, ‘d’ and ‘f’, were 

designed against internal or external transcribed spacer spanning its respective mature rRNA 

species: 18S (ETS-18S), 5.8S (ITS-5.8S), and 28S (ITS-28S). Additionally primers ‘c’, ‘e’, and 

‘g’ were designed against internal regions of the mature rRNA without spanning any ETS/ITS 

sequences (Figure 9).  
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Figure 9. Real Time PCR primers for rRNAs. Pre-rRNA 45S representation; black filled 

rectangles represent regions that generate mature 18S, 5.8S and 28S, with ETS (external 

transcribed spacer) and ITS (internal transcribed spacer) regions in between. Primers used for 

assessing pre-rRNAs and mature rRNAs were designed against the regions depicted and are 

shown as lowercase letters: a, internal to ETS, specific for 45S; b, ETS-18S; c, internal to 18S; 

d, ITS-5.8S; e, internal to 5.8S; f, ITS-28S; g, internal to 28S. 

 

The primers for pre-rRNA were customised and designed for these studies by QIAGEN 

(QIAGEN, Venlo, Limburg, Netherlands) using the RT
2
 Profiler ™ PCR Array system. The 

catalog numbers for the human and mouse primers are listed in Tables 1 and 2, respectively. 

Later, during the course of the studies presented here, an eighth primer was added to the list 

for human samples, a primer specific for 5S rRNA. 

 

Table 1. RT-PCR Primer sets for human samples 

Primer set RefSeq Catalog number 

Span 5’-end 18S rRNA NR_046235.1 PPH82110A 

Internal to 18S rRNA NR_003286.2 PPH71602A 

Span 5’-end 5.8S rRNA NR_046235.1 PPH82111A 

Internal to 5.8S rRNA NR_003285.2 PPH82091A 

Span 5’-end 28S rRNA NR_046235.1 PPH82112A 

Internal to 28S rRNA NR_003287.2 PPH82090A 

45S rRNA (5’ETS) NR_046235.1 PPH82089A 

5S RNA SA_00548 PPH82190A 
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Table 2. RT-PCR Primer sets for mouse samples 

 Primer set RefSeq Catalog number 

45S rRNA Specific NR_046233.2 PPM82113A 

Internal to 18S rRNA NR_003278.3 PPM72041A 

Span 5’-end 5.8S rRNA NR_046233.2 PPM82117A 

Internal to 5.8S rRNA NR_003280.2 PPM82114A 

Span 5’-end 28S rRNA NR_046233.2 PPM82118A 

Internal to 28S rRNA NR_003279.1 PPM82115A 

 Aims 1.9

The overarching aim of this thesis was to examine the role of ribosome biogenesis during 

skeletal muscle adaptive growth and hypertrophy. 

To achieve this, the following specific aims were addressed: 

 To verify the effect of a single bout of resistance exercise on rRNA synthesis in 

young healthy adults; 

 To investigate the effects of chronic resistance training on ribosome 

biogenesis; 

 To determine the impact of post-exercise recovery strategies that impact on 

muscle mass gains on muscle ribosome biogenesis; 

 To investigate the effects of chronic inflammation on muscle growth and 

ribosome biogenesis; 

 To analyse the impact of muscle disuse and muscle reloading on muscle 

ribosome biogenesis; 

 To examine if protein supplementation following resistance exercise promotes 

rRNA synthesis in aged subjects following resistance exercise. 
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  Hypotheses 1.10

For these studies the following hypothesis were tested; 

 Acute resistance exercise promotes signalling pathways upstream of ribosome 

biogenesis; 

 Precursor rRNA synthesis is increased following resistance exercise; 

 Chronic resistance training promotes mature rRNA accumulation; 

 Chronic inflammation associated with impaired muscle growth is also 

associated with impaired ribosome biogenesis; 

 Muscle disuse reduces muscle rRNA and muscle reloading promotes rRNA 

synthesis; 

 Provision of rapidly digested protein, such as whey protein, further stimulates 

ribosomal biogenesis following resistance training in individuals; 

 Muscle growth is associated with ribosome mass dynamics.   
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  CHAPTER 2.

Ribosome biogenesis adaptation in resistance 

training-induced human skeletal muscle 

hypertrophy 

 

 

 

 

This work has been published prior to completion of this dissertation.  

Figueiredo VC, Caldow MK, Massie V, Markworth JF, Cameron-Smith D, Blazevich AJ. 

Ribosome biogenesis adaptation in resistance training-induced human skeletal muscle 

hypertrophy. Am J Physiol Endocrinol Metab. 2015 Jul 1;309(1):E72-83.  
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 Abstract 2.1

Resistance training (RT) promotes increases in skeletal muscle mass, with current proposed 

mechanism understanding primarily implicating transient increases in the rate of muscle protein 

synthesis during post-exercise recovery. In contrast, the role of adaptive changes in ribosome 

biogenesis to support the increased muscle protein synthetic demands is not known. This 

study examined the effect of both a single acute bout of resistance exercise (RE) and a chronic 

RT program on the muscle ribosome biogenesis response. Fourteen healthy young men 

performed a single bout of RE, both before and after 8 weeks of chronic RT. Muscle cross-

sectional area was increased by 6% ± 4.5% in response to 8 weeks RT. Acute RE-induced 

activation of the ERK and mTOR pathways were similar before and after RT as assessed by 

phosphorylation of ERK, MNK1, p70S6K and S6 ribosomal protein one hour post-exercise. 

Phosphorylation of TIF-IA was also similarly elevated following both RE sessions. Cyclin D1 

protein levels, which appeared to be regulated at the translational rather than transcriptional 

level, were acutely increased after RE. UBF was the only protein found to be highly 

phosphorylated at rest after 8 weeks of training. Also, muscle levels of the rRNAs including the 

precursor 45S and the mature transcripts (28S, 18S and 5.8S) were increased in response to 

RT. We propose that ribosome biogenesis is an important, yet overlooked, event in resistance 

exercise-induced muscle hypertrophy that warrants further investigation. 
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 Introduction 2.2

Resistance training (RT) increases both muscle mass and strength. Increased intramuscular 

protein synthesis in the hours following each resistance exercise (RE) bout appears to be a 

major mechanism regulating the adaptive mass gain (10). This increased rate of protein 

synthesis results from a coordinated series of cellular events dictated acutely by an increased 

translational efficiency (protein synthesised per ribosome) (10, 328). The initiation of ribosomal 

activity, i.e., mRNA translation, is dependent on the activation of the mammalian Target of 

Rapamycin (mTOR) and extracellular signal-regulated kinase (ERK) pathways (122, 434). 

There is considerable data on the impact of exercise intensity, duration, prior training and 

nutritional status on these signalling pathways of translation initiation (10, 90, 328). However, a 

further, and less well understood, aspect of RT-induced muscle hypertrophy, is the potential for 

greater translational capacity (quantity of ribosome) (272). In fact, ribosomal content dictates 

the upper limit of protein synthesis of a cell (167), thus it may be speculated that RE not only 

activates translational initiation but also increases the total muscle capacity for protein 

synthesis through de novo ribosome biogenesis.  

Ribosome biogenesis is a multistep process compromising ribosomal (r)RNA synthesis, 

processing and assembly with ribosomal proteins. The first and key limiting step is the 

transcription of ribosomal (r)DNA to the pre-rRNA 45S transcript by the RNA Polymerase I (Pol 

I) (93, 212). The 45S rRNA is subsequently cleaved, with external and internal transcribed 

spacers (ETS and ITS) being removed to generate three mature rRNA transcripts; 28S, 18S 

and 5.8S (294). These are exported to the nucleus where along with 5S rRNA (a transcript 

from Pol III activity) they collectively associate with a number of ribosomal proteins. The 

assembled mature ribosome is a complex consisting of both rRNA and ribosomal proteins 

distributed in two subunits: a large 60S subunit (composed of 28S, 5.8S and 5S rRNAs plus 

∼49 proteins) and small 40S subunit (composed of 18S rRNA plus ∼33 proteins) (291, 452).  

Synthesis of 45S rRNA requires the formation and activity of a complex of proteins at the rDNA 

promoter, including the upstream binding protein (UBF) and selectivity factor (SL1). Activation 

of this complex is followed by the recruitment of transcription initiation factor 1A (TIF-IA) which 

interacts with Pol I to drive 45S rRNA synthesis (93, 280). UBF protein content and 

phosphorylation state are closely correlated with Pol I recruitment and total rDNA transcription 

rates (364, 420). The phosphorylation of UBF at Ser388 and Ser484 is markedly heightened 

during cell cycle progression by the cyclins (including cyclin D1) and cyclin-dependent kinases 

(CDK), which are required for UBF activity (419, 420).  
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It has been demonstrated that ribosome biogenesis is an important component in rodent 

models of overload-induced muscle hypertrophy by synergistic ablation (129, 426). However, 

to date no study has been performed in a physiologically relevant milieu such as resistance 

exercise/training in human subjects. Therefore, the purpose of the present study was to 

examine the mechanisms of muscle ribosome biogenesis in response to a single bout of acute 

resistance exercise (RE) as well as chronically following a period of resistance training (RT) in 

healthy young adults. To achieve this we aimed to measure the signalling transduction 

pathways that lead to the activation of UBF and TIF-IA, the key transcriptional regulators of 

rRNA. Subsequently we also analysed the impact of the resulting rDNA transcription including 

measurement of the precursor transcript (45S pre-rRNA), pre-rRNA sequences spanning the 

intermediary 5’ internal/external transcribed spacer regions (ITS-28S, ETS-18S and ITS-5.8S) 

and the final mature rRNA transcripts (18S, 5.8S and 28S).  

 Materials and Methods 2.3

The study protocol was approved by the Edith Cowan University Human Ethics Committee, 

and was conducted in accordance with the Declaration of Helsinki. An overview of the 

experimental study design is shown in Figure 10. Subjects: Fourteen males (18–36 years old) 

volunteered for the study, following informed written consent. For 3 weeks prior to study 

commencement, all participants refrained from intense lifting or strength training. Pre-training 

testing: The pre-training period included two familiarisation sessions: (1) an information session 

where proper nutrition and lifting techniques were discussed and (2) a practical familiarisation 

session. Three days after the familiarisation sessions, subjects commenced pre-training 

testing, which was conducted over three separate days. On day 1, total, lean and fat masses 

were determined using DXA scanning and thigh muscle cross-sectional area (CSA) was 

measured using computed tomography (CT) scanning (details below). On day 2, one-repetition 

maximum (1-RM) lifting performance was evaluated on the leg press, leg extension and leg 

flexion exercises (details below). On day 3, which was completed 4-6 days after the 1-RM 

testing, muscle biopsy samples were obtained from the right vastus lateralis both before and 1 

hour after the completion of a single resistance exercise session. One hour post exercise was 

chosen because it is known to promote great response on both ERK and mTOR pathways, 

thus we hypothesise that it would also allow us to observe differences in the ribosome 

biogenesis markers that are dependent on these pathways.  
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Figure 10. Experimental study design. A, timeline of measurements and interventions; B, 

timeline of the acute clinical trial design used in both occasions (i.e., untrained and trained 

state). 

 

Body composition: Total, lean and fat masses of the whole body were measured using a 

Hologic Discovery QDR-4500 dual energy x-ray absorptiometry (DXA) scanner (Hologic Inc., 

Bedford, MA, USA). Lean and fat masses (g) were calculated from total and regional analyses 

of the whole body scan, which provided descriptive data of the subjects and also allowed pre-

biopsy and post-training session nutrition to be set (details below). CT scans were taken of the 

right thigh at 50% of the distance from the lateral condyle of the femur to the greater trochanter 

(i.e. thigh length) by a qualified radiographer to determine quadriceps muscle CSA using 

Siemens SOMATOM Dual Source 64 Slice CT system (Siemens AG, Berlin, Germany). 

Analysis was performed using ImageJ with the mean of CSA score of two separate traces 

being used (392). After 8 weeks of training, CT scanning was completed 6-7 days after the last 

session for post-training CSA measurement. The typical error for repeated digitisation of 14 

scans was 1.13 cm
2
 (90% CI = 0.86 – 1.68 cm

2
), and the coefficient of variation was 1.2% 

(90% CI = 0.9 – 1.7%). 

1-RM testing: Each subject’s maximum lifting performance was determined on the leg press, 

leg extension and leg flexion (leg curl) exercises. After a full warm-up including 5 min of 

stationary cycling and two practice sets (6 repetitions at loads equal to ~50 and 70% of 

perceived maximum load), each subject performed single repetitions of an incrementally 
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greater load until a maximum was found. Subjects typically required 4 – 6 lifts to achieve 

maximum. The rest interval for 1-RM attempts was 3 min. These 1-RM scores were used to 

monitor changes in strength performance with training and to set the training loads. 

Acute resistance exercise (RE) bout and muscle biopsy procedure: Subjects reported to the lab 

after an overnight fast. They consumed a standardised meal (cereal plus milk) containing 2220 

kJ energy, 11.6 g protein, 105 g carbohydrate and 5.6 g fat per 100 kg of lean mass. The same 

meal was provided for the post-training acute exercise bout and biopsy sampling session. After 

resting quietly for 1 h, muscle biopsy samples were taken from the right Vastus lateralis 

(untrained rest biopsy) at 50% of the distance from the lateral femoral condyle to the greater 

trochanter (i.e. at the same thigh location as the CT scan) using the micro-biopsy technique. A 

13-gauge catheter was inserted into the muscle under local anesthetic (5% lidocaine cream), 

then a 14-gauge triggered microbiopsy needle was inserted through the catheter. Three small 

(10–30 mg) samples were taken, with the catheter remaining inserted for the duration. Subjects 

remained resting in the supine position for 30 min until warm-up for the RE session 

commenced. The acute RE test session was the same stimulus as that used throughout the 

RT program described in detail below. Biopsy samples were again taken 1 h after the 

completion of the RE session (untrained post-exercise biopsy). Each sample was immediately 

frozen in liquid nitrogen and stored at -80°C until further analysis. After 8 weeks of training, the 

muscle biopsy sampling procedure was repeated 3-5 days after the last training session 

(trained rest biopsy, and 1 h after RE, trained post-exercise biopsy). Subjects consumed a 

whey protein-laden drink (RedBak® Whey Protein 50/50 isolate/concentrate, Probiotec 

Limited, VIC, Australia) immediately after every RE session throughout the training program 

and both RE testing sessions. The drink contained 38.4 g protein, 3.8 g carbohydrate and 2.1 g 

fat per 100 kg lean mass; thus, post-exercise nutrition was identical in training and testing 

sessions. 

Resistance training (RT) program: Subjects were paired for 1-RM knee extension strength and 

then randomly allocated to one of two training groups: heavy-load group training at 90% of 1-

RM (90% 1-RM group) or a moderate-load group training at 70% of 1-RM (70% 1-RM group) 

for leg press, knee extension and knee flexion exercises. Each subject was supervised at each 

session by an experienced strength trainer who was able to motivate the subjects and ensure 

that they could safely complete each set to absolute failure. The subjects performed as many 

repetitions as possible in the first set of the first session of testing. The number of repetitions 

was recorded and then loads were adjusted set-by-set during training to maintain the number 

of repetitions; thus loads were continually increased as the subjects increased their strength. 
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Each subject’s 1-RM load was determined before and after 4 weeks of training to allow for 

adjustment of the repetition range if the load-repetition relationship changed. Training was 

performed twice a week for 8 weeks (3 exercises, four sets each until failure), with 2 min rest 

between sets and 3 min rest between exercises.  

Analysis of muscle tissue: Total RNA extraction and cDNA synthesis: Total RNA was extracted 

using the ToTALLY RNA Kit (Ambion Inc., Austin, TX) following manufacturer’s instructions. 

RNA integrity was determined using the Agilent 2100 BioAnalyzer (Agilent Technologies, 

Mulgrave, VIC, Australia). RNA samples were then diluted to an appropriate concentration with 

nuclease-free water (NFW) and cDNA synthesis performed using the High Capacity RNA-to-

cDNA kit (Applied Biosystems, Foster City, CA, US). cDNA was stored at -20°C for subsequent 

analysis. 

Real-Time PCR: RT-PCR was performed on a LightCycler 480 II using SYBR Green I Master 

Mix (Roche Applied Science, Penzberg, Germany). Commonly used reference genes 

hypoxanthine-guanine phosphoribosyltransferase (HPRT), TATA-binding protein (TBP), heat 

shock protein 90 (HSP90), peptidyl-prolylcis-trans isomerase (PPIA also known as cyclophilin 

A), beta-2 microglobulin (B2M) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

mRNA levels were measured (Table 3). Geometrical means of the three most stable and with 

lower variance (based on the technique described by Mane et al. (260) mRNAs (HPRT, TBP 

and PPIA) were calculated and used for normalisation of the target RNAs, by the 2
(-∆∆CT)

 

method. Target mRNAs were: UBF, polymerase RNA I polypeptide B (POLR1B), cyclin D1, 

TIF-IA (also known as RRN3). Target rRNAs were the mature ribosome species 28S, 18S, 

5.8S. Since these primers should amplify both mature rRNAs but also pre-rRNAs, primers were 

designed specifically for pre-rRNAs sequences spanning the 5’ end internal/external 

transcribed spacer region (ETS and ITS respectively) and a specific primer for the initial region 

of 5’ end of 45S rRNA, namely 45S, ETS-18S, ITS-5.8S and ITS-28S (Figure 9). Primers for 

rRNAs (Table 1) were designed by QIAGEN specific for this study, using RT
2
 Profiler PCR 

Arrays (QIAGEN, Venlo, Limburg, Netherlands). Standard and melting curves were performed 

for every target to confirm primer efficiency and single product amplification. 
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Table 3. RT-PCR primer sequences 

Target Primer Sequence 

TBP (forward) TGTGCTCACCCACCAACAAT 

TBP (reverse) TCTGCTCTGACTTTAGCACCTG 

PPIA (forward) CCAGGCTCGTGCCGTTTTG 

PPIA (reverse) GTCTGCAAACAGCTCAAAGGAG 

HPRT (forward) CCTGGCGTCGTGATTAGTGAT 

HPRT (reverse) TCGAGCAAGACGTTCAGTCC 

Cyclin D1 (forward) GCTGCGAAGTGGAAACCATC 

Cyclin D1 (reverse) CCTCCTTCTGCACACATTTGAA 

TIF-IA (forward) GTTCGGTTTGGTGGAACTGTG 

TIF-IA (reverse) TCTGGTCATCCTTTATGTCTGG 

UBF (forward) CCTGGGGAAGCAGTGGTCTC 

UBF (reverse) CCCTCCTCACTGATGTTCAGC 

POLR1B (forward) GCTACTGGGAATCTGCGTTCT 

POLR1B (reverse) CAGCGGAAATGGGAGAGGTA 

 

Western blot: Skeletal muscle tissue was homogenised using an OMNI Bead Ruptor 

Homogeniser (Omni International, Kennesaw, GA, US) using RIPA lysis buffer (Tris 50 mM 

Tris-HCl, pH 7.4, 150 mM NaCl, 1% deoxycholic acid, 1% NP-40, 1mM EDTA) supplemented 

with Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, Waltham, MA, 

USA). After a centrifugation step, the supernatant had the protein concentration determined 

with the BCA protein assay kit (Pierce, Rockford, IL, USA). Protein homogenates were mixed 

with 4× Laemmli’s buffer and boiled. Denatured proteins were separated by SDS-PAGE using 

8 to 18% gel depending on the protein target. Proteins were electrotransferred to PVDF 

membranes (BioRad, Hercules, CA, US) using TransBlot semi-dry transfer apparatus 

(BioRad). Gels were cut and transferred together, as described elsewhere (203). This 

procedure allows different proteins to be quantified in the same run avoiding multiple stripping 

and reprobing cycles plus saving sample material. Membranes were blocked for 1 h in 5% BSA 
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in TBST solution at room temperature and probed using specific antibodies for pan cyclin D1, 

pan UBF, p-UBF Ser388, p-UBF Ser484 (Santa Cruz Biotechnology, Dallas, TX, US), p-

ribosomal protein S6 Kinase, 70kDa, polypeptide 1 (p70S6k) Thr421/Ser424, p-p70S6k 

Thr389, p-ERK 1/2 Thr202/Tyr204 and Thr185/Tyr187, p-mitogen-activated protein kinase 

interacting kinase 1 (MNK1) Thr197/202, p-S6 ribosomal protein Ser240/244, p-S6 ribosomal 

protein Ser235/236, p-eIF4E Ser209, pan eIF4E-binding protein 1 (4E-BP1) (Cell Signaling 

Technologies, Danvers, MA, USA), pan TIF-IA, p-TIF-IA Ser649 and pan GAPDH (Abcam, 

Cambridge, MA, US). Primary antibodies were incubated overnight in blocking buffer (1:1,000 

dilution, with exception of GAPDH, 1:10,000) followed by the appropriate anti-rabbit or anti-

mouse linked to horseradish peroxidase secondary antibody (1:5,000) for 1 h at room 

temperature at the subsequent day. Membranes were exposed using enhanced 

chemiluminescence reagent (ECL Select kit, GE HealthCare) and bands were detected using 

ChemiDoc (BioRad). Bands were quantified using ImageJ software (NIH, Bethesda, US). 

Western blot data were normalised by GAPDH.  

Statistics: Data are expressed as means ± standard error of mean (SEM), unless otherwise 

) from pre- 

training were analysed by two-way ANOVA with repeated measures (group [intensity] × time). 

Baseline anthropometric characteristics were analysed by student’s t-tests. Western blot data 

are presented as fold change against the pre-training rest biopsy sample. The effects of acute 

resistance exercise (RE) and chronic resistance training (RT) were assessed using a two-way 

ANOVA with repeated measures (SigmaPlotv12.0). Following statistically significant main 

effects, Student-Newman-Keuls post-hoc tests were used to determine the significance of pair-

wise comparisons between individual acute resistance exercise sessions and training. For the 

scope of the current study, the effects of ‘resistance exercise’ is defined as the acute response 

of a single session of exercise (i.e. rest versus post-RE), and the effects of ‘resistance training’ 

refers to the chronic response after 8 weeks of training (i.e. untrained versus trained) both at 

rest (untrained rest versus trained rest) and the response induced by exercise over time 

(untrained post-RE versus trained post-RE). When appropriate, correlations between variables 

were assessed using Pearson’s product moment correlations. Statistical significance was 

accepted at p≤0.05.  
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 Results 2.4

 Subject characteristics 2.4.1

The subject’s baseline anthropometric characteristics are shown in Table 4.  

Table 4. Subject baseline anthropometric characteristics 

Group Age       

(years) 

Height           

(cm) 

Mass         

(kg) 

Lean Mass 

(kg) 

70% 1-RM 20.5 ± 1.9 181.4 ± 10.3 81.1 ± 22.1 64.6 ± 12.9 

90% 1-RM 22.4 ± 5.2 177.5 ± 9.4 78.8 ±8.6 61.8 ± 5.0 

All 21.6 ±4.1 179.2 ± 9.6 79.8 ± 15.1 63.0 ± 8.9 

P value 0.42 0.48 0.78 0.56 

Data are Mean ± SD, 70% 1-RM group, n=6; 90% 1-RM, n=8. 

 Muscle cross-sectional area (% ∆CSA) 2.4.2

Mid-thigh muscle CSA increased significantly following the 8-week RT program (6.4±2.0 and 

7.6±1.0%, 70 and 90% 1-RM groups respectively, P<0.05 and P<0.01), with no difference 

between groups (P=0.56) (Figure 11). Thus, subsequent molecular analysis either examined 

the pooled group means or each subject’s individual data in cases of correlations between 

changes in CSA and measures of ribosome biogenesis. 

 

Figure 11. Resistance training increased 
quadriceps muscle cross-sectional area 
similarly in both 70% and 90% 1-RM 
intensity groups. Percentage increase in 

cross-sectional area per group; data are 

presented as mean values with maximum 

and minimum variation. Both intensities of 

training promoted statistically similar gains. 

%
 c

h
a

n
g

e
 i

n

c
ro

s
s

-s
e

c
ti

o
n

a
l 

a
re

a

7 0 %  1 -R M 9 0 %  1 -R M

0

2

4

6

8

1 0



46 
 

 Effect of resistance exercise and training on translation initiation pathways 2.4.3

(ERK and mTOR) 

p70S6K: Phosphorylation of p70S6K at Thr389 (Figure 12A) increased post-RE (main effect, 

P<0.001) by 6-fold in untrained (P<0.05) and 6.5-fold in trained conditions (P<0.05). There was 

also a main effect of RE for p70S6K phosphorylation at Thr421/Ser424 (P<0.001) (Figure 

12B), with increases in response to exercise of 2.3-fold in untrained (trend, P=0.052) and 2.9-

fold in trained conditions (P<0.05). There was no effect of training for either p70S6K 

phosphorylation site. 

ERK 1/2: Phosphorylation of ERK1 (Thr202/Tyr204) (Figure 12C) and ERK2 (Thr185/Tyr187) 

(Figure 12D) showed a main effect of exercise (both P<0.001) but no effect of training. ERK1 

phosphorylation was increased 3.2-fold post-RE in the untrained condition (P<0.05), and 2.9-

fold in the trained condition (trend, P=0.064). RE-induced ERK2 phosphorylation was 

increased 2.2-fold before training (P<0.01), and 2.1-fold after training (P<0.05). 

S6 ribosomal protein: Phosphorylation of S6rp at Ser235/236 (Figure 12E) was increased after 

exercise (main effect, P<0.01). Before training, RE resulted in a 4.5-fold change (P<0.05), 

whereas after training, a 4.2-fold change was observed (P<0.05). There was also a main effect 

for exercise (P<0.001) for phosphorylation of Ser240/244 (Figure 12F) with an 8.2-fold 

elevation pre-training (P<0.05) and 6-fold elevation post-training (P<0.05). There was no 

significant effect of training. 

MNK1: Phosphorylation at Thr197/202 (Figure 12G) was increased markedly in response to 

RE (main effect, P<0.001, no effect of training); which was 7-fold both in untrained (P<0.01) 

and trained conditions (P<0.01). 

eIF4E and 4E-BP1: There was no statistical difference acutely nor chronically for eIF4E 

phosphorylation at Ser209 or hyperphosphorylation of 4E-BP1 assessed by mobility shift (data 

not shown). 
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Figure 12. Effect of resistance exercise and training on a panel of kinases from ERK and 
mTOR pathway. A, phosphorylation of p70S6K at Thr389; B, at Thr421/Ser424; C, 

phosphorylation of ERK1 at Thr202/Tyr204; D, ERK2 at Thr185/Tyr187; E, phosphorylation of 

S6rp at Ser235/236; F, at Ser240/244; G, Phosphorylation of MNK1 at Thr197/202; H, 
representative western blots. All western blot data were normalised to GAPDH. Values are 

mean ± SEM. * p≤0.05, **p≤0.01, versus respective baseline. Main effects and interactions are 

presented in the text. 

 

 Effect of resistance exercise and training on cell cycle regulators 2.4.4

Cyclins: Cyclin D1 protein (Figure 13A) increased 1.9-fold after both bouts of RE (main effect 

P<0.01, before and after training, both P<0.01), and there was no training effect. There was no 

difference in cyclin D3 protein (Figure 13B) at any time point. Cyclin D1 mRNA (Figure 13D) 

showed a training × exercise interaction (P<0.001) and a main effect for exercise (P<0.05). 

This was due to a small, but significant, decrease in resting cyclin D1 mRNA following training 

(P<0.05) together with an acute increase in mRNA post-exercise in the trained condition only 

(P<0.05).  
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Figure 13. Effect of resistance exercise and training on cell cycle regulators. A, levels of 

cyclin D1 protein; B, cyclin D3 protein; C, representative western blots. Western blot data were 

normalised to GAPDH; D, cyclin D1 mRNA expression normalised by geometrical mean of 

three reference genes. Values are mean ± SEM. * p≤0.05, **p≤0.01 versus respective 

baseline; # p≤0.05, versus the same exercise state (rest or post-RE [post]) of the opposite 

training condition (untrained versus trained). Main effects and interaction are presented in the 

text.  

 Effect of resistance exercise and training on UBF and TIF-IA 2.4.5

Total and phosphorylated UBF: UBF total protein was markedly increased after exercise (main 

effect, P<0.01, although as discussed later, we believe this result is likely be an artefact from 

protein extraction), but was not influenced by resistance training (Figure 14A). Substantial 

variation in subject responsiveness to acute exercise was noted for total UBF. Total UBF 

protein levels were negatively correlated with UBF phosphorylation at Ser484 (r=-0.54, 

P<0.001) and Ser388 (r=-0.32, P<0.05, data not shown).  
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Figure 14. Effect of resistance exercise and training on total and phosphorylation of 
UBF and TIF-IA. A, UBF content before and after training and exercise; B, phosphorylation of 

UBF at Ser388; C, at Ser484; D, phosphorylation of TIF-IA at Ser649; E, TIF-IA content before 

and after training and exercise; F, Representative western blot figures for UBF and TIF-IA 

phosphorylation residues and total protein leves, and GAPDH are shown. Western blot data 

were normalised to GAPDH. Values are mean ± SEM. * p≤0.05, versus respective baseline; # 

p≤0.05, versus the same exercise state (rest or post-RE [post]) of the opposite training 

condition (untrained or trained). Main effects and interactions are presented in the text. 

 

There was no effect of exercise or training on phosphorylation of UBF at Ser484 (Figure 14C). 

Additionally, there was no effect of acute exercise on the phosphorylation of UBF at Ser388 

(Figure 14B). However, UBF phosphorylation at Ser388 was chronically increased by 5 fold in 

resting muscle following RT (P<0.05) (Figure 14B).  

TIF-IA: Phosphorylation at Ser649 of TIF-IA (Figure 14D) was markedly increased after RE in 

both conditions (main effect, P<0.01, 5.6-fold change before, P<0.01; and 7.6-fold after RT, 

P<0.01). There was a trend for a greater effect of RE after the training period (P=0.06). There 

was no effect of RE or RT on total TIF-IA (Figure 14E). 

 Effect of resistance exercise and training on rRNA and total RNA 2.4.6

Total muscle RNA concentration (µg of RNA per mg of tissue) tended to be increased post-RT 

(1.3-fold), although there was considerable subject-to-subject variation and this data did not 

reach statistical difference (data not shown). Nevertheless, the extent of each subject’s fold 

change in muscle total RNA from pre- to post-training showed a significant positive correlation 

with muscle % ∆CSA (r=0.72, P=0.01) (Figure 15A).  

45S pre-rRNA (primer internal to the 5’ETS region) expression showed an interaction between 

resistance exercise and training (P<0.05). Post-hoc analysis revealed an increase in 45S 

expression in resting muscle following RT (>2 fold increase, P<0.01, Figure 15B). After RT, but 

not before RT, there was an acute RE-induced decrease in 45S rRNA expression (P<0.01) 

(Figure 15B). Levels of 45S pre-rRNA following exercise were strongly correlated with the 

extent of TIF-IA phosphorylation at Ser649 (r=0.66, P<0.01) but not UBF phosphorylation at 

Ser388 and Ser484 (r=-0.36, P =0.14; and r=0.23 and P=0.4, respectively). 

There were no significant changes after RE or RT for ETS-18S ITS-5.8S or ITS-28S pre-rRNAs 

(Figure 15D, F and H), although, trends were observed for main effects of exercise for ETS-

18S (P=0.08) and ITS-28S (P=0.055).  
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There were training effects for all mature rRNAs: 18S (P<0.01), 5.8S (P<0.01) and 28S 

(P<0.05) (Figure 15C, E and G). Post-hoc analysis showed differences between untrained and 

trained conditions at rest for 18S (4 fold increase, P<0.01) and 5.8S (~4 fold increase, P<0.01) 

and a similar trend for 28S (2-fold increase, P=0.079). Additionally, there were main effects of 

exercise to acutely reduce levels for 18S (P<0.05) and 5.8S (P<0.05), but not for 28S.  
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Figure 15. Effect of resistance exercise and training on total RNA, mature and pre-rRNA 
levels.  A, correlation between total RNA per mg of muscle tissue and percentage increase in 

muscle cross-sectional area; the calculation used for total RNA measurement is described in 

Methods section. Due to technical problems, it was not possible to back calculate total RNA for 
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three samples; B, relative levels of 45S rRNA; C, 18S rRNA; D, ETS-18S pre-rRNA; E, 5.8S 

rRNA; F,  ITS-5.8S pre-rRNA; G, 28S rRNA; H, ITS-28S rRNA. Data were normalised to the 

geometric mean of three housekeeping genes (3HK). Values are mean ± SEM. * p≤0.05, 

versus respective baseline; # p≤0.05, versus the same exercise state (rest or post-RE [post]) of 

the opposite training condition (untrained or trained).  

 

 Effect of resistance exercise and training on mRNA levels of pol I-associated 2.4.7

proteins 

Gene expressions of POLR1B and TIF-IA (Figure 16) were not significantly different at any 

time point. UBF mRNA showed a significant 73% increase with training (main effect of training, 

P<0.01) at rest (P<0.01). Acutely, there was a small decrease after RE following RT (P<0.05), 

but not before RT. 

 

 

Figure 16. Effect of resistance exercise and training on mRNA levels of Pol I associated 
proteins. Pol1 factors PolR1B and TIF-IA along with the associated factor UBF are shown. 

Data were normalised to the geometric mean of three housekeeping genes (3HK). Values are 

mean ± SEM. * p≤0.05, versus respective baseline; # p≤0.05, versus the same exercise state 

(rest or post-RE [post]) of the opposite training condition (untrained or trained).  

 

 

 

m
R

N
A

 e
x

p
re

s
s

io
n

/ 
3

H
K

P O L R 1 B T IF -IA U B F

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5
U n tra in e d  R E S T

U n tra in e d  P O S T

T ra in e d  R E S T

T ra in e d  P O S T *

#



54 
 

 Discussion 2.5

The novel finding of present study was that significant muscle hypertrophy induced by 8 weeks 

of resistance training (RT) was associated with increased muscle expression of ribosomal RNA 

transcripts accompanied by a robust activation of key ribosome biogenesis regulatory factors. 

Specifically, it was demonstrated that 18S, 5.8S, 28S rRNAs and the pre-rRNA 45S were 

increased by 2 to 4 fold in the trained muscle. Acute RE promoted ERK/mTOR pathway 

activation, increased levels of cyclin D1 protein and elevated phosphorylation of TIF-IA. Whilst 

UBF phosphorylation was not increased acutely post-RE, it was markedly elevated on Ser388 

in resting muscle post-training. These data show that key indicators of ribosome biogenesis are 

responsive to a single bout of RE, whilst repeated training appears to be necessary for the 

sustained activation of UBF and accretion of muscle rRNA. 

Signalling transduction via the ERK and mTOR pathways was greatly upregulated 1 h following 

an acute bout of RE, both in the untrained (i.e., pre-RT) and trained (post-RT) conditions. 

Phosphorylation of p70S6K at Thr389 (mTOR dependent) and Thr421/Ser424 (predominantly 

ERK pathway dependent) (169), as well as S6rp at Ser240/244 (p70S6K dependent) and 

Ser235/236 (both p70S6k and p90 ribosomal S6 kinase, RSK, dependent) (351) were greatly 

increased following RE. Phosphorylation of ERK 1/2 at Thr202/Tyr204 and Thr185/Tyr187, 

respectively, and its downstream target MNK1 at Thr197/202 were also greatly increased. 

However, none of these kinase responses were altered after 8 weeks of training. Our results 

do not corroborate the view that chronic training causes an attenuation of acute exercise-

induced signal transduction pathways related to muscle hypertrophy as previously 

hypothesised (71, 305, 450). At least within the time frame of 8 weeks training, both acute 

exercise bouts resulted in a similar activation of these kinases, despite significant training 

induced gains in muscle mass. It remains to be determined if the activation of these kinases is 

diminished with ongoing training or when a plateau in training intensity and exercise adaptation 

occurs. 

Signal transduction via the mTOR and ERK pathways enhances translational initiation and 

elongation of a series of specific mRNAs. Whilst it is known that ERK and mTOR are activated 

in the early hours of post-exercise recovery, less is known of the specific proteins that are 

translated due to this effect. In the present study, an increase in muscle levels of cyclin D1 

protein after both acute RE bouts were observed, without concurrent increases in cyclin D1 

mRNA or cyclin D3 protein. Consistently, cyclin D1 protein expression has been shown to be 

primarily regulated at the translational rather than transcriptional level (141, 293, 349). 
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Although it has been hypothesised that the downstream mTOR effector 4E-BP1 may be 

involved in the translation of cyclin D1, it was recently shown that mTOR does not specifically 

regulate its expression (401). Alternatively, eIF4E was shown to be responsible for the specific 

translation of cyclin D1 mRNA (349), and the phosphorylation of eIF4E at Ser209 by MNK1 

appears to be required for this effect (22, 404). We were not able to detect an increase in 

eIF4E phosphorylation at Ser209 after RE, but heightened phosphorylation of the two 

upstream kinases, MNK1 and ERK, were observed. It is possible that our single 1 h post-

exercise biopsy time-point may have missed an increase in eIF4E phosphorylation, since cyclin 

D1 protein was already increased by this time. We suggest that cyclin D1 is a novel molecular 

target which is specifically upregulated in human muscle after RE, possibly driven by the 

ERK/MNK pathway. 

The role of cyclin D1 in the regulation of the cell cycle/proliferation is known; however, cyclin 

D1 also plays a key role in mature cells by promoting ribosome biogenesis. Cyclin D1 forms a 

complex with CDK4 and promotes its catalytic activity (206), which promotes subsequent 

phosphorylation and activation of UBF (420). Active UBF binds to the rDNA promoter leading 

to increased rDNA transcription. In the current study, phosphorylation of UBF appeared to be 

reduced or almost undetectable at 1 h post-RE in some subjects. UBF has several HMG box 

domains that confers UBF a strong binding affinity for rDNA (311, 463). However, once UBF is 

dephosphorylated, it will release rDNA and potentially redistribute from the nucleolus to the 

nucleus or even cytoplasm (308). Interestingly, those subjects who had a blunted 

phosphorylation of UBF after exercise also displayed a robust increase in total UBF levels. We 

hypothesise that this effect may be due to the protein extraction protocol employed in the 

current study. Detachment of dephosphorylated UBF protein from rDNA would enrich the 

protein soluble fraction during tissue extraction. It has been reported that even nuclear specific 

protein extraction protocols have been found to recover only 50% of nucleolar proteins (57). It 

is likely that the protein extraction protocol employed in this study failed to recover the entire 

nucleolar fraction and that this accounted for the increased UBF levels after RE. Convincingly, 

at the same time UBF was increased, TIF-IA protein levels did not show the same response 

post exercise (Figure 14E). Although it can also be found in the nucleolar region and has been 

recently shown to be able to bind to DNA in vitro (390), TIF-IA possess several HEAT domains, 

known to be involved in protein-protein interactions (25). Its main role on ribosome biogenesis 

is through these protein-protein interactions, serving as a bridge between Pol I and SL1 (138). 

Since protein-protein interactions are easily disrupted by ionic/denaturing lysis buffer, total 

levels of TIF-IA was not affected by the protein extraction protocol. Thus we suggest that the 

UBF increase observed after exercise is an indirect effect due to its detachment from rDNA.       
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Initially we hypothesised that total UBF protein would be increased chronically in hypertrophied 

muscle following chronic resistance training, since it has been shown to be upregulated during 

synergistic ablation in a mouse model of muscle hypertrophy (129, 426). We found, however, 

no evidence that muscle hypertrophy following 8 weeks of resistance training in humans was 

associated with increases in muscle UBF protein levels or Pol1 factors PolR1B and TIF-IA 

mRNA (despite increased UBF mRNA levels). In line with this, Zhang et al. (473) showed an 

increase in ribosomal RNA without concurrent increases in total UBF protein expression in 

cardiomyocytes. They speculated that the ribosomal RNA accretion may involve activation of 

the pre-existing components of Pol I and III machinery, which may also be the case here. We 

did find a robust increase in UBF phosphorylation at rest in trained muscle, which might help to 

explain the chronic increase in rRNAs. Contrary to murine models of hypertrophy (mechanical 

overload or surgical ablation) where there is a sharp increase in hypertrophy (40 to 70% of 

muscle mass increment in 1-3 weeks), resistance training produces a much slower rate of 

hypertrophy (~7% over 8 weeks in the current study). It is plausible that human muscle 

ribosome accretion with resistance training may be more dependent on the activation of pre-

existing components of ribosome biogenesis pathways, including UBF phosphorylation, rather 

than increments in total UBF protein. Notably, UBF was the only protein measured in the 

current study that demonstrated an increase in phosphorylation state in trained muscle at rest. 

However, a few other possible explanations exist that may explain the observed absence of 

chronic elevation in UBF protein in human muscle tissue. First, as mentioned above, the 

extraction protocol may not have been optimal for nucleolar proteins, and this may have 

underestimated any potential real increase in total UBF. Second, RT resulted in a much 

smaller increase in muscle mass compared to animal models of synergistic ablation, which 

may still cause a proportional increase in UBF level, but these may be below the limit of 

detection of the western blot technique employed. Third, one cannot rule out the possibility that 

the synergistic ablation model simply increases muscle mass by different mechanisms 

compared to the more physiological stimulus of human RT. 

Unlike the chronic effect on UBF phosphorylation, TIF-IA was greatly phosphorylated at the 

ERK-RSK dependent site (Ser649) after acute RE, but not chronically. Although rRNA 

synthesis relies greatly upon UBF activation, it may, in some specific cases, be increased by 

TIF-IA activation by the ERK pathway, despite a lack of a change in UBF phosphorylation 

status (475). Along with cyclin D1 protein, TIF-IA may be an earlier activator of ribosome 

biogenesis after RE that may promote rRNA synthesis at a later time point. 
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Synthesis of rRNA has been found to be an early event in rodent models of skeletal muscle 

hypertrophy (129, 426). However, whether rRNA synthesis plays a similar role in resistance 

training-induced muscle hypertrophy in humans remains unclear. In the current study, relative 

levels of mature rRNAs and the pre-rRNA 45S (primer designed against the 5’ETS region not 

spanning any mature rRNA) were markedly increased in resting muscle following 8 weeks of 

resistance training. Since the pre-rRNA 45S was similarly increased, we asked whether the 

mature rRNA data showed higher levels due to the pre-rRNAs, since primers designed for 

mature rRNAs will also amplify the pre-rRNAs version. In order to differentiate pre-rRNA from 

mature rRNA we also analysed the 28S, 18S and 5.8S segments which were still bound to the 

internal (ITS-28S and ITS-5.8S) and external transcribed spacer (ETS-18S) within the pre-

rRNA 45S strand. Unlike the primers designed for the internal region of the mature rRNA 

alone, none of the pre-rRNA fragments (ITS-28S, ETS-ITS and ITS-5.8S) were increased after 

training. The training-induced increase in pre-rRNA 45S, but not ETS-18S, ITS-5.8S or ITS-

28S, may suggest that pre-rRNA is rapidly processed. Overall, our data show that resistance 

training induces long term increases in muscle ribosome machinery. A major implication of this 

finding is that rRNAs, which are commonly used as reference genes in the literature, clearly 

cannot be used as reference genes in longitudinal studies, especially when there are gains 

and/or losses of muscle mass. 

Despite there being chronic increases in mature rRNA abundances post-training in the current 

study, we did not find an acute increase in 45S pre-rRNA levels in response to RE. For long 

term increases in rRNA, rDNA transcription should be initiated at some point following acute 

RE. We hypothesise that rDNA transcription may be upregulated at a later time point during 

post-exercise recovery. In line with this hypothesis, Nader et al. (296) recently reported an 

increase in 45S rRNA 4 h post-RE, three hours later than our biopsy sampling time-point. 

Convincingly, even though the levels of 45S pre-rRNA after exercise were decreased in the 

present study, they were positively correlated with the levels of TIF-IA phosphorylation (but not 

UBF phosphorylation). This may indicate that the transcription of rDNA induced by resistance 

exercise is mediated by ERK-RSK-TIF-IA pathway, independently of UBF.  

Total RNA per mg of muscle tissue appeared to be slightly increased following chronic 

resistance training but this change showed a high inter-individual variability and the overall 

change did not reach statistical significance. However, perhaps more importantly, the extent of 

change in a subject’s total muscle RNA concentration was found to be positively correlated 

with the extent of changes in muscle CSA (Figure 15A). Total RNA is known to be a proxy 

measurement of ribosomal RNA content, since >80% of total RNA is ribosomal RNA (468). 
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Therefore, the degree to which subjects were capable of muscle mass gains appears related to 

their extent of increase in muscle ribosome density. 

In conclusion, the current data indicate that ribosome biogenesis is a relevant event potentially 

driving muscle adaptation to resistance training. We propose a testable model (Figure 17) 

where dephosphorylated UBF is rapidly removed from rDNA promoter in the nucleolus during 

or shortly after contraction. The muscle cell requires energy during contraction, which will shut 

down high energy consumption activities such as protein synthesis and ribosome biogenesis. 

However, at the same time, RE sends antagonistic cues for latter adaptation, where cyclin D1 

protein expression may be its earliest triggering regulator, possible by the ERK-MNK1-eIF4e 

pathway, and TIF-IA is activated independently of UBF. Moreover, the increase in ribosome 

density may explain the degree of muscle hypertrophy, i.e., reduced accretion of rRNA may 

limit muscle growth. Some studies have found that RT increases basal muscle protein 

synthesis (198, 450), which appears not to be mediated by the signalling pathways that 

increase protein translation efficiency. We show evidence that the increase in protein synthesis 

at rest might be mediated by increased ribosome biogenesis in response to resistance training. 
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Figure 17. Theoretical model for the early and delayed effects of resistance exercise in 
human skeletal muscle. Resistance exercise promotes TIF-IA phosphorylation, mTOR and 

ERK signalling that specifically increases translation of cyclin D1. Increased cyclin D1 may 

promote activation of UBF protein, increasing rDNA transcription and sustaining muscle growth 

chronically. The figure depicts the nucleus and nucleolus (darker region) in the center, where 

rDNA is concentrated. Phosphorylation is indicated by capital p letter. 
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 Abstract 3.1

Muscle hypertrophy occurs following increased protein synthesis, which requires activation of 

the ribosomal complex. Additionally, increased translational capacity via elevated ribosomal 

RNA (rRNA) synthesis has also been implicated in resistance training-induced skeletal muscle 

hypertrophy. The time course of ribosome biogenesis following resistance exercise (RE) and 

the impact exerted by differing recovery strategies remains unknown. In the present study, the 

activation of transcriptional regulators, the expression levels of pre-rRNA and mature rRNA 

components were measured through 48 h after a single bout RE. In addition, the effects of 

either low intensity cycling (active recovery, ACT) or a cold water immersion (CWI) recovery 

strategy were compared. Nine male subjects performed two bouts of high-load RE randomised 

to be followed by either 10 min of either ACT or CWI. Muscle biopsies were collected before 

RE, and at 2, 24 and 48 h after RE. RE increased the phosphorylation of the p38-MNK1-eIF4E 

axis, an effect only evident with ACT recovery. Downstream, cyclin D1 protein, total eIF4E, 

Upstream Binding Factor 1 (UBF1) and c-Myc proteins were all increased only after RE with 

ACT. This corresponded with elevated abundance of the pre-rRNAs (45S, ITS-28S, ITS-5.8S 

and ETS-18S) from 24 h after RE with ACT. In conclusion, coordinated upstream signalling 

and activation of transcriptional factors stimulated pre-rRNA expression after RE. CWI, as a 

recovery strategy, markedly blunted these events, suggesting that suppressed ribosome 

biogenesis may be one factor contributing to the impaired hypertrophic response observed 

when CWI is used regularly after exercise. 
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 Introduction 3.2

Resistance exercise (RE) training results in marked structural and contractile adaptations 

within skeletal muscle. This complex tissue remodelling is dependent upon increased protein 

synthesis to enable muscle fibre hypertrophy. The ribosome is the cellular machinery that 

translates the transcriptional gene information of the messenger RNA (mRNA) into new 

proteins. In addition to ribosomal activation (translation initiation), recent evidence has 

implicated ribosome biogenesis in the dynamic regulation of skeletal muscle mass (106, 201, 

426), with increased transcription of the ribosomal DNA (rDNA) into ribosomal RNA (rRNA). 

However, little is known of the activation of mechanisms governing ribosome biogenesis, and 

the time course of rDNA transcription following a bout of RE. 

The first and rate-limiting step of ribosome biogenesis is transcription of the rDNA into the 

precursor 45S rRNA (314). This requires various transcriptional factors such as Upstream 

Binding Factor (UBF) and Transcription Initiation Factor IA (TIF-IA) to bind to the rDNA 

promoter and induce the synthesis of the pre-rRNA by the dedicated RNA polymerase I (Pol I) 

(291). After 45S pre-rRNA is transcribed, it is rapidly processed by cleavage into multiple 

transcripts which form the mature rRNAs, 28S, 18S and 5.8S. Together with 80+ ribosomal 

proteins by RNA polymerase II and 5S rRNA transcribed by rRNA polymerase III, these mature 

rRNAs eventually form the large and small subunits of the ribosome (152).  

The regulation of UBF protein activity is central for rRNA synthesis and cell growth (88, 420, 

421). Its phosphorylation status is a key determinant for rDNA transcription (419, 421). UBF is 

phosphorylated by cyclin-dependent kinase 4 (CDK4) when a complex is formed between 

CDK4 and the cell cycle regulator, cyclin D1. We have recently proposed that high-load 

resistance exercise increases cyclin D1 protein expression in skeletal muscle by specifically 

targeting the translation of cyclin D1 mRNA (106) through activation of the MAP kinase 

interacting serine/threonine kinase 1 (MNK1) and eukaryotic translation initiation factor 4E 

(eIF4E) (404).   

In the current study, ribosome biogenesis was examined from 2 h post-exercise, and extending 

to 24 h and 48 h post-RE in healthy trained subjects. Differing recovery strategies following 

intense RE are widely used by athletes, including cold water immersion. While acute cold water 

immersion (CWI) has been shown to provide analgesia, reduce delayed onset muscle 

soreness (26) and muscle oedema (461), it may also negatively affect long-term muscle 

adaptation, as determined by training induced muscle hypertrophy and strength gains (346, 
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460). Thus, it was hypothesised that CWI would suppress the transcriptional signalling and 

activation of rRNA synthesis during exercise recovery. 

 Methods 3.3

 Subjects and Study design 3.3.1

The participant characteristics and study design are described in detail elsewhere (346). All 

participants were informed of the requirements and risks of the study in addition to be provided 

with a written informed consent. The experimental procedures were approved by the Human 

Research Ethics Committee of The University of Queensland. Nine recreationally active young 

males (22.1 ± 2.2 years old), with at least one year of experience in resistance training, 

completed two single-leg resistance training sessions on separate days. These sessions 

comprised 45° leg press, single leg squats, knee extensions and walking lunges. These 

exercises involved performing 36 sets until failure, with loads of 8, 10 and 12 repetitions 

maximum (RM). In a randomised, cross-over design study, the participants completed one of 

two recovery treatments within 5 min after exercise. These treatments involved cold water 

immersion (CWI) or active recovery (ACT). For the CWI trial, the participants sat up to their 

waist in cold water (10.0 ± 0.3°C) contained in an inflatable bath (iBody, iCool, Miami, QLD, 

Australia) for 10 min. In the ACT trial, the participants cycled on a stationary bicycle (Wattbike, 

Nottingham, United Kingdom) at a low, self-selected intensity (59.5 ± 9.4 W) for 10 min. 

Muscles biopsies from the Vastus lateralis were collected before, and 2 h, 24 h and 48 h after 

each session. Muscle samples were snap-frozen in liquid nitrogen and stored at 80°C until 

further analysis. 

The phosphorylation status and abundance of proteins involved in ribosome biogenesis were 

assessed by Western blot. A total of 25 mg of tissue was homogenised in RIPA lysis buffer 

(Millipore, Temecua, CA, USA) supplemented with Halt
TM

 protease and phosphatase inhibitor 

cocktail (Thermo Scientific, Waltham, MA, USA). Samples were centrifuged, and the 

supernatant was used to measure total protein concentration using a Pierce
TM

 BCA Protein 

Assay Kit (Thermo Scientific). Equal amounts of protein were boiled in 4  Laemmli buffer. 

20µg of protein were separated by SDS-PAGE and then transferred to PVDF membranes (Bio-

Rad Laboratories, Inc., Hercules, CA, USA) using a semi-dry Trans-Blot Turbo
TM

 device (Bio-

Rad). Following 1 h blocking with 5% bovine serum albumin solution in Tris-buffered saline with 

0.1% Tween 20 (TBST), the membranes were incubated with primary antibodies (1:1,000 
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dilution, with exception of GAPDH which was 1:10,000) overnight at 4°C. The following 

antibodies were used in this study: total UBF (#13125), p-UBF Ser484 (#21638) and Ser388 

(#21637), cyclin D1 (#450), total eIF4E (#9976) (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA), total TIF-IA (#42539), p-TIF Ser649 (#138651), GAPDH (#36840)(Abcam, Cambridge, 

UK), total Akt (#2920), p-Akt Thr308 (#4056), total PRAS40 (#2691), p-PRAS40 Thr246 

(#2691), p-p38 MAPK Thr180/Tyr182 (#4511), p-eIF4E Ser209 (#9741), p-MNK1 Thr197/202 

(#2111)(Cell Signaling Technology, Inc., Danvers, MA, USA), and total c-Myc - 9E10 clone 

(Developmental Studies Hybridoma Bank, Iowa City, IA, USA). The next day, the membranes 

were washed in TBST before they were incubated with the appropriate anti-rabbit or anti-

mouse secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) 

linked to horseradish peroxidase (1:5,000) for 1 h at room temperature. The membranes were 

once again washed in TBST and exposed on a ChemiDoc image device (Bio-Rad) using 

enhanced chemiluminescence reagent (ECL Select kit, GE Healthcare Ltd., Little Chalfont, 

United Kingdom). Bands were quantified using ImageJ software (NIH, Bethesda, MD, US). 

Total RNA was extracted from ~20 mg of muscle tissue using the AllPrep® DNA/RNA/miRNA 

Universal Kit (QIAGEN GmbH, Hilden, Germany) following the manufacturer’s instructions. 

Following cDNA synthesis using High-Capacity RNA-to-cDNA
™ 

kit (Life Technologies, 

Carlsbad, CA, USA), messenger and ribosomal RNA (mRNA and rRNA) were measured by 

RT-PCR on a LightCycler 480 II (Roche Applied Science, Penzberg, Germany) using SYBR 

Green I Master Mix (Roche Applied Science). Target mRNAs were: UBF (UBFT), polymerase 

RNA I polypeptide B (POLR1B), TIF-IA (RRN3) and cyclin D1 (CCND1). Pre-rRNAs were 

measured using primers designed specifically for pre-rRNA sequences spanning the 5’ end 

internal/external transcribed spacer (ITS/ETS) region, and a specific primer for the initial 

external transcribed spacer (ETS) region of 5’ end of 45S rRNA, namely ITS-5.8S, ITS-28S, 

ETS-18S, and 45S. These primers detect only the pre-rRNAs, that after processing and 

maturation will form mature ribosomes (152). Primers for the internal region of the mature 

rRNAs (28S, 18S and 5.8S) were also used. Primers for rRNAs were designed by QIAGEN, 

using RT
2
 Profiler PCR Arrays (QIAGEN). We have previously described these primers and 

some target mRNAs applied in this study (106). The sequences for the other targets not 

described before are shown in the Table 5. The geometric mean of three reference genes 

(411) was used for normalisation. The recently proposed human reference genes (96), 

chromosome 1 open reading frame 43 (C1orf43), charged multivesicular body protein 2A 

(CHMP2A) and ER membrane protein complex subunit 7 (EMC7) were identified as the least 

variable, and were therefore used as reference genes. Standard and melting curves were 

performed for every target to confirm primer efficiency and single product amplification. 
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Table 5. RT-PCR primer sequences 

Target Primer Sequence 

EMC7, Forward GGGCTGGACAGACTTTCTAATG 

EMC7, Reverse CTCCATTTCCCGTCTCATGTCAG 

CHMP2A, Forward CGCTATGTGCGCAAGTTTGT 

CHMP2A, Reverse GGGGCAACTTCAGCTGTCTG 

C1orf43, Forward CTATGGGACAGGGGTCTTTGG 

C1orf43, Reverse TTTGGCTGCTGACTGGTGAT 

NIP7, Forward CCGGGTGTACTATGTGAGTGAGAA 

NIP7, Reverse TTGTGGGTTTTAGTGAATTTTCCA 

 Statistical analysis 3.3.2

RT-PCR data were analysed using the 2
(-∆∆CT)

 method. Western blot data are presented as fold 

change against the protein expression for the pre-exercise sample for each trial. Data are 

expressed as mean ± standard error of the mean (SEM). Main effects of time and trial, and 

time  trial interactions were assessed using a two-way ANOVA (time post exercise × recovery 

strategy) with repeated measures (SigmaPlot v12.0, Systat Software, Inc., San Jose, CA, US). 

Student-Newman-Keuls post-hoc tests were used to determine the significance of pair-wise 

comparisons of changes with time and differences between the trials. Statistical significance 

was accepted at p≤0.05. 

 Results 3.4

 Effect of resistance exercise and recovery strategies on protein response 3.4.1

p38 MAPK: Phosphorylation of p38 at the dual site Thr180/Tyr182 (p-p38 MAPK 

Thr180/Tyr182) increased after exercise (time effect p<0.001) and this response tended to 

differ between the trials (interaction p=0.068) (Figure 18A). In the ACT trial, p-p38 MAPK 

Thr180/Tyr182 was increased 2 h post-exercise (p<0.001), while it was not statistically different 
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at the same time point (p=0.25) in the CWI trial. Compared with the CWI trial, p-p38 MAPK 

Thr180/Tyr182 was higher 2 h post-exercise in the ACT trial (p=0.003). 

MNK1: Phosphorylation of MNK1 at Thr197 (p-MNK1 Thr197) increased after exercise (time 

effect p<0.001) and was different between the trials (interaction p=0.01) (Figure 18B). p-MNK1 

Thr197 was only higher than pre-exercise 2 h after exercise (p<0.001) in the ACT trial. 

Compared with the CWI trial, it was higher 2 h after exercise in the ACT trial (p<0.001). 

eIF4E: Phosphorylation of eIF4E at Ser209 (p-eIF4E Ser209) followed a similar pattern to its 

upstream kinase, MNK1. p-eIF4E Ser209 increased after exercise (time effect p=0.021) and 

this response tended to differ between the trials (interaction p=0.074) (Figure 18C). p-eIF4E 

Ser209 was higher than pre-exercise 2 h after exercise (p=0.001) in the ACT trial. It was also 

higher at this time after the ACT trial compared with the CWI trial (p=0.009). Total eIF4E 

protein expression also increased after exercise (time effect p=0.043) (Figure 18D). It was 

higher than pre-exercise 24 h post-exercise (p=0.028), and tended to remain higher 48 h post-

exercise (p=0.090) only in the ACT trial (Figure 18D).  

Cyclin D1: The change in cyclin D1 total protein expression was different between the trials 

(interaction p<0.001) (Figure 18E). It was higher than pre-exercise 2 h (p=0.002), 24 h 

(p<0.001) and 48 h (p<0.001) after exercise in the ACT trial. It was also higher at all three time 

points after the ACT trial compared with the CWI trial: 2 h (p=0.012), 24 h (p<0.001) and 48 h 

(p<0.001). 
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Figure 18. Effect of Resistance exercise on the p38-MNK1-eIF4E axis. Phosphorylation 

levels of p38 (A), MNK1 (B), and eIF4E (C), and total levels of eIF4E (D), and total cyclin D1 

protein (E) and mRNA levels (F). Representative western blot figures (closest molecular weight 
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marker is shown in the left-hand side) (G). Western blot data were normalised to GAPDH, with 

the exception of eIF4E Ser209, which was normalised to its respective total protein. Cyclin D1 

mRNA expression was normalised to the geometric mean of 3 reference genes. Values are 

mean ± SEM. Symbol legends: *, different from PRE within the same trial (p<0.05), #, different 

between trials within the same time-point (p<0.05). Main effects and interactions are presented 

in the text. 

 

Akt: The change in phosphorylation of Thr308 on Akt was different between the trials 

(interaction p=0.047) (Figure 19A). Compared with the CWI trial, it was higher 48 h (p=0.005) 

after exercise in the ACT trial. 

PRAS40: Phosphorylation of Thr246 on PRAS40 (p-PRAS40 Thr246) changed after exercise 

(time effect p=0.002) (Figure 19B). It was lower than pre-exercise 2 h after exercise in the ACT 

trial (p=0.005) and the CWI trial (p=0.005). It was higher than pre-exercise 48 h after exercise 

in the ACT trial (p=0.043). Compared with the CWI trial, p-PRAS40 Thr246 was higher 48 h 

(p=0.011) after exercise in the ACT trial. 

Figure 19. Effect of resistance exercise on Akt signalling. Phosphorylation levels of AKT 

(A) and PRAS40 (B). Representative western blot figures (closest molecular weight marker is 

shown in the left-hand side) (C). Western blot data were normalised to their respective total 

proteins. Values are mean ± SEM. Symbol legends: *, different from PRE within the same trial 
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(p<0.05), #, different between trials within the same time-point (p<0.05). Main effects and 

interactions are presented in the text.  

 

UBF: UBF1 total protein expression increased after exercise (time effect p=0.028), and this 

response was different between the trials (interaction p=0.041) (Figure 20A). It was higher than 

pre-exercise 24 h (p=0.004) and 48 h (p=0.040) after exercise in the ACT trial. Compared with 

the CWI trial, UBF1 total protein was higher 24 h (p=0.022) and 48 h (p=0.015) after exercise 

in the ACT trial. UBF2 total protein expression did not change significantly after exercise (time 

effect p=0.63) in either trial (Figure 20B).  

UBF phosphorylation at Ser388 (p-UBF Ser388) followed the same pattern as UBF1 total 

protein (Figure 20C). The change in p-UBF Ser388 was different between the trials (interaction 

p=0.030). It was higher than pre-exercise 24 h (p=0.018) and 48 h (p=0.034) after exercise in 

the ACT trial. Compared with the CWI trial, p-UBF Ser388 was higher 24 h (p=0.015) and 48 h 

(p=0.007) after exercise in the ACT trial. The change in p-UBF Ser484 was also different 

between the trials (interaction p=0.032) (Figure 20D). It was higher than pre-exercise 24 h 

(p=0.006) after exercise in the ACT trial. Compared with the CWI trial, p-UBF Ser484 was also 

higher 24 h (p=0.006) after exercise in the ACT trial. 

TIF-IA: Phosphorylation of Ser649 on TIF-IA increased after exercise (time effect p=0.006) 

(Figure 20E). It was higher than pre-exercise 2 h after exercise in both the ACT (p=0.046) and 

CWI (p=0.002) trials. 

c-Myc: The change in c-Myc total protein expression was different between the trials 

(interaction p<0.001) (Figure 20F). It was higher than pre-exercise 24 h (p<0.001) and 48 h 

(p<0.001) after exercise in the ACT trial. Compared with the CWI trial, c-Myc total protein was 

higher 24 h (p<0.001) and 48 h (p<0.001) after exercise in the ACT trial. 
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Figure 20. Effect of resistance exercise on rDNA transcription factors. Protein levels of 

UBF1 (A), UBF2 (B), phosphorylation of UBF at Ser388 (C) and Ser484 (D), TIF-IA at Ser649 

(E), and protein levels of c-Myc (F). Representative Western blots figures (closest molecular 

weight marker is shown in the left-hand side) (G). Western blot data were normalised to 
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GAPDH. Values are means ± SEM. Symbol legends: *, different from PRE within the same trial 

(p<0.05), #, different between trials within the same time-point (p<0.05). Main effects and 

interaction are presented in the text. 

 

 Effect of resistance exercise and recovery strategies on rRNA and mRNA 3.4.2

expression 

rRNA:  45S pre-rRNA (5’ETS) was increased after 24 h in the ACT trial (p=0.018), and tended 

to remain elevated after 48 h (p=0.089) (Figure 21A). 45S pre-rRNA did not change 

significantly in the CWI trial. 45S pre-rRNA was higher 24 h (p=0.035) after exercise, and 

tended to remain higher 48 h (p=0.065) after exercise in the ACT trial compared with the CWI 

trial. ITS-28S rRNA was different between the trials (interaction p=0.010) (Figure 21B). It was 

higher than pre-exercise 24 h (p=0.003) and 48 h (p=0.003) after exercise in the ACT trial. 

Compared with the CWI trial, it was higher 24 h (p=0.007) and 48 h (p=0.016) after exercise in 

the ACT trial. The change in ITS-5.8S rRNA was also different between the trials (interaction 

p=0.032) (Figure 21C). It was higher than pre-exercise 24 h (p=0.007) and 48 h (p=0.004) after 

exercise in the ACT trial. Compared with the CWI trial, it was higher 24 h (p=0.050) and 48 h 

(p=0.005) after exercise in the ACT trial. ETS-18S pre-rRNA was only increased in the ACT 

trial at 24h (p=0.004) and it showed a trend to be higher compared to CWI trial at the same 

time-point (p=0.053) (Figure 21D). The mature 28S rRNA did not change significantly after 

either trial (time effect p=0.73) (Figure 21E). Further, mature 18S and 5.8S followed the same 

response and were unchanged at all time points (data not shown). 

Cyclin D1 mRNA: There were no significance changes over time or differences between trials 

(time effect p=0.41, interaction p=0.80) for cyclin D1 mRNA (Figure 18F). 

UBF mRNA: UBF mRNA increased after exercise (time effect p<0.001), and this response 

tended to differ between the trials (interaction p=0.080) (Figure 22A). It was higher than pre-

exercise 48 h after exercise (p=0.006) in the ACT trial, whereas it was lower than pre-exercise 

24 h after exercise (p=0.037) in the CWI trial. Compared with the CWI trial, UBF mRNA was 

higher 24 h (p=0.040) and 48 h (p=0.007) after exercise in the ACT trial 
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Figure 21. Effect of resistance exercise on rDNA transcription. Expression of pre-rRNA as 

detected by primers against: 5’ETS (A), ITS-5.8S (B), and ITS-28S (C), ETS-18S (D), and 

mature 28S rRNA (E). rRNA expression was normalised by geometric mean of 3 reference 

genes. Values are means ± SEM. Symbol legends: *, different from PRE within the same trial 

(p<0.05), #, different between trials within the same time-point (p<0.05). Main effects and 

interaction are presented in the text.  
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Figure 22. Effect of resistance exercise on mRNA levels of genes involved in rDNA 
transcription. Expression of UBF (A), TIF-IA (B), PolR1B (C), NIP7 (D) mRNAs. mRNA 

expression was normalised by geometric mean of 3 reference genes. Values are means ± 

SEM. Symbol legends: *, different from PRE within the same trial (p<0.05), #, different between 

trials within the same time-point (p<0.05). Main effects and interaction are presented in the 

text.  

 

TIF-IA mRNA: TIF-1A mRNA increased after exercise (time effect p<0.001) (Figure 22B). It 

was higher than pre-exercise 24 h after exercise in the ACT trial (p=0.004) and CWI trial 

(p=0.026), and remained above pre-exercise 48 h after exercise in the ACT trial (p=0.048).  

PolR1B mRNA: PolR1B mRNA also increased after exercise (time effect p<0.001) (Figure 

22C). It was higher than pre-exercise 24 h after exercise in both the ACT (p=0.001) and CWI 

(p=0.033) trials. 

NIP7 mRNA: NIP7 mRNA increased after exercise (time effect p<0.001) (Figure 22D). It was 

also higher than pre-exercise 24 h after exercise in both the ACT trial (p<0.001) and CWI trial 

(p=0.015), with no significant differences between trials. 
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 Discussion 3.5

Ribosome biogenesis has recently been implicated in muscle hypertrophy induced by RE 

(106). In the current study, a single bout of high-load RE activated multiple cellular signalling 

events that enable the activation of transcriptional factors involved in the recruitment of Pol I, 

the initiation of ribosome biogenesis, and increased pre-rRNA expression. The analysis 

performed also identified the marked effect that post-exercise recovery strategies exert on the 

mechanisms of ribosome biogenesis. The majority of the measured signalling and 

transcriptional responses required for ribosome biogenesis were markedly suppressed in 

response to CWI immediately after the exercise bout. Thus, it is tempting to speculate that if 

post-exercise ribosome biogenesis is regularly suppressed in response to CWI, then this could 

partly explain the smaller gains in both muscle mass and strength that accompany long term 

use of CWI during resistance training (346).  

Ribosome biogenesis is subject to complex regulation through multiple pathways (221). Of the 

cellular signals for rRNA transcription, UBF is a central point of convergence. UBF possesses 

two splice variants, UBF1 and UBF2 (307). UBF2 is more abundant in quiescent cells. 

Although both UBF1 and UBF2 are responsive to a growth stimulus, UBF1 expression 

increases to a greater extent than UBF2 (158, 216). Functionally, UBF1 is the de facto rDNA 

promoter transcription factor, whereas UBF2 has a lower stimulatory effect on rDNA 

transcription (216). Consistent with these functions, this study demonstrated that UBF1 protein 

expression increased during exercise recovery, with no change observed for UBF2. 

The activation of UBF is regulated by the cell cycle regulator Cyclin D1, which in turn is 

translationally regulated by MNK1-eIF4E signalling (258, 404). In the current study, RE strongly 

activated the MNK1-eIF4E-cyclin D1 axis. Phosphorylation of MNK1 Thr197 and its target 

eIF4E Ser209 were increased early after exercise (2 h), returning to basal levels of 

phosphorylation by 24 h post-exercise. Consistent with this, p38, a major MNK1 kinase (228), 

was strongly phosphorylated 2 h after RE. This response was accompanied by increased 

expression of cyclin D1 protein (but not its mRNA) at the same time point, with the increased 

protein levels of cyclin D1 persisting for the duration of the post-exercise recovery period (48 

h). Because cyclin D1 has a short half-life (3), the sustained protein abundance cannot be 

solely due to eIF4E phosphorylation. The results of this study show that total eIF4E protein was 

also increased at later time points (24 and 48 h) of recovery. Previously, overexpression of 

eIF4E protein has been shown to increase cyclin D1 protein expression (349). Thus, we 
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speculate that the higher levels of cyclin D1 measured after 24 h and 48 h may be explained by 

the increased eIF4E protein abundance. 

Cyclin D1 forms a dimeric active complex with CDK4, a kinase that phosphorylates and 

activates UBF (420). Phosphorylation of UBF is critical for rDNA transcription (309, 421), 

specifically at Ser388 and Ser484 (12, 420). These UBF residues were highly phosphorylated 

at later time points of the recovery period following RE. UBF and TIF-IA, along with a few other 

transcriptional factors of the preinitiation complex, recruit Pol I and promote rRNA synthesis 

(354). TIF-IA serves as a bridge between the Pol I and the preinitiation complex formed by 

UBF and SL1 (354, 445). In the present study, TIF-IA phosphorylation followed a pattern 

opposite to that of UBF, as has previously been described (106). Following RE, there is a rapid 

phosphorylation of TIF-IA at Ser649, as a result of the activation of the ERK pathway, which is 

the upstream kinase of TIF-1A (106, 475).  

Some evidence suggests that Akt is also an important regulator of ribosome biogenesis (60, 

301). This led us to measure Akt phosphorylation at the phosphosite most related to its kinase 

activity (Thr308) (285, 415), and phosphorylation of its downstream target, PRAS40 at Thr246 

(410). Akt phosphorylation was unchanged up to 24 h after exercise. PRAS40 phosphorylation 

was lower than pre-exercise 2 h after exercise, returning to pre-exercise levels by 24 h. These 

results suggest that ribosome biogenesis may occur independently of Akt activity following 

REat least up to 24 h after exercise.  

The greater expression of UBF, c-Myc and cyclin D1, in addition to UBF phosphorylation 

status, was matched by increased levels of rDNA transcription. All primer sequences used to 

perform real-time PCR for pre-rRNA (which span different portions of the 45S rRNA, namely, 

45S, ITS-5.8S, ITS-28S and ETS-18S) yielded similar results: 45S pre-rRNA was markedly 

increased 24 h after exercise, and remained elevated 48 h after exercise. These data are 

similar to those observed previously (296, 387). Additionally, mRNA expression of Pol I factors 

(UBF, TIF-IA and PolR1B) and the rRNA processing factor NIP7 were increased following RE. 

45S rRNA undergoes cleavage and processing to form the mature ribosomal rRNA transcripts 

(5.8S, 18S and 28S). However, there were no changes in the abundance of the mature rRNA 

transcript, thus a repeated exercise stimulus may be necessary to enable increased mature 

cellular rRNA (106). Collectively, these data suggest that RE promotes rDNA transcription, the 

expression of the Pol I regulon factors and factors associated with rRNA processing.      

Repeated CWI following RE attenuates muscle hypertrophy and strength gains to chronic 

resistance training (346). RE may promote gains in muscle mass and strength by activating 
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stress signalling pathways. This effect is evidenced by the robust increase in the classical 

stress-activated kinase, p38 MAPK (77, 304), in the present study. CWI appears to attenuate 

this acute stress response to RE, which has downstream effects on many factors involved in 

ribosome biogenesis, including MNK1, eIF4E, UBF, cyclin D1 and c-Myc protein (shown 

diagrammatically in Figure 23). Previously, we proposed that the smaller gains in muscle mass 

and strength that we observed after 12 weeks of strength training combined with CWI could be 

due to acute attenuation of activation of satellite cells and kinases in the mTOR pathway (346). 

The present data suggest that CWI may also attenuate adaptations to strength training by 

reducing acute activation of ribosome biogenesis after RE. The physiological/biochemical 

mechanisms by which CWI reduces activation of p38 MAPK and downstream factors involved 

in ribosome biogenesis are not known, but may include changes in muscle temperature, blood 

flow, oxidative stress and/or osmotic stress. 

 

 

 

Figure 23. Schematic representation 
of the signalling pathway affecting 
rRNA synthesis following resistance 
exercise, and where CWI might 
interfere with this pathway. 

 

 

Our data demonstrate that resistance exercise leads to sustained activity of signalling 

pathways involved in ribosome biogenesis that persists for the 2 days of analysis. Importantly, 

we provide new insights into how these specific signalling pathways may contribute to mRNA 

translation of specific targets in skeletal muscle after exercise. These findings have important 

implications for future studies, and for understanding the mechanisms underlying muscle 

hypertrophy. Resistance exercise appears to modulate these signalling pathways in a bi-modal 
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fashion. Initially, shortly after RE, there is robust activation of proteins (kinases, and 

transcriptional and translational factors) that induce gene expression and mRNA translation of 

specific proteins upstream of the ribosome biogenesis machinery. During the later stages of 

post-exercise recovery, ribosome biogenesis is initiated, and the muscle protein synthesis 

capacity increases, supporting muscle growth. Another novel finding from this study is that CWI 

interferes with p38-MNK1-eIF4E axis and UBF and c-Myc activation responses, which resulted 

in a blunted increase in pre-rRNA synthesis promoted by RE. In the long term, this interference 

may contribute to smaller cumulative gains in muscle mass and strength in response to chronic 

resistance training.   
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 Abstract 4.1

A single bout of resistance exercise has been shown to promote a markedly increase in the 

expression of precursor rRNA (pre-rRNA). However, long term studies (i.e., training) are 

required to identify whether increased pre-rRNA expression is sustained, leading to increased 

cellular abundance of mature rRNA; required for the formation of the mature ribosome. 

Exercise recovery strategies can affect the regenerative and adaptive responses to resistance 

exercise. In particular, application of post-exercise cold water immersion (CWI) has been 

shown to reduce the increase in muscle mass, and blunt the acute effect of resistance exercise 

on pre-rRNA synthesis. Therefore, the aim of this study was to investigate if the regular 

application of CWI throughout a 12-week resistance training program impacts on measures of 

ribosomal biogenesis. Males subjects (n=21) familiar with resistance exercise were randomly 

assigned to the two recovery strategies: an active recovery (ACT) (n=10, 21.3 ± 1.9 years old) 

control condition of self-selected low intensity cycling, or CWI (n=11, 21.2 ± 2.2 years old) at 10 

ºC. Both therapies were performed for 10 min, beginning within 10 min following the end of 

each resistance training (RT) sessions. Training sessions were performed 2 times per week. 

Muscle biopsies were taken before and after the RT program. Muscle pre-rRNA (45S rRNA) 

and mature rRNAs (18S, 5.8S and 28S) were analysed via RT-PCR using specific primers. No 

changes were observed in the pre-rRNA with exemption of a primer for 5’ETS region from the 

45S pre-rRNA, which was reduced with CWI, compared to ACT. However mature rRNAs were 

differentially regulated by recovery strategies. 18S, 5.8S and 28S were reduced in CWI, 

compared to ACT group, with expression correlating with the extent of muscle gain following 12 

weeks of RT. Additionally, the expression of the rRNA processing factor NIP7 increased only in 

ACT group. These data firstly demonstrate that regular application of CWI following resistance 

exercise promotes negative changes in muscle rRNA, and secondly, changes in rRNA 

correlate with measures of muscle hypertrophy.  
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 Introduction 4.2

Evidence supports muscle ribosome biogenesis as an important component of the cellular 

adaptation that enables skeletal muscle mass growth (56). It affects protein metabolism by 

increasing protein translational capacity. Recent evidence has demonstrated that during 

skeletal muscle growth, the synthesis of the precursor ribosomal RNA (pre-rRNA) is increased 

(426). Resistance exercise has been shown to promote pre-rRNA synthesis in animals (443) 

and humans (106, 296, 387). Conversely, failure to promote muscle rRNA synthesis has been 

linked to impairment of muscle growth (107, 201, 250).  

The transcription of the ribosomal DNA gene by the RNA Polymerase I (Pol I) is the first step of 

ribosome biogenesis. This step is initiated by the formation of the preinitiation complex (PIC) - 

composed of Upstream binding factor (UBF), transcription initiation factor TIF-IA, SL1 and Pol I 

- at the rDNA gene promoter (291). Following the synthesis of the 45S pre-rRNA, extensive 

processing occurs that leads to cleavage of the internal and external transcribed spacer (ETS 

and ITS) for maturation of the rRNAs into 28S, 18S and 5.8S (152). These rRNAs, together 

with the 5S rRNA transcribed by RNA Polymerase III, combine with ribosomal proteins to form 

the mature functional ribosomes (446). These events result in increased cellular translational 

capacity. A single bout of resistance exercise promotes the activation of the pathways leading 

to PIC formation, culminating with increased levels of 45S pre-rRNA expression (108).  

Athletes undertake a wide variety of recovery strategies to alleviate muscle soreness and to 

improve the speed of recovery. One strategy that is widely adopted by elite athletes following 

exercise is cold water immersion (346, 448). It has previously been demonstrated that when 

CWI is applied after a single session of heavy load resistance exercise, there is an impairment 

on the signalling pathway involved in ribosome biogenesis leading to reduced levels of 45S 

pre-rRNA expression (108). Further, chronic application of CWI has been demonstrated to 

impair the hypertrophic response to resistance training (346). Thus it is hypothesised that 

regular CWI use as a recovery strategy during a resistance training program would attenuate 

the increased expression of rRNA in human skeletal muscle. 
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 Methods 4.3

 Study design and participants characteristics  4.3.1

Study design and participants characteristics have been presented previously (346). Briefly, 21 

young male performed 12-weeks of resistance training. Following each resistance exercise 

session, subjects performed an active recovery strategy (ACT, n=10, low intensity cycling, 21.3 

± 1.9 years old) or cold water immersion (CWI, n=11, 21.2 ± 2.2 years old) for 10 min at 10 ºC 

in an inflatable bath (iCool iBody, iCool, Miami, Australia). Participants immersed the entire 

lower limbs in the water up to the waist.  Muscle biopsies were taken 5-6 days before the 

training commenced, and the post-training biopsy was taken 6-7 days after last resistance 

exercise bout. Subjects were active and familiarised with strength training (minimum one year 

of resistance training experience, 1 repetition maximum for 45º leg press was 348 kg ± 80 for 

ACT group, and 366 kg ± 81 for CWI). The progressive resistance training was performed 

twice a week and was comprised of exercises for lower limbs: 6 sets of 45º leg press, 3 sets of 

knee extensions, 3 sets of knee flexions, 3 sets of walking lunges, and 3 sets of plyometric 

jump exercise (information on training regimen and training progression can be found in 

Roberts et al, 2015).  

 RNA extraction and RT-PCR 4.3.2

Total RNA was extracted from ~20 mg of muscle tissue using the AllPrep
®
 DNA/RNA/miRNA 

Universal Kit (QIAGEN GmbH, Hilden, Germany) following the manufacturer’s instructions. 

High-Capacity RNA-to-cDNA™ kit (Life Technologies, Carlsbad, CA, USA) was used for cDNA 

synthesis. Messenger and ribosomal RNA (mRNA and rRNA) were measured using SYBR 

Green I Master Mix (Roche Applied Science) by RT-PCR on a LightCycler 480 II (Roche 

Applied Science, Penzberg, Germany). Details of the primers for pre and mature rRNA have 

been published previously (106). Briefly, pre-rRNA sequences spanning the 5’ end internal 

transcribed spacer (ITS) region, and a specific primer for the initial external transcribed spacer 

(ETS) region of 5’ end of 45S rRNA were used, namely ETS-18S, ITS-5.8S and ITS-28S, and 

45S. Primers for the internal region of mature rRNAs (28S, 18S and 5.8S) were also used. 

Primers for rRNAs were designed by QIAGEN, using RT2 Profiler PCR Arrays (QIAGEN). The 

recently proposed human reference genes (96) and other purported reference genes were 

used (108). Chromosome 1 open reading frame 43 (C1orf43), charged multivesicular body 

protein 2A (CHMP2A) and TATA box binding protein (TBP) were identified as the least variable 
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of a panel of putative constitutively expressed genes, and were therefore used as reference 

genes (primer sequences are detailed in Table 3 and 5). The geometric mean (411) of these 3 

reference genes was used for normalisation of gene expression. Standard and melting curves 

were performed for every mRNA and rRNA to confirm primer efficiency and single product 

amplification. 

 Assessment of muscle volume and correlation with rRNA 4.3.3

 The fold change of pre and mature rRNAs was correlated with percentage of muscle 

volume gains following 12 weeks of resistance training. Absolute muscle volume data has been 

presented previously (346). Muscle volume was assessed by magnetic resonance imaging 

(MRI; Magnetom Sonata 1.5T, Siemens AG, Munich, Germany) before (8-10 days prior training 

commence), and after the 12 weeks of resistance exercise training (4-5 days following the last 

training bout). Serial 5mm slices of the quadriceps were taken and volume of the quadriceps 

calculated blindly. Muscle volume percentages (± SD) were increased by 11.4% (± 3.5) in ACT 

group, and 3.7 % (± 2.3) in CWI group. This was significantly different between groups.  

 Statistical analysis 4.3.4

RT-PCR data were analysed using the 2
-∆∆CT

 method. Data are expressed as mean ± standard 

error of the mean (SEM). Main effects of time and treatment and time  trial interactions were 

assessed using a two-way ANOVA (time × treatment) with repeated measures (SigmaPlot 

v12.0, Systat Software, Inc., San Jose, CA, US). Student-Newman-Keuls post-hoc tests were 

used to determine the significance of pair-wise comparisons of changes with time, and 

differences between the trials. Correlation analysis was performed in GraphPad Prism version 

6.01 (GraphPad Software, La Jolla, CA, USA) using Pearson’s r coefficient (two-tailed). 

Statistical significance was accepted at p≤0.05. 

 Results 4.4

Pre-rRNA: The expression of 45S (5’ETS) pre-rRNA (Figure 24A) was reduced in CWI 

compared to ACT following 12 weeks RT (post RT) (p=0.016). There were no differences 

among the other primers for detecting 45S pre-rRNA at the other regions (ETS-28S, ITS-5.8S, 

ITS-18S, Figure 24B, 24C and 24D respectively).  
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Figure 24. Effect of chronic resistance training and recovery strategies on pre-rRNA. 
Expression of 45S pre-rRNA as detected by primers against: 5’ETS (A), ETS-18S (B), ITS-

5.8S (C), and ITS-28S (D). rRNA expression was normalised by geometric mean of 3 

reference genes. Values are means ± SEM. Symbol legends: #, different between trials within 

the same time-point (p<0.05). 

 

Mature rRNAs: 18S rRNA (Figure 25A) was reduced in CWI compared to ACT post RT 

(p=0.038). 18S rRNA fold change was not associated with muscle volume gains (p=0.25, 

r=0.26, r2=0.07, Figure 26A). 

5.8S rRNA (Figure 2B) increased post RT in ACT (p=0.041), but not in CWI group (p=0.74), 

and was higher after ACT compared with CWI post RT (p=0.014) (Figure 24B). 5.8S rRNA fold 

change was significantly correlated with muscle volume gain (p=0.029, r=0.48, r2=0.23, Figure 

26B). 



84 
 

28S rRNA (Figure 25C) was reduced after RT in the CWI group only (p=0.006) and it was also 

reduced compared to ACT post RT (p=0.021). 28S rRNA fold change was correlated with 

muscle gains after 12 weeks of RT (p=0.002, r=0.649, r2=0.421, Figure 26C). 

Figure 25. Effect of chronic resistance training and recovery strategies on mature rRNA. 
Expression of mature 28S (A), 18S (B), and 5.8S (C). rRNA expression was normalised by 

geometric mean of 3 reference genes. Values are means ± SEM. Symbol legends: *, different 

from PRE within the same trial (p<0.05), #, different between trials within the same time-point 

(p<0.05). 

 

Figure 26. Correlation of changes in pre and mature rRNA and muscle hypertrophy. The 

correlation (Pearson’s correlation, two tailed) between muscle volume changes as assessed by 

MRI with rRNA 45S as assessed at 5’ETS region (A), 28S (B), 18S (C), and 5.8S (D) are 

shown. 
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mRNA: The expression of the pre-rRNA processing factor NIP7 mRNA (Figure 27A) was 

different between treatments (p=0.010). It was increased in ACT group following training 

(p=0.017), but no change was observed in CWI group (p=0.17). There were no differences for 

time or treatment for TIF-IA mRNA and UBF mRNA (Figure 27B and 27C). 

Figure 27. Effect of chronic resistance training and recovery strategies on mRNA 
associated with ribosome biogenesis. Expression of ribosome biogenesis factors 

associated with transcription of rDNA and processing of pre-rRNA: NIP7 (A), TIF-IA (B), and 

UBF (C) mRNAs. mRNA expression was normalised by geometric mean of 3 reference genes. 

Values are means ± SEM. Symbol legends: *, different from PRE within the same trial 

(p<0.05). 

 Discussion 4.5

Resistance training is a potent stimulator of skeletal muscle hypertrophy. A single bout of 

resistance exercise promotes rDNA transcription (108, 296, 443), the initial process of 

ribosome biogenesis. The 45S pre-rRNA, synthesised by the formation of Preinitiation 

Complex (PIC) at the rDNA promoter region, is increased a few hours post-RE and remains 

elevated for at least 24-48 hr (108, 296). Chronic, repeated sessions of resistance exercise,  

leads to increased mature rRNAs (106). This increase in ribosome mass has been shown to 

correlate with protein synthesis (443) and muscle mass gains (106). Conversely, impaired 

ribosome biogenesis has also been shown to be associated with failure to promote muscle 

growth (107, 201, 250, 387). Thus this growing body of evidence suggests that ribosome 

biogenesis and translational capacity may be important contributors in the regulation of muscle 

size. In this investigation, we show that the regular use of CWI within a 12-week period of RT 
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leads to a slight, but significant reduction in mature rRNA compared to an active recovery 

strategy. 

The recovery strategies applied during the initial post-exercise period appear to play an 

important role modulating the anabolic responses to a bout of exercise. Special attention has 

been given to nutrition during this period, but in addition, other strategies may also modulate 

the response to exercise. Cold water immersion is a recovery strategy widely utilised following 

strenuous exercise and sport games (448) in attempt to hasten muscle recovery. However 

recent evidences show that long term application of CWI negatively affect muscle adaptation, 

reducing gains in muscle strength and hypertrophy (346, 460).  

CWI applied after a bout of RE blunts the increase in pre-rRNA (108) and when applied 

chronically promotes a significant reduction in the hypertrophic response to training (346). 

Following the rDNA transcription, the newly synthetised pre-rRNA will be processed into the 

mature rRNAs. Therefore, we asked whether the negative impact of CWI on muscle 

hypertrophy would be associated with changes in mature rRNA. It was found that chronic 

application of CWI promoted a small but consistent decrease in mature 18S, 5.8S and 28S 

rRNA compared to the control group. Although these changes were small, we believe that the 

changes presented herein are clinically significant because rRNAs constitute the vast majority 

of all cellular RNA. Similarly, changes in muscle volume over time are also minor (~11% over 

the course of 12 weeks for ACT group). Accordingly, changes in mature rRNAs were well 

correlated with muscle volume gains, but not pre-rRNA changes. Increase in rDNA 

transcription, or synthesis of pre-rRNA, appears to be the result of an acute bout of resistance 

exercise, which the systematic increases promoteaccumulation of mature rRNA. This can 

explain why mature rRNA but not pre-rRNA was associated with muscle hypertrophy herein.  

Consistently, chronic resistance training was associated with increased levels of NIP7 mRNA, 

whilst the repeated application of CWI appears to blunt this effect. However, both UBF and 

TIF-IA mRNAs were not differentially regulated with RT. These data indicate that the rRNA 

processing machinery appears to be increased chronically but not the PIC transcriptional 

factors - consistent with the notion that pre-rRNA synthesis is an acute event upon stimulation. 

Moreover, it has been hypothesised that muscle increases rDNA transcription by activating 

existing pre-rRNA synthesis factors, such as UBF and TIF-IA, rather than increasing their 

abundances (473). 

In conclusion, the acute application of CWI blunts the increase in pre-rRNA expression induced 

by resistance exercise (108), which chronically blunts the increase in mature rRNA as reported 
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here. More importantly, the changes in mature rRNA but not pre-rRNA, were positively 

correlated to muscle volume gains. This data supports the current emerging roles for ribosomal 

RNA and, subsequently, translational capacity as important regulators of muscle mass growth. 

Therefore, ribosome biogenesis may be a rate-limiting step of muscle growth. 
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  CHAPTER 5.

Impaired ribosome biogenesis and skeletal 

muscle growth in a murine model of 

inflammatory bowel disease 
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Abstract 

Background: Inflammation is a factor potentially underpinning skeletal muscle mass. 

Intestinal-derived inflammation in inflammatory bowel disease (IBD) results in loss of muscle 

mass; however the underlying mechanism is unclear. The interleukin 10 gene-deficient (Il10–/–
) 

mouse is a genetically modified animal model of IBD that can be used to study the effect of 

intestinal-derived inflammation on muscle. 

Methods: Il10–/–
 and C57BL/6 wild type (WT) mice were inoculated with intestinal bacteria to 

induce colon inflammation at the 5
th
 week of age. Skeletal muscles were collected between 7 

to 14 weeks of age for analysis of muscle weight, myofibre cross-sectional area (CSA) and 

molecular markers of inflammation and anabolism pathways, with focus on ribosome 

biogenesis.  

Results: Il10–/– 
animals that developed colon inflammation had a marked increase in muscle 

immunoglobulin G (IgG) compared to WT. Inflamed Il10–/–
 animals had impaired muscle mass 

gain and smaller myofibre CSA. Intramuscular IgG deposition negatively correlated with 

muscle mass. After the onset of muscle inflammation, Il10–/– 
mice

 
had decreased levels of total 

and ribosomal RNAs (45S, 28S, 18S and 5.8S rRNAs). Inflammation inversely correlated with 

muscle levels of total RNA and 28S rRNA, which in turn, positively correlated with muscle 

mass. The abundance of growth-related proteins (p70S6K and upstream binding factor, UBF) 

was decreased in Il10–/–
 mice.  

Conclusions: Muscle inflammation and associated decline of ribosome biogenesis lead to 

muscle growth impairment in Il10–/–
 mice. This may have implications for maintenance of 

muscle mass in conditions associated with chronic intestinal-derived inflammation. 
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 Introduction 5.1

Inflammation exerts a profound effect on skeletal muscle mass and function. Physiological self-

resolving inflammation observed during exercise recovery (264, 265) and skeletal muscle 

repair (195), is an important modulator of muscular adaptation. In contrast, chronic and 

unresolved inflammation is thought to be an important underlying factor contributing to the loss 

of muscle mass observed with cachexia (82, 101) and ageing (sarcopenia) (21, 99, 101). 

Intestinal inflammation may contribute to the systemic low grade inflammation often observed 

in elderly members of the population, where the intestinal microbiota plays an important role 

(69, 139). The chronic intestinal-derived inflammation, in turn, has been characterised as 

exerting a potentially deleterious impact on skeletal muscle mass, as observed in patients with 

inflammatory bowel disease (IBD) (43, 409). Appropriate experimental models are required, 

both to examine the key mechanisms implicated in the loss of muscular mass and, perhaps 

more importantly, to aid in the development of new strategies to improve muscular function in 

those suffering from inflammatory diseases such as IBD. 

Interleukin 10 gene-deficient (Il10–/–
) mice spontaneously develop intestinal inflammation in 

conventional environmental conditions (217). These mice show extensive mucosal 

inflammation with degenerative lesions in the intestinal epithelia (217) leading to increased 

intestinal permeability and endotoxaemia, common symptoms also observed in human IBD 

(191). Due to this inflammatory state, Il10–/–
 mice also develop a specific phenotype that 

resembles human frailty (207) losing muscle strength earlier than controls (207, 376, 432). Oral 

inoculation with an array of bacterial species (including potential pathogens) has been used to 

induce a more consistent state of intestinal inflammation (16, 199). In response to such 

bacterial inoculation, Il10–/–
 animals display increased plasma levels of the inflammatory 

markers serum amyloid alpha (SAA), IL-1α, and IL-6 (16). IL-6, in particular, has been used as 

a marker of chronic inflammation and systemic elevation correlates well with the extent of 

muscle mass lost during ageing (144, 366). Therefore, these animals may be used as a tool to 

analyse the mechanism by which intestinal-derived systemic inflammation impacts on skeletal 

muscle mass.  

Protein synthesis plays a pivotal role in the regulation of muscle mass. Both the efficiency 

(synthesis rate per ribosome) and the capacity (total available number of ribosomes) of mRNA 

translation can alter rates of protein synthesis (272). Translational efficiency is tightly controlled 

by the mTOR signalling pathway in response to anabolic cues (434). Protein translational 
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capacity or the ribosome content is another important but often overlooked, regulator of cell 

size and growth (270). Ribosome biogenesis is an early and important event during muscle 

growth (295, 426). In the opposite direction, during denervation and muscle atrophy, ribosome 

biogenesis is blunted (250). Ribosome biogenesis is initiated by the upstream binding factor 

(UBF) protein. UBF binds to the ribosomal (r)DNA promoter region which causes the 

recruitment of the Polymerase I (PolI) enzyme and subsequent transcription of the rDNA into 

the pre-ribosomal (r)RNA 45S (138). The rRNAs, that will be part of the mature ribosome, arise 

from the cleavage of the pre-rRNA into the individual 18S, 28S and 5.8S rRNAs. 

In the present study, we subjected Il10–/–
 and wild type (WT) mice to bacterial inoculation at 5 

weeks (w) of age to generate a marked intestinal inflammation, as previously described (204, 

205). Quadriceps muscles were collected at 7, 8.5, 10, 12 and 14 w for molecular analysis. Our 

hypothesis was that intestinal-derived inflammation would exert an impact within skeletal 

muscle to impair the rate of muscle growth, mediated through intra-muscular inflammatory 

signalling mechanisms, to negatively regulate ribosome biogenesis; a key pathway that 

dictates cell growth (270, 434). Thus for this study, we focused on the ribosomal RNA 

components and pathway affecting ribosome biogenesis: mTOR pathway effector kinase, p70 

S6 kinase (p70S6K) and UBF protein. 

 Materials and Methods 5.2

Animals and study design: The housing conditions and intervention have been described in 

detail elsewhere (204). Briefly, 5-week old C57BL/6J (WT) and Il10–/–
 mice (C57 background, 

strain name B6.129P2-Il10tm1Cgn
/J, stock number 002251) obtained from the Jackson 

Laboratory (Bar Harbour, Maine, USA) were orally inoculated with a mixture of 12 

Enterococcus faecalis and Enterococcus faecium strains (EF) plus complex intestinal 

microflora (CIF) from healthy, age-matched WT mice to induce a consistent state of intestinal 

inflammation, as previously described (16). In order to determine the time frame for 

development of muscle growth, mice were randomly assigned to 5 sampling groups: 7, 8.5, 10, 

12, and 14 weeks of age. Following humane euthanasia by CO2 asphyxiation and cervical 

dislocation, the quadriceps muscle group was collected, snap-frozen in liquid nitrogen and kept 

at −80°C until further analysis. Dietary intake was recorded and reported previously (204). 

There was no difference in dietary intake between strains and over time. Similarly to study 1, in 

the second study animals were inoculated at week 5, but the triceps surae muscle group was 

collected at week 11, embedded in Tissue-Tek® O.C.T.™ (optimum cutting temperature) 
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Compound (Sakura Finetek Europe B.V., Alphen, the Netherlands), and frozen in liquid 

nitrogen-cooled isopentane for further analysis using immunohistochemistry. 

Both studies were carried out in strict accordance with the recommendations of the New 

Zealand Animal Welfare Act 1999. The protocol for the first study was approved by the 

AgResearch Ruakura Animal Ethics Committee in Hamilton, New Zealand (Ethics Application 

No. 10642), and the protocol for the second study was approved by the AgResearch 

Grasslands Animal Ethics Committee (Palmerston North, New Zealand; Ethics Application No. 

12536).  

Immunohistochemistry: Frozen muscle samples were cut transversely at the middle point of the 

muscle belly, mounted in O.C.T. compound, and sectioned with a cryostat at –20°C into 10 µm 

thick cross-sections Leica CM3050 S (Leica Biosystems Nussloch GmbH,  Nussloch, 

Germany).. Tissue sections were air dried at room temperature for 30 min, blocked with 10% 

goat serum and commercially available mouse on mouse (MoM) blocking reagent (Vector 

Laboratories, Burlingame, CA, USA) diluted in PBS for one hour. Following blocking, slides 

were washed (four times for five minutes) in PBS and incubated with the primary antibodies 

overnight at 4°C. Immunofluorescence analysis of myosin heavy chain (MyHC) expression was 

performed with Ig sub-class specific mouse monoclonal primary antibodies against MyHCI (BA-

F8, IgG2b, diluted 1:12.5), MyHCIIa (SC-71, IgG1, 1:600), and MyHCIIb (BF-F3, IgM, 1:25), as 

previously described (27). Dystrophin (MANDYS1 (3B7), IgG2a, 1:50) was also used to stain 

the muscle fibre membrane (sarcolemma). This procedure allowed for visualisation of all four 

MyHC isoforms simultaneously along with the muscle fibre membrane on a single section, as 

the fourth rodent isoform (MyHC2X) remained unstained. All primary antibody cocktails were 

prepared in 10% goat serum in PBS. Mouse monoclonal primary antibodies were purchased 

from the Developmental Studies Hybridoma Bank (University of Iowa, USA). Following 

overnight incubation, slides were washed in PBS prior to incubation for one hour at room 

temperature with Alexa Fluor fluorescently conjugated Ig sub-class specific Goat Anti-Mouse 

secondary antibodies (Alexa Fluor 350 IgG2b, Alexa Fluor 488 IgG1, Alexa Fluor 555 IgM, 

Alexa Fluor 647 IgG2a; Invitrogen, Carlsbad, CA, USA). All secondary antibodies were diluted 

1:500 in PBS. Following incubation, slides were washed in PBS and mounted with cover slips 

using aqueous mounting media (Immuno Mount, Shandon). For immunostaining to detect 

endogenous IgG content, the MoM block and primary antibody incubation step were omitted 

and Goat Anti-Mouse secondary (Alexa Fluor 488 IgG1 and Alexa Fluor 555 IgG2b) antibodies 

used as normal. DAPI (300 nM) was applied during secondary antibody incubation to stain 

nuclei. Antibody staining was visualised and digital images automatically captured at 10x 
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magnification using an upright fluorescence microscope (Axio Imager Z2, Carl Zeiss, 

Oberkochen, Germany) equipped with a fully motorised automatic stage (VSlide Scanner, 

Metasystems GmbH, Alltlussheim, Germany). Global linear adjustments to image fluorescent 

signal brightness and contrast were made in Metaviewer software (Metassystems). 

Quantitative analysis was performed using ImageJ software (1). Muscle fibre type (percentage 

of total fibres) and fibre cross-sectional area (CSA) were measured for every individual fibre 

within the entire muscle cross section using semi-automated image analysis. 

Western blotting: Skeletal muscle tissue (~50mg) was homogenised using an OMNI Bead 

Ruptor Homogeniser (Omni International, Kennesaw, GA, US) in ice-cold RIPA lysis Buffer (50 

mM Tris-HCl, pH 7.4; 150 mM NaCl; 1% deoxycholic acid; 1% Triton-X; 0.1% Sodium dodecyl 

sulphate; and 1 mM EDTA) supplemented with Halt
™

 Protease and Phosphatase Inhibitor 

Cocktail (Thermo Fisher Scientific, Waltham, MA, USA). Protein concentration was determined 

using the BCA protein assay Kit (Pierce, Rockford, IL, USA). Samples were diluted to equal 

protein concentrations and denatured by boiling in Laemmli buffer at 95°C for 5 minutes. 

Samples were separated by SDS-PAGE and transferred to PVDF membranes (Bio-Rad, 

Hercules, CA, US) using a TransBlot semi-dry transfer apparatus (Bio-Rad). After transfer, 

membranes were blocked in 5% BSA in Tris Buffer Saline/0.1% Tween 20 (TBST) for 1 hour 

followed by incubation overnight with primary antibodies at 4°C in blocking solution for p-Akt 

Thr308 and total Akt, p-p70S6K Thr389 and total p70S6K, p-rpS6 Ser240/244, NF-κB p-p65 

Ser536 and total NF-κB p65, p-IκBα Ser32 and total IκBα (Cell Signaling Technologies, 

Danvers, MA, USA), total UBF (Santa Cruz, Santa Cruz Biotechnology, Dallas, TX, USA), total 

rpS6 and total GAPDH (Abcam, Cambridge, MA, USA). On the next day, following 30 min 

washing in TBST, membranes were incubated with the appropriate secondary antibody (Goat 

Anti-Mouse IgG (H+L), Thermo Fisher Scientific, Goat Anti-Rabbit IgG (H+L), Merck Millipore, 

Billerica, MA, USA) for one hour at room temperature. For western blot detection of muscle 

endogenous muscle IgG reactivity, membranes were incubated with Goat Anti-Mouse IgG 

(H+L), Peroxidase Conjugated secondary antibody in the absence of a primary antibody 

incubation. After further washing, membranes were incubated with Amersham ECL Select 

Western blotting detection reagent (GE Healthcare, Piscataway, NJ, USA) and signals were 

captured using a Chemidoc imaging system (Bio-Rad). Resultant bands were quantified using 

ImageJ software. Every gel was run with one sample from each time point and strain. All gels 

were cut at the desired molecular weight range and all were transferred (203), incubated with 

primary/secondary antibody, and exposed together, therefore allowing direct comparison of 

signals from different gels. A pooled reference sample was also run on every gel to assure that 

there was no difference in protein transfer between gels. 
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Real Time PCR: Total RNA was extracted using the AllPrep® DNA/RNA/miRNA Universal Kit 

(Qiagen, Venlo, Netherlands) following the manufacturer’s instructions. The rRNA (18S, 5.8S 

and 28S) levels were measured by RT-PCR after cDNA synthesis using the High-Capacity 

RNA-to-cDNA
™ 

kit (Life Technologies, Carlsbad, USA). RT-PCR was performed using 

LightCycler® 480 SYBR Green I Master (Roche Applied Science, Indianapolis, IN, USA). For 

every target, a standard curve and melting curve were performed to confirm primer efficiency 

and single product amplification. Specific primers for rRNAs were designed for this project by 

Qiagen (RT
2
 Profiler PCR Arrays). The 18S, 5.8S and 28S primers were designed for internal 

and specific regions, whereas ITS+28S and ITS+5.8S (internal transcribed spacer) primers 

were designed against the 28S and 5.8S sequences spanning the ITS region. Primers for the 

45S subunit were designed against the 5’ ETS (external transcribed spacer) pre-rRNA 

sequence (i.e. before the 18S region). Geometrical mean of the three reference genes (beta 2-

microglobulin, B2M; glyceraldehyde 3-phosphate dehydrogenase, GAPDH; and acidic 

ribosomal phosphoprotein P0, 36B4) were calculated and used for normalisation of the target 

RNAs using the 2
-∆∆CT

 method. Primer sequences for the reference genes and the catalog 

number of the RT
2
 Profiler PCR Arrays are provided in the table 2 and 6. 

Statistical analysis: All data are presented as mean ± standard error of the mean (SEM). Data 

were analysed on SigmaPlot version 12.0 (Systat Software, Inc., San Jose, US) using two-way 

ANOVA (strain and time-point as factors) for data within Trial 1. Post hoc pairwise multiple 

comparisons were performed using Student-Newman-Keuls method. For Trial 2, unpaired two-

tailed Student’s t-tests were used to compare between strains at the same time point (11 

weeks of age). Correlation analysis was performed in GraphPad Prism version 6.01 (GraphPad 

Software, La Jolla, CA, USA) using Pearson’s r coefficient (two-tailed). Statistical significance 

was accepted at p<0.05. 

Table 6: Primers sequences. 

 

 

 

 

 

Target Primer sequence 

GAPDH forward CTTTGGCATTGTGGAAGGGC 

GAPDH reverse CAGGGATGATGTTCTGGGCA 

36B4 forward GGCCCTGCACTCTCGCTTTC 

36B4 reverse TGCCAGGACGCGCTTGT 

B2M forward TGACCGGCCTGTATGCTATC 

B2M reverse GGCGGGTGGAACTGTGTTAC 
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 Results 5.3

 Skeletal muscle mass and myofibre CSA in Il10–/– mice 5.3.1

C57BL/6J wild type (WT) mice demonstrated an almost doubling of the mass of the quadriceps 

muscle group from 7 to 14 weeks of age, following inoculation at 5 weeks of age (Fig 28A). In 

contrast, quadriceps muscle mass in Il10–/–
 mice did not significantly differ between 7 and 14 

weeks of age (Fig 28A), demonstrating an impairment in muscle growth. Il10–/–
 mice displayed 

significantly lower absolute quadriceps muscle mass compared to WT mice at week 12 and 

week 14 (Fig 28A). As previously reported, Il10–/–
 mice displayed general growth retardation 

with significantly lower body weights at 10, 12 and 14 weeks (204). Nevertheless, muscle mass 

remained suppressed in Il10–/–
 vs. WT mice at 14 weeks of age when expressed relative to 

body weight (mg muscle/g body weight) (Fig 28B). To further explore the impact of Il10 

deficiency, myofibre cross-sectional area (CSA) was analysed on muscles within the triceps 

surae group from WT and Il10–/–
 mice at 11 weeks of age from a separate cohort of animals – 

but subjected to the same conditions (see methods section) (Fig 28E). Il10–/– 
mice exhibited a 

smaller myofibre CSA overall (Fig 28C), with individual muscle groups demonstrating impaired 

myofibre CSA in Il10–/–
 mice in the slow twitch soleus and fast twitch gastrocnemius, but not 

plantaris muscles. Muscle fibre type analysis revealed that impairment in CSA in Il10–/–
 mice 

was most prominent in type I and IIA fibres (Figure 28D). A similar trend towards deficit was 

also observed for type IIB myofibres (Figure 28D). There was no evidence of an effect of Il10 

deficiency on muscle fibre type distribution (data not shown). 
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Figure 28. Muscle phenotype characteristics in the Il10–/– mouse model of inflammatory 
bowel disease. In trial 1, quadriceps muscles were collected from Il10–/– and WT mice at 7, 

8.5, 10, 12 and 14 weeks. (A) Raw muscle weight from WT and Il10–/– mice throughout the 

course of the study (strain vs. time interaction, p=0.009). (B) Muscle weight adjusted to 

bodyweight (BW) (main effect of strain, p=0.007, and time, p=0.006, but no interaction). In Trial 

2, triceps surae muscles were collected at 11 weeks of age for fibre typing analysis. (C) 
Myofibre Cross-Sectional Area (CSA) from Il10–/– and WT mice in soleus (SOL), gastrocnemius 

(GAST) and in plantaris (PLA). (D) Myofibre CSA per fibre type in the entire triceps surae. (E) 
Representative images for soleus and gastrocnemius are shown. Figure symbols on panels A 

& B represent post hoc analysis following two-way ANOVA for graphs A and B: *, different from 

7 weeks (p<0.05); ^, different from 8.5 weeks (p<0.05); ^^, different from 10 and 12 weeks 
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(p<0.05) within the same strain; #, different between strains at the same time point (p<0.05). 

Figure symbols on panels C & D represent two-tailed t-test: #, different between strains 

(p<0.05).   

 

 Skeletal muscle inflammation 5.3.2

Western blot analysis with Goat Anti-Mouse IgG (H+L) antibodies revealed that Il10–/–
 mice 

exhibited markedly increased IgG light and heavy chain immunoreactivity in skeletal muscle 

homogenates from 10-14 weeks of age (Figure 29A and B). In contrast, WT mice did not 

exhibit any change in IgG abundance over time (Figure 29A and B). Intramuscular IgG light 

chain (IgG LC) positively correlated with colon histological injury score (HIS) (Figure 34A) (HIS 

data derived from (204)). Based on the level of IgG present, there was no significant muscle 

inflammation in WT mice after inoculation, which is consistent with the lack of colon 

inflammation in these animals (204). When taken together, these data may indicate that 

muscle inflammation is influenced by inflammatory processes in the colon.  

To further explore the accumulation of IgG in the muscle of Il10–/–
 mice, immunofluorescence 

analysis of specific immunoglobulin sub-types was performed on triceps surae skeletal muscle 

cross-sections from WT and Il10–/–
 mice at 11 weeks of age in a separate cohort of animals. 

Fluorescence-conjugated secondary antibodies specific to mouse IgG1 and IgG2b 

demonstrated distinct deposits of endogenous immunoreactive IgGs surrounding the myofibres 

of Il10–/–
 mice (Figure 29C-F). At the same exposure, IgG infiltration was almost undetectable 

in muscle from WT mice (Figure 29G-I). Quadriceps muscle mass was inversely correlated 

with IgG LC from 10 weeks of age (p=0.003, r=-0.49) (Figure 29K). Negative correlations of 

IgG with muscle mass were significant within individual time points at 10 weeks of age, but 

were not significant at 12 weeks and showed a trend (p=0.07) at 14 weeks (Figure 34B, C and 

D).  

We hypothesised that muscle inflammation, as represented by IgG deposition, would be 

mirrored by similar activation of the NF-κB classical inflammatory pathway in muscle of Il10–/–
 

mice. However, the levels of total IκBα protein were similar between mouse strains and over 

time (Figure 30A). There was a main effect for strain for the phosphorylation of IκBα (Figure 

30B) but no post hoc differences among time-points. Furthermore, phosphorylation (Figure 

30C) and protein abundance (Figure 30D) of the p65 component of NF-κB were unchanged. 
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Figure 29. Muscle inflammation in Il10–/– mice is characterised by aberrant deposition of 
immunoglobulin G in muscle. (A) IgG light chain (LC) in muscle homogenate (main effect of 

strain, p<0.001). (B) Representative western blots for the 50 kDa IgG heavy chain (HC), 25 

kDa light chain (LC) and GAPDH (loading control). The bottom panel shows representative 

immunofluorescence images for IgG1 (green) (C and G), IgG2b (red) (D and H), dystrophin 

(purple) (E and I), DAPI (blue) (E and I) and merged figure, (F and J) for Il10–/– (C-F) and WT 

mice (G-J). (K) Negative correlation (p=0.003; r=-0.49) between IgG light chain and muscle 

mass after the onset of muscle inflammation (10 weeks). Figure symbols represent post hoc 

analysis following two-way ANOVA: *, different from 7 weeks (p<0.05) and ^, different from 8.5 

weeks (p<0.05) within the same strain; #, different between strains at the same time point 

(p<0.01). AU: Arbitrary Units. 

 

 Molecular determinants of muscle mass in chronic inflammation 5.3.3

Phosphorylation of Akt at Thr308 and total Akt were unchanged at all-time points and were not 

different among strain (data not shown). However, the relative amount of mTOR-dependent 

phosphorylation of p70S6 kinase (p70S6K) at Thr389 (phosphorylated/total protein ratio) was 

increased in Il10–/–
 mice compared to WT mice (Figure 31A). The reduced ratio of 

phosphorylated/ total p70S6K in WT mice was due both to a decrease in phosphorylation with 

age, but also a concurrent increase in total p70S6K protein expression over time (except at 10 

weeks) (Figure 31B). Il10–/–
 mice showed significantly lower muscle expression of total p70S6K 

at week 8.5, 12, and 14 compared to WT. There was a trend (p=0.067, r=0.26) for a positive 

correlation between total p70S6K protein abundance and muscle weight. The p70S6K 

dependent site of rpS6 (Ser240/244) followed a similar pattern. Initially WT and Il10–/–
 mice had 

comparable levels of rpS6 phosphorylation, but whilst levels remained stable at Il10–/–
 mice 

throughout the study, they tended to reduce over time in WT. However, a significant difference 

between groups was only apparent at week 12. Muscle expression of the UBF protein tended 

to be lower in Il10–/–
 mice, most markedly at 14 weeks (Figure 4D). The extent of muscle UBF 

protein expression amongst animals correlated positively with skeletal muscle weight (Fig 4E).  
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Figure 30. The classical inflammatory pathway is not activated in muscle of Il10–/– mice. 
Western blot for (A) IκBα, (B) phosphorylation of IκBα at Ser32 (main effect of strain p=0.014, 

but no post hoc differences), (C) p65 NF-κB protein, (D) phosphorylation of p65 NF-κB at 

Ser536. (E) Representative western blots. AU: Arbitrary Units. 
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Figure 31. Proteins involved in ribosome biogenesis are reduced in Il10–/– mice. (A) 
Relative p70S6K phosphorylation at Thr389 (main effect for strain, p<0.001). (B) Total p70S6K 

protein expression (main effect for strain, p=0.002). (C) rpS6 phosphorylation at Ser240/244 

(interaction between strain and time, p=0.05). (D)  UBF protein (interaction between strain and 

time, p=0.024). (E) Representative western blots for phosphorylated and total AKT, p70S6K, 

rpS6, total UBF and GAPDH proteins. (F) Correlation between UBF levels and muscle weight. 

Figure symbols represent post hoc analysis following two-way ANOVA: ^, different from 8.5 

weeks (p<0.05); ^^, different from 7, 8.5, 10 and 12 weeks (p<0.01) within the same strain; #, 

different between strains at the same time point (p<0.01). 
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Muscle DNA concentration did not differ between strains, but showed a minor reduction over 

time (main effect for time, p<0.05) (Figure 32A). Additionally, there was no difference in total 

nuclei (DAPI) counts within the muscle cross-sections (data not shown). In contrast, total 

muscle RNA concentration (both as ng per mg of tissue, and normalised to DNA content, 

respectively) was reduced in Il10–/–
 mice (Figure 32B and C), whilst remaining constant over 

time in WT mice. Given that the majority of the total RNA is ribosomal RNA, changes in total 

cellular RNA may be used as a proxy measure of ribosome content (426). Consistent with the 

importance of ribosome content in muscle growth, after the onset of inflammation total RNA 

was positively correlated to quadriceps muscle mass (Figure 32D) and negatively correlated to 

IgG content (Figure 32E).  

 

Figure 32. IgG accumulation is linked to muscle growth impairment. (A) DNA content per 

mg of muscle tissue (main effect of time, p=0.034, but no effect for strain or interaction). (B) 
Total RNA per mg of muscle tissue (main effect for strain, p=0.049 and a trend for time 

p=0.079). (C) RNA normalised to DNA content (main effect for strain, p=0.041). (D) RNA per 

DNA content was negatively correlated to with IgG LC and (E) positively correlated with muscle 
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mass after the onset of inflammation (10 weeks). Figure symbols represent post hoc analysis 

following two-way ANOVA: #, different between strains at the same time point (p<0.05). AU: 

Arbitrary Units. 

 

We next analysed the specific rRNA species (Figure 33). The pre-rRNA 45S (Figure 33A), the 

5.8S region spanning the 5’ internally transcribed spacer (pre-rRNA ITS+5.8) (Figure 33B) and 

the pre-rRNA ITS+28S (Figure 33C) were increased in Il10–/–
 mice at 8.5 (45S, ITS+5.8S) and 

10 weeks (45S, and a trend for ITS+5.8S) compared to WT. However, these pre-rRNAs were 

reduced in muscle of Il10–/–
 mice at 12 (45S and ITS+5.8S) and 14 weeks (45S, ITS+5.8S and 

ITS+28S) (Figure 33A-C). Similarly, Il10–/–
 mice showed increased levels of mature rRNAs 18S 

(Figure 33D) and 5.8S (Figure 33F), but not 28S (Figure 33E), at 8.5 and 10 weeks. However, 

at 10
th 

week Il10–/–
 mice showed a marked decrease in the mature rRNAs which led to lower 

levels at 14 weeks for 18S, 5.8S and 28S (Figure 33D-F). Over the same period, WT mice 

showed constant levels of all mature rRNAs. There was good agreement within rRNA levels, 

among all mature rRNAs and among all pre-rRNAs measured (data not shown; p<0.01). 

Similar to total RNA, 28S rRNA also positively correlated to muscle mass (Figure 30E) and 

negatively correlated to IgG (Figure 30F). 
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Figure 33. Muscle inflammation is associated with reduction in ribosome biogenesis. 
rRNA analysis showed similar patterns for all mature and pre-rRNAs analysed. Interactions 

between strain and time factors were observed for (A) 45S (p=0.006), (B) ITS+5.8S (p=0.036) 

and (C) a trend for ITS+28S (p=0.074) pre-rRNAs. Interactions between strain and time were 

also observed for (D) 18S (p=0.008), (E) 5.8S (p=0.008) and (F) 28S (p=0.041) rRNAs. Figure 

symbols represent post hoc analysis following two-way ANOVA: *, different from 8.5 weeks 

(p<0.05) and ^, different from 7 weeks (p<0.05) within strain; #, different between strains at the 

same time point (p<0.01). AU: Arbitrary Units. 
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Figure 34. IgG LC correlated with histological injury score (HIS) for the colon. Overall, 

muscle IgG correlated with the HIS reported by Knoch et al. (204) from the same study (r=0.4, 

p=0.001, IgG light chain IgG LC is also correlated with muscle mass at (B) 10 weeks, (C) not at 

12, and (D) showed a trend at (D) 14 weeks. 28S rRNA was positively correlated to (E) muscle 

mass and (F) negatively with IgG LC, after the onset of inflammation (10 weeks). AU: Arbitrary 

Units. 
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 Discussion 5.4

 Skeletal muscle growth is impaired in inflamed Il10–/– mice 5.4.1

The gastrointestinal tract is colonised by a large number of bacteria, of which most share a 

symbiotic existence with their vertebrate host. An increase in pathogenic bacteria and/or 

intestinal permeability may disrupt this relationship causing localised inflammation; if not 

resolved, this may also lead to chronic systemic inflammation (18, 161, 298). In the current 

study, mice were inoculated with bacteria to disrupt the host-microbe relationship and cause 

local and systemic inflammation. However, only Il10–/–
 mice had colon injury following 

inoculation (204). We found that Il10–/–
 mice exhibited impaired developmental muscle growth 

leading to significant decrements in skeletal muscle mass when compared with WT mice. Il10–

/–
 mice also displayed general growth retardation (204). Nevertheless, the significant 

decrement in skeletal muscle mass observed at 14 weeks in Il10 –/–
 mice persisted even after 

normalising to body weight. This suggests that the deleterious effects of intestinal inflammation 

on muscle mass in Il10–/–
 mice are not solely attributable to general growth impairment. 

Consistent with this data, Il10–/–
 mice showed a reduced myofibre cross sectional area in the 

majority of muscle groups analysed. With the exception of myofibre type IIX, most myofibres 

were affected in Il10–/–
 mice, especially in soleus and gastrocnemius muscles (Figure 28). As 

the numbers of myofibres were similar between strains, muscle from the inflamed Il10–/–
 mice 

most likely had impairment in the mechanism affecting the hypertrophy and/or atrophy 

pathways.  

 Il10–/– mice exhibit immunoglobulin G accumulation in skeletal muscle 5.4.2

We found a marked elevation of intramuscular IgG levels in Il10–/– 
mice by means of western 

blot analysis with a pan antibody against all classes of IgGs. Immunofluorescence analysis of 

individual sub-types revealed that the majority of IgG immunoreactivity were localised outside 

the muscle fibres, particularly in the epimysium and also in the perimysium and endomysium 

near the sarcolemma. Both IgG1 and IgG2b showed a similar distribution pattern in Il10–/–
 mice 

which was not evident in WT mice (Figure 29C-J). IgG are essential glycoproteins involved in 

the body’s immune defence against pathogens, having both anti- and pro-inflammatory roles 

(9, 247). Tissue IgG levels (determined by western blot) have been reported elsewhere as 

being associated with localised inflammation (374, 407). IgG deposits have been observed in 

other localised sites of inflammation, such as in the hypothalamus in response to a high-fat 
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diet, as shown by immunohistochemistry (466), and in muscle during infection using 

radiolabelled IgG (181). Perhaps not surprisingly, IgG production and local tissue accumulation 

have also been linked to insulin resistance in adipose tissue in mice and humans (453). With 

specific regards to muscle tissue, genetic models of Duchenne Muscular Dystrophy (DMD) 

have been shown to be associated with muscle inflammation via IgG infiltration among muscle 

fibres and loss of muscle force production (242). Myositis patients also present high reactivity 

for IgG, IgM and other immunoglobulin antibodies in the sarcolemma membrane (170).  

Interestingly, IgG content has previously been positively correlated with spleen weight (374). In 

our study IgG content was negatively correlated to muscle weight, suggesting that the severity 

of inflammation is linked to impairment of muscle growth in these animals. Furthermore, the 

association of histological injury score (HIS) with levels of immunoglobulins in the blood 

reported elsewhere (191), and the positive association between HIS with skeletal muscle IgG 

in our current study, suggests that immunoglobulins are a component of the intestinal-derived 

inflammation which can have a profound effect on peripheral tissues. However, it is not 

currently clear precisely how the accumulation of immunoglobulins may affect healthy tissues 

such as skeletal muscle. At this point, we cannot determine whether immunoglobulins 

themselves or another related common factor cause muscle growth impairment.  

The canonical inflammatory NF-κB pathway was expected to be altered in skeletal muscle from 

Il10–/–
 mice. However, both content and phosphorylation of the NF-κB subunit p65 was 

unaltered in Il10–/–
 mice throughout the study. Total IkBα protein was also unchanged. 

Although there was some evidence for a difference in IκBα phosphorylation between mouse 

strains, this was not associated with inflammation as assessed by immunoglobulin deposition. 

These data are in agreement with the colon inflammation that developed in the Il10–/–
 mice, 

where most of the genes up-regulated in this tissue were found to be those involved in 

antibody-mediated inflammation, such as the major histocompatibility complex (MHC) genes, 

rather than NF-κB pathway activators such as TNF-α (204). 

 Impaired muscle growth is associated with a reduction in ribosome biogenesis 5.4.3

Protein synthesis is a key and decisive molecular process to skeletal muscle maintenance and 

growth. Ribosome content and the processes of ribosomal biogenesis modulate rates of 

muscle protein synthesis via enhancing translational capacity (272). In the current study, levels 

of total RNA (a proxy measure of the abundance of ribosomes) and of individual pre (45S, 

ITS+5.8S, ITS+28S) and mature ribosomal RNA species (18S, 5.8S, 28S) remained constant 
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in WT mice throughout the study. In contrast, total RNA was reduced in Il10–/–
 mice and the 

rRNA species steadily diminished after the onset of inflammation. Moreover, total RNA and 

28S rRNA both positively correlated with muscle mass and negatively correlated with IgG 

content after the onset of muscle inflammation. Increased muscle inflammation may act to 

reduce ribosomal content and rate of growth. Whilst at this point we cannot determine the 

mechanism by which immunoglobulin accumulation or the related molecules involved with 

inflammation affect ribosomal biogenesis, it may involve UBF because WT mice had an 

incremental increase in total UBF protein, whilst UBF protein levels remained constant in Il10–/–
 

mice. UBF is essential for ribosome biogenesis; its activity is necessary for transcription of 

rDNA into the pre-rRNA 45S and subsequent formation of de novo ribosomes (364) allowing 

cells to grow (236). The lack of increased UBF protein levels in Il10–/– 
mice with chronological 

age may therefore help explain the reduced levels of rRNAs and total RNA in Il10–/– 
mice. 

The p70S6K protein is a downstream effector of the mTOR pathway and its activity increases 

ribosome biogenesis (61). Its phosphorylation and activity are known to correlate with muscle 

hypertrophy after an anabolic stimulus (400). Perhaps paradoxically, the relative basal 

phosphorylation of p70S6K at Thr389 (a readout of mTORC1 activity) was found to be greater 

in Il10–/–
 compared to WT mice. Quantitatively, this was the net effect of a small reduction in 

phosphorylation of Thr389, plus an increased expression of the total p70S6K protein in WT 

mice compared to Il10–/–
 mice. This resulted in a decreased ratio of phosphorylated 

p70S6K/total p70S6K in WT, but not in Il10–/–
 mice. Similarly, relative phosphorylation of the 

p70S6K downstream target rpS6 at Ser240/244 site was also higher in the Il10-/-
 mice. 

Previously, increased basal phosphorylation of p70S6K at Thr389 has been demonstrated in 

muscle denervation and unloading, interventions that elicit atrophy (250, 340). Additionally, 

aged animals and humans have also been reported to present higher basal muscle 

phosphorylated levels of p70S6K at Thr389 (262, 315). The mechanism(s) that promote 

relative increases in both p70S6K and rpS6 phosphorylation in these basal conditions of 

impaired muscle mass and the influence on kinase activity is not known, although it may be 

hypothesised to be one component of a compensatory mechanism. Importantly, total 

abundance of the p70S6K protein tended to be positively correlated with muscle mass in the 

present study.  

In conclusion, we have found evidence to suggest that ribosome content is an important 

regulator of skeletal muscle growth and that chronic intestinal-derived inflammation may 

downregulate ribosome biogenesis and impair skeletal muscle growth. We also hypothesise 

that IgG molecules could be involved in downregulation of ribosome biogenesis in muscle 
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inflammation, although the mechanisms are yet to be described. In addition, at the molecular 

level, UBF appears to be a key protein during muscle development which is correlated with 

changes in muscle mass. These findings require confirmation in human studies. However, we 

anticipate that these results may help explain the lower muscle mass in IBD patients and also 

the anabolic resistance found in elderly members of the population who, although they are not 

actively developing muscle mass, may experience an impairment to re-growth in response to 

stimulation due to an impairment in muscle ribosome biogenesis. 
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 Abstract 6.1

During long term periods of muscle disuse, such as bedrest or limb immobilisation, muscle 

atrophy occurs. This is particularly critical for the ageing population. Translational capacity has 

recently been shown to change in concert with muscle mass, however effects of muscle disuse 

and reloading on muscle ribosome biogenesis in human volunteers have not yet been 

examined. Male subjects (n=28, 50 ± 3.54 years old) were subjected to two weeks of knee 

immobilisation followed by 4 weeks of muscle reloading (2 weeks of ambulatory recovery and 6 

sessions of resistance exercise over 2 weeks). Vastus lateralis muscle biopsies were taken in 

the morning (fasted stated) at the completion of each intervention stage for the analysis of 

gene expression. Two weeks of muscle disuse caused a marked reduction in cross-sectional 

muscle area (pQCT) and in total RNA per mg of muscle tissue. Ambulatory recovery (~10,000 

steps daily) restored muscle mass in part, whilst ribosomal RNA (rRNA) levels were increased 

compared to immobilisation and baseline levels. Resistance training fully recovered muscle 

mass, and caused a marked increase in total RNA, along with increased ribosome biogenesis 

as measured by pre-rRNA expression. Importantly, changes in muscle mass correlated with 

changes in ribosomal mass (total RNA per mg of tissue), mature rRNA (18S, 28S and 5.8S) 

and 45S pre-rRNA. Thus, muscle immobilisation and reloading promote substantial changes in 

cellular ribosomal RNA that may help explain the muscle atrophy and regrowth during those 

periods. 
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 Introduction 6.2

Muscle atrophy occurs as a result of prolonged muscle disuse (6, 103, 213, 408, 428). This is 

especially important for the elderly population in which muscle mass loss due to immobilisation 

and bed rest impacts significantly on functional capabilities and mobility (98, 101). Although 

sarcopenia is a well described phenomenon when the phenotype is already clear and 

measurable, little is known about the early mechanistic events that precedes muscle loss. It is 

known that muscle mass loss may commence as early as 45 years (63, 175); which makes 

middle-aged adults (50 to 60 years) a relevant group to study the initial events in sarcopenia 

(6). Reduced physical activity or muscle disuse is thought to play a major role promoting or 

accelerating sarcopenia (98). Therefore, muscle immobilisation has been used as a model of 

accelerated ageing process, replicating a short disuse event (6, 408). It is well established that 

following the commencement of immobilisation, protein degradation is increased (143, 357, 

399) and a sharp decrease in protein synthesis has also been observed (33, 126). This leads 

to a marked negative protein balance, driving the initial loss in muscle mass. However, with 

long term disuse protein degradation tends to approach baseline levels, while protein synthesis 

may remain impaired (126, 430).   

Muscle reloading (returning to usual weight bearing activities) and resistance training following 

disuse promote rapid muscle regrowth (30, 379). However, the molecular mechanism of 

muscle regrowth induced by reloading is not completely understood (30). The mTORC1 

pathway and translational efficiency appear to be highly involved with muscle regrowth 

following disuse (229), however other mechanisms involved in protein metabolism, such as 

ribosome biogenesis, may underpin the molecular factors associated with muscle regrowth, 

and these require further examination (30).  

Although translational efficiency is affected by muscle disuse and regrowth from atrophy, to 

date no study has investigated the effect of unloading and reloading in muscle ribosome 

biogenesis in humans. Therefore, muscle translational capacity after muscle loss induced by 

limb immobilisation and muscle regrowth during reloading were investigated in middle-age 

men. This work is important because there is a paucity of data on the mechanisms of 

accelerated muscle loss and impaired regeneration with ageing. The hypotheses of the present 

study were the following: first, that immobilisation reduces muscle ribosome RNA; and second, 

that reloading and resistance training increase muscle ribosome biogenesis leading to 

increased levels of mature ribosomal RNAs. 
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 Methods 6.3

 Subjects  6.3.1

Twenty eight healthy middle-aged men (age, 50 ± 3.54 years; height, 178 ± 7.07 cm; weight, 

88 ± 12.96 kg; BMI, 28 ± 3.30 kg∙m
-2

) volunteered for the present study. They were sedentary 

to moderately active, and healthy overall (non-diabetic, non-smoking, free of chronic muscle 

disease, or injury). The data presented in this study are part of a larger project on the effects of 

immobilisation and rehabilitation in muscle mass and health in middle aged men. The 

experimental procedures were approved by the Health and disability ethics committee (HDEC 

Northern B). All participants were informed of the requirements and possible risks of the 

research before written informed consent was obtained.  

 Experimental design 6.3.2

The experimental design overview is presented in Figure 35. Participants came to the 

laboratory for a study familiarisation visit, where they were also screened and their informed 

consent was obtained. Further visits were necessary to perform dual-energy X-ray 

absorptiometry (DXA; Lunar Prodigy, GE, Waltham, MA, USA) and peripheral quantitative 

computed tomography (pQCT) scans (XCT 3000 pQCT scanner, Stratec Medizintechnik 

GmbH, Pforzheim, Germany) to assess body composition and muscle cross sectional area 

(CSA), respectively. Muscle strength/power (1 repetition maximum, 1RM) data were also 

obtained for leg press and knee extension (data not shown).  

Diet advice and physical activity counselling were provided to the participants. A standardised 

evening meal was given throughout the study. The participants also completed a 3 day diet 

record to ensure they met caloric and protein requirements. They consumed a eucaloric diet, 

containing between 1.0-1.2 grams of protein per kg of body weight per day.  

Before a baseline muscle biopsy was taken, each participant’s habitual activity was measured 

using a wrist band accelerometer (Fitbit Tracker™, San Francisco, CA, USA). Following 

familiarisation, a baseline muscle biopsy (BL) was taken from the Vastus lateralis and 

participants were subjected to two weeks’ one-legged knee immobilisation. One lower limb was 

fully immobilised (counter balanced for leg dominance) using a unilateral knee brace (Donjoy 

IROM; Vista, CA, USA). Velcro straps were used to hold the brace in place. Tape was affixed 



114 
 

on top of the straps and an investigator’s signature was inscribed to ensure compliance. In 

addition, braces were regularly checked at the participant’s home or at the laboratory.   

 

Figure 35. Experimental design. Timeline of measurements and interventions. Muscle 

biopsies (represented as arrows) were taken at four occasions: at baseline (BL), 

postimmobilisation (PI), Ambulatory Recovery (AR), and post resistance training (PR). 

 

A biopsy was taken following knee brace removal (post immobilisation, PI), and a pQCT scan 

was performed. This was followed by two weeks of muscle reloading by stimulated ambulation, 

in which subjects were requested to walk at least 10,000 steps daily. After two weeks of the 

ambulatory recovery (AR) period, a muscle biopsy was taken and a third pQCT scan 

performed, before participants initiated a resistance training program for a further two weeks. 

Resistance exercise sessions were performed thrice weekly on top of the request to perform 

10,000 steps daily. Each subject was individually trained under supervision of at least one 

researcher in the laboratory. The program consisted of leg press and knee extension 

exercises. Participants performed 4 sets of 10 repetitions at 80% of 1RM (last set until failure) 

following a warm-up set at 50% of 1RM. Loads were progressed when a participant could 

complete 4 sets of 10 with the proscribed load. Two minute intervals between sets were 

applied. Following resistance training (RT) a post-training biopsy was taken at rest and a fourth 

pQCT scan performed. All muscles biopsies from the Vastus lateralis were snap-frozen in 

liquid nitrogen and stored at 80°C until further analysis. Participants performed on average (± 

SD) 10,865 ± 4429 steps during the first familiarisation week, 11,783 ± 3091 steps during 

reloading phase and 12,029 ± 3451 steps during the resistance training phase.  
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 Total RNA extraction and RT-PCR 6.3.3

Total RNA was extracted from ~15 mg of muscle tissue using the AllPrep® DNA/RNA/miRNA 

Universal Kit (QIAGEN GmbH, Hilden, Germany) following the manufacturer’s instructions. 

Following cDNA synthesis using a High-Capacity RNA-to-cDNA™
 
kit (Life Technologies, 

Carlsbad, CA, USA), ribosomal and messenger RNA (rRNA and mRNA) were measured by 

RT-PCR on a LightCycler 480 II (Roche Applied Science, Penzberg, Germany) using SYBR 

Green I Master Mix (Roche Applied Science). Pre-rRNAs were measured using primers 

designed specifically for pre-rRNA sequences spanning the 5’ end internal/external transcribed 

spacer (ITS/ETS) region, and a specific primer for the initial external transcribed spacer (ETS) 

region of 5’ end of 45S rRNA, namely ITS-5.8S, ITS-28S, ETS-18S, and 45S. Primers for the 

internal region of the 28S, 18S and 5.8S rRNAs were also used to measure mature rRNAs. 

Primers for (pre-)rRNAs were designed by QIAGEN, using RT
2
 Profiler PCR Arrays (QIAGEN). 

We have previously described these primers and some target mRNAs applied in this study 

(106) (Tables 3 and 5). Target mRNAs were: UBF (UBFT), polymerase RNA I polypeptide B 

(POLR1B), and TIF-IA (RRN3). The geometric mean of three reference genes (411) was used 

for normalisation. Several reference genes, among recently proposed stable genes (96), and 

genes usually found in the literature as reference genes (C1orf43, CHMP2A, EMC7, TBP, 

PPIA, TCP, HPRT) were tested; the chromosome 1 open reading frame 43 (C1orf43), charged 

multivesicular body protein 2A (CHMP2A) and ER membrane protein complex subunit 7 

(EMC7). The levels of TBP, HPRT and CHMP2A mRNAs were identified as the least variable, 

and were therefore used as reference genes. Standard and melting curves were performed for 

every target to confirm primer efficiency and single product amplification. 

 Statistical analysis 6.3.4

Data are expressed as mean ± standard error of the mean (SEM). RT-PCR data were 

analysed using the 2
(-∆∆CT)

 method. Main effect of time was assessed using a one-way ANOVA 

with repeated measures (SigmaPlot v12.0, Systat Software, Inc., San Jose, CA, US). Student-

Newman-Keuls post-hoc tests were used to determine the significance of pairwise 

comparisons. Correlation analysis was performed using Pearson’s r coefficient (two-tailed). 

Statistical significance was accepted at p≤0.05. 
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 Results 6.4

Fourteen days of immobilisation caused a reduction of 3.92% (± 0.51%) in muscle mass 

compared to pre-immobilisation (p<0.001). Following the end of the ambulatory recovery 

period, muscle mass was higher than immobilisation (p>0.001), however it was still lower than 

baseline levels, -1.99% ± 0.47% (p>0.001). Resistance training led to full recovery of muscle 

mass and further promoted muscle growth, 2.15% ± 0.71% (p<0.001) (Figure 36). 

 

Figure 36. Effect of immobilisation and reloading on muscle CSA. Percentage change of 

muscle CSA from baseline. BL, Baseline; PI, Post Immobilisation; AR, Ambulatory Recovery; 

and PR, Post Resistance training. Values are mean ± SEM. Different letters represents 

statistical differences (p≤0.05) between the groups.   

 

Total RNA per mg of tissue showed a marked effect over time (Figure 37A). Following 

immobilisation, total RNA per mg of tissue was reduced compared to baseline levels (p=0.035). 

After ambulatory recovery, total RNA increased returning to similar levels as baseline (p=0.57 

versus baseline, and p=0.055 compared to post-immobilisation). Total RNA per mg of tissue 

increased markedly after resistance training compared to baseline and the other time points (all 

comparisons p<0.001 versus post resistance training).  
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Figure 37. Effect of immobilisation and reloading on muscle RNA. (A) Fold change of total 

RNA per mg of tissue compared to baseline. BL, Baseline; PI, Post Immobilisation; AR, 

Ambulatory Recovery; and PR, Post Resistance training. Values are mean ± SEM. Different 

letters represents statistical differences (p≤0.05) between the groups. (B) Correlation between 

total RNA per mg of tissue. 

45S (5’ETS) pre-rRNA was not changed with immobilisation or ambulatory recovery. However 

resistance training caused an increase in 45S pre-rRNA compared to baseline (p=0.001), 

immobilisation (p=0.012), and ambulatory recovery (p=0.016) (Figure 38A).   
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ETS-18S pre-rRNA was unchanged with immobilisation. Ambulatory recovery caused an 

increase in ETS-18S compared to baseline (p=0.004). Resistance training also increased ETS-

18S compared to baseline (p=0.001), while a trend was observed compared to immobilisation 

(p=0.079) (Figure 38B). 

Figure 38. Effect of immobilisation and reloading on pre-rRNA expression. Fold change 

of pre-rRNA, 45S (5’ETS) (A), ETS-18S (B), ITS-5.8S (C), and ITS-28S pre-rRNA (D). BL, 

Baseline; PI, Post Immobilisation; AR, Ambulatory Recovery; and PR, Post Resistance 

training. Values are mean ± SEM. Different letters represent statistical differences (p≤0.05) 

between groups. 

ITS-5.8S pre-rRNA was increased in response to immobilisation compared to baseline 

(p=0.025). A trend was observed in response to ambulatory recovery compared to baseline 

(p=0.057). Again, resistance training promoted an increase in ITS-5.8S pre-rRNA (p<0.001) 

(Figure 38C).  
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ITS-28S pre-rRNA was unchanged with immobilisation or ambulatory recovery. Resistance 

training promoted a marked increase compared to baseline (p=0.002), immobilisation 

(p=0.029) and ambulatory recovery (p=0.049) (Figure 38D). 

Mature rRNAs showed a marked response with muscle reloading. 18S rRNA was unchanged 

with immobilisation, but was significantly increased following ambulatory recovery (p=0.027 

versus baseline, and p=0.030 versus immobilisation). Resistance training also increased 18S 

rRNA above baseline and immobilisation levels (both p<0.001), but an apparent increase 

compared to ambulatory recovery was not significant (p=0.071) (Figure 39A). 

Similarly, 5.8S rRNA didn’t show any effect with immobilisation, however ambulatory recovery 

caused an increase in 5.8S rRNA compared to baseline (p=0.002) and immobilisation 

(p=0.014). Resistance training markedly increased 5.8S rRNA levels compared to baseline and 

immobilisation (both p<0.005). No difference was observed between resistance training and 

ambulatory recovery (Figure 39B).  

28S rRNA was also unchanged with immobilisation, however, following ambulatory recovery 

there was a trend for 28S rRNA to be increased compared to baseline (p=0.051). Resistance 

training markedly increased 28S rRNA levels (all comparisons, p<0.01) (Figure 39C).  

5S rRNA levels weren’t different in response to immobilisation, but ambulatory recovery 

caused an increase in 5S rRNA compared to baseline (p=0.014) and immobilisation (p=0.027). 

Similarly, 5S rRNA levels following resistance training were increased compared to baseline 

(p=0.011) and immobilisation (p=0.033). Resistance training did not further increase 5S rRNA 

compared to ambulatory recovery (Figure 39D). 
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Figure 39. Effect of immobilisation and reloading on rRNA. Fold change of mature rRNA, 

18S (A), 5.8S (B), 28S (C), and 5S rRNA (D). BL, Baseline; PI, Post Immobilisation; AR, 

Ambulatory Recovery; and PR, Post Resistance training. Values are mean ± SEM. Different 

letters represents statistical differences (p≤0.05) between groups.  

 

The levels of Pol I factors (UBFT, POLR1B, and TIF-IA/RRN3 mRNA) were unchanged at all 

time-points (Figure 40). 

Changes in muscle CSA were positively associated with ribosomal RNA (Table 7). Changes in 

muscle CSA correlated with changes in total RNA per mg of tissue (Figure 37B), all mature 

rRNAs with the exception of 5S, and with 45S (5’ETS) and ITS-28S pre-rRNAs (Table 7; 

graphs are shown for 28S and ITS-28S pre-rRNA, Figure 41A and B). 
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Figure 40. Effect of immobilisation and reloading on Pol I regulation factor mRNA 
expression. Fold change of mRNA, PolR1B (A), TIF-IA (B), and UBF (C). BL, Baseline; PI, 

Post Immobilisation; AR, Ambulatory Recovery; and PR, Post Resistance training. Values are 

mean ± SEM. Different letters represents statistical differences (p≤0.05) between groups.   
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Figure 41. Association of muscle CSA change with rRNA. Correlation between fold change 

of 28S rRNA (A) and ITS-28S rRNA (B) with changes in muscle CSA.  

 

Table 7. Pearson’s r coefficient and p values for correlations between muscle cross-sectional 

area (CSA) and ribosome RNAs.  

 

 Muscle CSA change (%) 

r p value 

Total RNA(ng)/tissue (mg)  0.37 0.0006 

18S rRNA  0.35 0.001 

28S rRNA  0.28 0.011 

5.8S rRNA  0.27 0.015 

5S rRNA  0.14 0.20 

45S (5’ETS) pre-rRNA  0.28 0.011 

ITS-28S pre-rRNA  0.33 0.002 

ETS-18S pre-rRNA  0.05 0.61 

ITS-5.8S pre-rRNA  0.18 0.10 
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 Discussion 6.5

Limb immobilisation and muscle disuse promote muscle atrophy by affecting protein 

metabolism, i.e., protein synthesis and degradation. Protein degradation induced by disuse has 

been shown to be involved in muscle atrophy during the first days of immobilisation (143, 399). 

Reduction of muscle protein synthesis shortly after immobilisation is also part of muscle 

atrophy induced by disuse (33, 430). With prolonged immobilisation, the contribution of protein 

degradation to the phenotype appears to reduce, whilst the negative effect on protein synthesis 

can still be observed. Therefore, both translational efficiency and capacity may be responsible 

for reduced rates of protein synthesis with prolonged immobilisation. In rodents, prolonged 

muscle disuse involves a reduction in translational capacity (81, 126, 150). However no 

research has been done analysing ribosome biogenesis in humans. It is likely that the negative 

effects of disuse on protein metabolism involves a reduction of ribosome biogenesis. The main 

findings of the present study are that ribosomal mass is downregulated during immobilisation 

and that during reloading and regrowth, there is an elevation of ribosomal RNA expression. 

Long term muscle disuse decreases protein synthesis, both at rest (103, 213) and in response 

to feeding (125). Impairment of ribosome biogenesis may help explain the long term response 

in both situations. This has important implications for the sarcopenic elderly population. 

Anabolic resistance to feeding may develop due to repeated situations of immobilisation, such 

as bed rest and hospitalisation, or overall reduced physical activity. Although rRNA species 

were not decreased relative to baseline, total RNA per mg of tissue was significantly reduced 

following 14 days of immobilisation. Because the majority of total RNA is composed of rRNA 

(468), these data suggest that muscle translational capacity is reduced with long term 

immobilisation. Due to lack of muscle stimulation and reduced requirements to build muscle 

mass, it appears counterproductive to maintain underused protein synthetic machinery. It is 

therefore logical that ribosome biogenesis is downregulated, because it is a cellular process 

with high energy demands.  

Conversely, following immobilisation, muscle reloading in rodents increases total RNA 

concentration rapidly, surpassing initial baseline levels (81, 150). In the present study, 

participants were requested to walk at least 10,000 steps daily during the reloading phase, 

after which muscle mature rRNAs 28S, 18S, 5.8S and 5S and total RNA were all increased. 

Additionally, resistance training has been shown to promote muscle growth via increased 

ribosome biogenesis (106, 108). During the initial phase of muscle hypertrophy induced by 

resistance training (2 weeks), muscle total RNA per mg of tissue was markedly increased. 
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Consistent with this, the mature rRNAs and pre-rRNAs (as assessed by all primers employed 

to measure pre-rRNA synthesis; 45S, ETS-18S, ITS-5.8S and ITS-28S) were also increased 

following resistance training.  

Interesting, changes in all mature rRNAs correlated with changes in muscle CSA, with the 

exception of 5S. The 5S rRNA is the only rRNA that is not transcribed in the nucleolus by 

Polymerase I. Instead, Pol III is the enzyme responsible for transcribing 5S rRNA. Although 

also necessary for assembly of the mature ribosome, 5S rRNA has been shown to be 

synthesised in excess compared to 45S rRNA (244). The data presented here show a clear 

connection between muscle phenotype and all species of rRNA except 5S, which indicates that 

5S rRNA transcription is not a rate limiting process for muscle growth, unlike transcription of 

the other three rRNAs originating from the 45S pre-rRNA.  

Neither immobilisation nor reloading caused an effect on mRNA expression of key preinitiation 

complex (PIC) components (TIF-IA, UBF and PolB1R). This indicates that, in agreement with 

previous work, the activation PIC rather than the expression level of the components is more 

important for ribosome biogenesis (473).  

In conclusion, the data present suggest that ribosome biogenesis and muscle translational 

capacity are required for muscle growth and maintenance. Muscle mass loss induced by 

immobilisation is accompanied by a reduction in translational capacity in middle-aged men. 

This may help explain the impairment in protein synthesis rates postprandially and in response 

to feeding previously observed during anabolic resistance states. Additionally, reloading, either 

by returning to normal ambulation or through further resistance training, results in muscle 

regrowth that is associated with increased ribosome biogenesis and translational capacity to 

match the increased protein synthetic requirements. Combined, the loss and regrowth in 

muscle CSA due to disuse and reloading consistently correlated with changes in total RNA and 

rRNAs and pre-rRNA. These data demonstrate that ribosome biogenesis could be a potential 

target to prevent muscle atrophy induced by long term immobilisation, especially in susceptible 

population such as middle-aged adults and elderly populations.   
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 Abstract 7.1

Adaptive regulation of the ribosome is one component of the mechanisms that support the 

considerable plasticity of skeletal muscle. Recently, it has been shown that resistance exercise 

(RE) is a potent stimulator of ribosomal RNA (rRNA) transcription. Whilst the ingestion of 

protein has been shown to further enhance post-exercise protein synthesis, as yet the potential 

impact of protein to further regulate rRNA transcription is unknown. To address this question, 

the effects of doses of whey protein (10, 20, 30 and 40 g) compared to placebo after a single 

bout of RE in 52 older men (68.7 ± 4.1 years old) were analysed. Muscle biopsies were 

collected before, and 2 and 4 h after, exercise with subsequent analysis of translational 

effectors and signalling mechanisms regulating rRNA expression, together with precursor 

ribosomal RNA (45S pre-rRNA) using primers to selectively amplify the 5’ETS, ETS-18S, ITS-

5.8S, and ITS-28S regions of the 45S pre-rRNA. Signalling kinases implicated in rRNA 

transcriptional activation, including p38 and MNK1, demonstrated increased phosphorylation 

(and hence activation) with exercise. However, further downstream signalling and 

transcriptional regulatory mechanisms, including eIF4E phosphorylation, cyclin D1 abundance 

and UBF phosphorylation, were unaltered by RE. Consistent with this, 45S pre-rRNA synthesis 

was unaltered by RE and whey protein doses up to 30 g. However, 40 g whey protein 

increased pre-rRNA as measured by 5.8S-ITS and 28S-ITS (~1.5 fold increase). This response 

may be mediated via leucine, because RE reduced intramuscular leucine levels, with only the 

highest protein dose (40 g) able to increase leucine intramuscular levels above baseline. In 

conclusion, RE alone did not promote ribosome biogenesis after RE in older subjects, and a 

high dose of whey protein (40 g) was necessary to promote pre-rRNA synthesis. 
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 Introduction 7.2

Resistance exercise is a potent stimulator of skeletal muscle hypertrophy among the elderly 

(115, 441). However, although older individuals benefit from resistance training, there is a 

reduced response to training, with attenuated muscle mass gains in comparison to younger 

individuals (214, 378, 441). Currently, the cellular mechanisms for this reduced anabolic 

responsiveness to resistance exercise (RE) in elderly are not well defined, although a 

suppressed protein synthetic response within the musculature has been described (40). In an 

effort to maximise the anabolic response in the elderly, the potential value of protein/amino 

acids supplementation to enhance the anabolic effects of resistance training in older subjects 

has been demonstrated (54). Protein supplementation, particularly whey protein and essential 

amino acids such as leucine, has been shown to potentiate the benefits of a single bout of 

resistance exercise by activating mTOR activity, as assessed by increased phosphorylation of 

its downstream effectors, such as p70S6K (94), resulting in increased protein synthesis rates 

(166, 444).  

In addition to the effect of RE in translational efficiency, recent data have highlighted the 

importance of regular exercise training to increase translation capacity, i.e, ribosome mass, 

which is driven by ribosome biogenesis (106, 108, 387). Failure to promote ribosome 

biogenesis may lead to an impaired muscle growth response (107, 250). Activation of the 

ribosomal gene (rDNA) and the increased abundance of ribosomal RNA (rRNA) require the 

coordinated activation of many transcription factors, such as upstream binding factor (UBF) 

and TIF-IA. These are required for assembly of the preinitiation complex (PIC) in the ribosomal 

DNA promoter for pre-rRNA synthesis (138). During the recovery period following resistance 

exercise, UBF and TIF-IA phosphorylation are increased. The ERK/MAPK kinase has been 

shown to be a major regulator of these responses; of particular interest is the pathway leading 

to eIF4E phosphorylation and cyclin D1 protein specific translation. Interesting, the 

phosphorylation of several kinases from this pathway, such as ERK, p38, MNK1 and eIF4E, 

has been shown to be reduced or blunted following resistance exercise in older subjects (91, 

116, 451). In addition, there is recent evidence that ageing may negatively affect the response 

of ribosome biogenesis to resistance exercise (201, 387). Therefore, it is possible that the 

reduced ribosome biogenesis response to RE may be driven by an impaired ability to promote 

activation of the MAPK pathway and its downstream proteins linked to ribosome biogenesis. 

Whilst it is well established the protein ingestion following RE promotes translational efficiency, 

as yet no study has analysed the effects of protein ingestion following RE on translational 
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capacity adaptive responses. Therefore, the aim of this study was to verify whether RE with or 

without protein supplementation promotes the upstream anabolic pathway leading to ribosome 

biogenesis, such as MAPK pathway activation and cyclin D1 protein expression, and pre-rRNA 

synthesis in the elderly.  

 Methods 7.3

 Subjects and Study design 7.3.1

All experimental procedures employed in this study were approved by Deakin University 

Human Research Ethics Committee, in accordance with the Helsinki declaration. The 

participant characteristics, study design and muscle biopsy procedures are described in detail 

previously (94). Briefly, 52 healthy older adults (69.1 ± 3.9 years old) were randomly assigned 

to one of the six treatment groups: non-caloric placebo (PLA, n = 15), 10 g whey (W10, n = 7), 

20 g whey (W20, n = 7), 30 g whey (W30, n = 7), and 40 g whey (W40, n = 10). Participants 

reported to the laboratory after an overnight fast. The previous evening, all participants ate a 

standardised meal before 10 pm. A resting biopsy was taken from the Vastus lateralis muscle, 

and 10-15 minutes after this the resistance exercise (RE) session started. It was composed of 

a light cycling warming-up followed by 3 sets of of 8-10 repetitions of barbell smith rack squat, 

45° leg press, and knee extensions (all at 80% of 1RM). Immediately after the exercise 

session, participants consumed 350 mL of the respective nutritional supplement. Following 

this, subjects rested for the remainder of the recovery period, during which two more biopsies 

were taken (2 and 4 h post RE). Muscle samples were snap-frozen in liquid nitrogen and 

stored at 80°C until further analysis. 

Western blotting was used to assess phosphorylation status and abundance of proteins 

involved in ribosome biogenesis. A total of 50 mg of tissue was homogenised in RIPA lysis 

buffer (50 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, 0.25% deoxycholic acid, 1% NP-40, 

mmol/L EDTA, supplemented with a cocktail of protease and phosphatase inhibitors including 

1 mmol/L PMSF, 1 lg/mL aprotinin, 1 lg/mL leupeptin, 1 mmol/L Na3VO4, and 1 mmol/L NaF). 

Samples were incubated with gentle spinning for 1 h at 4°C and cleared by centrifugation at 

13,000  g for 15 min. The resulting supernatant was used to measure total protein 

concentration using a BCA Protein Assay Kit
 TM

 (Thermo Scientific). Equal amounts of protein 

were boiled in 4  Laemmli buffer, separated by SDS-PAGE, and then transferred to PVDF 

membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA) using a semi-dry Trans-Blot 
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Turbo
TM

 device (Bio-Rad). Following 1 h blocking with 5% bovine serum albumin solution in 

Tris-buffered saline with 0.1% Tween 20 (TBST), the membranes were incubated with primary 

antibodies (1:1,000 dilution) overnight at 4°C. The following antibodies were used in this study: 

total UBF, UBF Ser388, cyclin D1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), GAPDH 

(Abcam, Cambridge, UK), p-p38 MAPK Thr180/Tyr182, total eIF4E, p-eIF4E Ser209, p-MNK1 

Thr197/202, total MNK1 (Cell Signaling Technology, Inc., Danvers, MA, USA). On the next 

day, membranes were washed in TBST before incubation with the appropriate anti-rabbit or 

anti-mouse secondary antibodies linked to horseradish peroxidase (1:5,000) for 1 h at room 

temperature. The membranes were once again washed in TBST and exposed on a ChemiDoc 

imaging device (Bio-Rad) using enhanced chemiluminescence reagent (ECL Select kit, GE 

Healthcare Ltd., Little Chalfont, United Kingdom). Bands were quantified using ImageJ 

software (NIH, Bethesda, MD, US). 

A total of 10-20 mg of muscle tissue was used for extracting total RNA using the AllPrep® 

DNA/RNA/miRNA Universal Kit (QIAGEN GmbH, Hilden, Germany) following the 

manufacturer’s instructions. cDNA synthesis was performed using High-Capacity RNA-to-

cDNA
™ 

kit (Life Technologies, Carlsbad, CA, USA). Messenger and ribosomal RNA (mRNA 

and rRNA) were measured by RT-PCR on a LightCycler 480 II (Roche Applied Science, 

Penzberg, Germany) using SYBR Green I Master Mix (Roche Applied Science). Pre-rRNAs 

were measured using primers designed specifically for pre-rRNA sequences spanning the 5ʹ 

end external transcribed spacer (ETS) region and 18S (ETS-18S) and the internal transcribed 

spacer of the 5.8S rRNA (ITS-5.8S) and 28S (ITS-28S), and a specific primer for the initial 

external transcribed spacer (ETS) region of 5ʹ end of 45S rRNA (named 45S). Primers for the 

internal region of the mature rRNAs (28S, 18S, 5.8S) were also used. Primers for rRNAs were 

designed by QIAGEN, using RT
2
 Profiler PCR Arrays (QIAGEN). We have previously 

described these primers (106). Several purported and recently proposed human reference 

genes (96), namely chromosome 1 open reading frame 43 (C1orf43), charged multivesicular 

body protein 2A (CHMP2A) and ER membrane protein complex subunit 7 (EMC7), beta-2 

microglobulin (B2M) , TATA box binding protein (TBP), peptidylprolyl isomerase A, also known 

as cyclophilin A (PPIA), and hypoxanthine phosphoribosyltransferase (HPRT), were tested. 

The three identified as the least variable (EMC7, TBP and PPIA) were used as reference 

genes. The geometric mean of these three reference genes (411) was used for normalisation. 

Standard and melting curves for every target were performed to confirm primer efficiency and 

single product amplification.  

 Statistical analysis 7.3.2
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Western blot data are presented as fold change against the respective pre-exercise sample. 

RT-PCR data were analysed using the 2
-∆∆CT

 method. Data are expressed as mean ± standard 

error of the mean (SEM), unless otherwise noted. Main effects of time and time  trial 

interactions were assessed using a two-way ANOVA (time post exercise × treatment) with 

repeated measures (SigmaPlot v12.0, Systat Software, Inc., San Jose, CA, US). Student-

Newman-Keuls post-hoc tests were used to determine the significance of pair-wise 

comparisons of changes with time and differences between the trials. Statistical significance 

was accepted at p≤0.05. 

 Results 7.4

 Effect of resistance exercise and recovery strategies on upstream kinase and 7.4.1

transcriptional effectors of ribosome biogenesis 

p38 MAPK phosphorylation: phosphorylation of p38 MAPK protein at Thr180/Tyr182 was not 

significantly different within the Placebo group (2 h versus PRE, p=0.26, and 4 h versus PRE, 

p=0.15). All comparisons within whey protein supplementation showed a difference for at least 

one time point. Ten g of whey increased phosphorylation of p38 at 2 h (p=0.009), although an 

apparent elevation at 4 h was not significant (p=0.089). Twenty g and 40 g of whey promoted 

increase at both 2 h (p=0.005 and p=0.012, respectively) and 4 h (p=0.015 and p=0.013, 

respectively) post RE. Thirty g of whey promoted a significant increase only at 4 h post RE 

(p=0.036), whilst an apparent increase at 2 h was not statistically significant (p=0.056) (Figure 

42A). 
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Figure 42. MNK1-eIF4E-Cyclin D axis. Phosphorylation levels of p38 (A), MNK1 (B), eIF4E 

(C), total levels of cyclin D1 (D) and phosphorylation of UBF Ser388 (E). Western blot data 

were normalised to each sample’s respective total protein or to GAPDH. Values are means ± 

SEM. Legends: *, different from PRE within the same treatment (p<0.05). 
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MNK1 phosphorylation: The phosphorylation status of MNK1 at Thr197/202 was increased at 2 

h post RE in Placebo (p=0.039) but not at 4 h (p=0.11). Ten, 20 and 30 g of whey showed an 

increase at 2 h (p<0.001, p<0.001, p=0.025 respectively) and at 4 h (p<0.001, p=0.002, 

p=0.022 respectively) post RE. Forty g of whey only increased MNK1 phosphorylation at 2 h 

(p=0.039), but not at 4 h post RE (p=0.15) (Figure 42B). 

eIF4E phosphorylation: there were no differences in eIF4E phosphorylation at Ser209 (Figure 

42C). 

Cyclin D1 protein: no difference was observed for cyclin D1 protein levels (Figure 42D). 

UBF phosphorylation: no difference was observed in the phosphorylation status of UBF at 

Ser388 (Figure 42E). Representative blots are shown in Figure 43. 

 

 

 

 

Figure 43. Representative western blots. 
Representative western blot figures for p38, MNK1 

and GAPDH (A). Representative western blot figures 

for proteins with no exercise or treatment effects, 

UBF, eIF4E, and cyclin D1 (B). 
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 Effect of resistance exercise and recovery strategies on rRNA and mRNA 7.4.2

expression 

45S (5ʹETS) rRNA: no difference was observed for 45S (5ʹETS) rRNA. However there was a 

trend for an increased level of 45S (5ʹETS) rRNA at 2 h post RE (p=0.054) (Figure 44A). 

ETS-18S rRNA: No difference was observed for ETS-18S rRNA (Figure 44B). 

ITS-5.8S rRNA: no difference was observed for ITS5.8S rRNA for most of the groups (either 

treatment or time) with the exception of 40 g of Whey, in which ITS-5.8S rRNA was increased 

at 2 and 4 h post RE (p=0.008 and p=0.018 respectively) (Figure 44C). 

ITS-28S rRNA: the expression of ITS-28S was not different in any group with the exception of 

those who received 40 g of whey. ITS-28S pre-rRNA was increased at both 2 and 4 h post RE 

compared to baseline (both p<0.001) (Figure 44D). 

Mature rRNA: no difference was observed in any mature rRNA at any time or treatment (Figure 

44E shows 18S rRNA). Data not shown include 28S and 5.8S. 
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Figure 44. Ribosomal RNA expression. The expression of pre-rRNA as measured by 45S 

(5ʹETS) (A), ETS-18S (B), ITS-5.8S (C), ITS-28S (D), and mature 18S rRNA (E) are shown. 

Values are means ± SEM. Legends: *, different from PRE within the same treatment (p<0.05). 
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 Discussion 7.5

Resistance exercise transiently increases protein synthesis rates in skeletal muscle after 

completion of the exercise bout. The importance of translational activation as a molecular 

mechanism required for this increased skeletal muscle protein synthesis has been widely 

researched, with studies examining the impact of exercise modes, protein supplementation and 

health status, including age of the participants (10, 66). From these studies, it is now 

established that appropriate quantities of protein, especially rapidly digested proteins such 

whey, promote a rapid increase of protein synthesis rates (321, 444, 464). Additionally, ageing 

may negatively affect this response (40, 464). However, whilst translational activation is one 

key mechanism acutely regulating the rate of protein synthesis, other mechanisms are also 

important for muscle growth. This includes the translation capacity, i.e., the amount of available 

ribosome for translation (272). To date, no research has been reported on the effects of protein 

ingestion following RE on translational capacity in older people. The data presented herein 

suggest, firstly, that ribosomal biogenesis (the regulatory process of translational capacity) is 

blunted in older subjects in response to resistance exercise via mechanisms that may include 

an impairment in promoting UBF phosphorylation, and its upstream pathway, such as eIF4E 

phosphorylation and cyclin D1 protein levels, and, secondly, that a large dose of whey protein 

is required to promote ribosomal DNA transcription in this population. 

The mechanism of ribosome biogenesis following resistance exercise or mechanical loading is 

complex and appears to involve multiple pathways, such as the mTOR and MAPK/ERK 

pathways (106, 108, 129, 443). The mitogen activated protein kinase (MAPK) pathway 

responds markedly to resistance exercise stimuli (108, 121, 284, 447). The MAPK/ERK 

pathways can interfere with mRNA translation at the initiation level for specific targets, such as 

the oncogenes (258). The key downstream protein is eIF4E, which is phosphorylated by the 

MNK protein from the MAPK pathway. MNK in turn can be phosphorylated by ERK or p38 

MAPK protein (228, 350). The activation of eIF4E promotes the translation of cyclin D1 mRNA 

(349, 404). Although it is known that RE promotes ERK/MAPK activation, very few studies 

have addressed the MAPK pathway response following a bout of resistance exercise in the 

elderly. Williamson et al (451) demonstrated that older subjects have a markedly high 

phosphorylation of ERK1/2, MNK-1 and p38 MAPK at resting, and that resistance exercise 

may downregulate phosphorylation of those proteins, whereas in young individuals, RE 

promotes phosphorylation of those residues as expected. Other studies also found a marked 

decrease in the MAPK/ERK pathway in response to exercise or mechanical loading (91, 116, 

315). Contrary to these studies, in the current study we report a significant increase in the 
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MAPK pathway in response to RE, as measured by p38 and MNK-1 phosphorylation, although 

protein ingestion had no further effect. 

Although phosphorylation of p38 and MNK-1 was increased following RE, no phosphorylation 

of eIF4E at its single phosphorylatable residue Ser209 was observed in any group, a finding 

similar to that previously observed for eIF4E (451). As a consequence of this response, cyclin 

D1 was also not elevated at any of the measured time-points herei (2 h and 4 h post RE). We 

have previously shown that at similar time-points, RE promoted an increase in the MNK1-

eIF4E-cylcin D1 axis in young subjects (106, 108). These data, combined with previous 

studies, suggest that ageing may negatively impact on muscle promoting eIF4E 

phosphorylation and cyclin D1 protein expression in response to RE, presumably via reduced 

MAPK pathway activation. This is an important upstream event leading to ribosome 

biogenesis, via UBF phosphorylation. Consistent with this, UBF phosphorylation was not 

increased in any group or at any time point.  

The synthesis of precursor rRNA (45S pre-rRNA), the rate-limiting event of ribosome 

biogenesis, has recently been shown to be increased during the recovery period after RE in 

humans (108). Recent evidence suggests that ageing impairs the response to muscle loading 

on pre-rRNA synthesis (201, 387). Therefore, it has been hypothesised that the inability to 

promote ribosome biogenesis after RE/mechanical loading may contribute to the smaller gains 

in muscle mass observed in older adults (201, 387). Although the current study lacks a young 

group comparison, no effect of RE was observed (either placebo or whey protein doses of 10, 

20 and 30 g of protein) on the expression levels of pre-rRNA measured at either time point (2 

or 4 h). It has previously been reported that 45S pre-rRNA in young adults is increased at 4 h 

post RE. (296). Interestingly, however, 40 g of whey protein was able to increase pre-rRNA 

following RE. Two primers for measuring pre-rRNA, at the ITS-28S region and ITS-5.8S, 

showed increased levels of pre-rRNA expression at 2 and 4 h post RE with 40 g of whey 

protein, in addition to a trend for increased levels of pre-rRNA as measured by the initial 5ʹETS 

region of the 45S pre-rRNA. Using the primer that detects pre-rRNA at the ETS-18S region, we 

did not show any increase in pre-rRNA expression. This may be due to the processing events 

following pre-rRNA synthesis. The removal of 5ʹETS from the 18S region is one of the first 

events of pre-RNA processing.  

The mechanism for increased pre-rRNA synthesis following the ingestion of a large dose of 

whey (40 g) was not determined in the current study. However, based on previous data it may 

be speculated that it involves intramuscular levels of leucine and the mTOR pathway. Our 

group has previously shown that RE promotes a reduction of intramuscular leucine levels, and 
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that whey protein doses of up to 30 g can only restore initial pre-exercise levels (94). Only the 

40 g of whey was able to promote an increase in intramuscular leucine levels above baseline 

levels. Additionally, the response on the bona fide downstream target of mTORC1 

(phosphorylation of p70S6K at Thr389) showed a markedly dose-dependent relationship to the 

amount of whey (94). Further supporting this notion, Mobley and colleagues (283) have 

recently shown that leucine supplementation following resistance exercise in rodent models 

can increase 45S pre-rRNA compared to exercise alone, or to a smaller dose of whey protein 

(which the authors calculated to be the equivalent to less than approximately 20 g to humans) 

(283).  

A major limitation of the present study is the lack of groups of young people. Although contrary 

to other reports, in this study p38 and MNK1 were significantly increased post RE when 

compared to resting conditions. Groups of similarly treated young people would provide 

evidence to address whether the observed response in elderly people is reduced compared to 

the response in their younger counterparts. In line with this possibility, downstream of MNK1, 

eIF4E phosphorylation and cyclin D1 protein levels were unchanged at similar time-points, 

where these had previously been found to be upregulated in young subjects. However, 

because of a possible mechanism of leucine leading to rDNA transcription via 

mTORC1/p70S6K independently of other mechanisms (such as MAPK) in response to 

exercise, it is possible that in young adults, the response to resistance exercise may be further 

increased, synergistically or additively with whey protein ingestion. More research is warranted, 

both for the comparison of older versus young subjects in the upstream regulation of ribosome 

biogenesis, and for understanding the possible link between the amino acid availability and 

ribosome biogenesis in skeletal muscle. To our knowledge this is the first study in humans to 

demonstrate that nutritional interventions may promote ribosome biogenesis. Although older 

adults’ ribosome biogenesis appears to be impaired in response to resistance exercise, a high 

dose of whey protein (40 g) following resistance exercise can promote a marked increase in 

rDNA transcription.  
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  CHAPTER 8.

General Conclusions 
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 Introduction 8.1

Muscle growth has been shown to rely on skeletal muscle protein synthesis. Protein synthesis 

can be regulated via both translational efficiency and capacity (Figure 45). Although efficiency 

has been widely studied in the muscle literature, very little is known about the relevance and 

roles of muscle translational capacity during skeletal muscle growth and under conditions of 

impaired muscle growth. In this thesis, the roles of ribosome biogenesis during health and 

disease were investigated. The main hypotheses were: first, that resistance exercise and 

chronic training promote muscle ribosome biogenesis; second, that ribosome biogenesis is 

downregulated under conditions in which muscle growth is impaired; and third, that protein 

intake following resistance exercise further promotes increases in ribosome biogenesis in 

elderly subjects. 

 

Figure 45. A simplified model of protein balance taking into account translational 
efficiency and capacity. 

  

The translational capacity of muscle is regulated by biosynthesis of the main backbone and 

enzymatic entity of the ribosomes: the ribosomal RNA (rRNA). The process of ribosome 

biogenesis is regulated mainly at the initiation and elongation steps of ribosomal DNA 

transcription into the precursor rRNA (pre-rRNA). Therefore, specific primers for different 

regions of the main pre-rRNA transcript (45S) were designed. Primers for the initial 5ʹETS 

region only (termed 45S in this thesis), followed by those for the mature rRNA spanning the 

respective internal or external transcribed spacers (ITS/ETS) regions, were used to 

differentiate from mature rRNAs (18S, 28S and 5.8S rRNAs). Along with these analyses, the 

upstream pathways that dictate the assembly of the transcriptional factors to promote rRNA 

synthesis were also investigated. The PIC formation on the rDNA promoter region is a 

bottleneck for rDNA transcription initiation. Specifically, UBF and TIF-IA are the main points of 
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convergence of many growth-related pathways, such as mTOR, MAPK and cell cycle 

regulators. Therefore, the activation of these proteins and pathways was also investigated. 

 Summary of Major Findings 8.2

The data obtained in the studies presented here describe the important role of ribosome 

biogenesis during the hypertrophic adaptation of healthy muscle to resistance exercise and 

chronic training, as well as the impairment in mounting ribosome mass which occurs during 

muscle growth impaired conditions. The major findings of the research described in this thesis 

are described and discussed below.  

In chapter 2, the response of ribosome biogenesis and its upstream pathway leading to 

initiation of rDNA transcription following a bout of resistance exercise (RE) was examined, and 

the same was analysed after 8 weeks of resistance training. Resistance exercise promoted 

increased pathway activation of kinases associated with protein synthesis, i.e., the mTOR and 

ERK pathways. The phosphorylation of p70S6K, S6 ribosomal protein, ERK, and MNK-1 were 

increased following resistance exercise; these being responses reported extensively in the 

literature. However, the novel aspect of this chapter was that, for the first time in humans, a 

consistent increase in cyclin D1 protein following RE was found. Notably, cyclin D1 gene 

expression has been reported to be mainly regulated at the translational, rather than the 

transcriptional, level. In this work, cyclin D1 mRNA levels were unchanged at the same times 

as its protein levels were altered. Cyclin D1 translation is regulated via eIF4E protein activation.  

Moreover, phosphorylation of the unique phosphorylatable residue in eIF4E (Ser209) has been 

shown to play an important role in cyclin D1 mRNA translation, via MNK-1 activation. In 

support of this, MNK-1 was highly activated following resistance exercise, as was ERK1/2 

which is an upstream kinase of MNK-1. Cyclin D1 protein is crucial for ribosome biogenesis 

because it promotes rDNA transcription via its dimerization with the enzyme CDK4, forming an 

active complex that phosphorylates UBF – the central enzyme in the PIC formation – leading to 

rDNA transcription. In addition, TIF-IA – another important component of the preinitiation 

complex – was highly phosphorylated at the ERK dependent site. Despite the activation of the 

pathways associated with ribosome biogenesis following both acute RE sessions, no increase 

in precursor rRNA was found. However, with chronic resistance training an increase in rRNA 

transcripts was observed. This indicates that the pre-rRNA could be upregulated following RE 

at a later time point and/or that it takes multiple bouts of resistance exercise to upregulate 

rRNA.  
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In chapter 3, we aimed to measure the increase in pre-rRNA following a bout of resistance 

exercise that was hypothesised to occur in the previous chapter. Additionally, cold water 

immersion has been shown to negatively impact on muscle mass gains. This recovery strategy 

was therefore studied as a potential model of an impaired ribosome biogenesis response to 

resistance exercise. We hypothesised that this biological process involved in muscle 

hypertrophy should be blunted during the application of cold water immersion, or alternatively, 

that the process could be merely permissive to muscle hypertrophy. Similar to the previous 

study (chapter 2), the cyclin D1 protein responses to resistance exercise increased shortly 

after exercise (2 h post RE). This was matched by increased activation of its upstream 

regulatory proteins, which we refer to as the MNK-1-eIF4E-cyclin D1 axis. However, the 

phosphorylation status of ERK1/2 did not match this response, although the phosphorylation 

status of p38 kinase did match the response. Consistent with this, p38 (rather than ERK1/2) 

has emerged recently as the main kinase targeting MNK-1. Cyclin D1 was also found to be 

increased at later time points (24 and 48 h post RE) and this increase was associated with 

increased levels of eIF4E proteins. This potential increase in cyclin D1 translation promoted an 

increase in UBF phosphorylation at 24 and 48 h post exercise, which was, in turn, matched by 

a marked increase in pre-rRNA levels as measured by multiple primers. Interestingly, the 

majority of these responses were reduced or blunted with the utilisation of CWI treatment after 

resistance exercise. This finding reinforces the notion that ribosome biogenesis is an important 

process of muscle growth in response to resistance exercise in humans. Moreover, the major 

finding of this work was that ribosomal pre-rRNA was found to be markedly upregulated 

following a single bout of RE, and that this may be upregulated for up to 2 days following 

exercise. 

In chapter 4, we sought to examine whether the repeated application of CWI after resistance 

exercise during 12 weeks would lead to reduced levels of mature rRNAs and whether these 

responses were associated with muscle growth responses. Consistent with previous chapters, 

mature rRNAs were decreased with chronic post-exercise CWI treatment compared to the 

control recovery strategy. Most importantly, the changes in mature rRNAs correlated with 

changes in muscle mass.   

In the previous chapters it was evident that ribosome biogenesis is an important process 

involved in muscle growth; we therefore sought to determine whether chronic inflammation 

(chapter 5) and disuse (chapter 6) would have an impact on ribosome biogenesis.  

In chapter 5, chronic inflammation in mice caused a marked reduction in the rate of muscle 

growth. Similarly, muscle ribosome biogenesis was affected by this chronic inflammation, 
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suggesting a link between ribosome biogenesis and muscle growth. Mechanistically, it appears 

that immunoglobulins could be part of an intestinal-derived systemic inflammation which affects 

muscle ribosome biogenesis. Because ageing has been described as a low-grade 

inflammatory state affecting muscle, it is possible that the results found in this study help 

explain the effects of ageing on muscle mass.  

It appears that the effects of ageing in muscle mass can be exarcerbated by repeated events 

of disuse. Specifically, middle-aged subjects have emerged as an important population of 

interest to study the initial molecular events leading to the onset of sarcopenia. In chapter 6, 

immobilisation was used as a model of the accelerated ageing process in middle-aged 

subjects. Similar to the data presented in chapter 5, disuse negatively affected muscle mass 

and ribosome content as assessed by total RNA per mg of tissue. Furthermore, muscle 

reloading - walking 10,000 steps following the disuse period – promoted muscle ribosome 

biogenesis and muscle mass regain. In addition, resistance training may further promote 

muscle ribosome biogenesis and muscle gain. Both chapters 5 and 6 demonstrate that factors 

underpinning sarcopenia, e.g., muscle inflammation and muscle disuse, can contribute to 

muscle mass loss via impairment of muscle ribosome biogenesis. These data suggest that 

ribosome biogenesis is a potential molecular target for amelioration of muscle mass loss during 

ageing. 

Dietary protein, especially rapidly-absorbed dietary protein such as whey protein, has been 

widely used following resistance exercise to further promote anabolic signaling. It has been 

also widely shown that the mechanism responsible for this action may involve the ability of 

whey protein to synergistically enhance post-exercise translational efficiency. This is an 

important strategy to ameliorate muscle mass (re)gain in the elderly. In chapter 7, graded 

doses of whey protein (10, 20, 30 and 40 g of whey) were ingested by older subjects following 

a resistance exercise session. Similar to recent reports, elderly individuals exhibited blunted 

ability to upregulate ribosome biogenesis following exercise, and this may involve impaired 

activation of the upstream effectors of PIC formation and rDNA transcription. However, the 

highest dose of whey protein (40 g) was able to promote pre-rRNA synthesis. These data 

highlight that post-exercise feeding during recovery from resistance exercise is also relevant 

for increasing not only translational efficiency but also translational capacity.   

Collectively, this thesis describes evidence that changes in muscle mass are well correlated 

with changes in muscle ribosome content (chapters 2, 4, 5, 6). The studies presented here 

also suggest that ribosome biogenesis is an important mediator during muscle growth as well 
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as during conditions that negatively impact muscle mass, such as ageing, chronic inflammation 

and disuse.   

 Future Directions  8.3

The mechanisms that drive muscle growth are still not fully understood. Much of the research 

on humans has focused on acute changes in protein synthesis, protein degradation or satellite 

cell activity. While the aforementioned studies have yielded insightful information, much less 

research has examined the role of ribosome biogenesis in muscle mass regulation, especially 

in humans. Recently, animal models of muscle growth have demonstrated that ribosome 

biogenesis is coincident with, and a potential driver of, muscle hypertrophy. These promising 

results prompt researchers to wonder whether this would also apply to humans. The data 

presented here describe promising and emerging findings which further suggest that ribosome 

biogenesis may be a limiting factor during muscle growth.  

However, many questions arise from these findings. As a researcher, I am interested in 

understanding the following questions: I) the relationship between 5S rRNA and muscle mass 

regulation; II) the effect of different exercise stimuli on ribosome biogenesis, and III) highly 

atrophic conditions and ribosome degradation. Therefore, I present below three main areas of 

research that could be undertaken to help understand the roles of ribosome biogenesis in 

muscle mass regulation. 

 5S rRNA synthesis during muscle plasticity 8.3.1

The transcriptional regulation of 5S rRNA is less well understood than the processes that 

regulate 45S rRNA transcription (68). Regarding skeletal muscle, the regulation of 5S rRNA 

synthesis in response to hypertrophic or atrophic conditions is even less known. Although 5S 

rRNA appears to be transcribed in excess, it is likely that the transcription of 5S rRNA is also 

important for muscle growth. The regulation of 5S rRNA was not the focus in the studies 

presented here, however it appears that 5S is also differentially regulated during muscle 

growth (Chapter 6). Future research regarding muscle growth should also focus on how 5S 

rRNA transcription is regulated and whether 5S rRNA is obligatory for muscle growth. 

As stated earlier, 5S rRNA is transcribed by RNA Polymerase III. The identification of the 

transcriptional regulators of 5S rRNA and the upstream effectors of activation in skeletal 

muscle is essential. In other cell types, it has been found that mTOR signalling regulates 
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transcription factors of the 5S rRNA gene (184). These data demonstrate that mTOR signalling 

may also regulate growth by modulating 5S rRNA synthesis. Resistance exercise and 

mechanical loading are well-known activators of the mTOR pathway. Analysing the association 

of mTOR with 5S rRNA-related transcription factors via immunoprecipitation assays and/or 

immunohistochemistry co-localisation experiments using resistance exercise models could 

help elucidate the roles of mTOR activation following a growth stimulus.  

More mechanistically, a cell culture study utilising mTOR inhibitors, such as rapamycin and 

Torin 1, could also help demonstrate the roles of mTOR in rRNA synthesis. Cell culture is a key 

tool contributing to understanding muscle growth, because it allows the muscle cell to be 

specific targeted without any interference from other cell types. Differentiated myotubes can be 

treated with known stimulators of mTOR activity, such as growth factors, and nutritional factors, 

such as leucine, with or without rapamycin/Torin 1 to determine the effect of rapamycin in 5S 

rRNA, and the subsequent effects on ribosome biogenesis, and on myotube cell size and 

protein content. These studies may help elucidate not only the role of 5S rRNA in muscle mass 

regulation, but also identify new pathways by which mTOR may regulate muscle mass outside 

of protein translation initiation and elongation events. 

  Different exercise stimuli on ribosome biogenesis 8.3.2

It is now clear that pre-rRNA synthesis is increased with resistance exercise. It also appears 

that ribosome accretion with sufficient intermittent increases in ribosome biogenesis can 

explain the muscle phenotype at some level, i.e., the increase in muscle mass. If indeed 

ribosome biogenesis drives muscle growth, I hypothesise that, unlike resistance exercise, 

endurance exercise does not cause a significant increase in ribosome biogenesis. Ribosome 

biogenesis is an energy demanding process. Endurance exercise utilises high energy 

substrates such as glycogen and intracellular lipid storage. It is likely that during recovery, 

restoration of both glucose and fatty acid storage compartments requires a great proportion of 

the available cellular energy. Therefore, other cellular process such as ribosome biogenesis 

may have a lower energy priority and subsequently be impaired during endurance exercise 

recovery compared to resistance exercise recovery.  

A key mechanism regulating these processes could be mediated by AMPK signaling. Although 

endurance exercise has been shown to promote signal transduction of pathways associated 

with growth, it also promotes a marked increase in AMPK, a negative regulator of mTOR 

activity. Therefore, understanding how AMPK regulates ribosome biogenesis may help explain 
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the different phenotype between resistance training and endurance training. Western blot 

analysis of AMPK phosphorylation would be an important measurement. Measuring pre-rRNA 

synthesis utilising specific primers for RT-PCR is also advisable. Based upon recent studies, it 

appears that pre-rRNA synthesis after exercise may peak between 4 to 24 h post-RE and may 

remain upregulated for at least 48 h post-RE. Therefore, analysing the pre-rRNA synthesis 

responses up to 2 days following an endurance bout is key to understanding the effects of 

endurance exercise on muscle ribosome biogenesis. 

Specifically, young subjects could perform a resistance exercise session and an endurance 

exercise session in a cross-over randomised fashion, following a washout period. Muscle 

biopsies could be taken before the exercise session and again following the exercise session 

at 4, 24 and 60 h post exercise. These time points are based on the observation that pre-rRNA 

synthesis only initiates at 4 h post exercise and appears to peak at 24 h post exercise in young 

males. Since ribosome biogenesis may be increased for up to two days following a resistance 

exercise session, the biopsy at 60 h post exercise would be important to determine whether 

this effect is maintained further than the observed 48 h increase and whether endurance 

exercise promotes an altered response compared to resistance exercise.  

It is important to emphasise that in untrained subjects endurance exercise can actually 

promote muscle growth at some level. Therefore, it would be important to differentiate trained 

from untrained subjects. In endurance trained subjects, a bout of exercise should have a much 

less pronounced effect on muscle ribosome biogenesis than in untrained subjects. Measuring 

the 45S pre-rRNA levels after a bout of endurance exercise in comparison to resistance 

exercise, and also using concurrent training, may help understand the differences in the 

muscle phenotype observed with these different exercise stimuli.  

  Cancer cachexia and ribosome biogenesis 8.3.3

Cachexia is a severe condition that leads to substantial weight and muscle loss in cancer 

patients (7, 403). It is clear that protein degradation is a key element regulating acute atrophic 

conditions such as cancer cachexia, with the overwhelming data to date suggesting it is the 

molecular driver of muscle loss (359). However, some data also suggest that cachexia is 

associated with reduced levels of protein synthesis (342, 380, 403). Therefore, ribosome 

biogenesis may also be involved in decreased levels of protein synthesis in cachectic patients. 

It is unknown whether atrophic condition impair the preinitiation complex formation at rDNA 

during rRNA synthesis. However, because cancer cachexia is also a pro-inflammatory 
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condition, it is likely that it may also affect muscle growth via ribosome biogenesis (107). 

Additionally, cancer patients have elevated resting energy expenditure (49, 290). Because, as 

stated before, ribosome biogenesis is a highly demanding cellular process, cancer cachexia 

may downregulate rDNA transcription in muscle tissue. If 45S pre-rRNA synthesis is indeed 

impaired during cachexia this would help to better understand the role of protein synthesis 

during this or other acutely atrophic conditions. Moreover, the reduced ribosomal content and 

decreased ability to promote ribosome biogenesis may have a profound effect during recovery 

from illness with respect to protein synthesis rates and muscle regain. In this regard, the 

amount of available ribosomes for translation may limit protein synthesis and muscle recovery 

in cachectic patients. Similar to ageing/sarcopenia, ribosome biogenesis could be a promising 

target that may help elucidate the atrophic phenotype. An impaired ability to promote rDNA 

transcription may be an underpinning factor of muscle wasting induced by cancer cachexia. To 

examine the relationship between cancer cachexia and ribosome biogenesis, I propose a 

mouse study which would utilise tumour implementation and follow-up analyses of ribosome 

biogenesis markers. 

For this study, a tumour could be implanted into the mouse to produce cancer cachexia and 

muscle loss. These mice would be euthanised and muscle mass recorded and tissue extracted 

for total RNA and (pre-)rRNA analysis via PCR. As similar to Zhou et al. (476), a second group 

of tumour-bearing mice could be treated with an antagonist of the myostatin receptor ActRIIB 

to prevent muscle mass loss. A recent drug, CX-5461, tested against cancer by inhibiting Pol I 

activity, would be also used on top of the ActRIIB agonist. This drug has been shown to have 

anti-oncogenic properties by reducing ribosome biogenesis in cancerous cells (45, 92). 

However, if systemically administrated, it may also affect ribosome biogenesis in muscle. CX-

5461 could be used to test whether it may also affect muscle mass in this setting, with or 

without ActRIIB agonist in tumour-bearing mice. Muscle mass changes and life span 

improvement observed in Zhou et al. (476) would thus be tested and related to alterations in 

ribosome biogenesis markers. In addition, the effect of CX-5461 on tumour size and life span 

would be tested in the context of the improvements of muscle mass caused by ActRIIB agonist 

treatment. Since muscle mass is relevant for life span in cancer patients, systemic treatment 

with CX-5461 to reduce ribosome biogenesis in cancerous cell may actually be 

counterproductive since it may promote the opposite effect, namely reducing life span by 

promoting further muscle wasting.   
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 Conclusion 8.4

Our results from independent studies on the effects of resistance exercise and training in male 

subjects clearly demonstrate that either a single bout, or chronic resistance training, promote 

upstream activation of PIC formation at the rDNA promoter region. These upstream factors 

include mTOR and MAPK signalling pathways, leading to increased levels of both UBF and 

TIF-IA phosphorylation. Subsequently, pre-rRNA synthesis is acutely increased, with increased 

levels of mature rRNA with chronic training. Moreover, our mouse model of chronic 

inflammatory bowel disease (Il10 knockout mice), and creating a muscle disuse state through 

immobilisation for two weeks, showed that ribosome biogenesis was downregulated. Changes 

in ribosome biogenesis were correlated and associated with changes in muscle mass (both 

positive and negative). Finally, elderly men may have an impaired ribosome biogenesis 

response to resistance exercise, but high doses of whey protein (40 g) may promote pre-rRNA 

synthesis, suggesting that whey protein may not only positively increase muscle mass via 

translational efficiency (increased short term protein synthesis rates), but also increase 

translational capacity in the long term.  

The studies presented here demonstrates that changes in ribosome mass, driven by synthesis 

of pre-rRNA, may be a key molecular regulator both to promote muscle mass in healthy 

subjects, and to prevent loss of muscle mass during disease or unloading conditions. Future 

studies should aim to decipher how ribosome biogenesis is regulated and which pathways can 

be modulated to enhance this process. This knowledge will be essential for future therapies 

and strategies to counteract and prevent sarcopenia and atrophic conditions. 

  



150 
 

 

 

 

 

 

 

  CHAPTER 9.

Bibliography 

 

 

 

 

 

 



151 
 

REFERENCES 

1. Abramoff MD, Magelhaes PJ and Ram SJ. Image Processing with ImageJ. Biophotonics 

International 11: 7: 36-42, 2004. 

2. Agudelo LZ, Femenia T, Orhan F, Porsmyr-Palmertz M, Goiny M, Martinez-Redondo V, 

Correia JC, Izadi M, Bhat M, Schuppe-Koistinen I, Pettersson AT, Ferreira DM, Krook A, 

Barres R, Zierath JR, Erhardt S, Lindskog M and Ruas JL. Skeletal muscle PGC-1alpha1 

modulates kynurenine metabolism and mediates resilience to stress-induced depression. Cell 

159: 1: 33-45, 2014. 

3. Alao JP. The regulation of cyclin D1 degradation: roles in cancer development and the 

potential for therapeutic invention. Mol.Cancer. 6: 24, 2007. 

4. Alnaqeeb MA, Al Zaid NS and Goldspink G. Connective tissue changes and physical 

properties of developing and ageing skeletal muscle. J.Anat. 139 ( Pt 4): Pt 4: 677-689, 1984. 

5. Arabi A, Wu S, Ridderstrale K, Bierhoff H, Shiue C, Fatyol K, Fahlen S, Hydbring P, 

Soderberg O, Grummt I, Larsson LG and Wright AP. c-Myc associates with ribosomal DNA 

and activates RNA polymerase I transcription. Nat.Cell Biol. 7: 3: 303-310, 2005. 

6. Arentson-Lantz E, English KL, Paddon-Jones D and Fry CS. 14 Days of Bed Rest 

Induces a Decline in Satellite Cell Content and Robust Atrophy of Skeletal Muscle Fibers in 

Middle-Aged Adults. J.Appl.Physiol.(1985) jap.00799.2015, 2016. 

7. Argiles JM, Busquets S, Stemmler B and Lopez-Soriano FJ. Cancer cachexia: 

understanding the molecular basis. Nat.Rev.Cancer. 14: 11: 754-762, 2014. 



152 
 

8. Artero EG, Lee DC, Ruiz JR, Sui X, Ortega FB, Church TS, Lavie CJ, Castillo MJ and 

Blair SN. A prospective study of muscular strength and all-cause mortality in men with 

hypertension. J.Am.Coll.Cardiol. 57: 18: 1831-1837, 2011. 

9. Aschermann S, Lux A, Baerenwaldt A, Biburger M and Nimmerjahn F. The other side of 

immunoglobulin G: suppressor of inflammation. Clin.Exp.Immunol. 160: 2: 161-167, 2010. 

10. Atherton PJ and Smith K. Muscle protein synthesis in response to nutrition and exercise. 

J.Physiol. 590: Pt 5: 1049-1057, 2012. 

11. Augustin H and Partridge L. Invertebrate models of age-related muscle degeneration. 

Biochim Biophys Acta 1790: 10: 1084-94, 2009. 

12. Ayrault O, Andrique L, Fauvin D, Eymin B, Gazzeri S and Seite P. Human tumor 

suppressor p14ARF negatively regulates rRNA transcription and inhibits UBF1 transcription 

factor phosphorylation. Oncogene 25: 58: 7577-7586, 2006. 

13. Baehr LM, Tunzi M and Bodine SC. Muscle hypertrophy is associated with increases in 

proteasome activity that is independent of MuRF1 and MAFbx expression. Front.Physiol. 5: 69, 

2014. 

14. Balage M, Averous J, Remond D, Bos C, Pujos-Guillot E, Papet I, Mosoni L, 

Combaret L and Dardevet D. Presence of low-grade inflammation impaired postprandial 

stimulation of muscle protein synthesis in old rats. J Nutr Biochem 21: 4: 325-31, 2010. 

15. Bales CW and Ritchie CS. Sarcopenia, weight loss, and nutritional frailty in the elderly. 

Annu Rev Nutr 22: 309-23, 2002. 

16. Barnett MP, McNabb WC, Cookson AL, Zhu S, Davy M, Knoch B, Nones K, 

Hodgkinson AJ and Roy NC. Changes in colon gene expression associated with increased 



153 
 

colon inflammation in interleukin-10 gene-deficient mice inoculated with Enterococcus species. 

BMC Immunol. 11: 39-2172-11-39, 2010. 

17. Beenakker KG, Ling CH, Meskers CG, de Craen AJ, Stijnen T, Westendorp RG and 

Maier AB. Patterns of muscle strength loss with age in the general population and patients 

with a chronic inflammatory state. Ageing Res Rev 9: 4: 431-6, 2010. 

18. Belkaid Y and Hand TW. Role of the microbiota in immunity and inflammation. Cell 157: 1: 

121-141, 2014. 

19. Bell SP, Learned RM, Jantzen HM and Tjian R. Functional cooperativity between 

transcription factors UBF1 and SL1 mediates human ribosomal RNA synthesis. Science 241: 

4870: 1192-1197, 1988. 

20. Bentzinger CF, Wang YX and Rudnicki MA. Building muscle: molecular regulation of 

myogenesis. Cold Spring Harb Perspect.Biol. 4: 2: 10.1101/cshperspect.a008342, 2012. 

21. Beyer I, Mets T and Bautmans I. Chronic low-grade inflammation and age-related 

sarcopenia. Curr.Opin.Clin.Nutr.Metab.Care 15: 1: 12-22, 2012. 

22. Bianchini A, Loiarro M, Bielli P, Busa R, Paronetto MP, Loreni F, Geremia R and Sette 

C. Phosphorylation of eIF4E by MNKs supports protein synthesis, cell cycle progression and 

proliferation in prostate cancer cells. Carcinogenesis 29: 12: 2279-2288, 2008. 

23. Bierhoff H, Dundr M, Michels AA and Grummt I. Phosphorylation by casein kinase 2 

facilitates rRNA gene transcription by promoting dissociation of TIF-IA from elongating RNA 

polymerase I. Mol.Cell.Biol. 28: 16: 4988-4998, 2008. 



154 
 

24. Blair SN, Kohl HW,3rd, Paffenbarger RS,Jr, Clark DG, Cooper KH and Gibbons LW. 

Physical fitness and all-cause mortality. A prospective study of healthy men and women. JAMA 

262: 17: 2395-2401, 1989. 

25. Blattner C, Jennebach S, Herzog F, Mayer A, Cheung AC, Witte G, Lorenzen K, 

Hopfner KP, Heck AJ, Aebersold R and Cramer P. Molecular basis of Rrn3-regulated RNA 

polymerase I initiation and cell growth. Genes Dev. 25: 19: 2093-2105, 2011. 

26. Bleakley C, McDonough S, Gardner E, Baxter GD, Hopkins JT and Davison GW. Cold-

water immersion (cryotherapy) for preventing and treating muscle soreness after exercise. 

Cochrane Database Syst.Rev. 2: CD008262, 2012. 

27. Bloemberg D and Quadrilatero J. Rapid determination of myosin heavy chain expression 

in rat, mouse, and human skeletal muscle using multicolor immunofluorescence analysis. PLoS 

One 7: 4: e35273, 2012. 

28. Bloom DE, Canning D and Fink G. Implications of population ageing for economic 

growth. Oxford Review of Economic Policy 26: 4: 583-612, 2011. 

29. Bodem J, Dobreva G, Hoffmann-Rohrer U, Iben S, Zentgraf H, Delius H, Vingron M 

and Grummt I. TIF-IA, the factor mediating growth-dependent control of ribosomal RNA 

synthesis, is the mammalian homolog of yeast Rrn3p. EMBO Rep. 1: 2: 171-175, 2000. 

30. Bodine SC. Disuse-induced muscle wasting. Int.J.Biochem.Cell Biol. 45: 10: 2200-2208, 

2013. 

31. Bonaldo P and Sandri M. Cellular and molecular mechanisms of muscle atrophy. 

Dis.Model.Mech. 6: 1: 25-39, 2013. 



155 
 

32. Bonfils G, Jaquenoud M, Bontron S, Ostrowicz C, Ungermann C and De Virgilio C. 

Leucyl-tRNA synthetase controls TORC1 via the EGO complex. Mol.Cell 46: 1: 105-110, 2012. 

33. Booth FW and Seider MJ. Early change in skeletal muscle protein synthesis after limb 

immobilization of rats. J.Appl.Physiol.Respir.Environ.Exerc.Physiol. 47: 5: 974-977, 1979. 

34. Boreham CA, Watt PW, Williams PE, Merry BJ, Goldspink G and Goldspink DF. 

Effects of ageing and chronic dietary restriction on the morphology of fast and slow muscles of 

the rat. J.Anat. 157: 111-125, 1988. 

35. Borg SA. Expression of Interleukin-6 and Its Effects on Growth of HP75 Human Pituitary 

Tumor Cells. J Clin Endocrinol Metab 88: 10: 4938-4944, 2003. 

36. Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, Rasbach KA, Bostrom 

EA, Choi JH, Long JZ, Kajimura S, Zingaretti MC, Vind BF, Tu H, Cinti S, Hojlund K, Gygi 

SP and Spiegelman BM. A PGC1-alpha-dependent myokine that drives brown-fat-like 

development of white fat and thermogenesis. Nature 481: 7382: 463-468, 2012. 

37. Breen L and Phillips SM. Skeletal muscle protein metabolism in the elderly: Interventions 

to counteract the 'anabolic resistance' of ageing. Nutr Metab (Lond) 8: 68, 2011. 

38. Browne GJ and Proud CG. A Novel mTOR-Regulated Phosphorylation Site in Elongation 

Factor 2 Kinase Modulates the Activity of the Kinase and Its Binding to Calmodulin. Mol Cell 

Biol 24: 7: 2986-2997, 2004. 

39. Bruce SA, Newton D and Woledge RC. Effect of age on voluntary force and cross-

sectional area of human adductor pollicis muscle. Q.J.Exp.Physiol. 74: 3: 359-362, 1989. 

40. Burd NA, Gorissen SH and van Loon LJ. Anabolic resistance of muscle protein synthesis 

with aging. Exerc.Sport Sci.Rev. 41: 3: 169-173, 2013. 



156 
 

41. Burd NA, Wall BT and van Loon LJ. The curious case of anabolic resistance: old wives' 

tales or new fables? J.Appl.Physiol.(1985) 112: 7: 1233-1235, 2012. 

42. Burd NA, Wall BT and van Loon LJ. Last word on viewpoint: the curious case of anabolic 

resistance: old wives' tales or new fables? J.Appl.Physiol.(1985) 112: 7: 1237, 2012. 

43. Burnham JM, Shults J, Semeao E, Foster BJ, Zemel BS, Stallings VA and Leonard 

MB. Body-composition alterations consistent with cachexia in children and young adults with 

Crohn disease. Am.J.Clin.Nutr. 82: 2: 413-420, 2005. 

44. Buttgereit D, Pflugfelder G and Grummt I. Growth-dependent regulation of rRNA 

synthesis is mediated by a transcription initiation factor (TIF-IA). Nucleic Acids Res. 13: 22: 

8165-8180, 1985. 

45. Bywater MJ, Poortinga G, Sanij E, Hein N, Peck A, Cullinane C, Wall M, Cluse L, 

Drygin D, Anderes K, Huser N, Proffitt C, Bliesath J, Haddach M, Schwaebe MK, 

Ryckman DM, Rice WG, Schmitt C, Lowe SW, Johnstone RW, Pearson RB, McArthur GA 

and Hannan RD. Inhibition of RNA polymerase I as a therapeutic strategy to promote cancer-

specific activation of p53. Cancer.Cell. 22: 1: 51-65, 2012. 

46. Caburet S, Conti C, Schurra C, Lebofsky R, Edelstein SJ and Bensimon A. Human 

ribosomal RNA gene arrays display a broad range of palindromic structures. Genome Res. 15: 

8: 1079-1085, 2005. 

47. Cai D, Frantz JD, Tawa NE,Jr, Melendez PA, Oh BC, Lidov HG, Hasselgren PO, 

Frontera WR, Lee J, Glass DJ and Shoelson SE. IKKbeta/NF-kappaB activation causes 

severe muscle wasting in mice. Cell 119: 2: 285-298, 2004. 

48. Cameron-Smith D. Exercise and skeletal muscle gene expression. 

Clin.Exp.Pharmacol.Physiol. 29: 3: 209-213, 2002. 



157 
 

49. Cao DX, Wu GH, Zhang B, Quan YJ, Wei J, Jin H, Jiang Y and Yang ZA. Resting 

energy expenditure and body composition in patients with newly detected cancer. Clin.Nutr. 29: 

1: 72-77, 2010. 

50. Casperson SL, Sheffield-Moore M, Hewlings SJ and Paddon-Jones D. Leucine 

supplementation chronically improves muscle protein synthesis in older adults consuming the 

RDA for protein. Clin Nutr 31: 4: 512-9, 2012. 

51. Cavanaugh AH, Evans A and Rothblum LI. Mammalian Rrn3 is required for the 

formation of a transcription competent preinitiation complex containing RNA polymerase I. 

Gene Expr. 14: 3: 131-147, 2008. 

52. Cavanaugh AH, Hirschler-Laszkiewicz I, Hu Q, Dundr M, Smink T, Misteli T and 

Rothblum LI. Rrn3 phosphorylation is a regulatory checkpoint for ribosome biogenesis. 

J.Biol.Chem. 277: 30: 27423-27432, 2002. 

53. Cawthon PM, Marshall LM, Michael Y, Dam TT, Ensrud KE, Barrett-Connor E, Orwoll 

ES and Osteoporotic Fractures in Men Research,Group. Frailty in older men: prevalence, 

progression, and relationship with mortality. J Am Geriatr Soc 55: 8: 1216-23, 2007. 

54. Cermak NM, Res PT, de Groot LC, Saris WH and van Loon LJ. Protein supplementation 

augments the adaptive response of skeletal muscle to resistance-type exercise training: a 

meta-analysis. Am.J.Clin.Nutr. 96: 6: 1454-1464, 2012. 

55. Cesari M, Pahor M, Lauretani F, Zamboni V, Bandinelli S, Bernabei R, Guralnik JM 

and Ferrucci L. Skeletal muscle and mortality results from the InCHIANTI Study. J.Gerontol.A 

Biol.Sci.Med.Sci. 64: 3: 377-384, 2009. 

56. Chaillou T, Kirby TJ and McCarthy JJ. Ribosome biogenesis: emerging evidence for a 

central role in the regulation of skeletal muscle mass. J.Cell.Physiol. 229: 11: 1584-1594, 2014. 



158 
 

57. Chamousset D, Mamane S, Boisvert FM and Trinkle-Mulcahy L. Efficient extraction of 

nucleolar proteins for interactome analyses. Proteomics 10: 16: 3045-3050, 2010. 

58. Chan AY, Soltys CL, Young ME, Proud CG and Dyck JR. Activation of AMP-activated 

protein kinase inhibits protein synthesis associated with hypertrophy in the cardiac myocyte. J 

Biol Chem 279: 31: 32771-9, 2004. 

59. Chan CY, Masui O, Krakovska O, Belozerov VE, Voisin S, Ghanny S, Chen J, Moyez 

D, Zhu P, Evans KR, McDermott JC and Siu KW. Identification of differentially regulated 

secretome components during skeletal myogenesis. Mol.Cell.Proteomics 10: 5: M110.004804, 

2011. 

60. Chan JC, Hannan KM, Riddell K, Ng PY, Peck A, Lee RS, Hung S, Astle MV, Bywater 

M, Wall M, Poortinga G, Jastrzebski K, Sheppard KE, Hemmings BA, Hall MN, Johnstone 

RW, McArthur GA, Hannan RD and Pearson RB. AKT promotes rRNA synthesis and 

cooperates with c-MYC to stimulate ribosome biogenesis in cancer. Sci.Signal. 4: 188: ra56, 

2011. 

61. Chauvin C, Koka V, Nouschi A, Mieulet V, Hoareau-Aveilla C, Dreazen A, Cagnard N, 

Carpentier W, Kiss T, Meyuhas O and Pende M. Ribosomal protein S6 kinase activity 

controls the ribosome biogenesis transcriptional program. Oncogene 33: 4: 474-483, 2014. 

62. Chen J, Tsai A, O'Leary SE, Petrov A and Puglisi JD. Unraveling the dynamics of 

ribosome translocation. Curr.Opin.Struct.Biol. 22: 6: 804-814, 2012. 

63. Cherin P, Voronska E, Fraoucene N and de Jaeger C. Prevalence of sarcopenia among 

healthy ambulatory subjects: the sarcopenia begins from 45 years. Aging Clin.Exp.Res. 26: 2: 

137-146, 2014. 



159 
 

64. Christensen K, Doblhammer G, Rau R and Vaupel JW. Ageing populations: the 

challenges ahead. Lancet 374: 9696: 1196-1208, 2009. 

65. Chuang SY, Chang HY, Lee MS, Chia-Yu Chen R and Pan WH. Skeletal muscle mass 

and risk of death in an elderly population. Nutr.Metab.Cardiovasc.Dis. 24: 7: 784-791, 2014. 

66. Churchward-Venne TA, Burd NA and Phillips SM. Nutritional regulation of muscle 

protein synthesis with resistance exercise: strategies to enhance anabolism. Nutr.Metab.(Lond) 

9: 1: 40-7075-9-40, 2012. 

67. Churchward-Venne TA, Tieland M, Verdijk LB, Leenders M, Dirks ML, de Groot LC 

and van Loon LJ. There Are No Nonresponders to Resistance-Type Exercise Training in 

Older Men and Women. J.Am.Med.Dir.Assoc. 16: 5: 400-411, 2015. 

68. Ciganda M and Williams N. Eukaryotic 5S rRNA biogenesis. Wiley Interdiscip.Rev.RNA 2: 

4: 523-533, 2011. 

69. Claesson MJ, Jeffery IB, Conde S, Power SE, O'Connor EM, Cusack S, Harris HM, 

Coakley M, Lakshminarayanan B, O'Sullivan O, Fitzgerald GF, Deane J, O'Connor M, 

Harnedy N, O'Connor K, O'Mahony D, van Sinderen D, Wallace M, Brennan L, Stanton C, 

Marchesi JR, Fitzgerald AP, Shanahan F, Hill C, Ross RP and O'Toole PW. Gut microbiota 

composition correlates with diet and health in the elderly. Nature 488: 7410: 178-184, 2012. 

70. Clarke BA, Drujan D, Willis MS, Murphy LO, Corpina RA, Burova E, Rakhilin SV, Stitt 

TN, Patterson C, Latres E and Glass DJ. The E3 Ligase MuRF1 degrades myosin heavy 

chain protein in dexamethasone-treated skeletal muscle. Cell.Metab. 6: 5: 376-385, 2007. 

71. Coffey VG, Zhong Z, Shield A, Canny BJ, Chibalin AV, Zierath JR and Hawley JA. 

Early signaling responses to divergent exercise stimuli in skeletal muscle from well-trained 

humans. FASEB J. 20: 1: 190-192, 2006. 



160 
 

72. Cohen S, Brault JJ, Gygi SP, Glass DJ, Valenzuela DM, Gartner C, Latres E and 

Goldberg AL. During muscle atrophy, thick, but not thin, filament components are degraded by 

MuRF1-dependent ubiquitylation. J.Cell Biol. 185: 6: 1083-1095, 2009. 

73. Colaianni G, Cuscito C, Mongelli T, Pignataro P, Buccoliero C, Liu P, Lu P, Sartini L, 

Di Comite M, Mori G, Di Benedetto A, Brunetti G, Yuen T, Sun L, Reseland JE, Colucci S, 

New MI, Zaidi M, Cinti S and Grano M. The myokine irisin increases cortical bone mass. 

Proc.Natl.Acad.Sci.U.S.A. 112: 39: 12157-12162, 2015. 

74. Colman RJ, McKiernan SH, Aiken JM and Weindruch R. Muscle mass loss in Rhesus 

monkeys: age of onset. Exp Gerontol 40: 7: 573-81, 2005. 

75. Comai L, Tanese N and Tjian R. The TATA-binding protein and associated factors are 

integral components of the RNA polymerase I transcription factor, SL1. Cell 68: 5: 965-976, 

1992. 

76. Cooper R, Kuh D, Hardy R, Mortality Review Group and FALCon and HALCyon Study 

Teams. Objectively measured physical capability levels and mortality: systematic review and 

meta-analysis. BMJ 341: c4467, 2010. 

77. Coulthard LR, White DE, Jones DL, McDermott MF and Burchill SA. p38(MAPK): 

stress responses from molecular mechanisms to therapeutics. Trends Mol.Med. 15: 8: 369-

379, 2009. 

78. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, Martin FC, 

Michel JP, Rolland Y, Schneider SM, Topinkova E, Vandewoude M, Zamboni M and 

European Working Group on Sarcopenia in Older People. Sarcopenia: European 

consensus on definition and diagnosis: Report of the European Working Group on Sarcopenia 

in Older People. Age Ageing 39: 4: 412-423, 2010. 



161 
 

79. Cruz-Jentoft AJ, Landi F, Topinkova E and Michel JP. Understanding sarcopenia as a 

geriatric syndrome. Curr.Opin.Clin.Nutr.Metab.Care 13: 1: 1-7, 2010. 

80. Cuthbertson D, Smith K, Babraj J, Leese G, Waddell T, Atherton P, Wackerhage H, 

Taylor PM and Rennie MJ. Anabolic signaling deficits underlie amino acid resistance of 

wasting, aging muscle. FASEB J. 19: 3: 422-424, 2005. 

81. Dapp C, Schmutz S, Hoppeler H and Fluck M. Transcriptional reprogramming and 

ultrastructure during atrophy and recovery of mouse soleus muscle. Physiol.Genomics 20: 1: 

97-107, 2004. 

82. Deans C and Wigmore SJ. Systemic inflammation, cachexia and prognosis in patients 

with cancer. Curr.Opin.Clin.Nutr.Metab.Care 8: 3: 265-269, 2005. 

83. Derenzini M, Pession A and Trere D. Quantity of nucleolar silver-stained proteins is 

related to proliferating activity in cancer cells. Lab.Invest. 63: 1: 137-140, 1990. 

84. Derenzini M, Trere D, Pession A, Govoni M, Sirri V and Chieco P. Nucleolar size 

indicates the rapidity of cell proliferation in cancer tissues. J.Pathol. 191: 2: 181-186, 2000. 

85. Dever TE and Green R. The elongation, termination, and recycling phases of translation in 

eukaryotes. Cold Spring Harb Perspect Biol 4: 7: a013706, 2012. 

86. Dillon EL, Sheffield-Moore M, Paddon-Jones D, Gilkison C, Sanford AP, Casperson 

SL, Jiang J, Chinkes DL and Urban RJ. Amino acid supplementation increases lean body 

mass, basal muscle protein synthesis, and insulin-like growth factor-I expression in older 

women. J.Clin.Endocrinol.Metab. 94: 5: 1630-1637, 2009. 

87. Donkin I, Versteyhe S, Ingerslev LR, Qian K, Mechta M, Nordkap L, Mortensen B, 

Appel EV, Jorgensen N, Kristiansen VB, Hansen T, Workman CT, Zierath JR and Barres 



162 
 

R. Obesity and Bariatric Surgery Drive Epigenetic Variation of Spermatozoa in Humans. 

Cell.Metab. 23: 2: 369-378, 2016. 

88. Drakas R, Tu X and Baserga R. Control of cell size through phosphorylation of upstream 

binding factor 1 by nuclear phosphatidylinositol 3-kinase. Proc.Natl.Acad.Sci.U.S.A. 101: 25: 

9272-9276, 2004. 

89. Drummond MJ, Bell JA, Fujita S, Dreyer HC, Glynn EL, Volpi E and Rasmussen BB. 

Amino acids are necessary for the insulin-induced activation of mTOR/S6K1 signaling and 

protein synthesis in healthy and insulin resistant human skeletal muscle. Clin.Nutr. 27: 3: 447-

456, 2008. 

90. Drummond MJ, Dreyer HC, Fry CS, Glynn EL and Rasmussen BB. Nutritional and 

contractile regulation of human skeletal muscle protein synthesis and mTORC1 signaling. 

J.Appl.Physiol.(1985) 106: 4: 1374-1384, 2009. 

91. Drummond MJ, Dreyer HC, Pennings B, Fry CS, Dhanani S, Dillon EL, Sheffield-

Moore M, Volpi E and Rasmussen BB. Skeletal muscle protein anabolic response to 

resistance exercise and essential amino acids is delayed with aging. J.Appl.Physiol.(1985) 

104: 5: 1452-1461, 2008. 

92. Drygin D, Lin A, Bliesath J, Ho CB, O'Brien SE, Proffitt C, Omori M, Haddach M, 

Schwaebe MK, Siddiqui-Jain A, Streiner N, Quin JE, Sanij E, Bywater MJ, Hannan RD, 

Ryckman D, Anderes K and Rice WG. Targeting RNA polymerase I with an oral small 

molecule CX-5461 inhibits ribosomal RNA synthesis and solid tumor growth. Cancer Res. 71: 

4: 1418-1430, 2011. 

93. Drygin D, Rice WG and Grummt I. The RNA polymerase I transcription machinery: an 

emerging target for the treatment of cancer. Annu.Rev.Pharmacol.Toxicol. 50: 131-156, 2010. 



163 
 

94. D'Souza RF, Marworth JF, Figueiredo VC, Della Gatta PA, Petersen AC, Mitchell CJ 

and Cameron-Smith D. Dose-dependent increases in p70S6K phosphorylation and 

intramuscular branched-chain amino acids in older men following resistance exercise and 

protein intake. Physiol.Rep. 2: 8: e12112., 2014. 

95. Edstrom E, Altun M, Hagglund M and Ulfhake B. Atrogin-1/MAFbx and MuRF1 are 

downregulated in aging-related loss of skeletal muscle. J.Gerontol.A Biol.Sci.Med.Sci. 61: 7: 

663-674, 2006. 

96. Eisenberg E and Levanon EY. Human housekeeping genes, revisited. Trends Genet. 29: 

10: 569-574, 2013. 

97. Eley HL and Tisdale MJ. Skeletal muscle atrophy, a link between depression of protein 

synthesis and increase in degradation. J.Biol.Chem. 282: 10: 7087-7097, 2007. 

98. English KL and Paddon-Jones D. Protecting muscle mass and function in older adults 

during bed rest. Curr Opin Clin Nutr Metab Care 13: 1: 34-9, 2010. 

99. Ershler WB and Keller ET. Age-associated increased interleukin-6 gene expression, late-

life diseases, and frailty. Annu.Rev.Med. 51: 245-270, 2000. 

100. Esmarck B, Andersen JL, Olsen S, Richter EA, Mizuno M and Kjaer M. Timing of 

postexercise protein intake is important for muscle hypertrophy with resistance training in 

elderly humans. J.Physiol. 535: Pt 1: 301-311, 2001. 

101. Evans WJ. Skeletal muscle loss: cachexia, sarcopenia, and inactivity. Am.J.Clin.Nutr. 91: 

4: 1123S-1127S, 2010. 



164 
 

102. Farnfield MM, Breen L, Carey KA, Garnham A and Cameron-Smith D. Activation of 

mTOR signalling in young and old human skeletal muscle in response to combined resistance 

exercise and whey protein ingestion. Appl.Physiol.Nutr.Metab. 37: 1: 21-30, 2012. 

103. Ferrando AA, Lane HW, Stuart CA, Davis-Street J and Wolfe RR. Prolonged bed rest 

decreases skeletal muscle and whole body protein synthesis. Am.J.Physiol. 270: 4 Pt 1: E627-

33, 1996. 

104. Ferrando AA, Paddon-Jones D, Hays NP, Kortebein P, Ronsen O, Williams RH, 

McComb A, Symons TB, Wolfe RR and Evans W. EAA supplementation to increase nitrogen 

intake improves muscle function during bed rest in the elderly. Clin Nutr 29: 1: 18-23, 2010. 

105. Ferrucci L, Corsi A, Lauretani F, Bandinelli S, Bartali B, Taub DD, Guralnik JM and 

Longo DL. The origins of age-related proinflammatory state. Blood 105: 6: 2294-9, 2005. 

106. Figueiredo VC, Caldow MK, Massie V, Markworth JF, Cameron-Smith D and 

Blazevich AJ. Ribosome biogenesis adaptation in resistance training-induced human skeletal 

muscle hypertrophy. Am.J.Physiol.Endocrinol.Metab. 309: 1: E72-83, 2015. 

107. Figueiredo VC, Markworth JF, Durainayagam BR, Pileggi CA, Roy NC, Barnett MP 

and Cameron-Smith D. Impaired Ribosome Biogenesis and Skeletal Muscle Growth in a 

Murine Model of Inflammatory Bowel Disease. Inflamm.Bowel Dis. 22: 2: 268-278, 2016. 

108. Figueiredo VC, Roberts LA, Markworth JF, Barnett MP, Coombes JS, Raastad T, 

Peake JM and Cameron-Smith D. Impact of resistance exercise on ribosome biogenesis is 

acutely regulated by post-exercise recovery strategies. Physiol.Rep. 4: 2: 

10.14814/phy2.12670, 2016. 

109. Foster KG and Fingar DC. Mammalian target of rapamycin (mTOR): conducting the 

cellular signaling symphony. J.Biol.Chem. 285: 19: 14071-14077, 2010. 



165 
 

110. Franceschi C, Bonafe M, Valensin S, Olivieri F, De Luca M, Ottaviani E and De 

Benedictis G. Inflamm-aging. An evolutionary perspective on immunosenescence. 

Ann.N.Y.Acad.Sci. 908: 244-254, 2000. 

111. Freeman LM. Cachexia and sarcopenia: emerging syndromes of importance in dogs and 

cats. J.Vet.Intern.Med. 26: 1: 3-17, 2012. 

112. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, Seeman T, 

Tracy R, Kop WJ, Burke G, McBurnie MA and Cardiovascular Health Study Collaborative 

Research Group. Frailty in older adults: evidence for a phenotype. J.Gerontol.A 

Biol.Sci.Med.Sci. 56: 3: M146-56, 2001. 

113. Friedrich JK, Panov KI, Cabart P, Russell J and Zomerdijk JC. TBP-TAF complex SL1 

directs RNA polymerase I pre-initiation complex formation and stabilizes upstream binding 

factor at the rDNA promoter. J.Biol.Chem. 280: 33: 29551-29558, 2005. 

114. Frontera WR, Hughes VA, Fielding RA, Fiatarone MA, Evans WJ and Roubenoff R. 

Aging of skeletal muscle: a 12-yr longitudinal study. J.Appl.Physiol.(1985) 88: 4: 1321-1326, 

2000. 

115. Frontera WR, Meredith CN, O'Reilly KP, Knuttgen HG and Evans WJ. Strength 

conditioning in older men: skeletal muscle hypertrophy and improved function. 

J.Appl.Physiol.(1985) 64: 3: 1038-1044, 1988. 

116. Fry CS, Drummond MJ, Glynn EL, Dickinson JM, Gundermann DM, Timmerman KL, 

Walker DK, Dhanani S, Volpi E and Rasmussen BB. Aging impairs contraction-induced 

human skeletal muscle mTORC1 signaling and protein synthesis. Skeletal muscle 1: 1: 11, 

2011. 



166 
 

117. Fry CS, Drummond MJ, Glynn EL, Dickinson JM, Gundermann DM, Timmerman KL, 

Walker DK, Volpi E and Rasmussen BB. Skeletal muscle autophagy and protein breakdown 

following resistance exercise are similar in younger and older adults. J.Gerontol.A 

Biol.Sci.Med.Sci. 68: 5: 599-607, 2013. 

118. Fry CS, Lee JD, Mula J, Kirby TJ, Jackson JR, Liu F, Yang L, Mendias CL, Dupont-

Versteegden EE, McCarthy JJ and Peterson CA. Inducible depletion of satellite cells in 

adult, sedentary mice impairs muscle regenerative capacity without affecting sarcopenia. 

Nat.Med. 21: 1: 76-80, 2015. 

119. Fujita S and Volpi E. Amino acids and muscle loss with aging. J.Nutr. 136: 1 Suppl: 

277S-80S, 2006. 

120. Gaffney-Stomberg E, Insogna KL, Rodriguez NR and Kerstetter JE. Increasing dietary 

protein requirements in elderly people for optimal muscle and bone health. J.Am.Geriatr.Soc. 

57: 6: 1073-1079, 2009. 

121. Galpin AJ, Fry AC, Chiu LZ, Thomason DB and Schilling BK. High-power resistance 

exercise induces MAPK phosphorylation in weightlifting trained men. Appl.Physiol.Nutr.Metab. 

37: 1: 80-87, 2012. 

122. Gelinas JN, Banko JL, Hou L, Sonenberg N, Weeber EJ, Klann E and Nguyen PV. 

ERK and mTOR signaling couple beta-adrenergic receptors to translation initiation machinery 

to gate induction of protein synthesis-dependent long-term potentiation. J.Biol.Chem. 282: 37: 

27527-27535, 2007. 

123. Gielen S, Sandri M, Kozarez I, Kratzsch J, Teupser D, Thiery J, Erbs S, Mangner N, 

Lenk K, Hambrecht R, Schuler G and Adams V. Exercise training attenuates MuRF-1 

expression in the skeletal muscle of patients with chronic heart failure independent of age: the 



167 
 

randomized Leipzig Exercise Intervention in Chronic Heart Failure and Aging catabolism study. 

Circulation 125: 22: 2716-2727, 2012. 

124. Gingras AC, Raught B and Sonenberg N. eIF4 initiation factors: effectors of mRNA 

recruitment to ribosomes and regulators of translation. Annu.Rev.Biochem. 68: 913-963, 1999. 

125. Glover EI, Phillips SM, Oates BR, Tang JE, Tarnopolsky MA, Selby A, Smith K and 

Rennie MJ. Immobilization induces anabolic resistance in human myofibrillar protein synthesis 

with low and high dose amino acid infusion. J.Physiol. 586: Pt 24: 6049-6061, 2008. 

126. Goldspink DF. The influence of activity on muscle size and protein turnover. J.Physiol. 

264: 1: 283-296, 1977. 

127. Gomes MD, Lecker SH, Jagoe RT, Navon A and Goldberg AL. Atrogin-1, a muscle-

specific F-box protein highly expressed during muscle atrophy. Proc.Natl.Acad.Sci.U.S.A. 98: 

25: 14440-14445, 2001. 

128. Gomez CR, Karavitis J, Palmer JL, Faunce DE, Ramirez L, Nomellini V and Kovacs 

EJ. Interleukin-6 contributes to age-related alteration of cytokine production by macrophages. 

Mediators Inflamm. 2010: 475139, 2010. 

129. Goodman CA, Frey JW, Mabrey DM, Jacobs BL, Lincoln HC, You JS and 

Hornberger TA. The role of skeletal muscle mTOR in the regulation of mechanical load-

induced growth. J.Physiol. 589: Pt 22: 5485-5501, 2011. 

130. Goodpaster BH, Carlson CL, Visser M, Kelley DE, Scherzinger A, Harris TB, Stamm 

E and Newman AB. Attenuation of skeletal muscle and strength in the elderly: The Health 

ABC Study. J.Appl.Physiol.(1985) 90: 6: 2157-2165, 2001. 



168 
 

131. Goodpaster BH, Kelley DE, Thaete FL, He J and Ross R. Skeletal muscle attenuation 

determined by computed tomography is associated with skeletal muscle lipid content. 

J.Appl.Physiol.(1985) 89: 1: 104-110, 2000. 

132. Goodpaster BH, Park SW, Harris TB, Kritchevsky SB, Nevitt M, Schwartz AV, 

Simonsick EM, Tylavsky FA, Visser M and Newman AB. The loss of skeletal muscle 

strength, mass, and quality in older adults: the health, aging and body composition study. 

J.Gerontol.A Biol.Sci.Med.Sci. 61: 10: 1059-1064, 2006. 

133. Gordon BS, Kelleher AR and Kimball SR. Regulation of muscle protein synthesis and 

the effects of catabolic states. Int J Biochem Cell Biol 2013. 

134. Gorski JJ, Pathak S, Panov K, Kasciukovic T, Panova T, Russell J and Zomerdijk 

JC. A novel TBP-associated factor of SL1 functions in RNA polymerase I transcription. EMBO 

J. 26: 6: 1560-1568, 2007. 

135. Graf CE, Karsegard VL, Spoerri A, Makhlouf AM, Ho S, Herrmann FR and Genton L. 

Body composition and all-cause mortality in subjects older than 65 y. Am.J.Clin.Nutr. 101: 4: 

760-767, 2015. 

136. Grandori C, Gomez-Roman N, Felton-Edkins ZA, Ngouenet C, Galloway DA, 

Eisenman RN and White RJ. c-Myc binds to human ribosomal DNA and stimulates 

transcription of rRNA genes by RNA polymerase I. Nat.Cell Biol. 7: 3: 311-318, 2005. 

137. Grimby G and Saltin B. The ageing muscle. Clin.Physiol. 3: 3: 209-218, 1983. 

138. Grummt I. Life on a planet of its own: regulation of RNA polymerase I transcription in the 

nucleolus. Genes Dev. 17: 14: 1691-1702, 2003. 



169 
 

139. Guigoz Y, Dore J and Schiffrin EJ. The inflammatory status of old age can be nurtured 

from the intestinal environment. Curr.Opin.Clin.Nutr.Metab.Care 11: 1: 13-20, 2008. 

140. Guillet C, Prod'homme M, Balage M, Gachon P, Giraudet C, Morin L, Grizard J and 

Boirie Y. Impaired anabolic response of muscle protein synthesis is associated with S6K1 

dysregulation in elderly humans. FASEB J. 18: 13: 1586-1587, 2004. 

141. Guo Y, Stacey DW and Hitomi M. Post-transcriptional regulation of cyclin D1 expression 

during G2 phase. Oncogene 21: 49: 7545-7556, 2002. 

142. Gupta AK, Panigrahi SK, Bhattacharya A and Bhattacharya S. Self-circularizing 5'-

ETS RNAs accumulate along with unprocessed pre ribosomal RNAs in growth-stressed 

Entamoeba histolytica. Sci.Rep. 2: 303, 2012. 

143. Gustafsson T, Osterlund T, Flanagan JN, von Walden F, Trappe TA, Linnehan RM 

and Tesch PA. Effects of 3 days unloading on molecular regulators of muscle size in humans. 

J.Appl.Physiol.(1985) 109: 3: 721-727, 2010. 

144. Haddad F, Zaldivar F, Cooper DM and Adams GR. IL-6-induced skeletal muscle 

atrophy. J.Appl.Physiol.(1985) 98: 3: 911-917, 2005. 

145. Hallenberg C, Nederby Nielsen J and Frederiksen S. Characterization of 5S rRNA 

genes from mouse. Gene 142: 2: 291-295, 1994. 

146. Haltiner MM, Smale ST and Tjian R. Two distinct promoter elements in the human rRNA 

gene identified by linker scanning mutagenesis. Mol.Cell.Biol. 6: 1: 227-235, 1986. 

147. Han JM, Jeong SJ, Park MC, Kim G, Kwon NH, Kim HK, Ha SH, Ryu SH and Kim S. 

Leucyl-tRNA synthetase is an intracellular leucine sensor for the mTORC1-signaling pathway. 

Cell 149: 2: 410-424, 2012. 



170 
 

148. Hargreaves M and Cameron-Smith D. Exercise, diet, and skeletal muscle gene 

expression. Med Sci Sports Exerc 34: 9: 1505-8, 2002. 

149. Hay N and Sonenberg N. Upstream and downstream of mTOR. Genes Dev. 18: 16: 

1926-1945, 2004. 

150. Heinemeier KM, Olesen JL, Haddad F, Schjerling P, Baldwin KM and Kjaer M. Effect 

of unloading followed by reloading on expression of collagen and related growth factors in rat 

tendon and muscle. J.Appl.Physiol.(1985) 106: 1: 178-186, 2009. 

151. Henningsen J, Rigbolt KT, Blagoev B, Pedersen BK and Kratchmarova I. Dynamics 

of the skeletal muscle secretome during myoblast differentiation. Mol.Cell.Proteomics 9: 11: 

2482-2496, 2010. 

152. Henras AK, Plisson-Chastang C, O'Donohue MF, Chakraborty A and Gleizes PE. An 

overview of pre-ribosomal RNA processing in eukaryotes. Wiley Interdiscip.Rev.RNA 6: 2: 225-

242, 2015. 

153. Herndon LA, Schmeissner PJ, Dudaronek JM, Brown PA, Listner KM, Sakano Y, 

Paupard MC, Hall DH and Driscoll M. Stochastic and genetic factors influence tissue-specific 

decline in ageing C. elegans. Nature 419: 6909: 808-814, 2002. 

154. Hindle AG, Horning M, Mellish JA and Lawler JM. Diving into old age: muscular 

senescence in a large-bodied, long-lived mammal, the Weddell seal (Leptonychotes weddellii). 

J Exp Biol 212: Pt 6: 790-6, 2009. 

155. Hindle AG, Lawler JM, Campbell KL and Horning M. Muscle senescence in short-lived 

wild mammals, the soricine shrews Blarina brevicauda and Sorex palustris. 

J.Exp.Zool.A.Ecol.Genet.Physiol. 311: 5: 358-367, 2009. 



171 
 

156. Hiona A and Leeuwenburgh C. The role of mitochondrial DNA mutations in aging and 

sarcopenia: implications for the mitochondrial vicious cycle theory of aging. Exp Gerontol 43: 1: 

24-33, 2008. 

157. Hirschler-Laszkiewicz I, Cavanaugh AH, Mirza A, Lun M, Hu Q, Smink T and 

Rothblum LI. Rrn3 becomes inactivated in the process of ribosomal DNA transcription. 

J.Biol.Chem. 278: 21: 18953-18959, 2003. 

158. Hisatake K, Nishimura T, Maeda Y, Hanada K, Song CZ and Muramatsu M. Cloning 

and structural analysis of cDNA and the gene for mouse transcription factor UBF. Nucleic 

Acids Res. 19: 17: 4631-4637, 1991. 

159. Hiscock N, Chan MH, Bisucci T, Darby IA and Febbraio MA. Skeletal myocytes are a 

source of interleukin-6 mRNA expression and protein release during contraction: evidence of 

fiber type specificity. FASEB J. 18: 9: 992-994, 2004. 

160. Holloszy JO, Chen M, Cartee GD and Young JC. Skeletal muscle atrophy in old rats: 

differential changes in the three fiber types. Mech.Ageing Dev. 60: 2: 199-213, 1991. 

161. Honda K and Littman DR. The microbiome in infectious disease and inflammation. 

Annu.Rev.Immunol. 30: 759-795, 2012. 

162. Hoppe S, Bierhoff H, Cado I, Weber A, Tiebe M, Grummt I and Voit R. AMP-activated 

protein kinase adapts rRNA synthesis to cellular energy supply. Proc.Natl.Acad.Sci.U.S.A. 106: 

42: 17781-17786, 2009. 

163. Hoppeler H and Fluck M. Normal mammalian skeletal muscle and its phenotypic 

plasticity. J.Exp.Biol. 205: Pt 15: 2143-2152, 2002. 



172 
 

164. Horman S, Browne G, Krause U, Patel J, Vertommen D, Bertrand L, Lavoinne A, Hue 

L, Proud C and Rider M. Activation of AMP-activated protein kinase leads to the 

phosphorylation of elongation factor 2 and an inhibition of protein synthesis. Curr.Biol. 12: 16: 

1419-1423, 2002. 

165. Huang CX, Tighiouart H, Beddhu S, Cheung AK, Dwyer JT, Eknoyan G, Beck GJ, 

Levey AS and Sarnak MJ. Both low muscle mass and low fat are associated with higher all-

cause mortality in hemodialysis patients. Kidney Int. 77: 7: 624-629, 2010. 

166. Hulmi JJ, Lockwood CM and Stout JR. Effect of protein/essential amino acids and 

resistance training on skeletal muscle hypertrophy: A case for whey protein. Nutr.Metab.(Lond) 

7: 51-7075-7-51, 2010. 

167. Iadevaia V, Liu R and Proud CG. mTORC1 signaling controls multiple steps in ribosome 

biogenesis. Semin.Cell Dev.Biol. 2014. 

168. Iannuzzi-Sucich M, Prestwood KM and Kenny AM. Prevalence of sarcopenia and 

predictors of skeletal muscle mass in healthy, older men and women. J.Gerontol.A 

Biol.Sci.Med.Sci. 57: 12: M772-7, 2002. 

169. Iijima Y, Laser M, Shiraishi H, Willey CD, Sundaravadivel B, Xu L, McDermott PJ and 

Kuppuswamy D. c-Raf/MEK/ERK pathway controls protein kinase C-mediated p70S6K 

activation in adult cardiac muscle cells. J.Biol.Chem. 277: 25: 23065-23075, 2002. 

170. Isenberg DA. Immunoglobulin deposition in skeletal muscle in primary muscle diseases. 

Q.J.Med. 52: 207: 297-310, 1983. 

171. Isoyama N, Qureshi AR, Avesani CM, Lindholm B, Barany P, Heimburger O, 

Cederholm T, Stenvinkel P and Carrero JJ. Comparative associations of muscle mass and 



173 
 

muscle strength with mortality in dialysis patients. Clin.J.Am.Soc.Nephrol. 9: 10: 1720-1728, 

2014. 

172. Jackson RJ, Hellen CU and Pestova TV. Termination and post-termination events in 

eukaryotic translation. Adv.Protein Chem.Struct.Biol. 86: 45-93, 2012. 

173. Jacob ST. Regulation of ribosomal gene transcription. Biochem.J. 306 ( Pt 3): Pt 3: 617-

626, 1995. 

174. Janssen I, Heymsfield SB and Ross R. Low relative skeletal muscle mass (sarcopenia) 

in older persons is associated with functional impairment and physical disability. 

J.Am.Geriatr.Soc. 50: 5: 889-896, 2002. 

175. Janssen I, Heymsfield SB, Wang ZM and Ross R. Skeletal muscle mass and 

distribution in 468 men and women aged 18-88 yr. J.Appl.Physiol.(1985) 89: 1: 81-88, 2000. 

176. Janssen I, Shepard DS, Katzmarzyk PT and Roubenoff R. The healthcare costs of 

sarcopenia in the United States. J.Am.Geriatr.Soc. 52: 1: 80-85, 2004. 

177. Janssen SP, Gayan-Ramirez G, Van den Bergh A, Herijgers P, Maes K, Verbeken E 

and Decramer M. Interleukin-6 causes myocardial failure and skeletal muscle atrophy in rats. 

Circulation 111: 8: 996-1005, 2005. 

178. Jastrzebski K, Hannan KM, Tchoubrieva EB, Hannan RD and Pearson RB. 

Coordinate regulation of ribosome biogenesis and function by the ribosomal protein S6 kinase, 

a key mediator of mTOR function. Growth Factors 25: 4: 209-226, 2007. 

179. Jedrychowski MP, Wrann CD, Paulo JA, Gerber KK, Szpyt J, Robinson MM, Nair KS, 

Gygi SP and Spiegelman BM. Detection and Quantitation of Circulating Human Irisin by 

Tandem Mass Spectrometry. Cell.Metab. 22: 4: 734-740, 2015. 



174 
 

180. Johnston AP, De Lisio M and Parise G. Resistance training, sarcopenia, and the 

mitochondrial theory of aging. Appl Physiol Nutr Metab 33: 1: 191-9, 2008. 

181. Juweid M, Strauss HW, Yaoita H, Rubin RH and Fischman AJ. Accumulation of 

immunoglobulin G at focal sites of inflammation. Eur.J.Nucl.Med. 19: 3: 159-165, 1992. 

182. Kallman DA, Plato CC and Tobin JD. The role of muscle loss in the age-related decline 

of grip strength: cross-sectional and longitudinal perspectives. J.Gerontol. 45: 3: M82-8, 1990. 

183. Kanehisa H, Ikegawa S and Fukunaga T. Comparison of muscle cross-sectional area 

and strength between untrained women and men. Eur.J.Appl.Physiol.Occup.Physiol. 68: 2: 

148-154, 1994. 

184. Kantidakis T, Ramsbottom BA, Birch JL, Dowding SN and White RJ. mTOR 

associates with TFIIIC, is found at tRNA and 5S rRNA genes, and targets their repressor Maf1. 

Proc.Natl.Acad.Sci.U.S.A. 107: 26: 11823-11828, 2010. 

185. Kapp LD and Lorsch JR. The molecular mechanics of eukaryotic translation. Annu Rev 

Biochem 73: 657-704, 2004. 

186. Kapp LD and Lorsch JR. GTP-dependent Recognition of the Methionine Moiety on 

Initiator tRNA by Translation Factor eIF2. JMB 335: 4: 923-936, 2004. 

187. Katsanos CS, Kobayashi H, Sheffield-Moore M, Aarsland A and Wolfe RR. A high 

proportion of leucine is required for optimal stimulation of the rate of muscle protein synthesis 

by essential amino acids in the elderly. Am.J.Physiol.Endocrinol.Metab. 291: 2: E381-7, 2006. 

188. Katsanos CS, Kobayashi H, Sheffield-Moore M, Aarsland A and Wolfe RR. Aging is 

associated with diminished accretion of muscle proteins after the ingestion of a small bolus of 

essential amino acids. Am.J.Clin.Nutr. 82: 5: 1065-1073, 2005. 



175 
 

189. Keller P, Keller C, Carey AL, Jauffred S, Fischer CP, Steensberg A and Pedersen 

BK. Interleukin-6 production by contracting human skeletal muscle: autocrine regulation by IL-

6. BBRC 310: 2: 550-554, 2003. 

190. Kennedy ET. Evidence for nutritional benefits in prolonging wellness. Am.J.Clin.Nutr. 83: 

2: 410S-414S, 2006. 

191. Kennedy RJ, Hoper M, Deodhar K, Erwin PJ, Kirk SJ and Gardiner KR. Interleukin 10-

deficient colitis: new similarities to human inflammatory bowel disease. Br.J.Surg. 87: 10: 1346-

1351, 2000. 

192. Kent T, Lapik YR and Pestov DG. The 5' external transcribed spacer in mouse 

ribosomal RNA contains two cleavage sites. RNA 15: 1: 14-20, 2009. 

193. Kent-Braun JA, Ng AV and Young K. Skeletal muscle contractile and noncontractile 

components in young and older women and men. J.Appl.Physiol.(1985) 88: 2: 662-668, 2000. 

194. Kerksick CM and Leutholtz B. Nutrient administration and resistance training. 

J.Int.Soc.Sports Nutr. 2: 50-67, 2005. 

195. Kharraz Y, Guerra J, Mann CJ, Serrano AL and Munoz-Canoves P. Macrophage 

plasticity and the role of inflammation in skeletal muscle repair. Mediators Inflamm. 2013: 

491497, 2013. 

196. Kiel MC, Kaji H and Kaji A. Ribosome recycling: An essential process of protein 

synthesis. Biochem Mol Biol Educ 35: 1: 40-4, 2007. 

197. Kihm AJ, Hershey JC, Haystead TA, Madsen CS and Owens GK. Phosphorylation of 

the rRNA transcription factor upstream binding factor promotes its association with TATA 

binding protein. Proc.Natl.Acad.Sci.U.S.A. 95: 25: 14816-14820, 1998. 



176 
 

198. Kim PL, Staron RS and Phillips SM. Fasted-state skeletal muscle protein synthesis after 

resistance exercise is altered with training. J.Physiol. 568: Pt 1: 283-290, 2005. 

199. Kim SC, Tonkonogy SL, Karrasch T, Jobin C and Sartor RB. Dual-association of 

gnotobiotic IL-10-/- mice with 2 nonpathogenic commensal bacteria induces aggressive 

pancolitis. Inflamm.Bowel Dis. 13: 12: 1457-1466, 2007. 

200. Kimyagarov S, Klid R, Fleissig Y, Kopel B, Arad M and Adunsky A. Skeletal muscle 

mass abnormalities are associated with survival rates of institutionalized elderly nursing home 

residents. J.Nutr.Health Aging 16: 5: 432-436, 2012. 

201. Kirby TJ, Lee JD, England JH, Chaillou T, Esser KA and McCarthy JJ. Blunted 

hypertrophic response in aged skeletal muscle is associated with decreased ribosome 

biogenesis. J.Appl.Physiol.(1985) jap.00296.2015, 2015. 

202. Kiskini A, Hamer HM, Wall BT, Groen BB, de Lange A, Bakker JA, Senden JM, 

Verdijk LB and van Loon LJ. The muscle protein synthetic response to the combined 

ingestion of protein and carbohydrate is not impaired in healthy older men. Age (Dordr) 35: 6: 

2389-2398, 2013. 

203. Kiyatkin A and Aksamitiene E. Multistrip western blotting to increase quantitative data 

output. Methods Mol.Biol. 536: 149-161, 2009. 

204. Knoch B, Barnett MP, Cooney J, McNabb WC, Barraclough D, Laing W, Zhu S, Park 

ZA, Maclean P, Knowles SO and Roy NC. Molecular Characterization of the Onset and 

Progression of Colitis in Inoculated Interleukin-10 Gene-Deficient Mice: A Role for PPARalpha. 

PPAR Res. 2010: 621069, 2010. 



177 
 

205. Knoch B, Nones K, Barnett MP, McNabb WC and Roy NC. Diversity of caecal bacteria 

is altered in interleukin-10 gene-deficient mice before and after colitis onset and when fed 

polyunsaturated fatty acids. Microbiology 156: Pt 11: 3306-3316, 2010. 

206. Knudsen KE, Diehl JA, Haiman CA and Knudsen ES. Cyclin D1: polymorphism, 

aberrant splicing and cancer risk. Oncogene 25: 11: 1620-1628, 2006. 

207. Ko F, Yu Q, Xue QL, Yao W, Brayton C, Yang H, Fedarko N and Walston J. 

Inflammation and mortality in a frail mouse model. Age (Dordr) 34: 3: 705-715, 2012. 

208. Koh TJ and Pizza FX. Do inflammatory cells influence skeletal muscle hypertrophy? 

Front.Biosci.(Elite Ed) 1: 60-71, 2009. 

209. Koopman R and van Loon LJ. Aging, exercise, and muscle protein metabolism. 

J.Appl.Physiol.(1985) 106: 6: 2040-2048, 2009. 

210. Koopman R, Verdijk L, Manders RJ, Gijsen AP, Gorselink M, Pijpers E, 

Wagenmakers AJ and van Loon LJ. Co-ingestion of protein and leucine stimulates muscle 

protein synthesis rates to the same extent in young and elderly lean men. Am.J.Clin.Nutr. 84: 

3: 623-632, 2006. 

211. Koopman R, Walrand S, Beelen M, Gijsen AP, Kies AK, Boirie Y, Saris WH and van 

Loon LJ. Dietary protein digestion and absorption rates and the subsequent postprandial 

muscle protein synthetic response do not differ between young and elderly men. J.Nutr. 139: 9: 

1707-1713, 2009. 

212. Kopp K, Gasiorowski JZ, Chen D, Gilmore R, Norton JT, Wang C, Leary DJ, Chan 

EK, Dean DA and Huang S. Pol I transcription and pre-rRNA processing are coordinated in a 

transcription-dependent manner in mammalian cells. Mol.Biol.Cell 18: 2: 394-403, 2007. 



178 
 

213. Kortebein P, Ferrando A, Lombeida J, Wolfe R and Evans WJ. Effect of 10 days of 

bed rest on skeletal muscle in healthy older adults. JAMA 297: 16: 1772-1774, 2007. 

214. Kosek DJ, Kim JS, Petrella JK, Cross JM and Bamman MM. Efficacy of 3 days/wk 

resistance training on myofiber hypertrophy and myogenic mechanisms in young vs. older 

adults. J.Appl.Physiol.(1985) 101: 2: 531-544, 2006. 

215. Kruger T, Zentgraf H and Scheer U. Intranucleolar sites of ribosome biogenesis defined 

by the localization of early binding ribosomal proteins. J.Cell Biol. 177: 4: 573-578, 2007. 

216. Kuhn A, Voit R, Stefanovsky V, Evers R, Bianchi M and Grummt I. Functional 

differences between the two splice variants of the nucleolar transcription factor UBF: the 

second HMG box determines specificity of DNA binding and transcriptional activity. EMBO J. 

13: 2: 416-424, 1994. 

217. Kuhn R, Lohler J, Rennick D, Rajewsky K and Muller W. Interleukin-10-deficient mice 

develop chronic enterocolitis. Cell 75: 2: 263-274, 1993. 

218. Kumar V, Atherton P, Smith K and Rennie MJ. Human muscle protein synthesis and 

breakdown during and after exercise. J.Appl.Physiol.(1985) 106: 6: 2026-2039, 2009. 

219. Kumar V, Selby A, Rankin D, Patel R, Atherton P, Hildebrandt W, Williams J, Smith 

K, Seynnes O, Hiscock N and Rennie MJ. Age-related differences in the dose-response 

relationship of muscle protein synthesis to resistance exercise in young and old men. J.Physiol. 

587: Pt 1: 211-217, 2009. 

220. Kurata S, Nielsen KH, Mitchell SF, Lorsch JR, Kaji A and Kaji H. Ribosome recycling 

step in yeast cytoplasmic protein synthesis is catalyzed by eEF3 and ATP. 

Proc.Natl.Acad.Sci.U.S.A. 107: 24: 10854-10859, 2010. 



179 
 

221. Kusnadi EP, Hannan KM, Hicks RJ, Hannan RD, Pearson RB and Kang J. Regulation 

of rDNA transcription in response to growth factors, nutrients and energy. Gene 556: 1: 27-34, 

2015. 

222. Kyle UG, Genton L, Hans D, Karsegard L, Slosman DO and Pichard C. Age-related 

differences in fat-free mass, skeletal muscle, body cell mass and fat mass between 18 and 94 

years. Eur.J.Clin.Nutr. 55: 8: 663-672, 2001. 

223. Lafontaine DL. Noncoding RNAs in eukaryotic ribosome biogenesis and function. 

Nat.Struct.Mol.Biol. 22: 1: 11-19, 2015. 

224. Lake JA. Aminoacyl-tRNA binding at the recognition site is the first step of the elongation 

cycle of protein synthesis. Proc.Natl.Acad.Sci.U.S.A. 74: 5: 1903-1907, 1977. 

225. Landi F, Liperoti R, Russo A, Giovannini S, Tosato M, Barillaro C, Capoluongo E, 

Bernabei R and Onder G. Association of anorexia with sarcopenia in a community-dwelling 

elderly population: results from the ilSIRENTE study. Eur J Nutr 52: 3: 1261-8, 2013. 

226. Landi F, Marzetti E, Liperoti R, Pahor M, Russo A, Martone AM, Colloca G, 

Capoluongo E and Bernabei R. Nonsteroidal Anti-Inflammatory Drug (NSAID) Use and 

Sarcopenia in Older People: Results From the ilSIRENTE Study. J Am Med Dir Assoc 2013. 

227. Landi F, Russo A, Liperoti R, Pahor M, Tosato M, Capoluongo E, Bernabei R and 

Onder G. Midarm muscle circumference, physical performance and mortality: results from the 

aging and longevity study in the Sirente geographic area (ilSIRENTE study). Clin.Nutr. 29: 4: 

441-447, 2010. 

228. Landon AL, Muniandy PA, Shetty AC, Lehrmann E, Volpon L, Houng S, Zhang Y, 

Dai B, Peroutka R, Mazan-Mamczarz K, Steinhardt J, Mahurkar A, Becker KG, Borden KL 



180 
 

and Gartenhaus RB. MNKs act as a regulatory switch for eIF4E1 and eIF4E3 driven mRNA 

translation in DLBCL. Nat.Commun. 5: 5413, 2014. 

229. Lang SM, Kazi AA, Hong-Brown L and Lang CH. Delayed recovery of skeletal muscle 

mass following hindlimb immobilization in mTOR heterozygous mice. PLoS One 7: 6: e38910, 

2012. 

230. Lang T, Cauley JA, Tylavsky F, Bauer D, Cummings S, Harris TB and Health ABC 

Study. Computed tomographic measurements of thigh muscle cross-sectional area and 

attenuation coefficient predict hip fracture: the health, aging, and body composition study. 

J.Bone Miner.Res. 25: 3: 513-519, 2010. 

231. Lauretani F, Russo CR, Bandinelli S, Bartali B, Cavazzini C, Di Iorio A, Corsi AM, 

Rantanen T, Guralnik JM and Ferrucci L. Age-associated changes in skeletal muscles and 

their effect on mobility: an operational diagnosis of sarcopenia. J Appl Physiol 95: 5: 1851-60, 

2003. 

232. Learned RM, Learned TK, Haltiner MM and Tjian RT. Human rRNA transcription is 

modulated by the coordinate binding of two factors to an upstream control element. Cell 45: 6: 

847-857, 1986. 

233. Lecker SH, Jagoe RT, Gilbert A, Gomes M, Baracos V, Bailey J, Price SR, Mitch WE 

and Goldberg AL. Multiple types of skeletal muscle atrophy involve a common program of 

changes in gene expression. FASEB J. 18: 1: 39-51, 2004. 

234. Lee CG, Boyko EJ, Nielson CM, Stefanick ML, Bauer DC, Hoffman AR, Dam TT, 

Lapidus JA, Cawthon PM, Ensrud KE, Orwoll ES and Osteoporotic Fractures in Men 

Study Group. Mortality risk in older men associated with changes in weight, lean mass, and 

fat mass. J.Am.Geriatr.Soc. 59: 2: 233-240, 2011. 



181 
 

235. Lee SJ. Regulation of muscle mass by myostatin. Annu.Rev.Cell Dev.Biol. 20: 61-86, 

2004. 

236. Lempiainen H and Shore D. Growth control and ribosome biogenesis. Curr.Opin.Cell 

Biol. 21: 6: 855-863, 2009. 

237. Leong DP, Teo KK, Rangarajan S, Lopez-Jaramillo P, Avezum A,Jr, Orlandini A, 

Seron P, Ahmed SH, Rosengren A, Kelishadi R, Rahman O, Swaminathan S, Iqbal R, 

Gupta R, Lear SA, Oguz A, Yusoff K, Zatonska K, Chifamba J, Igumbor E, Mohan V, 

Anjana RM, Gu H, Li W, Yusuf S and Prospective Urban Rural Epidemiology (PURE) 

Study investigators. Prognostic value of grip strength: findings from the Prospective Urban 

Rural Epidemiology (PURE) study. Lancet 386: 9990: 266-273, 2015. 

238. Lepper C, Conway SJ and Fan CM. Adult satellite cells and embryonic muscle 

progenitors have distinct genetic requirements. Nature 460: 7255: 627-631, 2009. 

239. Lepper C and Fan CM. Inducible lineage tracing of Pax7-descendant cells reveals 

embryonic origin of adult satellite cells. Genesis 48: 7: 424-436, 2010. 

240. Leprivier G, Remke M, Rotblat B, Dubuc A, Mateo AR, Kool M, Agnihotri S, El-

Naggar A, Yu B, Somasekharan SP, Faubert B, Bridon G, Tognon CE, Mathers J, 

Thomas R, Li A, Barokas A, Kwok B, Bowden M, Smith S, Wu X, Korshunov A, Hielscher 

T, Northcott PA, Galpin JD, Ahern CA, Wang Y, McCabe MG, Collins VP, Jones RG, 

Pollak M, Delattre O, Gleave ME, Jan E, Pfister SM, Proud CG, Derry WB, Taylor MD and 

Sorensen PH. The eEF2 kinase confers resistance to nutrient deprivation by blocking 

translation elongation. Cell 153: 5: 1064-79, 2013. 

241. Lexell J. Human aging, muscle mass, and fiber type composition. J.Gerontol.A 

Biol.Sci.Med.Sci. 50 Spec No: 11-16, 1995. 



182 
 

242. Li D, Shin JH and Duan D. iNOS ablation does not improve specific force of the extensor 

digitorum longus muscle in dystrophin-deficient mdx4cv mice. PLoS One 6: 6: e21618, 2011. 

243. Lin CH, Platt MD, Ficarro SB, Hoofnagle MH, Shabanowitz J, Comai L, Hunt DF and 

Owens GK. Mass spectrometric identification of phosphorylation sites of rRNA transcription 

factor upstream binding factor. Am.J.Physiol.Cell.Physiol. 292: 5: C1617-24, 2007. 

244. Lin E, Lin SW and Lin A. The participation of 5S rRNA in the co-translational formation of 

a eukaryotic 5S ribonucleoprotein complex. Nucleic Acids Res. 29: 12: 2510-2516, 2001. 

245. Ling CH, Taekema D, de Craen AJ, Gussekloo J, Westendorp RG and Maier AB. 

Handgrip strength and mortality in the oldest old population: the Leiden 85-plus study. CMAJ 

182: 5: 429-435, 2010. 

246. Lira VA, Okutsu M, Zhang M, Greene NP, Laker RC, Breen DS, Hoehn KL and Yan Z. 

Autophagy is required for exercise training-induced skeletal muscle adaptation and 

improvement of physical performance. FASEB J. 27: 10: 4184-4193, 2013. 

247. Lux A, Aschermann S, Biburger M and Nimmerjahn F. The pro and anti-inflammatory 

activities of immunoglobulin G. Ann.Rheum.Dis. 69 Suppl 1: i92-96, 2010. 

248. Lynch GS. Update on emerging drugs for sarcopenia - age-related muscle wasting. 

Expert Opin.Emerg.Drugs 13: 4: 655-673, 2008. 

249. Lynch NA, Metter EJ, Lindle RS, Fozard JL, Tobin JD, Roy TA, Fleg JL and Hurley 

BF. Muscle quality. I. Age-associated differences between arm and leg muscle groups. 

J.Appl.Physiol.(1985) 86: 1: 188-194, 1999. 



183 
 

250. Machida M, Takeda K, Yokono H, Ikemune S, Taniguchi Y, Kiyosawa H and 

Takemasa T. Reduction of ribosome biogenesis with activation of the mTOR pathway in 

denervated atrophic muscle. J.Cell.Physiol. 227: 4: 1569-1576, 2012. 

251. Mackey AL. Does an NSAID a Day Keep Satellite Cells at Bay? J. Appl. Physiol. (1985) 

115: 6: 900-908, 2013. 

252. Mackey AL, Kjaer M, Dandanell S, Mikkelsen KH, Holm L, Dossing S, Kadi F, 

Koskinen SO, Jensen CH, Schroder HD and Langberg H. The influence of anti-

inflammatory medication on exercise-induced myogenic precursor cell responses in humans. 

J.Appl.Physiol.(1985) 103: 2: 425-431, 2007. 

253. Magnuson B, Ekim B and Fingar DC. Regulation and function of ribosomal protein S6 

kinase (S6K) within mTOR signalling networks. Biochem.J. 441: 1: 1-21, 2012. 

254. Mahoney SJ, Dempsey JM and Blenis J. Cell signaling in protein synthesis ribosome 

biogenesis and translation initiation and elongation. Prog.Mol.Biol.Transl.Sci. 90: 53-107, 2009. 

255. Mais C, Wright JE, Prieto JL, Raggett SL and McStay B. UBF-binding site arrays form 

pseudo-NORs and sequester the RNA polymerase I transcription machinery. Genes Dev. 19: 

1: 50-64, 2005. 

256. Malafarina V, Uriz-Otano F, Iniesta R and Gil-Guerrero L. Effectiveness of nutritional 

supplementation on muscle mass in treatment of sarcopenia in old age: a systematic review. J 

Am Med Dir Assoc 14: 1: 10-7, 2013. 

257. Mallinson JE and Murton AJ. Mechanisms responsible for disuse muscle atrophy: 

potential role of protein provision and exercise as countermeasures. Nutrition 29: 1: 22-28, 

2013. 



184 
 

258. Mamane Y, Petroulakis E, Rong L, Yoshida K, Ler LW and Sonenberg N. eIF4E--from 

translation to transformation. Oncogene 23: 18: 3172-3179, 2004. 

259. Mammucari C, Milan G, Romanello V, Masiero E, Rudolf R, Del Piccolo P, Burden 

SJ, Di Lisi R, Sandri C, Zhao J, Goldberg AL, Schiaffino S and Sandri M. FoxO3 controls 

autophagy in skeletal muscle in vivo. Cell.Metab. 6: 6: 458-471, 2007. 

260. Mane VP, Heuer MA, Hillyer P, Navarro MB and Rabin RL. Systematic method for 

determining an ideal housekeeping gene for real-time PCR analysis. J.Biomol.Tech. 19: 5: 

342-347, 2008. 

261. Mariappan MM, D'Silva K, Lee MJ, Sataranatarajan K, Barnes JL, Choudhury GG 

and Kasinath BS. Ribosomal biogenesis induction by high glucose requires activation of 

upstream binding factor in kidney glomerular epithelial cells. Am.J.Physiol.Renal Physiol. 300: 

1: F219-30, 2011. 

262. Markofski MM, Dickinson JM, Drummond MJ, Fry CS, Fujita S, Gundermann DM, 

Glynn EL, Jennings K, Paddon-Jones D, Reidy PT, Sheffield-Moore M, Timmerman KL, 

Rasmussen BB and Volpi E. Effect of age on basal muscle protein synthesis and mTORC1 

signaling in a large cohort of young and older men and women. Exp.Gerontol. 65: 1-7, 2015. 

263. Markworth JF and Cameron-Smith D. Prostaglandin F2&alpha; stimulates 

PI3K/ERK/mTOR signaling and skeletal myotube hypertrophy. Am.J.Physiol.Cell.Physiol. 300: 

3: C671-82, 2011. 

264. Markworth JF, Vella L, Lingard BS, Tull DL, Rupasinghe TW, Sinclair AJ, Maddipati 

KR and Cameron-Smith D. Human inflammatory and resolving lipid mediator responses to 

resistance exercise and ibuprofen treatment. Am.J.Physiol.Regul.Integr.Comp.Physiol. 305: 

11: R1281-96, 2013. 



185 
 

265. Markworth JF, Vella LD, Figueiredo VC and Cameron-Smith D. Ibuprofen treatment 

blunts early translational signaling responses in human skeletal muscle following resistance 

exercise. J.Appl.Physiol.(1985) 117: 1: 20-28, 2014. 

266. Marshall RA, Aitken CE, Dorywalska M and Puglisi JD. Translation at the single-

molecule level. Annu.Rev.Biochem. 77: 177-203, 2008. 

267. Masiero E, Agatea L, Mammucari C, Blaauw B, Loro E, Komatsu M, Metzger D, 

Reggiani C, Schiaffino S and Sandri M. Autophagy is required to maintain muscle mass. 

Cell.Metab. 10: 6: 507-515, 2009. 

268. Matheny RW,Jr, Nindl BC and Adamo ML. Minireview: Mechano-growth factor: a 

putative product of IGF-I gene expression involved in tissue repair and regeneration. 

Endocrinology 151: 3: 865-875, 2010. 

269. Mayer C, Bierhoff H and Grummt I. The nucleolus as a stress sensor: JNK2 inactivates 

the transcription factor TIF-IA and down-regulates rRNA synthesis. Genes Dev. 19: 8: 933-941, 

2005. 

270. Mayer C and Grummt I. Ribosome biogenesis and cell growth: mTOR coordinates 

transcription by all three classes of nuclear RNA polymerases. Oncogene 25: 48: 6384-6391, 

2006. 

271. Mayer C, Zhao J, Yuan X and Grummt I. mTOR-dependent activation of the 

transcription factor TIF-IA links rRNA synthesis to nutrient availability. Genes Dev. 18: 4: 423-

434, 2004. 

272. McCarthy JJ and Esser KA. Anabolic and catabolic pathways regulating skeletal muscle 

mass. Curr.Opin.Clin.Nutr.Metab.Care 13: 3: 230-235, 2010. 



186 
 

273. McCarthy JJ, Mula J, Miyazaki M, Erfani R, Garrison K, Farooqui AB, Srikuea R, 

Lawson BA, Grimes B, Keller C, Van Zant G, Campbell KS, Esser KA, Dupont-

Versteegden EE and Peterson CA. Effective fiber hypertrophy in satellite cell-depleted 

skeletal muscle. Development 138: 17: 3657-3666, 2011. 

274. McKiernan SH, Colman RJ, Aiken E, Evans TD, Beasley TM, Aiken JM, Weindruch R 

and Anderson RM. Cellular adaptation contributes to calorie restriction-induced preservation 

of skeletal muscle in aged rhesus monkeys. Exp Gerontol 47: 3: 229-36, 2012. 

275. McPherron AC, Lawler AM and Lee SJ. Regulation of skeletal muscle mass in mice by 

a new TGF-beta superfamily member. Nature 387: 6628: 83-90, 1997. 

276. Metter EJ, Lynch N, Conwit R, Lindle R, Tobin J and Hurley B. Muscle quality and 

age: cross-sectional and longitudinal comparisons. J.Gerontol.A Biol.Sci.Med.Sci. 54: 5: B207-

18, 1999. 

277. Metter EJ, Talbot LA, Schrager M and Conwit R. Skeletal muscle strength as a 

predictor of all-cause mortality in healthy men. J.Gerontol.A Biol.Sci.Med.Sci. 57: 10: B359-65, 

2002. 

278. Mikkelsen UR, Langberg H, Helmark IC, Skovgaard D, Andersen LL, Kjaer M and 

Mackey AL. Local NSAID infusion inhibits satellite cell proliferation in human skeletal muscle 

after eccentric exercise. J.Appl.Physiol.(1985) 107: 5: 1600-1611, 2009. 

279. Miller BF, Hamilton KL, Cuthbertson DJ, Smith K, Williams J, Mittendorfer B, 

Greenhaff P and Atherton P. Commentaries on viewpoint: the curious case of anabolic 

resistance: old wives' tales or new fables? J.Appl.Physiol.(1985) 112: 7: 1236, 2012. 



187 
 

280. Miller G, Panov KI, Friedrich JK, Trinkle-Mulcahy L, Lamond AI and Zomerdijk JC. 

hRRN3 is essential in the SL1-mediated recruitment of RNA Polymerase I to rRNA gene 

promoters. EMBO J. 20: 6: 1373-1382, 2001. 

281. Miller MD, Crotty M, Giles LC, Bannerman E, Whitehead C, Cobiac L, Daniels LA and 

Andrews G. Corrected arm muscle area: an independent predictor of long-term mortality in 

community-dwelling older adults? J.Am.Geriatr.Soc. 50: 7: 1272-1277, 2002. 

282. Milne AC, Potter J, Vivanti A and Avenell A. Protein and energy supplementation in 

elderly people at risk from malnutrition. Cochrane Database Syst.Rev. (2):CD003288. doi: 2: 

CD003288, 2009. 

283. Mobley CB, Fox CD, Thompson RM, Healy JC, Santucci V, Kephart WC, McCloskey 

AE, Kim M, Pascoe DD, Martin JS, Moon JR, Young KC and Roberts MD. Comparative 

effects of whey protein versus L-leucine on skeletal muscle protein synthesis and markers of 

ribosome biogenesis following resistance exercise. Amino Acids 2015. 

284. Moller AB, Vendelbo MH, Rahbek SK, Clasen BF, Schjerling P, Vissing K and 

Jessen N. Resistance exercise, but not endurance exercise, induces IKKbeta phosphorylation 

in human skeletal muscle of training-accustomed individuals. Pflugers Arch. 2013. 

285. Moore SF, Hunter RW and Hers I. mTORC2 protein complex-mediated Akt (Protein 

Kinase B) Serine 473 Phosphorylation is not required for Akt1 activity in human platelets 

[corrected. J.Biol.Chem. 286: 28: 24553-24560, 2011. 

286. Morello LG, Coltri PP, Quaresma AJ, Simabuco FM, Silva TC, Singh G, Nickerson 

JA, Oliveira CC, Moore MJ and Zanchin NI. The human nucleolar protein FTSJ3 associates 

with NIP7 and functions in pre-rRNA processing. PLoS One 6: 12: e29174, 2011. 



188 
 

287. Morello LG, Hesling C, Coltri PP, Castilho BA, Rimokh R and Zanchin NI. The NIP7 

protein is required for accurate pre-rRNA processing in human cells. Nucleic Acids Res. 39: 2: 

648-665, 2011. 

288. Morgan HE and Beinlich CJ. Contributions of increased efficiency and capacity of 

protein synthesis to rapid cardiac growth. Mol.Cell.Biochem. 176: 1-2: 145-151, 1997. 

289. Morley JE, Vellas B, van Kan GA, Anker SD, Bauer JM, Bernabei R, Cesari M, 

Chumlea WC, Doehner W, Evans J, Fried LP, Guralnik JM, Katz PR, Malmstrom TK, 

McCarter RJ, Gutierrez Robledo LM, Rockwood K, von Haehling S, Vandewoude MF and 

Walston J. Frailty consensus: a call to action. J.Am.Med.Dir.Assoc. 14: 6: 392-397, 2013. 

290. Moses AW, Slater C, Preston T, Barber MD and Fearon KC. Reduced total energy 

expenditure and physical activity in cachectic patients with pancreatic cancer can be 

modulated by an energy and protein dense oral supplement enriched with n-3 fatty acids. 

Br.J.Cancer 90: 5: 996-1002, 2004. 

291. Moss T, Langlois F, Gagnon-Kugler T and Stefanovsky V. A housekeeper with power 

of attorney: the rRNA genes in ribosome biogenesis. Cell Mol Life Sci 64: 1: 29-49, 2007. 

292. Mourkioti F and Rosenthal N. IGF-1, inflammation and stem cells: interactions during 

muscle regeneration. Trends Immunol. 26: 10: 535-542, 2005. 

293. Muise-Helmericks RC, Grimes HL, Bellacosa A, Malstrom SE, Tsichlis PN and 

Rosen N. Cyclin D expression is controlled post-transcriptionally via a phosphatidylinositol 3-

kinase/Akt-dependent pathway. J.Biol.Chem. 273: 45: 29864-29872, 1998. 

294. Mullineux ST and Lafontaine DL. Mapping the cleavage sites on mammalian pre-

rRNAs: where do we stand? Biochimie 94: 7: 1521-1532, 2012. 



189 
 

295. Nader GA, McLoughlin TJ and Esser KA. mTOR function in skeletal muscle 

hypertrophy: increased ribosomal RNA via cell cycle regulators. Am.J.Physiol.Cell.Physiol. 

289: 6: C1457-65, 2005. 

296. Nader GA, von Walden F, Liu C, Lindvall J, Gutmann L, Pistilli EE and Gordon PM. 

Resistance exercise training modulates acute gene expression during human skeletal muscle 

hypertrophy. J.Appl.Physiol.(1985) 116: 6: 693-702, 2014. 

297. Negrutskii BS and Deutscher MP. A sequestered pool of aminoacyl-tRNA in mammalian 

cells. Proc.Natl.Acad.Sci.U.S.A. 89: 8: 3601-3604, 1992. 

298. Neurath MF. Cytokines in inflammatory bowel disease. Nat.Rev.Immunol. 14: 5: 329-342, 

2014. 

299. Newlands S, Levitt LK, Robinson CS, Karpf AB, Hodgson VR, Wade RP and 

Hardeman EC. Transcription occurs in pulses in muscle fibers. Genes Dev. 12: 17: 2748-2758, 

1998. 

300. Newman AB, Kupelian V, Visser M, Simonsick EM, Goodpaster BH, Kritchevsky SB, 

Tylavsky FA, Rubin SM and Harris TB. Strength, but not muscle mass, is associated with 

mortality in the health, aging and body composition study cohort. J.Gerontol.A 

Biol.Sci.Med.Sci. 61: 1: 72-77, 2006. 

301. Nguyen le XT and Mitchell BS. Akt activation enhances ribosomal RNA synthesis 

through casein kinase II and TIF-IA. Proc.Natl.Acad.Sci.U.S.A. 110: 51: 20681-20686, 2013. 

302. Nilwik R, Snijders T, Leenders M, Groen BB, van Kranenburg J, Verdijk LB and van 

Loon LJ. The decline in skeletal muscle mass with aging is mainly attributed to a reduction in 

type II muscle fiber size. Exp Gerontol 48: 5: 492-8, 2013. 



190 
 

303. Nishizawa H, Matsuda M, Yamada Y, Kawai K, Suzuki E, Makishima M, Kitamura T 

and Shimomura I. Musclin, a novel skeletal muscle-derived secretory factor. J.Biol.Chem. 

279: 19: 19391-19395, 2004. 

304. Obata T, Brown GE and Yaffe MB. MAP kinase pathways activated by stress: the p38 

MAPK pathway. Crit.Care Med. 28: 4 Suppl: N67-77, 2000. 

305. Ogasawara R, Kobayashi K, Tsutaki A, Lee K, Abe T, Fujita S, Nakazato K and Ishii 

N. mTOR signaling response to resistance exercise is altered by chronic resistance training 

and detraining in skeletal muscle. J.Appl.Physiol.(1985) 114: 7: 934-940, 2013. 

306. Ogawa K, Sanada K, Machida S, Okutsu M and Suzuki K. Resistance exercise 

training-induced muscle hypertrophy was associated with reduction of inflammatory markers in 

elderly women. Mediators Inflamm. 2010: 171023, 2010. 

307. O'Mahony DJ and Rothblum LI. Identification of two forms of the RNA polymerase I 

transcription factor UBF. Proc.Natl.Acad.Sci.U.S.A. 88: 8: 3180-3184, 1991. 

308. O'Mahony DJ, Smith SD, Xie W and Rothblum LI. Analysis of the phosphorylation, 

DNA-binding and dimerization properties of the RNA polymerase I transcription factors UBF1 

and UBF2. Nucleic Acids Res. 20: 6: 1301-1308, 1992. 

309. O'Mahony DJ, Xie WQ, Smith SD, Singer HA and Rothblum LI. Differential 

phosphorylation and localization of the transcription factor UBF in vivo in response to serum 

deprivation. In vitro dephosphorylation of UBF reduces its transactivation properties. 

J.Biol.Chem. 267: 1: 35-38, 1992. 

310. Ortega FB, Silventoinen K, Tynelius P and Rasmussen F. Muscular strength in male 

adolescents and premature death: cohort study of one million participants. BMJ 345: e7279, 

2012. 



191 
 

311. O'Sullivan AC, Sullivan GJ and McStay B. UBF binding in vivo is not restricted to 

regulatory sequences within the vertebrate ribosomal DNA repeat. Mol.Cell.Biol. 22: 2: 657-

668, 2002. 

312. Paddon-Jones D, Sheffield-Moore M, Zhang XJ, Volpi E, Wolf SE, Aarsland A, 

Ferrando AA and Wolfe RR. Amino acid ingestion improves muscle protein synthesis in the 

young and elderly. Am.J.Physiol.Endocrinol.Metab. 286: 3: E321-8, 2004. 

313. Paddon-Jones D, Short KR, Campbell WW, Volpi E and Wolfe RR. Role of dietary 

protein in the sarcopenia of aging. Am.J.Clin.Nutr. 87: 5: 1562S-1566S, 2008. 

314. Panov KI, Friedrich JK and Zomerdijk JC. A step subsequent to preinitiation complex 

assembly at the ribosomal RNA gene promoter is rate limiting for human RNA polymerase I-

dependent transcription. Mol.Cell.Biol. 21: 8: 2641-2649, 2001. 

315. Parkington JD, LeBrasseur NK, Siebert AP and Fielding RA. Contraction-mediated 

mTOR, p70S6k, and ERK1/2 phosphorylation in aged skeletal muscle. J.Appl.Physiol. 97: 1: 

243-248, 2004. 

316. Passmore LA, Schmeing TM, Maag D, Applefield DJ, Acker MG, Algire MA, Lorsch 

JR and Ramakrishnan V. The eukaryotic translation initiation factors eIF1 and eIF1A induce 

an open conformation of the 40S ribosome. Molecular cell 26: 1: 41-50, 2007. 

317. Pedersen BK. Muscles and their myokines. J.Exp.Biol. 214: Pt 2: 337-346, 2011. 

318. Pedersen BK and Febbraio M. Muscle-derived interleukin-6--a possible link between 

skeletal muscle, adipose tissue, liver, and brain. Brain Behav.Immun. 19: 5: 371-376, 2005. 

319. Pedersen BK and Saltin B. Exercise as medicine - evidence for prescribing exercise as 

therapy in 26 different chronic diseases. Scand.J.Med.Sci.Sports 25 Suppl 3: 1-72, 2015. 



192 
 

320. Pedersen BK and Saltin B. Evidence for prescribing exercise as therapy in chronic 

disease. Scand.J.Med.Sci.Sports 16 Suppl 1: 3-63, 2006. 

321. Pennings B, Boirie Y, Senden JM, Gijsen AP, Kuipers H and van Loon LJ. Whey 

protein stimulates postprandial muscle protein accretion more effectively than do casein and 

casein hydrolysate in older men. Am.J.Clin.Nutr. 93: 5: 997-1005, 2011. 

322. Pennings B, Koopman R, Beelen M, Senden JM, Saris WH and van Loon LJ. 

Exercising before protein intake allows for greater use of dietary protein-derived amino acids 

for de novo muscle protein synthesis in both young and elderly men. Am.J.Clin.Nutr. 93: 2: 

322-331, 2011. 

323. Pestova TV, Borukhov SI and Hellen CU. Eukaryotic ribosomes require initiation factors 

1 and 1A to locate initiation codons. Nature 394: 6696: 854-859, 1998. 

324. Petersen KF, Dufour S, Savage DB, Bilz S, Solomon G, Yonemitsu S, Cline GW, 

Befroy D, Zemany L, Kahn BB, Papademetris X, Rothman DL and Shulman GI. The role of 

skeletal muscle insulin resistance in the pathogenesis of the metabolic syndrome. 

Proc.Natl.Acad.Sci.U.S.A. 104: 31: 12587-12594, 2007. 

325. Peterson SJ and Braunschweig CA. Prevalence of Sarcopenia and Associated 

Outcomes in the Clinical Setting. Nutr.Clin.Pract. 31: 1: 40-48, 2016. 

326. Petroulakis E and Sonenberg N. 10 Translation Initiation and Cell Growth Control. 42: 

299-328, 2004. 

327. Peyroche G, Milkereit P, Bischler N, Tschochner H, Schultz P, Sentenac A, Carles C 

and Riva M. The recruitment of RNA polymerase I on rDNA is mediated by the interaction of 

the A43 subunit with Rrn3. EMBO J. 19: 20: 5473-5482, 2000. 



193 
 

328. Phillips SM. A brief review of critical processes in exercise-induced muscular 

hypertrophy. Sports Med. 44 Suppl 1: S71-7, 2014. 

329. Phillips SM. Protein requirements and supplementation in strength sports. Nutrition 20: 7-

8: 689-95, 2004. 

330. Phillips SM, Hartman JW and Wilkinson SB. Dietary protein to support anabolism with 

resistance exercise in young men. J.Am.Coll.Nutr. 24: 2: 134S-139S, 2005. 

331. Phillips SM and McGlory C. CrossTalk proposal: The dominant mechanism causing 

disuse muscle atrophy is decreased protein synthesis. J.Physiol. 592: Pt 24: 5341-5343, 2014. 

332. Pianosi P, Leblanc J and Almudevar A. Peak oxygen uptake and mortality in children 

with cystic fibrosis. Thorax 60: 1: 50-54, 2005. 

333. Popov A, Smirnov E, Kovacik L, Raska O, Hagen G, Stixova L and Raska I. Duration 

of the first steps of the human rRNA processing. Nucleus 4: 2: 134-141, 2013. 

334. Pugh TD, Conklin MW, Evans TD, Polewski MA, Barbian HJ, Pass R, Anderson BD, 

Colman RJ, Eliceiri KW, Keely PJ, Weindruch R, Beasley TM and Anderson RM. A shift in 

energy metabolism anticipates the onset of sarcopenia in rhesus monkeys. Aging Cell. 12: 4: 

672-681, 2013. 

335. Radtke S, Wuller S, Yang XP, Lippok BE, Mutze B, Mais C, de Leur HS, Bode JG, 

Gaestel M, Heinrich PC, Behrmann I, Schaper F and Hermanns HM. Cross-regulation of 

cytokine signalling: pro-inflammatory cytokines restrict IL-6 signalling through receptor 

internalisation and degradation. J.Cell.Sci. 123: Pt 6: 947-959, 2010. 



194 
 

336. Rantanen T, Harris T, Leveille SG, Visser M, Foley D, Masaki K and Guralnik JM. 

Muscle strength and body mass index as long-term predictors of mortality in initially healthy 

men. J.Gerontol.A Biol.Sci.Med.Sci. 55: 3: M168-73, 2000. 

337. Rantanen T, Volpato S, Ferrucci L, Heikkinen E, Fried LP and Guralnik JM. Handgrip 

strength and cause-specific and total mortality in older disabled women: exploring the 

mechanism. J.Am.Geriatr.Soc. 51: 5: 636-641, 2003. 

338. Rao RR, Long JZ, White JP, Svensson KJ, Lou J, Lokurkar I, Jedrychowski MP, 

Ruas JL, Wrann CD, Lo JC, Camera DM, Lachey J, Gygi S, Seehra J, Hawley JA and 

Spiegelman BM. Meteorin-like is a hormone that regulates immune-adipose interactions to 

increase beige fat thermogenesis. Cell 157: 6: 1279-1291, 2014. 

339. Rask-Madsen C and Kahn CR. Tissue-specific insulin signaling, metabolic syndrome, 

and cardiovascular disease. Arterioscler.Thromb.Vasc.Biol. 32: 9: 2052-2059, 2012. 

340. Razeghi P, Sharma S, Ying J, Li YP, Stepkowski S, Reid MB and Taegtmeyer H. 

Atrophic remodeling of the heart in vivo simultaneously activates pathways of protein synthesis 

and degradation. Circulation 108: 20: 2536-2541, 2003. 

341. Reid MB, Judge AR and Bodine SC. CrossTalk opposing view: The dominant 

mechanism causing disuse muscle atrophy is proteolysis. J.Physiol. 592: Pt 24: 5345-5347, 

2014. 

342. Rennie MJ, Edwards RH, Emery PW, Halliday D, Lundholm K and Millward DJ. 

Depressed protein synthesis is the dominant characteristic of muscle wasting and cachexia. 

Clin.Physiol. 3: 5: 387-398, 1983. 



195 
 

343. Rennie MJ and Wilkes EA. Maintenance of the musculoskeletal mass by control of 

protein turnover: the concept of anabolic resistance and its relevance to the transplant 

recipient. Ann.Transplant. 10: 4: 31-34, 2005. 

344. Rieu I, Balage M, Sornet C, Giraudet C, Pujos E, Grizard J, Mosoni L and Dardevet 

D. Leucine supplementation improves muscle protein synthesis in elderly men independently of 

hyperaminoacidaemia. J Physiol 575: Pt 1: 305-15, 2006. 

345. Rieu I, Magne H, Savary-Auzeloux I, Averous J, Bos C, Peyron MA, Combaret L and 

Dardevet D. Reduction of low grade inflammation restores blunting of postprandial muscle 

anabolism and limits sarcopenia in old rats. J Physiol 587: Pt 22: 5483-92, 2009. 

346. Roberts LA, Raastad T, Markworth JF, Figueiredo VC, Egner IM, Shield A, Cameron-

Smith D, Coombes JS and Peake JM. Post-exercise cold water immersion attenuates acute 

anabolic signalling and long-term adaptations in muscle to strength training. J.Physiol. 593: 18: 

4285-4301, 2015. 

347. Rooyackers OE and Nair KS. Hormonal regulation of human muscle protein metabolism. 

Annu.Rev.Nutr. 17: 457-485, 1997. 

348. Rosenberg IH. Summary comments. Am.J.Clin.Nutr. 50: 5: 1231-1233, 1989. 

349. Rosenwald IB, Lazaris-Karatzas A, Sonenberg N and Schmidt EV. Elevated levels of 

cyclin D1 protein in response to increased expression of eukaryotic initiation factor 4E. 

Mol.Cell.Biol. 13: 12: 7358-7363, 1993. 

350. Roux PP and Blenis J. ERK and p38 MAPK-activated protein kinases: a family of protein 

kinases with diverse biological functions. Microbiol.Mol.Biol.Rev. 68: 2: 320-344, 2004. 



196 
 

351. Roux PP, Shahbazian D, Vu H, Holz MK, Cohen MS, Taunton J, Sonenberg N and 

Blenis J. RAS/ERK signaling promotes site-specific ribosomal protein S6 phosphorylation via 

RSK and stimulates cap-dependent translation. J.Biol.Chem. 282: 19: 14056-14064, 2007. 

352. Ruiz JR, Sui X, Lobelo F, Lee DC, Morrow JR,Jr, Jackson AW, Hebert JR, Matthews 

CE, Sjostrom M and Blair SN. Muscular strength and adiposity as predictors of adulthood 

cancer mortality in men. Cancer epidemiology, biomarkers & prevention 18: 5: 1468-1476, 

2009. 

353. Ruiz JR, Sui X, Lobelo F, Morrow JR,Jr, Jackson AW, Sjostrom M and Blair SN. 

Association between muscular strength and mortality in men: prospective cohort study. BMJ 

337: a439, 2008. 

354. Russell J and Zomerdijk JC. RNA-polymerase-I-directed rDNA transcription, life and 

works. Trends Biochem.Sci. 30: 2: 87-96, 2005. 

355. Ruvinsky I and Meyuhas O. Ribosomal protein S6 phosphorylation: from protein 

synthesis to cell size. Trends Biochem.Sci. 31: 6: 342-348, 2006. 

356. Ryazanov AG. Elongation factor-2 kinase and its newly discovered relatives. FEBS Lett. 

514: 1: 26-29, 2002. 

357. Sacheck JM, Hyatt JP, Raffaello A, Jagoe RT, Roy RR, Edgerton VR, Lecker SH and 

Goldberg AL. Rapid disuse and denervation atrophy involve transcriptional changes similar to 

those of muscle wasting during systemic diseases. FASEB J 21: 1: 140-55, 2007. 

358. Sakuma K and Yamaguchi A. Molecular mechanisms in aging and current strategies to 

counteract sarcopenia. Curr.Aging Sci. 3: 2: 90-101, 2010. 

359. Sandri M. Protein breakdown in cancer cachexia. Semin.Cell Dev.Biol. 2015. 



197 
 

360. Sandri M. Protein breakdown in muscle wasting: role of autophagy-lysosome and 

ubiquitin-proteasome. Int.J.Biochem.Cell Biol. 45: 10: 2121-2129, 2013. 

361. Sandri M. Signaling in muscle atrophy and hypertrophy. Physiology (Bethesda) 23: 160-

170, 2008. 

362. Sandri M, Barberi L, Bijlsma AY, Blaauw B, Dyar KA, Milan G, Mammucari C, 

Meskers CG, Pallafacchina G, Paoli A, Pion D, Roceri M, Romanello V, Serrano AL, 

Toniolo L, Larsson L, Maier AB, Munoz-Canoves P, Musaro A, Pende M, Reggiani C, 

Rizzuto R and Schiaffino S. Signalling pathways regulating muscle mass in ageing skeletal 

muscle: the role of the IGF1-Akt-mTOR-FoxO pathway. Biogerontology 14: 3: 303-323, 2013. 

363. Sandri M, Sandri C, Gilbert A, Skurk C, Calabria E, Picard A, Walsh K, Schiaffino S, 

Lecker SH and Goldberg AL. Foxo transcription factors induce the atrophy-related ubiquitin 

ligase atrogin-1 and cause skeletal muscle atrophy. Cell 117: 3: 399-412, 2004. 

364. Sanij E, Poortinga G, Sharkey K, Hung S, Holloway TP, Quin J, Robb E, Wong LH, 

Thomas WG, Stefanovsky V, Moss T, Rothblum L, Hannan KM, McArthur GA, Pearson 

RB and Hannan RD. UBF levels determine the number of active ribosomal RNA genes in 

mammals. J.Cell Biol. 183: 7: 1259-1274, 2008. 

365. Schaap LA, Pluijm SM, Deeg DJ, Harris TB, Kritchevsky SB, Newman AB, Colbert 

LH, Pahor M, Rubin SM, Tylavsky FA, Visser M and Health ABC Study. Higher 

inflammatory marker levels in older persons: associations with 5-year change in muscle mass 

and muscle strength. J.Gerontol.A Biol.Sci.Med.Sci. 64: 11: 1183-1189, 2009. 

366. Schaap LA, Pluijm SM, Deeg DJ and Visser M. Inflammatory markers and loss of 

muscle mass (sarcopenia) and strength. Am.J.Med. 119: 6: 526.e9-526.17, 2006. 



198 
 

367. Schalm SS and Blenis J. Identification of a conserved motif required for mTOR 

signaling. Curr.Biol. 12: 8: 632-639, 2002. 

368. Schnapp A, Schnapp G, Erny B and Grummt I. Function of the growth-regulated 

transcription initiation factor TIF-IA in initiation complex formation at the murine ribosomal gene 

promoter. Mol.Cell.Biol. 13: 11: 6723-6732, 1993. 

369. Schreck R, Carey MF and Grummt I. Transcriptional enhancement by upstream 

activators is brought about by different molecular mechanisms for class I and II RNA 

polymerase genes. EMBO J. 8: 10: 3011-3017, 1989. 

370. Sengupta A, Molkentin JD and Yutzey KE. FoxO transcription factors promote 

autophagy in cardiomyocytes. J.Biol.Chem. 284: 41: 28319-28331, 2009. 

371. Serhan CN and Savill J. Resolution of inflammation: the beginning programs the end. 

Nat Immunol 6: 12: 1191-1197, 2005. 

372. Serrano AL, Baeza-Raja B, Perdiguero E, Jardi M and Munoz-Canoves P. Interleukin-

6 is an essential regulator of satellite cell-mediated skeletal muscle hypertrophy. Cell.Metab. 7: 

1: 33-44, 2008. 

373. Shamliyan T, Talley KM, Ramakrishnan R and Kane RL. Association of frailty with 

survival: a systematic literature review. Ageing research reviews 12: 2: 719-36, 2013. 

374. Sidor MM, Sakic B, Malinowski PM, Ballok DA, Oleschuk CJ and Macri J. Elevated 

immunoglobulin levels in the cerebrospinal fluid from lupus-prone mice. J.Neuroimmunol. 165: 

1-2: 104-113, 2005. 



199 
 

375. Sierra E, Fernandez A, de los Monteros AE, Arbelo M, de Quiros YB and Herraez P. 

Muscular senescence in cetaceans: adaptation towards a slow muscle fibre phenotype. 

Scientific reports 3: 1795, 2013. 

376. Sikka G, Miller KL, Steppan J, Pandey D, Jung SM, Fraser CD,3rd, Ellis C, Ross D, 

Vandegaer K, Bedja D, Gabrielson K, Walston JD, Berkowitz DE and Barouch LA. 

Interleukin 10 knockout frail mice develop cardiac and vascular dysfunction with increased age. 

Exp.Gerontol. 48: 2: 128-135, 2013. 

377. Singh T and Newman AB. Inflammatory markers in population studies of aging. Ageing 

Res.Rev. 10: 3: 319-329, 2011. 

378. Slivka D, Raue U, Hollon C, Minchev K and Trappe S. Single muscle fiber adaptations 

to resistance training in old (>80 yr) men: evidence for limited skeletal muscle plasticity. 

Am.J.Physiol.Regul.Integr.Comp.Physiol. 295: 1: R273-80, 2008. 

379. Smith HK, Matthews KG, Oldham JM, Jeanplong F, Falconer SJ, Bass JJ, Senna-

Salerno M, Bracegirdle JW and McMahon CD. Translational signalling, atrogenic and 

myogenic gene expression during unloading and reloading of skeletal muscle in myostatin-

deficient mice. PLoS One 9: 4: e94356, 2014. 

380. Smith KL and Tisdale MJ. Increased protein degradation and decreased protein 

synthesis in skeletal muscle during cancer cachexia. Br.J.Cancer 67: 4: 680-685, 1993. 

381. Solomon V and Goldberg AL. Importance of the ATP-ubiquitin-proteasome pathway in 

the degradation of soluble and myofibrillar proteins in rabbit muscle extracts. J.Biol.Chem. 271: 

43: 26690-26697, 1996. 

382. Sonenberg N and Hinnebusch AG. Regulation of translation initiation in eukaryotes: 

mechanisms and biological targets. Cell 136: 4: 731-745, 2009. 



200 
 

383. Sorensen PD and Frederiksen S. Characterization of human 5S rRNA genes. Nucleic 

Acids Res. 19: 15: 4147-4151, 1991. 

384. Srikanthan P and Karlamangla AS. Muscle mass index as a predictor of longevity in 

older adults. Am.J.Med. 127: 6: 547-553, 2014. 

385. Srikanthan P and Karlamangla AS. Relative muscle mass is inversely associated with 

insulin resistance and prediabetes. Findings from the third National Health and Nutrition 

Examination Survey. J.Clin.Endocrinol.Metab. 96: 9: 2898-2903, 2011. 

386. Stapulionis R and Deutscher MP. A channeled tRNA cycle during mammalian protein 

synthesis. Proc.Natl.Acad.Sci.U.S.A. 92: 16: 7158-7161, 1995. 

387. Stec MJ, Mayhew DL and Bamman MM. The effects of age and resistance loading on 

skeletal muscle ribosome biogenesis. J.Appl.Physiol.(1985) jap.00489.2015, 2015. 

388. Stefanetti RJ, Zacharewicz E, Della Gatta P, Garnham A, Russell AP and Lamon S. 

Ageing has no effect on the regulation of the ubiquitin proteasome-related genes and proteins 

following resistance exercise. Front.Physiol. 5: 30, 2014. 

389. Stefanovsky VY, Pelletier G, Bazett-Jones DP, Crane-Robinson C and Moss T. DNA 

looping in the RNA polymerase I enhancesome is the result of non-cooperative in-phase 

bending by two UBF molecules. Nucleic Acids Res. 29: 15: 3241-3247, 2001. 

390. Stepanchick A, Zhi H, Cavanaugh AH, Rothblum K, Schneider DA and Rothblum LI. 

DNA binding by the ribosomal DNA transcription factor rrn3 is essential for ribosomal DNA 

transcription. J.Biol.Chem. 288: 13: 9135-9144, 2013. 



201 
 

391. Stevens J, Cai J, Evenson KR and Thomas R. Fitness and fatness as predictors of 

mortality from all causes and from cardiovascular disease in men and women in the lipid 

research clinics study. Am.J.Epidemiol. 156: 9: 832-841, 2002. 

392. Strandberg S, Wretling ML, Wredmark T and Shalabi A. Reliability of computed 

tomography measurements in assessment of thigh muscle cross-sectional area and 

attenuation. BMC Med.Imaging 10: 18-2342-10-18, 2010. 

393. Sylvester JE, Whiteman DA, Podolsky R, Pozsgay JM, Respess J and Schmickel 

RD. The human ribosomal RNA genes: structure and organization of the complete repeating 

unit. Hum.Genet. 73: 3: 193-198, 1986. 

394. Symons TB, Schutzler SE, Cocke TL, Chinkes DL, Wolfe RR and Paddon-Jones D. 

Aging does not impair the anabolic response to a protein-rich meal. Am.J.Clin.Nutr. 86: 2: 451-

456, 2007. 

395. Symons TB, Sheffield-Moore M, Mamerow MM, Wolfe RR and Paddon-Jones D. The 

anabolic response to resistance exercise and a protein-rich meal is not diminished by age. 

J.Nutr.Health Aging 15: 5: 376-381, 2011. 

396. Symons TB, Sheffield-Moore M, Wolfe RR and Paddon-Jones D. A moderate serving 

of high-quality protein maximally stimulates skeletal muscle protein synthesis in young and 

elderly subjects. J Am Diet Assoc 109: 9: 1582-6, 2009. 

397. Szulc P, Munoz F, Marchand F, Chapurlat R and Delmas PD. Rapid loss of 

appendicular skeletal muscle mass is associated with higher all-cause mortality in older men: 

the prospective MINOS study. Am.J.Clin.Nutr. 91: 5: 1227-1236, 2010. 

398. Taekema DG, Gussekloo J, Westendorp RG, de Craen AJ and Maier AB. Predicting 

survival in oldest old people. Am.J.Med. 125: 12: 1188-1194.e1, 2012. 



202 
 

399. Tesch PA, von Walden F, Gustafsson T, Linnehan RM and Trappe TA. Skeletal 

muscle proteolysis in response to short-term unloading in humans. J.Appl.Physiol.(1985) 105: 

3: 902-906, 2008. 

400. Thomson DM and Gordon SE. Impaired overload-induced muscle growth is associated 

with diminished translational signalling in aged rat fast-twitch skeletal muscle. J.Physiol. 574: 

Pt 1: 291-305, 2006. 

401. Thoreen CC, Chantranupong L, Keys HR, Wang T, Gray NS and Sabatini DM. A 

unifying model for mTORC1-mediated regulation of mRNA translation. Nature 485: 7396: 109-

113, 2012. 

402. Tieland M, van de Rest O, Dirks ML, van der Zwaluw N, Mensink M, van Loon LJ and 

de Groot LC. Protein supplementation improves physical performance in frail elderly people: a 

randomized, double-blind, placebo-controlled trial. J Am Med Dir Assoc 13: 8: 720-6, 2012. 

403. Tisdale MJ. Mechanisms of cancer cachexia. Physiol.Rev. 89: 2: 381-410, 2009. 

404. Topisirovic I, Ruiz-Gutierrez M and Borden KL. Phosphorylation of the eukaryotic 

translation initiation factor eIF4E contributes to its transformation and mRNA transport 

activities. Cancer Res. 64: 23: 8639-8642, 2004. 

405. Toth MJ, Ades PA, Tischler MD, Tracy RP and LeWinter MM. Immune activation is 

associated with reduced skeletal muscle mass and physical function in chronic heart failure. 

Int.J.Cardiol. 109: 2: 179-187, 2006. 

406. Trappe TA, White F, Lambert CP, Cesar D, Hellerstein M and Evans WJ. Effect of 

ibuprofen and acetaminophen on postexercise muscle protein synthesis. 

Am.J.Physiol.Endocrinol.Metab. 282: 3: E551-6, 2002. 



203 
 

407. Tucsek Z, Toth P, Sosnowska D, Gautam T, Mitschelen M, Koller A, Szalai G, 

Sonntag WE, Ungvari Z and Csiszar A. Obesity in aging exacerbates blood-brain barrier 

disruption, neuroinflammation, and oxidative stress in the mouse hippocampus: effects on 

expression of genes involved in beta-amyloid generation and Alzheimer's disease. 

J.Gerontol.A Biol.Sci.Med.Sci. 69: 10: 1212-1226, 2014. 

408. Urso ML, Clarkson PM and Price TB. Immobilization effects in young and older adults. 

Eur.J.Appl.Physiol. 96: 5: 564-571, 2006. 

409. van Langenberg DR, Della Gatta P, Hill B, Zacharewicz E, Gibson PR and Russell 

AP. Delving into disability in Crohn's disease: dysregulation of molecular pathways may 

explain skeletal muscle loss in Crohn's disease. J.Crohns Colitis 8: 7: 626-634, 2014. 

410. Vander Haar E, Lee SI, Bandhakavi S, Griffin TJ and Kim DH. Insulin signalling to 

mTOR mediated by the Akt/PKB substrate PRAS40. Nat.Cell Biol. 9: 3: 316-323, 2007. 

411. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A and 

Speleman F. Accurate normalization of real-time quantitative RT-PCR data by geometric 

averaging of multiple internal control genes. Genome Biol. 3: 7: RESEARCH0034, 2002. 

412. Vandewoude MF, Alish CJ, Sauer AC and Hegazi RA. Malnutrition-sarcopenia 

syndrome: is this the future of nutrition screening and assessment for older adults? J Aging 

Res 2012: 651570, 2012. 

413. Vaupel JW. Biodemography of human ageing. Nature 464: 7288: 536-42, 2010. 

414. Vella L, Caldow MK, Larsen AE, Tassoni D, Della Gatta PA, Gran P, Russell AP and 

Cameron-Smith D. Resistance exercise increases NF-kappaB activity in human skeletal 

muscle. Am.J.Physiol.Regul.Integr.Comp.Physiol. 302: 6: R667-73, 2012. 



204 
 

415. Vincent EE, Elder DJ, Thomas EC, Phillips L, Morgan C, Pawade J, Sohail M, May 

MT, Hetzel MR and Tavare JM. Akt phosphorylation on Thr308 but not on Ser473 correlates 

with Akt protein kinase activity in human non-small cell lung cancer. Br.J.Cancer 104: 11: 

1755-1761, 2011. 

416. Visser M, Goodpaster BH, Kritchevsky SB, Newman AB, Nevitt M, Rubin SM, 

Simonsick EM and Harris TB. Muscle mass, muscle strength, and muscle fat infiltration as 

predictors of incident mobility limitations in well-functioning older persons. J.Gerontol.A 

Biol.Sci.Med.Sci. 60: 3: 324-333, 2005. 

417. Visser M, Pahor M, Taaffe DR, Goodpaster BH, Simonsick EM, Newman AB, Nevitt 

M and Harris TB. Relationship of interleukin-6 and tumor necrosis factor-alpha with muscle 

mass and muscle strength in elderly men and women: the Health ABC Study. J.Gerontol.A 

Biol.Sci.Med.Sci. 57: 5: M326-32, 2002. 

418. Voigts-Hoffmann F, Klinge S and Ban N. Structural insights into eukaryotic ribosomes 

and the initiation of translation. Curr Opin Struct Biol 22: 6: 768-77, 2012. 

419. Voit R and Grummt I. Phosphorylation of UBF at serine 388 is required for interaction 

with RNA polymerase I and activation of rDNA transcription. Proc.Natl.Acad.Sci.U.S.A. 98: 24: 

13631-13636, 2001. 

420. Voit R, Hoffmann M and Grummt I. Phosphorylation by G1-specific cdk-cyclin 

complexes activates the nucleolar transcription factor UBF. EMBO J. 18: 7: 1891-1899, 1999. 

421. Voit R, Kuhn A, Sander EE and Grummt I. Activation of mammalian ribosomal gene 

transcription requires phosphorylation of the nucleolar transcription factor UBF. Nucleic Acids 

Res. 23: 14: 2593-2599, 1995. 



205 
 

422. Volpi E, Campbell WW, Dwyer JT, Johnson MA, Jensen GL, Morley JE and Wolfe 

RR. Is the optimal level of protein intake for older adults greater than the recommended dietary 

allowance? J.Gerontol.A Biol.Sci.Med.Sci. 68: 6: 677-681, 2013. 

423. Volpi E, Mittendorfer B, Rasmussen BB and Wolfe RR. The response of muscle 

protein anabolism to combined hyperaminoacidemia and glucose-induced hyperinsulinemia is 

impaired in the elderly. J.Clin.Endocrinol.Metab. 85: 12: 4481-4490, 2000. 

424. Volpi E, Mittendorfer B, Wolf SE and Wolfe RR. Oral amino acids stimulate muscle 

protein anabolism in the elderly despite higher first-pass splanchnic extraction. Am.J.Physiol. 

277: 3 Pt 1: E513-20, 1999. 

425. Volpi E, Sheffield-Moore M, Rasmussen BB and Wolfe RR. Basal muscle amino acid 

kinetics and protein synthesis in healthy young and older men. JAMA 286: 10: 1206-1212, 

2001. 

426. von Walden F, Casagrande V, Ostlund Farrants AK and Nader GA. Mechanical 

loading induces the expression of a Pol I regulon at the onset of skeletal muscle hypertrophy. 

Am.J.Physiol.Cell.Physiol. 302: 10: C1523-30, 2012. 

427. Walker DK, Dickinson JM, Timmerman KL, Drummond MJ, Reidy PT, Fry CS, 

Gundermann DM and Rasmussen BB. Exercise, amino acids, and aging in the control of 

human muscle protein synthesis. Med.Sci.Sports Exerc. 43: 12: 2249-2258, 2011. 

428. Wall BT, Dirks ML, Snijders T, Senden JM, Dolmans J and van Loon LJ. Substantial 

skeletal muscle loss occurs during only 5 days of disuse. Acta Physiol.(Oxf) 210: 3: 600-611, 

2014. 

429. Wall BT, Dirks ML and van Loon LJ. Skeletal muscle atrophy during short-term disuse: 

implications for age-related sarcopenia. Ageing Res.Rev. 12: 4: 898-906, 2013. 



206 
 

430. Wall BT, Snijders T, Senden JM, Ottenbros CL, Gijsen AP, Verdijk LB and van Loon 

LJ. Disuse impairs the muscle protein synthetic response to protein ingestion in healthy men. 

J.Clin.Endocrinol.Metab. 98: 12: 4872-4881, 2013. 

431. Walrand S and Boirie Y. Optimizing protein intake in aging. 

Curr.Opin.Clin.Nutr.Metab.Care 8: 1: 89-94, 2005. 

432. Walston J, Fedarko N, Yang H, Leng S, Beamer B, Espinoza S, Lipton A, Zheng H 

and Becker K. The physical and biological characterization of a frail mouse model. 

J.Gerontol.A Biol.Sci.Med.Sci. 63: 4: 391-398, 2008. 

433. Walston J and Fried LP. Frailty and the older man. Med.Clin.North Am. 83: 5: 1173-

1194, 1999. 

434. Wang X and Proud CG. The mTOR pathway in the control of protein synthesis. 

Physiology (Bethesda) 21: 362-369, 2006. 

435. Wang ZM, Pierson RN,Jr and Heymsfield SB. The five-level model: a new approach to 

organizing body-composition research. Am.J.Clin.Nutr. 56: 1: 19-28, 1992. 

436. Wannamethee SG, Shaper AG, Lennon L and Whincup PH. Decreased muscle mass 

and increased central adiposity are independently related to mortality in older men. 

Am.J.Clin.Nutr. 86: 5: 1339-1346, 2007. 

437. Warner JR. The economics of ribosome biosynthesis in yeast. Trends Biochem.Sci. 24: 

11: 437-440, 1999. 

438. Wei M, Kampert JB, Barlow CE, Nichaman MZ, Gibbons LW, Paffenbarger RS,Jr and 

Blair SN. Relationship between low cardiorespiratory fitness and mortality in normal-weight, 

overweight, and obese men. JAMA 282: 16: 1547-1553, 1999. 



207 
 

439. Welle S, Thornton C, Jozefowicz R and Statt M. Myofibrillar protein synthesis in young 

and old men. Am.J.Physiol. 264: 5 Pt 1: E693-8, 1993. 

440. Welle S, Thornton C, Statt M and McHenry B. Postprandial myofibrillar and whole body 

protein synthesis in young and old human subjects. Am.J.Physiol. 267: 4 Pt 1: E599-604, 1994. 

441. Welle S, Totterman S and Thornton C. Effect of age on muscle hypertrophy induced by 

resistance training. J.Gerontol.A Biol.Sci.Med.Sci. 51: 6: M270-5, 1996. 

442. Wernerman J, von der Decken A and Vinnars E. The interpretation of ribosome 

determinations to assess protein synthesis in human skeletal muscle. 

Infusionsther.Klin.Ernahr. 13: 4: 162-165, 1986. 

443. West DW, Baehr LM, Marcotte GR, Chason CM, Tolento L, Gomes AV, Bodine SC 

and Baar K. Acute resistance exercise activates rapamycin-sensitive and insensitive 

mechanisms that control translational activity and capacity in skeletal muscle. J.Physiol. 2015. 

444. West DW, Burd NA, Coffey VG, Baker SK, Burke LM, Hawley JA, Moore DR, 

Stellingwerff T and Phillips SM. Rapid aminoacidemia enhances myofibrillar protein 

synthesis and anabolic intramuscular signaling responses after resistance exercise. 

Am.J.Clin.Nutr. 94: 3: 795-803, 2011. 

445. White RJ. RNA polymerases I and III, growth control and cancer. Nat.Rev.Mol.Cell Biol. 

6: 1: 69-78, 2005. 

446. White RJ. RNA polymerase III transcription and cancer. Oncogene 23: 18: 3208-16, 

2004. 



208 
 

447. Widegren U, Ryder JW and Zierath JR. Mitogen-activated protein kinase signal 

transduction in skeletal muscle: effects of exercise and muscle contraction. Acta 

Physiol.Scand. 172: 3: 227-238, 2001. 

448. Wilcock IM, Cronin JB and Hing WA. Physiological response to water immersion: a 

method for sport recovery? Sports Med. 36: 9: 747-765, 2006. 

449. Wilkes EA, Selby AL, Atherton PJ, Patel R, Rankin D, Smith K and Rennie MJ. 

Blunting of insulin inhibition of proteolysis in legs of older subjects may contribute to age-

related sarcopenia. Am.J.Clin.Nutr. 90: 5: 1343-1350, 2009. 

450. Wilkinson SB, Phillips SM, Atherton PJ, Patel R, Yarasheski KE, Tarnopolsky MA 

and Rennie MJ. Differential effects of resistance and endurance exercise in the fed state on 

signalling molecule phosphorylation and protein synthesis in human muscle. J.Physiol. 586: Pt 

15: 3701-3717, 2008. 

451. Williamson D, Gallagher P, Harber M, Hollon C and Trappe S. Mitogen-activated 

protein kinase (MAPK) pathway activation: effects of age and acute exercise on human 

skeletal muscle. J.Physiol. 547: Pt 3: 977-987, 2003. 

452. Wilson DN and Doudna Cate JH. The structure and function of the eukaryotic ribosome. 

Cold Spring Harb Perspect.Biol. 4: 5: 10.1101/cshperspect.a011536, 2012. 

453. Winer DA, Winer S, Shen L, Wadia PP, Yantha J, Paltser G, Tsui H, Wu P, Davidson 

MG, Alonso MN, Leong HX, Glassford A, Caimol M, Kenkel JA, Tedder TF, McLaughlin T, 

Miklos DB, Dosch HM and Engleman EG. B cells promote insulin resistance through 

modulation of T cells and production of pathogenic IgG antibodies. Nat.Med. 17: 5: 610-617, 

2011. 



209 
 

454. Wolfe RR. The role of dietary protein in optimizing muscle mass, function and health 

outcomes in older individuals. Br J Nutr 108 Suppl 2: S88-93, 2012. 

455. Wolfe RR, Miller SL and Miller KB. Optimal protein intake in the elderly. Clin Nutr 27: 5: 

675-84, 2008. 

456. Wolkow CA. Identifying factors that promote functional aging in Caenorhabditis elegans. 

Exp Gerontol 41: 10: 1001-6, 2006. 

457. Woods NF, LaCroix AZ, Gray SL, Aragaki A, Cochrane BB, Brunner RL, Masaki K, 

Murray A, Newman AB and Women's Health I. Frailty: emergence and consequences in 

women aged 65 and older in the Women's Health Initiative Observational Study. J Am Geriatr 

Soc 53: 8: 1321-30, 2005. 

458. World Health Organization. Global health and aging. 2011. 

459. Yamamoto RT, Nogi Y, Dodd JA and Nomura M. RRN3 gene of Saccharomyces 

cerevisiae encodes an essential RNA polymerase I transcription factor which interacts with the 

polymerase independently of DNA template. EMBO J. 15: 15: 3964-3973, 1996. 

460. Yamane M, Ohnishi N and Matsumoto T. Does Regular Post-exercise Cold Application 

Attenuate Trained Muscle Adaptation? Int.J.Sports Med. 36: 8: 647-653, 2015. 

461. Yanagisawa O, Niitsu M, Takahashi H, Goto K and Itai Y. Evaluations of cooling 

exercised muscle with MR imaging and 31P MR spectroscopy. Med.Sci.Sports Exerc. 35: 9: 

1517-1523, 2003. 

462. Yancik R, Ershler W, Satariano W, Hazzard W, Cohen HJ and Ferrucci L. Report of 

the national institute on aging task force on comorbidity. J.Gerontol.A Biol.Sci.Med.Sci. 62: 3: 

275-280, 2007. 



210 
 

463. Yang W, Xu Y, Wu J, Zeng W and Shi Y. Solution structure and DNA binding property of 

the fifth HMG box domain in comparison with the first HMG box domain in human upstream 

binding factor. Biochemistry 42: 7: 1930-1938, 2003. 

464. Yang Y, Breen L, Burd NA, Hector AJ, Churchward-Venne TA, Josse AR, 

Tarnopolsky MA and Phillips SM. Resistance exercise enhances myofibrillar protein 

synthesis with graded intakes of whey protein in older men. Br.J.Nutr. 108: 10: 1780-1788, 

2012. 

465. Yarasheski KE, Zachwieja JJ and Bier DM. Acute effects of resistance exercise on 

muscle protein synthesis rate in young and elderly men and women. Am.J.Physiol. 265: 2 Pt 1: 

E210-4, 1993. 

466. Yi CX, Tschop MH, Woods SC and Hofmann SM. High-fat-diet exposure induces IgG 

accumulation in hypothalamic microglia. Dis.Model.Mech. 5: 5: 686-690, 2012. 

467. Yin H, Price F and Rudnicki MA. Satellite cells and the muscle stem cell niche. 

Physiol.Rev. 93: 1: 23-67, 2013. 

468. Young VR. The Role of Skeletal and Cardiac Muscle in the Regulation of Protein 

Metabolism. In: Mammalian Protein Metabolism , edited by Munro HN. New York: Academic 

Press, 1970, p. 585-674. 

469. Yuan X, Zhao J, Zentgraf H, Hoffmann-Rohrer U and Grummt I. Multiple interactions 

between RNA polymerase I, TIF-IA and TAF(I) subunits regulate preinitiation complex 

assembly at the ribosomal gene promoter. EMBO Rep. 3: 11: 1082-1087, 2002. 

470. Zealand SN. Demographic trends: 2011. Wellington: Statistics New Zealand ISSN, 2012. 



211 
 

471. Zentner GE, Balow SA and Scacheri PC. Genomic characterization of the mouse 

ribosomal DNA locus. G3 (Bethesda) 4: 2: 243-254, 2014. 

472. Zentner GE, Saiakhova A, Manaenkov P, Adams MD and Scacheri PC. Integrative 

genomic analysis of human ribosomal DNA. Nucleic Acids Res. 39: 12: 4949-4960, 2011. 

473. Zhang Z, Liu R, Townsend PA and Proud CG. p90(RSK)s mediate the activation of 

ribosomal RNA synthesis by the hypertrophic agonist phenylephrine in adult cardiomyocytes. 

J.Mol.Cell.Cardiol. 59: 139-147, 2013. 

474. Zhao J, Brault JJ, Schild A, Cao P, Sandri M, Schiaffino S, Lecker SH and Goldberg 

AL. FoxO3 coordinately activates protein degradation by the autophagic/lysosomal and 

proteasomal pathways in atrophying muscle cells. Cell.Metab. 6: 6: 472-483, 2007. 

475. Zhao J, Yuan X, Frodin M and Grummt I. ERK-dependent phosphorylation of the 

transcription initiation factor TIF-IA is required for RNA polymerase I transcription and cell 

growth. Mol.Cell 11: 2: 405-413, 2003. 

476. Zhou X, Wang JL, Lu J, Song Y, Kwak KS, Jiao Q, Rosenfeld R, Chen Q, Boone T, 

Simonet WS, Lacey DL, Goldberg AL and Han HQ. Reversal of cancer cachexia and muscle 

wasting by ActRIIB antagonism leads to prolonged survival. Cell 142: 4: 531-543, 2010. 

477. Zohlnhofer D, Graeve L, Rose-John S, Schooltink H, Dittrich E and Heinrich PC. The 

hepatic interleukin-6 receptor. Down-regulation of the interleukin-6 binding subunit (gp80) by its 

ligand. FEBS Lett. 306: 2-3: 219-222, 1992. 

  


	coversheet.pdf
	General copyright and disclaimer


