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Chapter 1  

Introduction: Skeletal Muscle Mass in Health, Disease 

and Ageing  
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 Skeletal muscle- structure and function 

Skeletal muscle plays a principal role in producing body movement, force, 

storage of protein (Fanzani et al. 2012), maintenance of posture and 

locomotion and heat production (Goldspink 2005). This range of roles are 

performed through many complex factors; e.g. architectural component, 

contractile fiber types, metabolic composition (Frontera and Ochala 

2015). Further to this, skeletal muscle has an essential role as an 

endocrine organ by regulating energy metabolism, and secreting 

cytokines and myokines (Zurlo et al. 1990). However, muscle mass, along 

with strength and function, is lost with age; and understanding the 

mechanisms underlying muscle loss is essential in developing therapies 

that potentially restore muscle mass and strength; therefore, improving 

daily activities. 

Skeletal muscle is the largest organ (~40% of body weight) in the body 

and loss in muscle mass, muscle strength; so called sarcopenia, has 

significant effects on whole body metabolism (Mitchell, Atherton, et al. 

2012). It is reported that (Mitchell, Atherton, et al. 2012) the median annual 

muscle loss in adults over 75 years old was 0.8-0.9% in men and 0.6-

0.7% in women, but a disproportionate amount of strength was observed 

corresponding to 3.0-4.0%  per year in men and 2.5-5.0%  per year in 

women (Guralnik et al. 1995). Further, hormones, i.e. growth hormone 

(GH), insulin-like growth factor (IGF-1) and androgens, which regulate 

muscle growth and result in muscle hypertrophy, also decrease in old age 

(Burton and Sumukadas 2010a). These age-associated attenuation have 
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serious consequences on quality of life, daily activities, and mortality 

(Guralnik et al. 1995; Burton and Sumukadas 2010b). In addition, risk 

factors for sarcopenia include sedentary lifestyle, low physical activity, 

bedrest, chronic disease, certain drug treatments, intermuscular adipose 

tissue infiltration, and decreased neuromuscular activation which result in 

anabolic resistance (Cruz-Jentoft et al. 2010; Sayer et al. 2008). But 

physical activity, specifically resistance exercise training (RET) (Rolland 

et al. 2011), and hormonal therapy (Burton and Sumukadas 2010a) seem 

to have an important role in both prevention and treatment of sarcopenia. 

This highlights the importance of understanding factors that determine 

protein balance and turnover in skeletal muscle, and the need to adopt 

the best strategy to promote muscle quantity and quality. The balance 

between the rates of protein synthesis and breakdown is crucial in 

determining whether muscles grow (i.e. accumulate protein) or undergo 

atrophy (i.e. a net loss of protein). Both chemical signals (e.g. hormones, 

growth factors and branched chain amino acids) and mechanical signals 

(e.g. stretch or different patterns of activity) associated with exercise can 

influence protein turnover at all stages of life, potentially improving the 

functional reserve of the skeletal muscles. This complicated relationship 

is partially depicted in Figure 1-1 (Goldspink 2005). 
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Figure 1-1 Cellular events leading to the preservation or loss of muscle 
functional reserve (Goldspink 2005). 

Thus, in this chapter, the mechanisms of muscle development and then 

muscle growth will be reviewed; and afterward, the anabolic stimuli and 

the factors affect muscle mass/metabolism will be explained and finally, 

factors and metabolic syndrome which are associated with muscle loss, 

ageing and the strategies to combat them will be reviewed. 

 Skeletal muscle development  

Skeletal muscles composed of myofibers; in which, when they are 

arranged in series provide length and in parallel provide cross sectional 

area (CSA) of the muscle (Figure 1-2) (Haun et al. 2019). Each myofiber 

is surrounded by endomysium, a specialized basal lamina, which protects 

cells sarcolemma (Sanes 2003). The myofibers contain a highly organized 



Chapter 1 Introduction   5 
 

cytoskeleton composed of myofibrils; which are formed by fusion of 

myoblasts to produce myotubes which then mature into myofibers 

(Abmayr and Pavlath 2012). Myofibrils are composed of sarcomeres 

which are contractile modules and express different isoforms of myosin 

heavy chains (MyHC), which are associated with different 

electrophysiological properties and metabolism; e.g.  oxidative slow twitch 

fibers express slow MyHC (type I), and glycolytic fast twitch ones express 

fast MyHC (types IIa, IIb, IIx). However, the processes of myoblast-

myoblast fusion and myoblast-myotube fusion are still poorly understood 

but are highly regulated during development (Chal and Pourquié 2017). 

 

 

  

 

 

 

 

 

 

During prenatal development, myoblasts are developed from myogenic 

precursor cells; which then could be differentiated into myotubes and 

finally modulated to muscle fibers (Dayanidhi and Lieber 2014). This is the 

mechanism of developing/regulating muscle mass during prenatal 

development, but during the postnatal period, hypertrophy of an individual 

Figure 1-2 Hierarchical structure of muscle (Haun et al. 2019). 
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fiber is shown to be the main reason of whole muscle hypertrophy rather 

than increase in fiber numbers (hyperplasia) (Rehfeldt et al. 2000; 

Swatland 1976). This postnatal development is associated with 

proliferation of muscle stem cells (i.e. satellite cells); which are 

responsible for composing new nuclei in the muscle fibers. Satellite cells 

are basically located between muscle sarcolemma and basal lamina and 

the process of transforming satellite cells to myofibers consists of 

quiescence, to activation, proliferation, differentiation and finally, cell 

fusion (Figure 1-3) (Dayanidhi and Lieber 2014). Once the satellite cells 

are activated, they commence the myogenesis cycle during which the 

myogenic regulatory factors (MRFs) will be expressed (Pownall, 

Gustafsson, and Emerson Jr 2002); which followed by proliferation (i.e. 

amplifying cell numbers), in which myoblasts will be formed. Formed 

myoblasts will then be differentiated to create myotubes which express 

myosin heavy chain which is the major muscle contractile protein (Wang 

and Rudnicki 2012). However, satellite cells are not only responsible of 

cell growth and repair, but also they need to perform self-renewal; without 

which the pool of satellite cells would be exhausted over time (Dayanidhi 

and Lieber 2014). 
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Finally, after forming a single muscle fiber, which with other fibers, form 

whole skeletal muscle, each fiber starts to grow and increase the size 

during the life. The main pathways are responsible to regulate muscle 

mass growth will be explained in the next section. 

 Pathways regulating skeletal muscle protein turnover  

As it has been mentioned above, postnatal muscle growth, specifically, 

relies on individual muscle fiber growth rather than increases in number 

of muscle fibers. In this section, the main pathway regulating muscle fiber 

Figure 1-3 Satellite cell (SC) location and function. A) The SC is anatomically 
located between the myofiber basal lamina and sarcolemma. B) The relationship 
between gene expression and SC activation, self-renewal, proliferation, 
differentiation and fusion with existing myofiber (Dayanidhi and Lieber 2014). 
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growth will be reviewed and then the interventions and corresponding 

mechanisms which boost muscle growth will be explained.  

The understanding of skeletal muscle growth is critical in human 

medicine. Postnatal skeletal muscle growth substantially depends upon 

increase in individual fiber cross section area (i.e. size) which relies on the 

ratio between muscle protein synthesis (MPS) and muscle protein 

breakdown (MPB). Indeed, the enhancement of muscle fiber size occurs 

when the rate of protein synthesis is higher than the rate of breakdown of 

the proteins (MPS>MPB) (Sandri 2008). Accordingly, protein turnover is 

a constant and crucial process for survival, tissue renewal and repair 

(Sartorelli and Fulco 2004). Protein breakdown also represents a quality 

control mechanism, eliminating damaged or abnormally folded proteins 

(Chondrogianni and Gonos 2007). During postnatal muscle growth, 

satellite cells, the stem cells of skeletal muscle, undergo proliferation and 

fuse to constitute new muscle fibers with increasing protein synthesis 

(Moss and Leblond 1971); nevertheless, muscle fiber number seems to 

remain almost constant during the life (i.e. postnatal growth) since 

multinucleated myofibers form from myoblasts prenatally (Rehfeldt et al. 

1999); therefore, factors affecting fiber morphology; via MPS>MPB, are 

fundamental in controlling muscle growth during postnatal period. Indeed, 

muscle protein synthesis (MPS) is highly dependent upon a number of 

key pathways resulting in myofibrillar protein synthesis and subsequent 

muscle hypertrophy; involving the translational ‘efficiency’ of ribosomes 

(Van der Meer, Jaspers, and Degens 2011) corresponding to the 
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translational rate per ribosome (Chaillou 2017), translational capacity, 

corresponding to the translational rate per ribosome ribosomal 

biogenesis, and transcriptional capacity (available mRNA) (Van der Meer, 

Jaspers, and Degens 2011). In accordance, anabolic stimuli and growth 

factors are primary regulators of net protein balance and myofiber 

hypertrophy (Moss and Leblond 1971), albeit through ill-defined 

mechanism.  

The mammalian target of rapamycin (mTOR) pathway is a regulator of 

translational efficiency which leads to an increase in muscle mass which 

is resulted from mechanical loading (i.e. RET) (Bodine et al. 2001). 

Regulation of translation initiation is a key in muscle protein synthesis 

(Baar and Esser 1999; Dennis, Jefferson, and Kimball 2012) and mTOR 

complex 1 (mTORC1) regulates translation initiation and elongation by 

coordinating the activity of eukaryotic translation initiation factor 4E 

binding protein 1 (4E-BP1) and p70S6 kinase (p70S6k) (Kimball and 

Jefferson 2010). It has been reported that the timing and location of the 

growth are dependent upon this particular pathway (Wullschleger, 

Loewith, and Hall 2006). In addition, phosphorylation of 4E-BP1 by 

mTORC1 modifies the formation of the eIF4E-4EBP1 complex and allows 

the eIF4E-eIF4G complex formation promoting translation initiation 

(Kimball, Horetsky, and Jefferson 1998). The p70S6k (another 

downstream protein) has numerous effectors including ribosomal protein 

S6 (rpS6) (up-regulated) and eukaryotic elongation factor 2 kinase 

(eEF2K) (down-regulated) (Ruvinsky and Meyuhas 2006). The rpS6 
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induces the up-regulation of specific mRNA with a 5’-oligopyrimidine tract, 

which encode for proteins of the translational apparatus (Meyuhas 2000) 

while eEF2K phosphorylates and down-regulates the eukaryotic 

elongation factor 2 (eEF2) mediated translation elongation (Pigott et al. 

2012). On the other hand, upstream of mTOR is Akt (protein kinase B) 

(Figure 1-4). Phosphorylation of Akt through interaction with 

phosphatidylinositol 3 kinase (PI3K) results in downstream activation of 

mTOR pathway (Krakstad and Chekenya 2010). The  best-known  

function  of  Akt  is  the  promotion  of  cell  survival (Datta et al. 1997). Akt 

phosphorylation also activates cell cycle progression (Graff et al. 2000).  

Akt can phosphorylate and inactivate  glycogen synthase kinase 3 beta 

(GSK3β) which, other than playing an important role in glucose 

metabolism, also phosphorylates  the  cell cycle  regulator  cyclin  D1 

(Diehl et al. 1998).  Phosphorylated cyclin D1 is targeted for degradation, 

but Akt phosphorylation of GSK3β prevents this effect and causes cyclin 

D1 to accumulate and induce cell cycle progression (Graff et al. 2000). 

However, one of the best-known targets of Akt is the mTOR pathway. 

mTOR and its effectors are essential for a hypertrophic response as a 

result of increased muscle loading (Reynolds, Bodine, and Lawrence 

2002). In general, activation of the PI3K/Akt/mTOR pathway happens in 

immediate (i.e. 1-2 hours) and later fashions after RE. The later activation 

can happen via a number of factors (i.e. autocrine or paracrine) including 

various nutrients such as amino acids or muscle growth factors (MGFs) 

such as IGF-1 (Rennie and Wackerhage 2003; Hornberger and Chien 

2006). Conversely, blocking the mTOR pathway prevents muscle growth 
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during development and under overload conditions (Bodine 2006). 

However, the immediate response is believed to originate from the 

mechanical stimuli (Reynolds, Bodine, and Lawrence 2002) and activation 

of mTOR increases protein synthesis by subsequent phosphorylation of 

the serine/threonine kinase p70S6 (S6k) which phosphorylates the S6 

ribosomal protein (S6) (Baar and Esser 1999).  

 

Figure 1-4 Akt/TSC2/mTOR pathway. Akt is phosphorylated by PDK and 
phosphorylates the tuberous sclerosis complex (TSC) 2, leading to the release 
of the inhibition on Ras homologue enriched in brain (Rheb), which activates the 
mammalian target of rapamycin (mTOR) and then ribosomal protein S6 kinase 
(p70S6K) and prevents binding of 4E-BP1 to eurakyotic initiation factor (eIF) 4E. 
Phosphatidylinositol-3-kinase (PI3K), phosphatidylinositol-biphosphate (PIP2), 
phosphatidylinositol-triphosphate (PIP3), phosphoinositide-dependent protein 
kinase (PDK), glycogen synthase kinase (GSK) 3, AMP kinase (AMPK), 
extracellular signal-regulated kinase (ERK) 1/2, focal adhesion kinase (FAK) 
(Favier, Benoit, and Freyssenet 2008). 

In addition, 5’ adenosine monophosphate-activated protein kinase 

(AMPK) is a highly conserved metabolic sensor expressed in a wide range 

of eukaryotes (Steinberg and Kemp 2009). AMPKs inhibition of anabolic 
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processes extends to the inhibition of the mTOR pathway in skeletal 

muscle (Bolster et al. 2002; Thomson, Fick, and Gordon 2008). This 

inhibition attenuates protein synthesis and ultimately blunt muscle growth 

(Mounier et al. 2011). AMPK can block the mTOR pathway in a few ways 

such as: phosphorylation of tuberous sclerosis complex 2 (TSC2) an 

upstream regulator of mTOR (Inoki, Zhu, and Guan 2003) or 

phosphorylation of raptor, a member of the mTOR complex that is 

essential for mTOR activity (Gwinn et al. 2008). 

Apart from translation efficiency, as mentioned above, translational 

capacity is important in muscle protein synthesis which is determined by 

the total ribosomal content and often is expressed as the total RNA 

content per unit tissue (Figueiredo and McCarthy 2018). The ribosome is 

responsible for the translation of mRNA into protein, i.e., protein 

synthesis; and in the muscle cell, the ribosomal RNAs compose the vast 

majority of total cellular RNA (~70-90%), and therefore any change in total 

cellular RNA content, as the result of ribosome biogenesis, is generally 

attributed to a change in ribosomal RNA and indicating an increase in the 

translational capacity of the cell (O'Neil, Glowatz, and Schlumpberger 

2013) (Figure 1-5).  
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Figure 1-5 RNA composition of the transcriptome. The total RNA content within 
the cell is composed of ~80% ribosomal RNA. The remainder of the RNA content 
of the cell is composed of small noncoding RNAs such as transfer RNA, long 
noncoding RNAs, and microRNAs (Figueiredo and McCarthy 2018). 

Synthesis of anabolic protein via gene expression includes transcription 

of sections of genetic code from DNA to messenger (m)RNA which is 

subsequently translated into a new functional protein. Generally, the 

transient increase in rates of gene transcription and subsequent increase 

in mRNA content leads to an increased protein content of that specific 

protein (Flück and Hoppeler 2003). It is a highly coordinated process 

where various environmental cues and signaling pathways integrate to 

regulate the formation of  muscle mass (Lassar and Münsterberg 1994; 

Naya and Olson 1999).  
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As it has been mentioned already, the basic helix-loop-helix myogenic 

regulatory factors (MRFs) have critical roles in muscle development and 

hypertrophy (Berkes and Tapscott 2005). The primary MRFs, MyoD and 

Myf5, are required at the determination step for commitment of the 

proliferating somatic cells to the myogenic lineage. The committed cells 

(myoblasts) can proliferate and further differentiate into myocytes and 

mature into myofibers under the action of the secondary MRFs, myogenin 

and MRF4 (Berkes and Tapscott 2005). The myocyte enhancer factor-2 

(MEF2) family of transcription factors is also involved in the activation of 

muscle specific gene expression. Together with the MRFs, these 

transcription factors are responsible for coordinating muscle-specific gene 

expression in the developing embryo (Berkes and Tapscott 2005). 

 Key hormones regulating postnatal muscle growth   

As it was explained in the previous section, the net protein accretion 

occurs only when protein synthesis exceeds protein breakdown 

(MPS>MPB) which leads to the muscle growth. To do so, the endocrine 

system has the possible role; albeit through the complex and poorly 

defined interactions. However, it is reported that testosterone, growth 

hormone (GH), IGF-I and glucocorticoids are important regulators of 

muscle protein turnover and remodeling which result in postnatal muscle 

growth and hypertrophy (Breier and Gluckman 1991). Although many 

issues of hormone action remain unresolved with regard to skeletal 

muscle, we discuss here our current understanding of the actions of 
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testosterone, GH – IGF-I, estrogen, insulin, myostatin and GCs on 

skeletal muscle anabolism and catabolism (White et al. 2010). GH seems 

to have uncertain/minimal effect on muscle growth but it stimulates IGF-1 

and androgen receptor synthesis in the muscle which result in muscle 

hypertrophy (Hayes et al. 2001). The expression of IGF-1 is primarily 

responsible for stimulating muscle growth likely via stimulation of satellite 

cells replication and then accelerating the progression of cell division 

(Fiorotto, Schwartz, and Delaughter 2003). In addition, beside regulation 

of glucose uptake, insulin is also an important regulator of muscle growth 

(Sheffield-Moore and Urban 2004). However, the mechanism of insulin 

action on muscle growth has been widely debated and further studies are 

needed.   

In addition to all other anabolic hormones, the idea that androgens have 

anabolic effects on the muscle is not novel; nevertheless, Information on 

the association of androgens and muscle mass is scarce. Initially, 

testosterone (T) production is initiated through neuroendocrine regulation 

in the brain.  Luteinizing hormone releasing hormone (LHRH), also called 

gonadotropin releasing hormone, is released in pulses from the 

hypothalamus (Molina and Education 2006). LHRH travels to the anterior 

pituitary gland and stimulates the synthesis and release of two 

gonadotropins: leutinizing hormone (LH) and follicle stimulating hormone 

(FSH) (Molina and Education 2006). In response to LH stimulation, 

testosterone is produced in the leydig cells of the testes, which are 

embedded in the interstitial tissues (Behre and Nieschlag 2012). 



Chapter 1 Introduction   16 
 

Testosterone levels are then maintained through a negative feedback 

loop. The inhibitory effect of testosterone on LH release is mediated 

predominantly by a locally produced metabolite of testosterone 

aromatization namely 17β-estradiol (Behre and Nieschlag 2012). Indeed, 

estradiol can inhibit LH release indirectly at the level of the hypothalamus 

through inhibition of LHRH release or directly on the pituitary gland (Behre 

and Nieschlag 2012).  

Testosterone is an anabolic steroid hormone produced by both men and 

women, though to a much larger level in men (15-70 ng/dl in women vs. 

~320 ng/dl in men). However, testosterone during postnatal period may 

not increase muscle fiber number (Galavazi and Szirmai 1971), but in later 

postnatal periods, it augments muscle growth via stimulating satellite cell 

proliferation and MPS (Urban et al. 1995b; Joubert and Tobin 1995); 

partially explain muscle mass differences between men and women. 

However, muscles in men are generally faster and have a higher 

maximum power output than women muscles. On the other hand, 

muscles in women are generally more fatigue resistant and recover faster 

and show less mechanical damage after each exercise training (Nygaard 

1981; Haizlip, Harrison, and Leinwand 2015). In addition, given this fact 

that androgens during postnatal augments muscle fiber size further in 

men compared to women (i.e. type-I fibers are 19% larger, type-IIA fibers 

are 59% larger, and type-IIX fibers are 66% larger in men than in women) 

(Galavazi and Szirmai 1971; Haizlip, Harrison, and Leinwand 2015), 

therefore, sex differences in fiber numbers maybe rely on prenatal 
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testosterone level differences (Rehfeldt et al. 1999). Further, sex 

differences in fiber number may be due to different physical activity levels 

between men and women (Rehfeldt et al. 1999). It is reported that 

exercise training (especially resistance exercise training (RET)) 

influences minimally postnatal muscle fiber number and mainly fiber size, 

whereas inactivity for long term may be followed by decrease in muscle 

fiber number and muscle fiber size which both lead to muscle atrophy 

(Rehfeldt et al. 1999) .  

On the other hand, healthy, hypogonadal men have lower muscle mass 

and higher fat mass than eugonadal men (Katznelson et al. 1998; 

Katznelson et al. 1996). To support, it is shown endogenous testosterone 

levels have been correlated with appendicular muscle mass and the 

strength in men (Baumgartner 2000); and low bioavailable testosterone 

levels were associated with lower levels of muscle function and increased 

risk of falls (Orwoll et al. 2006). Epidemiological studies have reported that 

there is a negative correlation between testosterone levels and visceral 

fat mass and obesity (Khaw and Barrett-Connor 1992); as well as glucose, 

insulin and C-peptide concentrations (Seidell et al. 1990). Like GH (Sattler 

2013), testosterone production begins to decline in the late 20’s and then 

continues to decline  ~1% per year after age 40 in men (Gray et al. 1991); 

and the decline in testosterone levels, in both older males and females, is 

~ 60% and 30%, respectively (van den Beld et al. 2000). This anabolic 

hormone is inactive when bound to the sex hormone-binding globulin 

(SHBG), which increases more than 2-fold after age 50 in men (van den 
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Beld et al. 2000). It is reported that provision of testosterone (or 

precursors) in aging men helps to combat sarcopenia effects. Further, it 

is reported that testosterone therapy (exogenous testosterone), 200 mg 

injection biweekly for 12 weeks has a benefit effect on increasing strength 

and muscle mass in older men (Ottenbacher et al. 2006). Anabolic effects 

of testosterone on muscle mass are dependent upon testosterone doses 

and resulting circulating concentrations, and often requires supra-

physiological doses in healthy subjects (Bhasin et al. 2001b). Accordingly, 

dose-dependent increases in type I and type II fibre areas were found in 

relation to testosterone injection titrations (25-600 mg·wk-1) in men >65 y 

(Sinha-Hikim et al. 2006a). The testosterone-induced hypertrophy is 

characterized by muscle fiber hypertrophy of both type I and type II 

(Sinha-Hikim et al. 2002b); which is resulted from an increase in muscle 

protein synthesis (Ferrando et al. 1998a) and from a stimulation of satellite 

cell proliferation and differentiation (Sinha-Hikim et al. 2006b) (Figure 1-

6). Moreover, testosterone therapy for 12 days in mice promoted 

myogenic differentiation of pluripotent mesenchymental stem cells (Singh 

et al. 2003b), and downregulates myostatin expression (Mendler et al. 

2007) and activity (Singh et al. 2008). Nevertheless, it is reported that 

there is no association between testosterone and muscle mass in older 

men (van den Beld et al. 2000; Vermeulen, Verdonck, and Kaufman 

1999). Similarly, Roy et al. (2002) found no association of muscle mass 

with testosterone, independent of age, in 20-90 years old men (Roy et al. 

2002). One major confounder is that neither exercise nor diet was 

prescribed or controlled for in most of the studies. This would affect the 
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potential for therapeutic benefit to be gained by improving the anabolic 

environment (with anabolic hormonal supplementation) but not providing 

a potent anabolic stimulus (RET or protein ingestion). Therefore, perhaps 

combining RET with testosterone provision could be a better strategy. In 

addition, most of these studies involve restoring hypogonadic males to 

age normal levels of testosterone, restoring to high-normal levels of young 

men or to slightly supraphysiological levels would have a greater impact 

(Deschenes et al. 1994).  

 

Figure 1-6 Mechanisms of testosterone action on skeletal muscle (Dubois et al. 

2012) 

 

However, the interventions increase muscle protein accretion and muscle 

mass are still under review and the corresponding mechanisms are not 

well-defined. In the following sections, factors and the corresponding 
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molecular mechanisms controlling muscle mass via MPS (i.e. androgens 

and RET) and MPB (i.e. metabolic syndrome and diseases) will be 

discussed in details. 

1.4.1 Mechanism of testosterone action on skeletal muscle 

growth 

Androgens’ physiological roles rely on different factors; e.g. androgen 

molecule numbers, distribution of androgens and related metabolites into 

the muscle cells, interaction with their receptors (i.e. androgen receptors) 

and receptor activation (Palazzolo et al. 2008). To achieve enough 

exposure to androgens in muscle cells the mechanisms of transportation 

must be effectively operated (Palazzolo et al. 2008). 

About 95% of circulating testosterone (6-6.5 mg daily) in men is produced 

by Leydig cells in testicles (Figure 1-7). Testosterone synthesis requires 

the conversion of cholesterol to T. This transformation is achieved via five 

different enzymatic steps, at the end of which the side chain of cholesterol 

is shortened through oxidation from 27C to 19C (Jarow et al. 2001). As 

far as almost all peripheral testosterone is derived from testicular Leydig 

cells, then it is expected that testosterone concentration exceed their 

binding proteins (i.e. sex hormone-binding globulin (SHBG)/androgen 

binding protein (ABP)) by ~200 fold (Jarow et al. 2001). The Leydig cells 

are the only cells expressing all required enzymes for testosterone 

metabolism (i.e. converting cholesterol to testosterone). Thereafter, 

testosterone is metabolized further into dihydrotestosterone (DHT) or 
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estradiol (Hammes et al. 2005). Basically, pituitary LH and local factors 

regulate and control synthesis and secretion of testosterone from Leydig 

cells (Lei et al. 2001; Sriraman, Anbalagan, and Rao 2005). Beside Leydig 

cells, adrenal steroidogenesis is responsible for the remaining 

physiological testosterone production (Rommerts 1998).  

 

Testosterone biosynthesis by the Leydig cells of the testis proceeds via a 

sequence of enzymatic steps under the control of LH secretion. The 

Figure 1-7 Endocrine and local regulation of Leydig cell steroidogenesis by LH 
and locally produced factors. Luteinizing hormone is the key regulator of Leydig
cell function, and testosterone is the key product of the Leydig cell. A sensitive 
and rapid negative-feedback loop exists between the Leydig cells and the brain
that is mediated via testosterone (and its metabolites DHT and estradiol) 
(Luetjens and Weinbauer 2012). 
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pathways of testicular steroid biosynthesis are shown in Figure 1-8. There 

is a negative feedback of testosterone on LH secretion both directly at the 

pituitary and indirectly at the hypothalamic level. The feedback 

relationship is developed in early infancy. 

 

 

 

 

Testosterone is mainly bound to albumin or SHBG in plasma to transport 

to target cells. Albumin-binding protein which has similar T-binding 

Figure 1-8 Pathway of testosterone biosynthesis. Enzymes: (1) desmolase; (2) 
3 β-hydroxysteroid dehydrogenase; (3) 17, 20-desmolase; (4) 17 β-
hydroxysteroid dehydrogenase; (5) aromatase (Hughes 1986). 
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characteristics is produced by Sertoli cells in testicles (Luetjens and 

Weinbauer 2012). However, only ~2% of total testosterone is circulating 

freely in blood, while 44% and 54% of total testosterone are bound to 

SHBG and albumin, respectively. It seems dissociation of testosterone 

from SHBG or albumin takes place in capillaries. The interaction of SHBG 

and albumin with endothelial glycocalyx results in a physical modification 

of binding site and therefore change in the affinity; and then testosterone 

would be free to enter into the target cell (e.g. muscle cells) or bind 

together with SHBG to megalin (an importer protein) (Hammes et al. 

2005). The first step of testosterone action is binding to its receptor 

(androgen receptor (AR)). AR which is known as the transcriptional factors 

binds to its cytosolic ligand; inducing conformational changes, loss of 

chaperones, dimerization and nuclear translocation. In the nucleus, RNA 

synthesis is stimulated via binding ligands and ARs to specific sequences 

of genomic DNA (Wu and Zhang 2009). Aside from delayed genomic 

action, androgens are also inducing the rapid non-genomic effects, 

contribution to physiological effects (Losel et al. 2003). This rapid effects 

of testosterone modulate transcriptional activity of ARs and/or other 

transcription-independent pathways (e.g. calcium fluxes or MAP-kinase 

pathway) (Rahman and Christian 2007; Castoria et al. 2003).  

While it is well-explained that AR mediates anabolic effects of 

testosterone on skeletal muscle (Figure 1-9), the non-genomic 

mechanism of testosterone in muscle growth is ill-defined and the results 

of previous studies are controversial (i.e. effects do not depend on gene 
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transcription or protein synthesis and involve steroid-induced modulation 

of cytoplasmic or cell membrane-bound regulatory proteins). However, it 

seems testosterone-induced augmentation in muscle mass is associated 

with both muscle fibers type I and II hypertrophy, albeit without any effect 

on number of muscle fibers (Sinha-Hikim et al. 2002c).  Further, it is 

shown that 300 mg testosterone administration for 20 weeks is associated 

with increase in satellite cell and myonuclei numbers, without any effect 

on myonuclear domain size (the ratio of muscle fiber CSA to myonuclear 

number) in older men (Sinha-Hikim et al. 2003). 

 

 

 

Another observation is that testosterone increases MPS via increasing the 

nitrogen retention in hypogonadal men (Urban et al. 1995b; Rossetti, 

Figure 1-9 Potential mechanisms of the anabolic effects of testosterone on the 
skeletal muscle. Testosterone (T) could potentially increase muscle mass 
through multiple mechanisms. The vast majority of evidence suggests that 
testosterone’s effects are mediated through the AR (Sinha-Hikim et al. 2002c). 



Chapter 1 Introduction   25 
 

Steiner, and Gordon 2017). In addition, studies using stable isotopes 

showed that testosterone therapy increases myofibrillar fractional protein 

synthesis and reutilization of amino acids (Sheffield-Moore et al. 1999). 

Moreover, testosterone might regulate the differentiation of mesenchymal 

multipotent cells, promoting their differentiation into the myogenic lineage 

and inhibiting adipogenic differentiation (Sinha-Hikim et al. 2004). Further, 

testosterone upregulates AR mRNA and expression of MyoD, and MHC 

(Gupta et al. 2008). 

Noteworthy, testosterone effects on muscle mass are mediated by the 

androgen receptor (AR) and by the PI3K (phosphoinositide-3 kinase)/Akt 

pathway (Basualto-Alarcón et al. 2013). Interestingly, testosterone 

stimulates the expression of muscle IGF-I (Lewis et al. 2002) and the 

activation of S6K (ribosomal S6 kinase) (Xu et al. 2004). However, IGF-

IR signaling is not mandatory for the anabolic effect of testosterone on 

muscle (Serra et al. 2011); but IGF-1 is key in regulating apoptosis and 

denervation, as well as in satellite cell activation and differentiation (Messi 

and Delbono 2003). Testosterone depletion in mice induces down 

regulation of Akt/mTORC1 signaling (White et al. 2013a), decrease in 

muscle IGF-1 mRNA expression (Mateescu and Thonney 2005) while 

testosterone administration upregulated/increased mentioned 

hypertrophy pathways in rats (Öner et al. 2008). Nevertheless, 3 months 

castration and testosterone administration afterwards had no effect on 

activation of Akt or related downstream targets (Hourde et al. 2009). 

However, given that the effects of testosterone on muscle protein 
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degradation are even less clear, further studies are needed to determine 

the mechanism of testosterone action. Additionally, further studies are 

needed to determine the clinically significant reduction in endogenous 

testosterone that could impact muscle Akt/mTOR signaling. This will also 

allow for a better understanding of the physiological implication of 

testosterone on the control of skeletal muscle protein turnover/growth. 

 Muscle growth regulation by skeletal muscle loading 

Over the last ten years a number of important discoveries have shed light 

on how loading determines muscle mass, especially in fed state (Baar, 

Nader, and Bodine 2006). A type of muscle loading which accompanies 

with progressive muscle contraction against the resistance; so called 

resistance exercise training (RET), consists of mechanical stimuli which 

increase muscle mass and strength. This increase in muscle mass is 

characterized by an increase in muscle fiber size which is resulted from a 

stimulation of muscle protein synthesis (Phillips, Hartman, and Wilkinson 

2005). Many studies have shown that RET increases muscle mass and 

strength in the younger adults as well as elderly individuals (Melov et al. 

2007b; Phillips 2007). Thus, RET combats much of age-related muscle 

dysfunction; e.g. RET Improves fatty acid oxidation, body composition, 

insulin response, increased capillary density (Thompson 1994). While 

exercise response is blunted in the elderly in comparison to younger 

adults (Leiter, Peeler, and Anderson 2011), it still can cause increases in 

anabolic hormone, growth factor and paracrine/autocrine production, 
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cause muscle cell remodeling and hypertrophy (clearing out old damaged 

proteins and adding new, fresh proteins and contractile elements), 

increase strength and power production thereby improving functional 

ability, an increased satellite cell pool with improved proliferative capacity 

and many other positive changes to both the muscle fiber, and muscle 

programming (Leiter, Peeler, and Anderson 2011). However, the 

accretion of muscle mass (i.e. muscle hypertrophy) is the primary 

adaptation in skeletal muscle during long-term RET (Folland and Williams 

2007). Augmentation in muscle CSA is induced from increase in individual 

fiber’s CSA (i.e., muscle fibre hypertrophy) (Folland and Williams 2007). 

Changes in muscle fiber CSA are resulted from accretion of protein 

turnover in skeletal muscle which leads to fiber hypertrophy if MPS>MPB 

(Rasmussen and Phillips 2003). However, there are no measurable 

increases in MPS after a single bout of exercise (Atherton and Smith 

2012), even MPS is suppressed for more than 3 h after high intensity 

eccentric contractions (Cuthbertson et al. 2006), and less than 1 h after 

low intensity resistance exercise (Kumar et al. 2009). After the initial silent 

period, MPS increases between 45 and 150 min and could last for ~4 h 

after resistance exercise in the fasted state (Kumar et al. 2009), while it 

can be sustained over two days after one single RE in the fed state 

(Churchward-Venne, Burd, and Phillips 2012). Given that whole muscle 

protein turnover increases after RE, it also increases (albeit smaller) the 

rates of MPB which lasts as long as MPS lasts (i.e. 24 h) (Phillips et al. 

1997).  



Chapter 1 Introduction   28 
 

Aside from increases in contractile protein content, muscle fiber 

hypertrophy is also associated with incorporation of myonuclei which 

originating from satellite cells (Pallafacchina, Blaauw, and Schiaffino 

2013). Satellite cells, located dominantly in basal lamina surrounding each 

myofiber, are activated during resistance exercise; and then active 

satellite cells initially proliferate as myoblasts before undergoing myogenic 

differentiation and finally contribute to the production of new contractile 

proteins (Ten Broek, Grefte, and Von den Hoff 2010). As the contentious 

result, augmentation of muscle mass has been reported in spite of 

significant satellite cell depletion (>90%)(McCarthy et al. 2011). However, 

the obligatory role of satellite cells and contribution of myogenesis during 

muscle loading which result in increase in MPS and then muscle fiber 

hypertrophy and finally whole muscle hypertrophy are still not very well 

defined (especially when RET is coupled with anabolic therapy). 

Nevertheless, as it has been mentioned above, the levels of increases in 

MPS vs. MPB after RE depends upon the feeding state; therefore, the 

interaction of RET with nutrient will be explained in the next section.  

1.5.1 Muscle growth regulation by muscle loading and 

nutrient interactions 

Regardless of age or gender, resistance training or provision of adequate 

amounts of dietary protein or essential amino acids can increase MPS in 

healthy adults. Combined protein ingestion proximal to resistance training, 

however, can augment the post-exercise MPS response and has been 
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shown to elicit a greater anabolic effect than exercise plus carbohydrate 

(Hulmi, Lockwood, and Stout 2010). Normally, muscle protein turnover 

rates are ~1.2% per day, which in the fed state MPS exceeds MPB (i.e. 

MPS>MPB or anabolic phase); and in the fasted state MPB exceeds MPS 

(i.e. MPB>MPS or catabolic phase) (Phillips et al. 1997). The acute 

augmentation in MPS after RE in the absence of EAA; on the other hand, 

provide a more prolonged increase in MPB such that the net effect is 

negative muscle protein turnover (Biolo et al. 1995). Therefore, the 

impacts of availability of the nutrient on adaptation to RET is considerable 

(Hawley et al. 2010) (figure 1-10). The extent to which substrate levels are 

altered before and/or during exercise and in the subsequent post-exercise 

recovery period is an important factor in modifying subsequent training 

adaptations; e.g. muscle glycogen replenishment during recovery via 

ingestion of carbohydrate to enhance subsequent performance has been 

established (Hawley, Tipton, and Millard-Stafford 2006). Similarly, it is 

reported that ingestion of protein and amino acid stimulate MPS, reduce 

MPB which both result in promoted net muscle protein synthesis (Rennie 

et al. 1982; Phillips, Hartman, and Wilkinson 2005) 
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Figure 1-10 Resistance exercise stimulates MPS that can remain elevated 
for ≥ 24 h (Churchward-Venne, Burd, and Phillips 2012). 

However, it seems the time of feeding (i.e. pre, during or after RE) is not 

critical in increase in MPS. This is in part due to a delay in muscle full 

response to RE which lasts at least 24h (Burd et al. 2011). Thus, sufficient 

nutrient is more important than timing of feeding to result in augmented 

hypertrophy adaptations (Ferguson-Stegall et al. 2011). Moreover, there 

are still limits to protein loading. It is reported that saturable responses will 

happen after loading ~20 g while doses higher than 20 g increases amino 

acid oxidation and then the excess protein will be catabolized (Moore et 

al. 2008). Given that RET-induced muscle hypertrophy is primarily 

resulted from post exercise MPS accretion (Glynn et al. 2010) (especially 

in the fed state), the following section will discuss the corresponding 

molecular regulation of MPS. 
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1.5.2 Skeletal muscle mechanotransduction  

Cells are constantly exposed to mechanical stimuli arising from the 

surrounding extracellular matrix (ECM) or from other cells. The process of 

transferring a mechanical stimuli (i.e. muscle contraction) to an internal 

cellular response (i.e. initiating signal pathways) is termed 

mechanotransduction (Wu et al. 2011).  Mechanotransduction is 

fundamentally important to help the cell to be adapted to the continuous 

dynamic modifications of the microenvironment. Local changes in ECM 

composition and mechanics are driven by a feed forward interplay 

between the cell and the matrix itself, with the first depositing ECM 

proteins that in turn will impact on the surrounding cells. Indeed, these 

changes occur regularly during tissue development and process of aging. 

In this section, the molecular basis of cellular mechanotransduction, by 

analyzing how mechanical stimuli get transformed into a given biological 

response through the activation of a peculiar genetic program, will be 

reviewed.  

Cells perceive mechanical stimuli through diverse mechanosensitive 

molecules at the cell membrane including integrins, stretch-activated ion 

channels, G protein coupled-receptors, growth factor receptors, activating 

different mechanotransduction pathways. Muscle cells in contact with a 

stimuli typically develop discrete multiprotein complexes under the 

membrane named focal adhesions, which are the main hub of cell-ECM 

interaction. The mechanical information arising from modifications of the 

ECM, perceived by the FAs and propagated at the cytoskeleton level, 
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impacts on proteins residing at the membrane or in the cytoplasm and 

induces their structural modification and their subsequent shuttling to the 

nucleus. The interpretation of mechanical cues by the cell is completed 

by the activation of a given genetic program which induces the cell to 

adapt to the new conditions (Figure 1-11) (Martino et al. 2018). 
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However, it is reported that mechanical stimuli (e.g. RE) acutely increases 

the levels of catabolism (e.g. cortisol) and anabolism (e.g. testosterone). 

Testosterone is known as the potent stimulator of MPS and muscle growth 

and strength in men, which increases immediately after high intensity RE 

Figure 1-11 Schematic representation of cellular mechanotransduction layers. 
Extracellular physical stimuli are perceived by FAs at the cell-ECM interface; the 
signals are propagate by the cytoskeleton and transferred to the nucleus where 
mechanosensitive genes are activated by mechanoactuators (MA). MA can be 
shuttling mechanotransducers or mechanosensitive transcription factors. ACTN, 
actinin; CFL, cofilin; FAK, focal adhesion kinase; INM, inner nuclear membrane; 
IT, integrin; LIMK, LIM kinase; mDia, Diaphanous-related formin-1; MyoII, 
myosin II; NPC, nuclear pore complex; ONM, outer nuclear membrane; PAX, 
paxillin; PS, perinuclear space; ROCK, Rho-associated protein kinase; TLN, 
talin; VASP, vasodilator-stimulated phosphoprotein; ZYX, zyxin (Martino et al. 
2018). 
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(Hakkinen and Pakarinen 1993). Nevertheless, it is reported that the 

levels of testosterone has not changed after RE (Koziris et al. 2000). 

Generally, testosterone levels increase immediately after high intensity 

(>80% 1-RM) RE and return to the baseline levels within 30 mins 

(Kvorning et al. 2007a; Kraemer et al. 1998); and this acute RET-related 

response is related to ensuing muscle hypertrophy in younger men 

(Brook, Wilkinson, Mitchell, et al. 2016), suggesting a link between 

testosterone and muscle mass gains with RET. To regulate muscle mass 

growth, it seems MPS is more important factor regulating protein turnover 

and augmenting muscle growth during RET rather than MPB (Phillips et 

al. 1997). To demonstrate this, a moderate attenuation (~20 - 30%) of 

MPB with RET is generally reported only when exogenous essential 

amino acids are ingested during recovery (Rasmussen et al. 2000; 

Wilkinson et al. 2007b). As it explained above, the important factors 

regulating MPS and then muscle growth to an anabolic stimuli 

(testosterone or RET) are transcription and translation, and subsequent 

synthesis of proteins (Coffey and Hawley 2007). Regarding RET-induced 

muscle growth, the chronic structural and metabolic adaptations are 

resulted from the cumulative effects of each repeated exercise bouts 

(Perry et al. 2010; Wilkinson et al. 2008b). Therefore, molecular 

adaptations to RET range from immediately post-exercise to weeks 

(Figure 1.12). To support, it is reported that numerous genes are activated 

in the muscle cells immediately after a single bout of RE which are 

responsible of anabolic and catabolic responses (Coffey, Shield, et al. 

2006; Harber et al. 2009). Predominantly, RE-induced acute gene 
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expression mainly involve in transcriptional cell regulation (Hoppeler and 

Flück 2002; Booth and Neufer 2005). This response is then followed by 

an augmentation in many other genes expression approximately 3-12 h 

after RE; before returning to the resting levels after 24 h (Yang et al. 

2005). Accordingly, repeated bouts of similar contractile activity induce 

early gene responses and protein synthesis in skeletal muscle that 

ultimately result in an altered phenotype (Coffey and Hawley 2007). 

 

 

It is well-defined that RET increases the phosphorylation of proteins of the 

hypertrophy signaling pathway (Burd et al. 2010; Terzis et al. 2010); i.e. 

mTOR pathway, a key regulator of the mRNA translation into proteins and 

more globally of the cell size (Drummond et al. 2009). Interestingly, RET 

increases the muscle expression of IGF-I, a stimulus of mTOR and a 

positive regulator of muscle mass (Yang et al. 1996). Consistently, it is 

Figure 1-12 Skeletal muscle that can lead to training adaptation (Booth and 
Neufer 2005). 
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reported that an increase in the phosphorylation of the main proteins 

involved in mTOR-mediated signalling pathway is observed within 4 h 

after a resistant exercise (RE) bout. In particular, the phosphorylation of 

p70S6K is increased during 1-2 h post RE. The phosphorylation of 

p70S6k appears to be the best available surrogate marker of skeletal 

muscle anabolism outside of direct measures of fractional synthetic rate, 

and has been shown to have a modest correlation with acute increases in 

muscle protein synthesis (Burd, Wall, and van Loon 2012) and chronic 

changes in whole body muscle mass and type IIA fibre cross sectional 

area (CSA) after 16 weeks of RET  (Burd et al. 2010; Terzis et al. 2010). 

The 4E-BP1 phosphorylation following RE has also been reported as the 

marker of the myofibrillar fractional synthesis rate (FSR) 24 h after a bout 

of RE (Burton and Sumukadas 2010b). Further, acute activation of 

hypertrophic proteins regulating translation initiation and elongation for 

MPS including Akt (~ 2 fold), mTOR (~ 2 fold), ERK (~ 3 fold), p70S6K (~ 

4 fold), rpS6 (~ 4 fold), 4E-BP1 (~ 5 fold) and eEF2 (~ 2 fold) which all are 

induced after RE (Terzis et al. 2010; Dreyer et al. 2006; Coffey, Zhong, et 

al. 2006; Eliasson et al. 2006). These acute responses are even 

augmented further (~3 - 20 fold) with ingestion of protein following RE 

(Dreyer et al. 2008; Koopman et al. 2007). Nevertheless, chronic 

adaptation of activated signaling proteins after each RE during RET are 

not fully defined. However, it is reported that phosphorylation of 

mTORSer2448 (~ 200%) and p70S6KThr389 (~ 400%) were increased vs. 

resting levels after 10-wks of RET (Vissing, McGee, Farup, Kjølhede, et 

al. 2013). Moreover, activation of signaling proteins as well as rate of 
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mitochondrial biogenesis at rest and acutely after RE increased by 10-

wks RET (Wilkinson et al. 2008b) (Figure 1-13). Higher resting 

phosphorylation of anabolic proteins might be associated with higher 

resting MPS after RET (Wilkinson et al. 2008b; Phillips et al. 2002). Thus, 

it seems progressive RET increases protein turnover (i.e. MPS>MPB) 

immediately after each RE and during recovery period in the myofibrillar 

state which may lead to muscle growth (Kim, Staron, and Phillips 2005; 

Wilkinson et al. 2008b; Phillips et al. 2002). 

Aside from anabolic pathways, AMPK is involved in repressing the 

mTORC1 (Gwinn et al. 2008; Zoncu, Efeyan, and Sabatini 2011). It is 

reported that not only AMPK attenuates mTOR signalling by 

phosphorylation of TSC2 (Inoki, Zhu, and Guan 2003); but it also can 

directly phosphorylate and inhibit mTORC1 at the Thr2446 residue 

(Zoncu, Efeyan, and Sabatini 2011). However, AMPK activity increases 

following RE (Dreyer et al. 2006) while MPS increases meanwhile (Moore 

et al. 2005). It is suggested that concomitant increase in AMPK activity 

and MPS during post-RE may reflect AMPK’s roles in other metabolic 

processes such as glucose uptake (Richter et al. 1989) and/or glycogen 

synthesis (Richter et al. 1982). However, AMPK-induced inhibition of 

hypertrophic pathways after RE in skeletal muscle remains to be 

established. Moreover, investigating the molecular mechanisms regulate 

MPS and protein turnover induced by RET are therefore essential to 

understanding the regulation of chronic adaptations to RET in skeletal 

muscle. Such information may improve understanding of how these 
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pathways become deregulated in disease states characterized by 

significant muscle wasting (e.g., sarcopenia, diabtes, and cancer 

cachexia) 

 

Figure 1-13 Regulation of ribosome biogenesis during skeletal muscle 
hypertrophy. Relevant signaling transduction pathways to ribosome biogenesis 
are shown where active rRNA genes are being transcribed leading to 
processing, maturation, and assembly of ribosomes. This will result in increased 
number of ribosomes and increased translational capacity. Efficiency also 
contributes with translational capacity by promoting the specific translation of key 
proteins involved in ribosome biogenesis, such as the ribosomal proteins. The 
role of satellite cell by donating rDNA template is shown with a question mark to 
denote the need for further investigation (Kim, Guo, and Nader 2019). 
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However, one important energy source which affects available demanded 

energy during RE is the levels of blood glucose. Glucose, an essential 

energy source for all cells, is initially transported from blood; which comes 

from digested foods. Like many other nutrients in the body, nutrients in 

the blood will be transported into various tissues to provide the nutrient 

requirements for the cells over a period of physiological actions (Yang 

2014). However, in addition to RET-induced muscle mass growth which 

have positive effects on movement, quality of life and general health, it is 

reported that increase in muscle mass regulates fat and glucose 

metabolism which results in a remarkable improvement of insulin 

sensitivity (Atlantis et al. 2009). Therefore, it is important to understand 

that maintaining/improving muscle mass at any age would have positive 

effects on metabolic syndrome (e.g. insulin resistance) through improving 

glucose homeostasis (Atlantis et al. 2009). Thus, in the next section, the 

importance of muscle mass over glycaemia control and the environmental 

interventions affecting it will be explained.  

 Skeletal muscle glucose uptake and environmental 

stimuli  

Glycemic control refers to the control of blood sugar glucose. This control 

is critical as long-term hyperglycemia, which is associated with insulin 

resistance, might lead to microvascular complications and diabetes 

(Tarnow et al. 2007). This control has long been the golden standard and 

fundamental for diabetes management (Chiang et al. 2014). Indeed, good 



Chapter 1 Introduction   40 
 

control of glycaemic is critical during therapeutic interventions in diabetes 

mellitus (Adams 2008). In accordance, perfect glycemic control is 

corresponding with normal glucose levels (70–130 mg/dl, or 3.9–7.2 

mmol/L). Poor glycemic control, on the other hand, refers to high blood 

glucose (200–500 mg/dl, or 11–28 mmol/L). Thus, given the poor-defined 

insulin action mechanism in muscle glucose uptake, there remains a need 

for studies to investigate the mechanisms of insulin action and beneficial 

effects of therapeutic implications to counteract the poor glycaemic control 

(e.g. insulin resistant) and associated metabolic syndrome (i.e. diabetes). 

Therefore, in the following sections, the possible mechanism of insulin 

action in glucose uptake will be explained; and then, the effects and 

limitations of two favorable therapies (exercise and hormone therapy) will 

be reviewed.  

1.6.1 Mechanism of insulin action on skeletal muscle glucose 

uptake 

In general, glycaemic control is set through insulin-dependent and insulin-

independent cell signaling pathways. The independent manner involves 

AMPK and calcium/calmodulin-dependent protein kinase (CaMKK) 

(Witczak et al. 2007). Glucose enters into the muscle cells through binding 

to its receptor (i.e. insulin receptor or IR) (Leney and Tavare 2009). The 

receptor has intrinsic tyrosine kinase activity which is phosphorylated and 

activated once bound to the glucose. Once activated, IR phosphorylates 

the different substrates; i.e. insulin receptor substrate 1 and 2 (IRS-1 and 
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IRS-2), which then activate phosphatidylinositol-3 kinase enzyme (PI3K). 

PI3K activates phosphoinositide-dependent kinase-1 (PDK-1) and then 

Akt which is key regulator of insulin signaling pathway (Leney and Tavare 

2009). Akt is responsible of activation of AS160 (Leney and Tavare 2009) 

which has two main roles in GLUT-4 translocation: 1) Reducing the 

tethering of the vesicle (via TUG) and releasing the GLUT-4 towards 

membrane of the cells; 2) Activating the Rab proteins which translocate 

the vesicles contain GLUT-4 to the periphery. Thus, the levels of GLUT-4 

and the capacity of the cells to translocate them to the sarcoplasm are 

essential for glycaemic control of muscle cells (Leney and Tavare 2009). 

It is not surprising that this pathway is downregulated in the metabolic 

diseases such as diabetes (Hotamisligil 2006). However, there are some 

other alternative pathways that regulate glucose uptake; e.g. IGF-1 

pathway which is not affected when insulin signaling has been 

downregulated, suggesting an alternative pathway may regulate glucose 

metabolism (He et al. 2006). Indeed, in the absence of insulin, IGF-1R 

receives insulin signal and stimulates the same pathway (He et al. 2006).  

It is reported that phosphorylation of AMPK in muscle cells increases lipid 

oxidation and glycogen synthesis during and after exercise in response of 

muscle contraction and increase of calcium release (Jeon 2016). During 

exercise, ATP levels drop which results in an increase in ADP:ATP and 

AMP:ATP ratios. This increases the phosphorylation of AMPK and then 

AS160 (Stanford and Goodyear 2014; Treebak et al. 2006) (Figure 1-14); 

which stimulates the translocation of GLUT-4 to translocate the glucose 



Chapter 1 Introduction   42 
 

into the cells (Cartee 2015). Additionally, AMPK phosphorylates and 

activates of MEF2 and GEF; which are transcription factors in the GLUT4 

expression in skeletal muscle (McGee et al. 2006).  

Furthermore, it is reported that caffeine-induced calcium release from 

sarcoplasmic reticulum was enough to uptake the glucose without any 

membrane depolarization (i.e. muscle contraction) (Holloszy and 

Narahara 1967a). It is suggested that caffeine stimulates calcium ion 

pumps from sarcoplasmic reticulum which increases cellular energy 

demand and ATP consumption (Holloszy and Narahara 1967b); and as it 

is explained above, this increases AMP:ATP ratio and activates AMPK 

and finally results in translocating GLUT-4 from intracellular vesicles to 

the plasma membrane (Witczak et al. 2007). Thus, Ca2+ indirectly 

increases glucose uptake. In addition to the indirect action of Ca2+, it is 

reported that calcium kinase-dependent protein/calmodulin (CaMKKs) 

has the role in phosphorylation and activation of AMPK and then increase 

glucose uptake directly (Hawley et al. 2005); independent from cellular 

energy consumption.  
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1.6.2 Androgens and skeletal muscle glucose uptake 

Diabetes is a progressive condition characterized by insulin resistance 

and eventual inability to compensate with increased insulin secretion, 

resulting in hyperglycemia (Alberti and Zimmet 1998). It is demonstrated 

that sustained improvements in glycaemia and metabolic parameters 

could be achieved in individuals with diabetes who lost approximately 

10% of their body weight after diagnosis (Feldstein et al. 2008). In general, 

the prevalence of obesity (a major risk factor for the development of 

diabetes and related death) has dramatically increased worldwide over 

Figure 1-14 Molecular mechanisms of skeletal muscle glucose uptake (Mul et 
al. 2015). 
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the last 30 years and the number of people living with diabetes worldwide 

is projected to double by 2030 (Wild et al. 2004).  

Endogenous testosterone levels are inversely associated with diabetes 

(Corona et al. 2011) and low testosterone levels in men with androgen 

deficiency or due to androgen deprivation therapy for prostate cancer is 

accompanied by unfavorable body composition changes, increased 

insulin resistance and elevated risk of diabetes (Groth et al. 2013; Taylor, 

Canfield, and Du 2009). Testosterone levels correlate positively with 

functional and genetic markers of mitochondrial function (e.g. PGC-1α or 

citrate synthase) associated with increased insulin sensitivity in skeletal 

muscle from men with and without diabetes (Pitteloud, Mootha, et al. 

2005a). Hence, testosterone provision was associated with decreased 

total fat mass in young hypogonadal men, older men with low/normal 

testosterone levels, and men with diabetes (Isidori et al. 2005). However, 

testosterone injection for 30-wks did not improve insulin resistance and 

muscle mass in type 2 diabetes (Hackett et al. 2014). Conversely, 

transdermal testosterone gel for 6 months improved insulin resistance, 

without changing the muscle mass and fat mass (Jones et al. 2011). 

Further, 30-wks testosterone injection improved insulin sensitivity with 

considerable weight loss (Kalinchenko et al. 2010) and muscle mass 

gains (Aversa et al. 2010). Pitteloud et al. reported that men with 

hypogonadal testosterone levels were twice as insulin resistant as their 

eugonadal counterparts, confirming a positive correlation between 

testosterone levels and insulin sensitivity across full spectrum of glucose 
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tolerance (Pitteloud, Mootha et al. 2005); indicating this is an effective 

strategy in men with persistent insulin resistant state and hypogonadism 

to combat attenuated muscle mass and insulin sensitivity, and increase in 

total fat mass (TFM) (Dhindsa, Ghanim et al. 2016). However, the role of 

testosterone in prevalence of diabetes is ill-defined; i.e. only <19% of men 

suffered from type 2 diabetes had total testosterone <231 ng.dl-1 

(Grossmann 2014). Nevertheless, provision of exogenous testosterone 

(200 mg injection every 2-wks for 3-monts (Kapoor et al. 2006) or oral 160 

mg/day for 6-months) (Emmelot-Vonk et al. 2008) has been shown to 

reduce insulin resistance and improve glycaemic control in hypogonadal 

men with type 2 diabetes and healthy older men, respectively. 

Controversially, it is reported testosterone therapy for 40-wks (1000 mg 

injection, every ~2 month) did not improve insulin resistance and 

glycaemic control in hypogonadal men with type 2 diabetes (Gianatti, 

Dupuis et al. 2014). Therefore, given the positive association between 

glycaemic control and testosterone levels (Haffner, Karhapää et al. 1994) 

and men with diabetes have lower testosterone levels (Barrett-Connor 

1992), it is reported that testosterone levels might not have correlation 

with insulin sensitivity (Birkeland, Hanssen et al. 1993, Abate, Haffner et 

al. 2002). However, moderately short-term (i.e. 12-wks) (Smith, Lee, and 

Nathan 2006a) and long term (i.e. 24-months) (Haidar et al. 2007) 

androgen‐deprivation therapy in men decreased Insulin sensitivity and 

increased TFM which were associated with an increased risk for diabetes 

(Kintzel et al. 2008). Thus, besides administering long-term exogenous 

testosterone, interventions that boost endogenous sex hormones i.e. 
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exercise, might be of greater benefit (Hawkins, Foster-Schubert et al. 

2008). Therefore, the interventions that increase testosterone levels and 

muscle mass-i.e. RET- may also affect muscle glycaemic control.  

1.6.3 Exercise and skeletal muscle glucose uptake 

Hyperglycemia is associated with various metabolic syndromes and 

diseases. Further, diabetes is a well-established risk factor for sarcopenia 

(Wong et al. 2013; Kalyani, Corriere, and Ferrucci 2014), and increase the 

rate of muscle mass loss over ageing (Park et al. 2007). However, related 

mechanism is still ill-defined; nevertheless, it seems given that insulin is a 

strong stimulator of MPS and muscle growth, abnormalities in insulin 

action is likely associated with muscle mass decline (O’Neill et al. 2016). 

It is suggested that hyperglycemia increases Krüppel-like factor 15 

(KLF15)  levels via downregulation of the E3 ubiquitin protein ligase 1 

(WWP1); which result in increase in MPB and muscle atrophy (Hirata et 

al. 2019). Therefore, the strategies stimulate MPS and muscle growth 

might be considerable as an effective strategy to combat muscle 

metabolic disorders such as diabetes.  

It is reported that exercise training increases the effects of insulin action 

on muscle cells which results in higher glucose uptake and internalization 

through muscle cells, which is critical in diabetes (Lawrence 1926).  On 

the other hand, insulin injection prior to exercise session decreases 

glucose levels in the blood during the exercise training (Hagenfeldt and 

Wahren 1971). However, type, during and intensity of the exercise are 
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important in the magnitude of the effects of it on glucose metabolism 

(Coyle et al. 1983). In addition, transportation of the glucose is increased 

by insulin or muscle membrane transporter (i.e. GLUT-4) (Host et al. 

1998). The effects of exercise on GLUT-4 may remain for up to 48 h post-

exercise which showing the need of chronic adaptation to obtain 

continuous benefits. In this regard, it is reported that exercise training 

increases the expression of GLUT-4 which leads to promoting glucose 

uptake in skeletal muscle (Christ-Roberts et al. 2004).  

In addition to muscle hypertrophy, RET is emerging as an exercise 

modality associated with improvements in age-related muscle function 

decline, oxidative capacity and mitochondrial function and insulin 

sensitivity (Hall et al. 2013; Kim et al. 2015). RET acutely increases insulin 

sensitivity and increases insulin-mediated suppression of endogenous 

glucose production (Kim et al. 2015). RET promotes muscle mass and 

anabolism (even in older men (Ribeiro et al. 2017; Phillips et al. 2017)) 

and stimulates muscle glycaemic control (Lee, Kim, and Kim 2017); these 

effects are also associated with enhanced endogenous testosterone in 

response to acute bouts of RE (Rønnestad, Nygaard, and Raastad 2011). 

Nonetheless, hypertrophic and glycaemic responses to RET are blunted 

in older age (vs. younger cohorts), so called “anabolic resistance” 

(Zachwieja et al. 1996a), suggesting the need for strategies beyond, or 

adjuvant to RET (Rønnestad, Nygaard, and Raastad 2011), in order to 

maximize efficacy on muscle mass and glycaemic control. The effects of 

RET on insulin sensitivity appear to occur preferentially in muscle over the 
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liver, and may be mediated by increases in key enzymes and proteins in 

glucose metabolism including hexokinase, GLUT4, Akt, insulin receptor, 

PKB, and glycogen synthase (Croymans et al. 2013). RET increases IGF-

1, which binds its receptor and activates tyrosine kinase, 

stimulating/phosphorylating insulin receptor substrate. Phosphorylated 

IRS recruits and activates hypertrophic pathways; e.g. PI3K and mTOR 

pathways (Vega et al. 2010). Nevertheless, despite positive effects of 

RET on muscle mass and subsequent glycaemic control, 2-weeks 

withdrawal of testosterone led to significant decrements in insulin 

sensitivity without changing FFM and TFM, suggesting testosterone may 

exert direct effects on metabolic regulators or signalling, rather than by 

effecting changes in body composition (Yialamas et al. 2007). In contrast, 

it is reported testosterone deprivation for 4-wks did not change glycaemic 

control in younger men (Rabiee et al. 2010). Thus, glycaemic control 

improvement during RET cannot be ascribed to a mere increase in FFM 

and likely via factors independent of changes in FFM; perhaps via 

endogenous androgen hormones.    

 Factors associated with muscle loss 

Given the two dimensions affecting muscle protein turnover (i.e. MPS and 

MPB), the effects of MPB will be explained in this section and the resulted 

medical conditions will be reviewed.  
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Pathological disorders (i.e. muscular dystrophies) (Emery 2002), chronic 

diseases (i.e. cachexia) (Evans et al. 2008), starvation (Pasiakos et al. 

2010), andropause, and immobilization (Urso 2009) as well as ageing (i.e. 

sarcopenia) (Baumgartner et al. 1999) are associated with MPB which 

likely result in muscle loss (i.e. dystrophy). One of the main reason leads 

to most of the above health disorders is low levels of activity or severe 

inactivity (e.g. long-term bed rest) (Glass 2003). Almost all of the muscle 

disuse-induced muscle protein breakdown is caused by reduced 

neuromuscular activity which results in extensive loss of skeletal muscle 

mass (up to 30%) and function (Narici and De Boer 2011).  

During muscle protein breakdown, removing the dysfunctional proteins is 

critical to generate free amino acids for protein synthesis and/or 

metabolism (Mitch and Goldberg 1996a). Thus, it is not surprising that 

muscle contractions during RE increase proteolysis which is required for 

muscle protein remodeling and adaptation (Zhang, Chinkes, and Wolfe 

2002). The regulation and activity of MPB pathways in skeletal muscle in 

response to RE is not well-defined. However, it is suggested that three 

major proteolytic systems work independently or together to promote 

protein breakdown during protein turnover in skeletal muscle: the calcium-

dependent calpain (Murphy 2010), the lysosomal protease/cathepsins 

(Bird et al. 1980) and the ubiquitin-proteasome systems (Fagan, Waxman, 

and Goldberg 1987); but the time course of activation and potential role 

of each in the adaptation responses to RE or during catabolism in human 

skeletal muscle is not clear. It is reported that RE increases MuRF1 mRNA 
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abundance and total protein in human skeletal muscle during the post-

exercise recovery period (Glynn et al. 2010; Fry et al. 2012). Conversely, 

atrogin-1 expression can remain unchanged (Coffey, Shield, et al. 2006) 

or is reduced (Kostek et al. 2007) following acute RE. Indeed, changes in 

the transcriptional activity of atrogenes (genes related to muscle atrophy) 

are induced in response to heavy RE showing increase in muscle protein 

turnover. It is reported that atrogenes decrease at rest and following RE 

when branched chain amino acids are ingested (Borgenvik, Apró, and 

Blomstrand 2011), indicating a nutrient-mediated effect on atrogene 

expression that may modulate remodeling/ hypertrophy in skeletal 

muscle. Importantly, a clear association between changes in atrogene 

transcriptional activity/total protein and measures of proteasome activity 

or muscle protein breakdown in skeletal muscle has yet to be established. 

MPB increases up to 35% after RE and returns to resting levels 24 h post-

exercise (Phillips et al. 1999). Interestingly, this response is only reported 

in untrained individuals, indicating RE-induced MPB is attenuated with 

RET (Phillips et al. 1999). However, further studies measuring the 

fractional breakdown rates of skeletal muscle following both RE and RET 

are required to clarify the extent of breakdown and its effects on muscle 

mass. However, as it was explained in previous sections, even if MPB 

increased following RE, normally, it does not exceed MPS (MPB<MPS) 

which results in muscle hypertrophy after RE sessions are repeated. But 

in some cases, MPB exceeds MPS which leads in muscle loss and 

atrophy; e.g. ageing or metabolic syndrome. In the following section, the 
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association of ageing and related metabolic syndrome with muscle mass 

and related therapy strategies will be reviewed. 

 

1.7.1 Aging and skeletal muscle mass loss 

The global population of older adults continues to grow at an exponential 

rate; i.e. there were 205 million over the age of 60 in 1950, and this 

population was estimated to be almost 810 million in 2010, and by 2050 it 

is estimated that over 2 billion people will be >60 years old (Desa 2014). 

During aging, humans undergo a physiological process (i.e. skeletal 

muscle wasting), which characterized by a reduction in muscle mass, due 

to a loss of net protein content in myofibres. Several factors seem to be 

involved, including a reduction in protein synthesis and an increase in 

intracellular proteolysis, due to activation of different pathways (Sandri 

2013; Murton, Constantin, and Greenhaff 2008). Given that skeletal 

muscle is the major protein reservoir in the body, muscle wasting has 

beneficial effect on its initial stage; indeed, it provides the organism with 

an ample pool of free amino acids that can be reused for energy 

production or protein synthesis in vital organs (Mitch and Goldberg 

1996b). However, in a variety of pathologies like cancer, sepsis and 

metabolic syndrome, this catabolic state is maintained over a long period 

of time and might be a life-threatening factor (Mitch and Goldberg 1996b). 

Metabolic disorders-induced sarcopenia is due to a decrease in both fiber 

size and fiber number. The primary muscle loss occurs in the fast-twitch 
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muscle fibers, with increased fibrosis and adipose tissue (Evans and 

Lexell 1995). It has been reported that muscle loss is about 1-2% per year 

after the age of 50 years; and 10% of older people<70 years old suffer 

from sarcopenia, whereas the prevalence increases to 23% in people 

above 80 years old; and by the age of 80, peak muscle mass is reduced 

by 40% (Deschenes 2004b).  

The etiology and pathology of sarcopenia are multi-factorial. Aging is 

associated with multiple catabolic conditions, such as decreased activity, 

denervation, increased oxidative stress, chronic inflammation, age-

related hormone changes, and satellite cells (Walston 2012). The 

preferential loss of fast-twitch muscle fibers is likely due to a decline in the 

number of neuromuscular junctions (Williams, Higgins, and Lewek 2002; 

Chai et al. 2011). In contrast to the conditions that mainly contribute to the 

catabolism of muscle with aging, the age-related reduction of growth 

hormone, IGF-1 or testosterone (T) (i.e. andropause) is primarily 

associated with attenuated protein synthesis (Narici and Maffulli 2010). 

Given the decrease in satellite cell numbers and impaired muscle 

regeneration with aging, satellite cells, the stem cells of skeletal muscle, 

likely play a role in the etiology of sarcopenia. For instance, the number 

of satellite cell in the fast-twitch fibers dramatically decreased by ~50% in 

vastus lateralis muscle after 75-year old (Verdijk et al. 2007). An 

etiological model of sarcopenia can be seen in Figure 1-15. 
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Figure 1-15 Scheme of the different etiological sarcopenia mechanism and 
their consequences (Zembroń-Łacny et al. 2014). 

 However, the balance between the rates of protein synthesis and 

breakdown is crucial in determining whether muscles grow (i.e. 

accumulate protein) or undergo atrophy (i.e. sarcopenia). Both chemical 

signals (e.g. hormones, growth factors and branched-chain amino acids) 

and mechanical signals (e.g. exercise training) can influence protein 

turnover at all stages of life (Goldspink 1991). Age-related lowering of 

myosin heavy chain (MHC) type IIa and IIx has been reported (Balagopal 

et al. ay2001); in addition to associated reduced insulin-like growth factor-

I (IGF-1) signaling and elevated amounts of circulating cytokines which 

result in cell oxidative stress, and loss of spinal motor neurons due to 

apoptosis, which is paralleled by a reduction in muscle fiber number and 
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size that impairs performance and reduces functional capacity of daily 

activities and eventually increase the rate of mortality (Aagaard et al. 

2010). Thus, as the ageing populace grows, there remains a need for 

therapies to counteract the associated muscle wasting and dysfunction. 

1.7.2 Ageing and muscle loading 

Despite of considerable investment in pharmacological 

treatment/interventions, resistance exercise (RE) is likely the most 

effective and also safe strategy to combat ageing-induced muscle loss in 

older population, especially with appropriate supportive nutrition 

(Yarasheski, Zachwieja, and Bier 1993; Kumar et al. 2012). Nevertheless, 

while RE per se is supposed to be a potent anabolic stimulus, ageing is 

associated with attenuated MPS responses to RE (i.e. anabolic 

resistance) across a wide range of intensities (30-90 % 1-RM) (Fry et al. 

2011). These blunted responses in older individuals are accompanied by 

decreases in mTORC1 activation and other related downstream signaling 

proteins (i.e. P70S6K1 and 4EBP1) acutely after each RE (Kumar et al. 

2009; Fry et al. 2011). Conversely, the mentioned blunted anabolic 

signaling have not been confirmed by all studies (Drummond et al. 2008; 

Mayhew et al. 2009). However, it has shown constantly that anabolic 

resistance in older individuals needs greater amount of exercises to 

stimulate a maximal anabolic responses, even with appropriate amino 

acid feeding (Moore et al. 2014). It is suggested that despite blunted 

responses to exercise stimuli with ageing, it may be possible to overcome 
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some of this blunting by introducing low‐load high‐volume exercises 

(Kumar et al. 2012).  

However, It is reported that repeated RE (i.e. RET) may lead to an 

augmented protein turnover (MPS>MPB), which results in muscle 

hypertrophy (Wilkinson et al. 2013). Nevertheless, some studies have 

reported that whole‐body progressive RET augments muscle mass 

(Lemmer et al. 2000; Phillips et al. 2011) and CSA (Welle, Totterman, and 

Thornton 1996) in younger rather than older individuals. Conversely, 

others reported no differences between younger and older adults (Martel 

et al. 2006; Mayhew et al. 2009). These discrepancies are likely resulted 

from different RET programs and/or nutritional supports (Brook, 

Wilkinson, Phillips, et al. 2016). However, RET surely improves muscle 

strength/function in older men (Peterson, Sen, and Gordon 2011). The 

mechanisms of blunted responses of MPS to RE and hypertrophic 

adaptations to RET in older men are poorly defined. However, in terms of 

potential role, it is suggested that MRFs role in satellite cell proliferation 

and differentiation have altered the regulation of muscle growth during 

RET in older men; which possibly is associated with anabolic resistance 

in older individuals (Snijders et al. 2014; Petrella et al. 2006). Further, 

there have been blunted myogenic responses, showing impaired satellite 

cells activation responses to RE in older age (Snijders et al. 2014) (Figure 

1-16). Given that anabolic resistance may be mitigated via muscle loading 

and feeding in older men (Brook, Wilkinson, Phillips, et al. 2016), it is 

perhaps more beneficial if other anabolic supplementation (e.g. androgen 
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provision) were administrated adjuvant to RET. Thus, next section is to 

explain details of effects of androgens (i.e. testosterone) on anabolic 

resistance during RET in older men. 

 

Figure 1-16 normal (A) and aged (B) myogenic program in response to an 
anabolic stimulus (Snijders et al. 2015) 

1.7.3 Aging, muscle loss and androgens 

Muscle loss and weakness are important components of frailty in older 

age, contributing to functional limitation in daily activities and related 

problems such as an increased risk for falls (Rubenstein, Josephson, and 

Robbins 1994; Guralnik et al. 1995). Anabolic hormones decline with age 

and may be one of the causes of  loss of muscle mass (sarcopenia) out 
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of many (Sipilä et al. 2013). Fractional synthetic rate of mixed muscle 

protein, myofibrillar protein (actin and myosin) (Balagopal et al. 1997), and 

mitochondrial proteins also decrease with age (Thomas 2007). This loss 

of muscle mass/quality (sarcopenia) is not only one of the most serious 

problems associated with ageing, but also it is becoming one of the major 

health care problems with the change in the age profile of society 

(Goldspink and Harridge 2004). Regardless of the exact mechanism, 

muscle atrophy occurs when protein breakdown exceeds synthesis. This 

decrease in basal muscle synthetic rate is associated with a reduction in 

mRNA responsible for gene expression of myofibrillar protein (Thomas 

2007). This decrease in muscle mass and cross-sectional area associated 

with age appears to be due to a decrease in size of type II muscle fibres 

compared to Type I muscle fibres, and also loss of muscle fibre number 

(Lexell et al. 1988). Accordingly, it is shown that age-associated loss of 

motoneurons may be an important contributing factor to reduce muscle 

fibre number and muscle mass (Thomas 2007).  

Indeed, testosterone administration in myotubes of rats significantly 

increased Akt and mTOR phosphorylation, while decreased levels of 

phosphorylated Akt accompanied by an upregulation of MuRF-1 and 

MAFbx were observed after orchidectomy in rats (Jones et al. 2010). 

Expectedly, both consequences were reversed during testosterone 

therapy (Jones et al. 2010). Activation of Akt by testosterone is mediated 

by a direct interaction of the AR with the p85 which is regulatory subunit 

of PI3K, leading to its activation and following upregulation of Akt 
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phosphorylation (Dubois et al. 2012). Generally, it is shown that muscle 

hypertrophy under influence of testosterone in mice is achieved by 

inhibiting c-Jun NH2-terminal kinase (JNK) and activating p38 mitogen-

activated protein kinase (MAPK) (Brown et al. 2009). In addition, a study 

exploring testosterone effects on aged muscle showed that testosterone 

administration was able to reverse the age-related increase in p21 and 

limit satellite cell regenerative capacity (Dubois et al. 2012). Furthermore, 

it is demonstrated that while protein breakdown remained unchanged,  

testosterone administration increases net protein synthesis (Urban et al. 

1995), by which stimulates skeletal muscle for growth (Ferrando et al. 

2002c; Sheffield-Moore 2000) and may be an efficient re-utilization of 

intracellular amino acids (derived from protein breakdown) for protein 

synthesis (Ferrando et al. 2002c; Sheffield-Moore 2000). However, ample 

amino acid precursors are always ready to support the initial rate of 

protein synthesis even if breakdown decreases. Not only the appearance 

of amino acids from protein breakdown is reduced, but those that are 

derived from protein breakdown are also efficiently utilized to maintain 

protein synthesis (Ferrando et al. 1998b). Thus, testosterone 

administration may ameliorate the loss of nitrogen in skeletal muscle in 

older population through preventing the loss of intracellular amino acids. 

Further, testosterone administration leads to some noteworthy effects on 

AR and IGF-I expression in skeletal muscles, as well. Sheffield-Moore 

(2000) reported that IGF-I mRNA increased in skeletal muscle of older 

men treated with 4-week of testosterone therapy. On the other hand, 

marked decline in IGF-I mRNA concentrations occur following induction 
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of major hormone deficiency in normal young men (Mauras et al. 1998). 

Moreover, given that ribosomal RNA accounts for approximately 80-85% 

of the total RNA pool, changes in the total RNA concentration are 

generally regarded to reflect a change in the translational capacity and 

protein synthesis (Van der Meer, Jaspers, and Degens 2011). It is 

reported increasing RNA content concomitant with upregulation in gene 

expression-related to myogenesis and hypertrophy may result in muscle 

hypertrophy (Wilborn et al. 2009). Further, increases in total RNA content 

per “cell unit” (RNA:DNA ratio), an indicator of ribosomal abundance 

(Kemp et al. 2013), is critical for anabolic potential and further hypertrophy 

(Wilborn et al. 2009). Total RNA:ASP ratio, as an index of synthetic 

capacity (Brook, Wilkinson, Mitchell, et al. 2016), it was already reported 

that testosterone administration could increase RNA:DNA ratio and RNA 

content in young castrated rats (Saunders, Steciw, and Kline 1962) 

although, conversely, it is reported that administrating testosterone (15d; 

9 mg/d) could not change MPS and RNA-related ratios (Lobley et al. 

1990). 

In addition, testosterone is an important determinant of regional fat 

distribution and metabolism in men. Accordingly, testosterone levels 

correlate negatively with visceral fat and positively with plasma high-

density lipoprotein (HDL) concentrations (Bhasin, Woodhouse, and Storer 

2001). Moreover, testosterone administration in middle-aged men with 

visceral obesity, improves insulin sensitivity and decreases blood glucose 

and blood pressure (Bhasin, Woodhouse, and Storer 2001). Thus, 
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testosterone administration not only positively affects body fat tissue and 

insulin sensitivity, but it also increases muscle mass (Ferrando et al. 

2002a), and strength (Urban et al. 1995); especially adjuvant to RET 

(Bhasin, Woodhouse, and Storer 2001); e.g. 12-week  testosterone 

provision augmented isometric strength, maximal voluntary contraction, 

and isokinetic strength (peak torque) (Caminiti et al. 2009). 

However, RET alone for 10 (Kraemer et al. 1999), 12 (Bellew 2002) or 

even 24 (Hakkinen et al. 2000) weeks did not increase chronic total 

testosterone level or hypertrophic adaptation. Nevertheless, it is reported 

that 12 months RET as a long term intervention could increase muscle 

mass without altering testosterone level and metabolism in older men 

(Ahtiainen et al. 2015). They concluded that changes in endogenous 

testosterone level did not seem to have an effect on RET-induced 

adaptations of muscular characteristics (Ahtiainen et al. 2015). However, 

suppression of endogenous testosterone production blunted the 

adaptation to 8-wk RET in young men (Kvorning et al. 2006b).  It is shown 

that testosterone could influence neurotransmitter synthesis (Hakkinen et 

al. 2000) and reduce fluctuations during MVCs (Tracy, Byrnes, and Enoka 

2004) due to summation of motor unit forces and/or the timing of the action 

potential discharged by the motor neurons (Tracy, Byrnes, and Enoka 

2004), accompanied by recruitment of the larger and faster motor units 

(fast twitch fibres) (Bellew 2002). More importantly, the adaptations in 

these mechanisms are independent of those responsible for dynamic 

strength gains (Tracy, Byrnes, and Enoka 2004). Nonetheless, Bellew 
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(Bellew 2002) reported an increase in MVC in older males without neither 

receiving testosterone nor muscle mass gain, but after 12-wk RET 

(Caserotti et al. 2008). It was demonstrated that decreased muscle mass 

was associated with castration-induced androgen withdrawal and 

subsequent suppressed myofibrillar protein synthesis, and down-

regulation of Akt/mTORC1 signalling pathway (White et al. 2013b). In 

addition, it has been consistently reported that testosterone administration 

improves MPS (Brodsky, Balagopal, and Nair 1996; Urban et al. 1995a), 

but thorough ill-defined mechanism.  

Similar to young men (Bhasin et al. 2005), exposure of older men to 

different testosterone doses varying from hypogonadal to supra-

physiological serum levels resulted in dose-dependent increases of 

muscle mass and strength (Bhasin et al. 2005; Sattler et al. 2009). It is 

reported, long term testosterone administration (i.e. > 3 months) in older 

men with low or normal testosterone levels increased muscle mass 

(Ferrando et al. 2002b; Basaria et al. 2010) (Figure 1-17). 
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This section indicated that an age-associated muscle loss might play a 

contributory role in the frailty of older men, which is multifactorially 

determined, and that the older men can respond to testosterone provision, 

in particular if the testosterone level was initially low. However, whether 

testosterone therapy plays a role in the management of sarcopenia and 

frailty in older men is not clear, as several issues need to be clarified, such 

as optimal treatment modalities, safety in frail elderly, and related cellular 

mechanisms.  

Figure 1-17 Changes in muscular function and architecture over 10-wks of T 
administration. The asterisks indicate P<0.05 for the comparison between the 
change indicated and that in either no-exercise group; the daggers, P<0.05 for 
the comparison between the change indicated and that in the group assigned to 
placebo with no exercise; and the double daggers, P<0.05 for the comparison 
between the change indicated and the changes in all three other groups (Bhasin 
et al. 1996). 
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Therefore, there is a significant clinical need to identify contributing factors 

to this muscle loss so that they can be specifically targeted for intervention 

(i.e., pharmacological hormonal therapies). However, the mechanisms by 

which testosterone regulates muscle metabolism and glycaemic control 

are ill-defined and the results about these concepts are contentious. 
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 Aims of the study 

As discussed in the introduction section, aging is a complex phenomenon 

that affects muscle mass at a different rate. In accordance, with advancing 

age, the skeletal muscle undergoes a progressive loss of mass and 

strength, a process known as sarcopenia that eventually leads to a 

decreased mobility and increased risk of falls and metabolic issues (e.g. 

diabetes) and invalidity and death; which all are in line with decrease in 

testosterone levels. In addition, the molecular mechanisms involved in 

these peculiar aging patterns and the effects of endogenous testosterone 

are still largely unknown. Thus: 

 

1) Firstly, we aim to investigate the impact of systemic testosterone 

levels on control of muscle mass in healthy young men undertaking 

a RET program. We hypothesize that reduction of testosterone 

levels in systemically normal young men will impair muscle protein 

programming and muscle mass gains in response to RET. 

 

2) Secondly, we aim to investigate the impact of enhancing 

testosterone levels in older men on responsiveness to RET and the 

contribution of systemic testosterone levels to muscle mass 

regulation in ageing. We hypothesize that increasing testosterone 

levels in older males will improve responsiveness to anabolic 

stimuli (RET).  
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3) Further, we aim to investigate the impact of testosterone 

suppression on muscle glycaemic control during RET in younger 

men. We hypothesize that testosterone suppression will attenuate 

glycaemic control in response to RET in young men.  

 

4) Finally, we aim to investigate the impact of testosterone provision 

on muscle glycaemic control during RET in older men. We 

hypothesize that testosterone therapy will improve glycaemic 

control in response to RET in older men. 



 
 

 

 

 

Chapter 2  

General Methods 
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 Study ethics and participants 

This study was approved by The University of Nottingham Faculty of 

Medicine and Health Sciences Research Ethics Committee (G11082015 

SoMS MSGEM), was conducted according to the declaration of Helsinki, 

and was pre-registered at clinicaltrials.gov (NCT02152839). Before entry 

into the study, participants provided written informed consent to 

participate after all procedures and risks were explained to them. All 

participants performed activities of daily living and were recreationally 

active, but had not partaken in RET within the previous 12 months. 

Participants were screened by medical questionnaire, physical 

examination, routine blood chemistry and a resting electrocardiogram. 

Participants who presented with metabolic, respiratory or cardiovascular 

disorders or who were prescribed medication (e.g. beta-adrenergic 

blocking agents, statins, anti-inflammatory drugs) and any other 

medications which could influence testosterone metabolism were 

excluded. Based on the primary endpoint of this study, muscle protein 

synthesis, a power calculation suggested that we need minimum 8 

participants per group to detect with α=0.05 and β=0.85 a difference 

between and within groups of 25%. Therefore, of the pre-screened 

volunteers, eighteen older and sixteen younger non-hypogonadal healthy 

normotensive (<140/90) volunteers males with morning normal serum 

testosterone concentrations were assigned in a random double-blinded 

fashion to receive bi-weekly either:  placebo (P, saline n=9) or 

testosterone (Sustanon 250-mg, n=9) injections in older groups and one 



Chapter 2 General Method                              68 
 

off either: placebo (n=8) or GnRH analogous: Goserelin, so called 

Zoladex (Z) (3.6-mg, n=8) injections in younger groups over 6-wks of 

whole-body supervised RET. All participants involved in the study were 

monitored throughout the study for any negative side effects of 

testosterone injections. No adverse events were reported during or after 

completion of the study.  

 Study conduct 

Following baseline measurements of maximal voluntary contraction 

(MVC) and 1-repetition maximum (1-RM; on separate days); regardless 

of group assignment, all participants were further characterised at 

baseline. This involved collection of fasting blood, oral glucose tolerance 

test (OGTT), muscle ultrasound (Mylab 70; Esaote Biomedica, Italy) of 

the m. vastus lateralis muscle (VL) and a dual-energy X-ray 

absorptiometry (DXA; Lunar Prodigy II, GE Medical Systems, Little 

Chalfont, UK) scan. Finally, a unilateral muscle biopsy was taken under 

rested conditions from the VL. Given the moderately short half-life of 

testosterone after each injection (i.e. 4-5 days (Nieschlag and Behre 

2004)) in the testosterone group, 1-wk, 3-wks, 6-wks biopsies were taken 

7, 14, and 7 days after corresponding bi-weekly testosterone injection, 

respectively. In order to assess rates of MPS, a basal saliva sample was 

collected before the muscle biopsy, and the first dose of D2O as a bolus 

of 3 ml·kg-1 body weight was consumed by participants after the biopsy. 

The initial priming dose of D2O was followed by daily small-volume “top-
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ups” of ~20 mls (calculated from measures of each individual’s body water 

pool turnover). Finally, injection of testosterone or placebo in older groups 

and zoladex or placebo in younger groups was administered by an 

unblinded research technician. The fully supervised RET protocol then 

commenced and continued for the next 6-wks. Additional VL biopsies 

(~60 min after bouts of RE to obtain temporal acute effects of RE across 

training) and other tests and samples took place intermittently during 

these 6-wks (see Figure 2-1). All muscle samples were collected under 

sterile conditions, using the conchotome biopsy technique (Dietrichson et 

al. 1987) with 1% w·v-1 lidocaine as local anaesthetic. Any fat tissue and 

connective tissue was rapidly dissected out and muscle was washed in 

ice-cold phosphate-buffered saline (PBS) and frozen in liquid nitrogen or 

liquid-nitrogen cooled isopentane, before storage at -80°C. Participants 

were provided 10 mg (D3-methyl)-3-Methylhistidine (3MH) in 100ml water 

on three occasions during the study and returned to the research unit 

(fasted) after 21 h for blood sampling every 2 h (i.e. at 21, 23, 25 h after 

3MH ingestion). A detailed schematic of the study protocol is depicted in 

Figure 2-1.  
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Figure 2-1 Study protocol  

 Physiological and functional measurements  

2.3.1 Resistance training procedures and strength 

assessments 

Participants in both groups performed the same whole-body RET 

including leg-extension, leg-press, leg-curl, lat-pull-down, shoulder-press 

and bench-press (all 3-sets of 8-10 reps at 80% 1-RM)) (Sundell 2011) 3-

times·wk-1 non-consecutively for 6-wks. Individuals’ 1-RM (Dohoney et al. 

2002) was re-assessed every 2-wks before the corresponding training 

session to maintain intensity with progression. An isokinetic 

dynamometer (Isocom; Isokinetic Technologies, Eurokinetics, UK) was 
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used to assess isometric knee extensor torque during MVC using two 

knee joint angles (70 and 80°), with full extension corresponding to 0°. 

Each individual muscle contraction lasted 4 s, with 30 s rest between 

contractions, and 90 s between knee joint angle assessments. In addition, 

specific strength (MVC70°·Legs LM-1) was calculated as MVC at 70° 

divided by legs fat free mass (LM).  

2.3.2 Muscle architecture by ultrasound and DXA-derived 

muscle mass 

Every 10 days and immediately before corresponding training session, B-

mode ultrasonography (Mylab 70, Esaote Biomedica) with a 100 mm, 10–

15 MHz, linear array probe was used for quantification of myo-

architecture. Images were obtained at 50% of the VL length and the mid-

sagittal line while the participant was lying supine on a couch (Quinlan et 

al. 2017). To assess fascicle length (Lf), the transducer was aligned with 

the fascicles to facilitate optimal image capture of the fascicles. The 

intersection between fascicles and the deep tendon aponeurosis and the 

perpendicular distance between the superficial and the deep tendon 

aponeurosis were used to assess pennation angle (PA) and muscle 

thickness (MT) (Franchi et al. 2015). Finally, extended-field-of-view 

ultrasonography (EFOV) was used to quantify the cross-sectional area 

(CSA) of the quadriceps (Noorkoiv, Nosaka, and Blazevich 2010). ImageJ 

software (ImageJ 1.51h) was used to analyse the images.  
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Before and after the study, DXA (64752, GE Medical Systems-Lunar 

Prodigy, US) was used to determine total FFM, legs LM, total fat 

percentage (TFP), total fat mass (TFM), FFM index (FFM divided by 

height squared (FFM·height-2), and appendicular FFM (fat free mass of 

arms and legs in kilograms divided by square of height in metres). 

Participants were asked to attend overnight fasted having not performed 

any heavy physical activity 24 h prior to scanning. For the DXA scan, 

participants wore loose comfortable clothing with no metal or plastic 

zippers, buttons or snaps.  Prior to use on participants, a QA block 

phantom was used to calibrate the system, to ensure optimal 

measurement. In addition, spine phantoms were run bi-monthly to assess 

the reproducibility and accuracy of the system over time.  

 Metabolic and biochemical measurements  

2.4.1 Oral Glucose Tolerance Test (OGTT) 

All participants completed a 2 h OGTT using 75 g unflavoured dextrose 

dissolved in water 3 times (OGTT1: before injection; OGTT2: ~5 days 

after first injection; OGTT3: after 6-wks RET) during the study. Venous 

blood samples were obtained at before and every 15 min (0, 15, 30, 60, 

75, 90, 105, and 120 min) after dextrose ingestion to be assayed for 

glucose and insulin levels. Blood glucose was analysed using glucose 

analyser machine (YSI 2300 STAT PLUS, UK) and plasma insulin and C-

peptide concentrations were measured using high-sensitivity insulin 
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enzyme linked immunosorbent assays (Insulin: DRG Instruments GmbH, 

Marburg, Germany; C-peptide: EZHCP-20K, Millipore, US) according to 

the manufacturer’s protocol. 

2.4.1.1 Calculation of insulin resistance/sensitivity  
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Where. G0 is fasting glucose level, I0 is fasting insulin level, Gmean or Imean 

are mean of glucose or insulin levels during the OGTT, C-peptide0 is 

fasting C-peptide level, HOMA-IR is Homeostatic model assessment-

insulin resistant, HOMA-β is Homeostatic model assessment-β cell 

function, Matsuda and Cederholm are indices of insulin sensitivity, GIR-
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index is glucose infusion rate-index. In HOMA-IR, insulin levels is used to 

determine the resistance to insulin action and in HOMA-β C-peptide is 

used to determine pancreatic insulin secretion (β-cell function) (Matsuda 

and DeFronzo 1999). 

2.4.2 Testosterone ELISA assay 

Venous blood samples were collected into EDTA-coated tubes 

intermittently during the study i.e. before injections and prior to individual 

RE sessions in the mornings to measure fluctuations in total testosterone 

concentrations. Blood samples were immediately cold centrifuged at 

1750 g, with resulting plasma fractions aliquoted and frozen at –80°C until 

further analysis. An enzyme-linked immunosorbent assay (ELISA; 

ab108666, Abcam, United Kingdom) competitive technique was used to 

assess the abundance of total testosterone in the plasma of all 

participants The intra-assay coefficient of variation was <5%, and the 

assay sensitivity was 70 ng·dl-1; the detection range was 20-1600 ng·dl-1.  

2.4.3 Muscle immunohistochemistry 

Serial 5 µm thick VL muscle cross-sections were cut at -20ºC using a 

cryostat (Leica, CM 1850, Germany), mounted on glass slides and air-

dried at room temperature. Determination of fibre type-specific cross-

sectional area was performed using monoclonal antibodies against slow 

(BA-F8) and fast myosin (SC-71) and laminin (D18) (Developmental 
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Studies Hybridoma Bank). Visualization of the primary antibodies was 

achieved by incubation with Alexa Fluor 488 and 568 goat-anti-mouse 

secondary antibodies (Invitrogen A/S) in situ. Muscle sections were then 

mounted with Molecular Probes Prolong Gold antifade reagent 

(Invitrogen A/S). Three major fibre types (I, IIA, IIX) were determined as 

previously described (Kadi et al. 1998). Fibre area was measured using 

Sigma Scan Pro 5 software.  

2.4.4   Body water and protein-bound alanine myofibrillar 

protein synthesis (MPS) 

To determine the exact volume of D2O to be consumed for daily “top-ups”, 

each participant provided saliva for the first three days after initial D2O 

consumption. These were processed to determine each participant’s 

body water decay rate, and from this, the amount of D2O needed to 

maintain a steady-state over the study period could be calculated. 

Individuals were then provided with stocks of daily D2O “top-ups” (~10% 

initial bolus dose) with thrice weekly saliva collection for rest of the study 

period. Wilkinson et al. (Wilkinson et al. 2014) previously described how 

body water and muscle protein enrichment were analysed. Briefly, 80-90 

µl of saliva was heated in inverted 2 ml autosampler vials for 4 h at 90-

100°C to purify fractions of the body water. The vials were then cooled on 

ice and before the condensed body water was transferred to a clean 

autosampler vial for injection. A high-temperature conversion elemental 

analyser (Thermo Finnigan, Thermo Scientific, Hemel Hempstead, UK) 
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connected to an isotope ratio mass spectrometer (Delta V advantage, 

Thermo Scientific) was employed to measure deuterium labelling in saliva 

(0.1 µl). To assess protein bound alanine muscle fraction enrichment, ~40 

mg of muscle was homogenised in ice-cold homogenization buffer to 

isolate myofibrillar proteins (Brook, Wilkinson, Mitchell, et al. 2016). 

Briefly, 10 min rotary mixing was followed by centrifugation at 11,000 g 

for 15 min at 4°C, the supernatant (sarcoplasmic fraction) was then 

collected for immunoblotting and the pellet was re-suspended in 500 µl 

mitochondrial extraction buffer (MEB) and then homogenised by Dounce, 

and centrifuged at 1,000g for 5 min at 4° C. Insoluble collagen was 

separated following centrifugation from myofibrillar proteins that were 

solubilised in 750 µl NaOH and subsequently precipitated using 1 Ϻ 

perchloric acid (PCA) then pelleted by centrifugation. Following overnight 

hydrolysis at 110°C in a 0.1 Ϻ HCl and Dowex H+ resin slurry, the amino 

acids were eluted with 2 Ϻ NH4OH and dried-down. Dried samples were 

suspended in 60 μl distilled water, 32 μl methanol, and 10 μl of pyridine 

and 8 μl of methyl chloroformate with intermittent vortex. The n-

methoxycarbonyl methyl esters of the amino acids were then extracted 

after adding 100 μl chloroform. A molecular sieve was added to remove 

water for ~20 s before being transferred to vials;  incorporation of 

deuterium into the protein bound alanine was determined by gas 

chromatography-pyrolysis-isotope ratio mass spectrometry (Delta V 

Advantage, Thermo, Hemel Hempstead, UK) (Brook, Wilkinson, Mitchell, 

et al. 2016).  
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2.4.4.1 Calculation of synthetic fractional rate 

Myofibrillar MPS was calculated from the deuterium enrichment (APE) in 

alanine in myofibrillar proteins, using the body water enrichment (APE, 

corrected for the mean number of deuterium moieties incorporated per 

alanine, 3.7, and the dilution from the total number of hydrogens in the 

derivative, i.e. 11) as the precursor labelling between subsequent 

biopsies. The fractional synthetic rate (FSR) was calculated as follows: 

 
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P1
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1

APE
FSR % day In

t


  
  
    

 
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 

                        (2.1) 

Where APEAla is deuterium enrichment of protein-bound alanine, APEP is 

mean precursor enrichment of the body water over the period, and t is the 

time between biopsies. Absolute synthetic rate (ASR) was estimated as: 

 1 FSR 12.4
ASR g day .

100 100
Total FFM       (2.2) 

where alkali soluble protein of 12.4% total FFM was assumed 

(MacDonald et al. 2013). Absolute protein breakdown rate (ABR) was 

estimated as: 

 1 FBR 12.4
g day .

100 100
ABR Total FFM       (2.3) 
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Where fractional breakdown rate (FBR) is calculated as FBR=FSR−FGR, 

with the fractional growth rate (FGR) assumed to be % FFM gain per day 

over 7-wks derived by DXA. In addition, the net protein turnover was 

calculated as: ASR-ABR.  

2.4.5 Muscle protein breakdown (MPB) measures using D3-

3MH 

Precisely 100μl of plasma was aliquoted and deproteinised in 1 ml of ice-

cold acetonitrile: methanol (1:1). Following ~1 h of cooling at -20°C, 

samples were centrifuged at 17,000 g for 20 min at 4°C. The resulting 

supernatant was dried and resuspended in 100 μl acetonitrile: ddH2O 

(1:1). Following centrifugation at 17,000 g, samples were transferred to 

autosampler vials for the determination of D3-3MH enrichment by Liquid 

Chromatography-Mass Spectrometry (LCMS: on a Q Exactive Orbitrap, 

Thermo Hemel Hempstead, UK).  The enrichment decay curves were log 

transformed to determine the decay constant (k) which represents the 

fractional rate of myofibrillar muscle protein breakdown (MPB) (Sheffield-

Moore et al. 2014).  

2.4.6 Muscle RNA, DNA and protein content 

Approximately 15 mg wet-weight muscle was used to determine alkaline 

soluble protein (ASP), RNA and DNA content. Initially, 0.2 M perchloric 

acid (PCA) was used to homogenize tissue, followed by centrifugation at 
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11,680 g. Pellets were re-solubilised in 0.3 M NaOH and protein contents 

quantified by spectrophotometry (NanoDrop Lite, Thermo Scientific). 

Thereafter, resulting supernatant was used for RNA quantification at 260 

nm by spectrophotometry; the pellet was then heated at 70oC for 1h in 2 

M PCA to extract the DNA, centrifuged and DNA quantification at 268 nm 

by spectrophotometry (Brook, Wilkinson, Mitchell, et al. 2016).  

2.4.7 Immunoblotting for anabolic/catabolic signalling 

Spectrophotometry was used to determine protein concentrations of 

sarcoplasmic fractions and samples were diluted with 3x Laemmli loading 

buffer to 1 mg·ml−1, followed by heating at 95°C for 5 min. Precisely 10 

μg of samples were loaded onto Criterion XT Bis–Tris–12% SDS-PAGE 

gels (Bio-Rad) for electrophoresis at 185 V for 45 min. After 

electrophoresis, as previously described (Bass et al. 2017), samples were 

transferred onto polyvinylidene difluoride (PVDF) membranes for 45 min 

at 100 V. Subsequently, 2.5% low-fat milk which was diluted in Tris-

buffered saline Tween-20 (TBST) was used to soak and block PVDF 

membranes for 1 h, at ambient temperature and then incubated in the 

following primary antibodies overnight at 4°C (1:2000 dilution in 2.5% 

BSA in TBS-T): rabbit phospho-protein kinase B (Akt)Ser473 (#9271), 

phospho-mechanistic target of rapamycin (mTOR)Ser2448 (#2971), 

phospho-Mitogen-activated protein kinase kinase (MEK1/2)Ser217/221 

(#9121), phospho-MAP kinase-activated protein kinase 2 (MAPKAPK-

2)Thr334 (#3007), phospho-ribosomal protein S6 (RPS6)ser235/236 (#2211), 
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phospho-AMP-activated protein kinase (AMPKα)Thr172 (#2531), phospho-

regulatory associated protein of mTOR (Raptor)Ser792 (#2083), phospho-

forkhead box O3 (FoxO3a)Ser253 (#13129) (all from Cell Signaling 

Technology, Leiden, The Netherlands), muscle-specific F-box protein 

(MAFbx) (#AP2041), muscle RING-finger protein-1 (MURF-1) (#101AP) 

(both from ECM Biosciences, Versailles, KY, USA), mouse oxidative 

phosphorylation (OxPhos) (Abcam, Cambridge, MA). The mentioned 

antibodies have covered all main hypertrophic pathways, catabolic 

factors and mitochondrial energy metabolism. After overnight incubation, 

membranes were washed 3×5 min in TBS-T, soaked in horseradish 

peroxidase (HRP)-conjugated secondary antibody (New England 

Biolabs; 1:2000 in 2.5% bovine serum albumin (BSA) in TBST) for 1 h, 

before 3×5 min washes in TBS-T. In order to quantify band intensity 

(Chemidoc MP, Bio-Rad, Hemel Hempstead, UK), membranes were 

exposed to Chemiluminescent HRP substrate (Millipore Corp., Billerica, 

MA, USA) for 5 min. Relative arbitrary units (RAU) were normalised to 

coomassie-stained membranes and to cross gel loading control.  

2.4.8 Gene expression analysis of myogenesis, IGF-1 related 

and testosterone processing 

Approximately 10 mg of muscle was homogenized, with one stainless 

steel bead (Tissue Lyser II, Qiagen, UK), for 2 min at frequency of 30 s-1 

in 500 µl TRizol (Life Technologies/Thermo Fisher Scientific) to isolate 

total RNA according to the manufacturer’s instructions. A high-capacity 
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cDNA reverse transcription kit (Life Technologies) was used to reverse-

transcribe 500 ng of total RNA for RT-qPCR. Precisely 1 µl of 1:10 diluted 

cDNA was added in each well of 384-optical well plates (Life 

Technologies). Exon-exon boundary specific primers were mixed with 

SYBR Select Master Mix (LifeTechnologies) and RNase-free water and 6 

µl of the mixed solution, as well as one µl of each cDNA were added to 

each well, with samples run in triplicate. The ViiATM 7 Real-Time PCR 

System (Life Technologies) was used according to the following thermal 

cycling conditions: 2 min at 50°C; 2 min at 95°C; 40 cycles of 15 s at 95 

°C and 60 s at 60°C. The ΔΔCt method was used to quantify target mRNA 

expression with Peptidylprolylisomerase A levels measured to correct for 

variations in RNA input/cDNA synthesis (Schmittgen and Livak 2008). 

Primer sequences for each of the probed genes are listed in Table 2-1. 

Table 2-1 Primer sequences used in PCR 

 Forward Reverse 

RPL13A 5’-TAAACAGGTACTGCTGGGCCG-3’ 5’-CTCGGGAAGGGTTGGTGTTC-3’ 

AR 5’-GGTGAGCAGAGTGCCCTATC-3’ 5’-GCAGTCTCCAAACGCATGTC-3’ 

SRD5A1 5’-TACGGGCATCGGTGCTTAAT-3’ 5’-AATCGCCATTGTACACGCCA-3’ 

AKR1C3 5’-GGAGAAGCAGCAGCAAACATT-3’ 5’-CTTTACTTCTCGGAACCTCTGGA-3’ 

HSD17B2 5’-GGCTGGCATCTTATGGCTCA-3’ 5’-CTGGTGCCTGCGATATTTGTT-3’ 

HSD17B3 5’-TGTACTCAGCTTCCAAGGCG-3’ 5’-TATGGGGTCAGCACCTGGAT-3’ 

IGF-1Ea 5’-TCAAATGTACTTCCTTCTGGGTC -3’ 5’-TAAGGAGGCTGGAGATGTATTGC -3’ 

IGF-1Ec 5’-AAATCAGCAGTCTTCCAACCC-3’ 5’-GTGTGCATCTTCACCTTCAAGAAA-3’ 

MHC1 5’-ATCTCTACGCCAGGGTCCTTA-3’ 5’-TTTCGGAGGAAAGGAGCAGC-3’ 
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MHCIIa 5’-GCCCTTGGAATGAGGCTGAC-3’ 5’-TGCTGAACTCAGAGGTCCTTGTT-3’ 

Myogenin 5’-CCAGGGGATCATCTGCTCACG-3’ 5’-GGTTTCATCTGGGAAGGCCA-3’ 

Myf-5 5’-GATGGCATGCCCGAATGTAAC-3’ 5’-GCAATCCAAGCTGGATAAGGA-3’ 

Myf-6 5’-CAAGAAAATCTTGAGGGTGCGG-3’ 5’-TTAGCCGTTATCACGAGCCC-3’ 

C-Myc 5’-AACCACCACCATCCCTGTTTG-3’ 5’-AAGGCCCCCAGACCCATTTC-3’ 

MyoD 5’-CTCCGACGGCATGATGGACTA-3’ 5’-TGGGCGCCTCGTTGTAGTA-3’ 

MEOX-2 5’-TGAAAGACAGGTGAAAGTCTGG-3’ 5’-ACCAGTTCCTTTTCCCGAGC-3’ 

C-met 5’-ACAGCTGACTTGCTGAGAGG-3’ 5’-AGGTTTATCTTTCGGTGCCCA-3’ 

PAX7 5’-CGGCCAGACTGCTGTTGATTAT-3’ 5’-GAGTCCCAGCACAGCAGAGT-3’ 

MSTN 5’-TGGCTCAAACAACCTGAATCC-3’ 5’-AAACGGATTCAGCCCATCTTCT-3’ 

PGC1-α 5’-GAGTCATACTTGCTCTTGGTG-3’ 5’-GATGATGGAGACAGCTATGGT-3’ 

Tfam 5’-TTCGTCCTCTTTAGCATGCTGA-3’ 5’-CACCGCAGGAAAAGCTGAAG-3’ 

RPL13A: Ribosomal Protein L13A, AR: Androgen Receptor, SRD5A1: Steroid 5 Alpha-Reductase 1, 
AKR1C3: Aldo-Keto Reductase Family 1 Member C3, HSD17B3: Hydroxysteroid 17-Beta 
Dehydrogenase 3, IGF-1: insulin-like Growth Factor-1, MHC: Myosin Heavy Chain, Myf-6: Myogenic 
Factor 6, C-Myc: MYC Proto-Oncogene, BHLH Transcription Factor, MEOX-2: Mesenchyme Homeobox 
2, C-met: MET Proto-Oncogene, Receptor Tyrosine Kinase, PAX7: Paired Box 7, PGC1-α: peroxisome 
proliferator-activated receptor γ co-activator 1-α, Tfam: mitochondrial Transcription factor A. 

2.4.9  Mitochondrial citrate synthase activity and DNA copy 

number 

Citrate Synthase (CS) activity was measured as described (Trounce et al. 

1996). Briefly, after homogenisation of 3-5 mg muscle in 1% Triton-X-100 

buffer, samples were centrifuged at 22,000 g for 3 min and the 

supernatant used for further analysis. Thereafter, 300 µl master mix 

containing 28% 0.05 M TRIS buffer (pH 7.6), 1.3% one mM 5,5' dithiobis-

2-nitrobenzoic acid (DTNB), 7% acetyl-coenzyme A (1.36 mg·ml-1), 0.8% 
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oxaloacetate (9.88 mg·ml-1) and 63 % ddH2O was measured at 412 nm 

as the blank. Finally, 20 µl of separated supernatant was used to measure 

the maximum rate of reaction (V max), compared to whole protein 

content. To quantify relative mitochondrial DNA (mtDNA) copy number, 

the extraction of genomic and mtDNA from muscle was performed using 

a Qiagen QIAamp® DNA Mini kit, according to the manufacturer’s 

recommendations. Briefly, the procedure involved tissue lysis in a 

proteinase K buffer, incubation for 3 h at 56°C to digest myofibrils followed 

by centrifugation of the lysates through silica-membrane-based nucleic 

acid purification columns and subsequent elution of the mtDNA and 

gDNA. The quality and quantity of DNA was assessed by measurement 

at 260, 280 and 230 nm. The expression level of markers of gDNA and 

mtDNA used to evaluate their abundance was accomplished by using 

TaqMan probe real-time PCR. The TaqMan probe design for the 

detection of gDNA levels was based on interrogation of the intron 

sequence spanning between exons 3-4 of the genomic 

hydroxymethylbilane synthase (HMBS) gene to avoid mRNA 

amplification. The probe design for detection of mtDNA levels was based 

on interrogation of a stable fragment of the mtDNA loop, namely the 

mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 

1 (ND1). The 2-ΔCt formula, where Δ=CtND1-CtHMBS, was used to express 

relative mtDNA copy number. 
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 Statistical analyses 

Data are expressed as mean±SEM, while normality of distribution was 

examined using the Kolmogorov-Smirnov test. In addition, two-way 

analysis of variance (ANOVA) and repeated measure ANOVA (time) with 

one between-subject factor (group) were used to compare the changes 

during the RET programme both within and between the two (placebo vs. 

testosterone) groups. In addition, independent t-tests were used for 

comparing fold change between the two groups. Cohen’s effect sizes 

(ES) were also calculated for significant data. Effect sizes of 0 to <0.20 

were considered “trivial”, 0.20 to <0.50 were considered ‘‘small’’ in 

magnitude, 0.50 to <0.80 were ‘‘medium’’ and ≥0.80 were ‘‘large’’ (Lakens 

2013). Where significant differences were found using repeated measure 

ANOVA, a Bonferroni post-hoc test was applied for multiple comparisons. 

The correlation was assessed using Pearson’s product moment 

correlation coefficient and Intraclass Correlation Coefficient (ICC) was 

used to test reliability of DXA and ultrasound-related outputs. The 

significance level was defined as P≤0.05 and all of the statistical analyses 

were performed using GraphPad Prism 7.01(La Jolla, CA).   
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 Abstract  

Background: The role of endogenous testosterone (T) in mediating 

hypertrophic responses to resistance exercise training (RET) remains 

contentious with correlative studies suggesting a limited role, and others a more 

central role. We thus investigated the physiological and mechanistic effects of 

chemical endogenous testosterone depletion adjuvant to 6-wks of RET on 

muscle mass, function, myogenic regulatory factors, muscle anabolic signalling, 

and protein synthesis in younger men. 

Methods: Sixteen non-hypogonadal healthy young men (18-30 y, BMI≤30 kg.m-

2, serum T>230 ng·dl-1) were randomised in a double-blinded fashion to receive 

either: placebo (P, saline n=8) or the GnRH analogue, Goserelin (Zoladex (Z) 

(3.6 mg, n=8)) injections before undertaking 6-wks of RET (6-exercises, 3-sets, 

8-10 reps, 80% 1-RM). Participants underwent dual-energy x-ray 

absorptiometry, ultrasound of vastus lateralis (VL) muscle architecture, and 

knee-extensor isometric muscle force tests; VL muscle biopsies were taken to 

quantify myogenic/anabolic gene expression, anabolic signalling, muscle protein 

synthesis (D2O) and breakdown (extrapolated). 

Results: Provision of Zoladex during RET suppressed endogenous testosterone 

(Z: 45.2±4, vs. P: 323±30 ng.dl-1, P<0.001). The Zoladex group exhibited blunted 

whole-body (Z: 55±3 to 56±3 kg, P=0.6 vs. P: 56±2 to 58±2 kg, P=0.006) and 

appendicular fat free mass (FFM) (Z: 8.2±0.3 to 8.4±0.4, P>0.9 vs. P: 7.6±0.3 to 

8.3±0.3kg·m-2, P=0.07). Augmentations in VL muscle thickness, fascicle length, 

and quadriceps cross-section area with RET occured to a greater extent in 

placebo (P<0.05) and composite strength gains (Z: 40±2 vs. P: 50±3%, P=0.03) 
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increased significantly more in the placebo group. Reductions in body fat 

percentage were only evident in the placebo group (Z: 23±2 to 24±2%, P=0.2 vs. 

P: 24±3 to 23±3%, P=0.04). The placebo group exhibited augmented gene 

expression related to testosterone metabolism (e.g. Androgen Receptor: 1.8-

fold; HSD17B3: 2.8-fold, P<0.05); anabolism/myogenesis (e.g. IGF-1EA (3.3-

fold), Myogenin (2.6-fold), Myf5 (2.6-fold), c-Met (2.7-fold), P<0.05) in addition to 

RNA/DNA (P:0.5±0.1 to 0.6±0.1, P=0.0003 vs. Z:0.5±0.1 to 0.5±0.1, P=0.3), and 

RNA/ASP ratio (P:6.5±0.2 to 8.9±1.1, P=0.008 vs. Z:5.8±0.4 to 6.8±0.5, P>0.9). 

Also, acute RET-induced phosphorylation of AKTser473 (Z: 4.9±1.6-fold, P=0.7 vs. 

P: 10.1±5.3-fold, P=0.003) and mTORC1ser2448 (Z: 2.5±1.3-fold, P>0.9 vs. P: 

4.8±2.1-fold, P=0.03) were attenuated in the Zoladex group. Both MPS (P: 

2.01±0.1 vs. Z: 1.54±0.1%·day−1, P=0.01) and MPB rates (P: 129.1±13 vs. Z: 

93.1±7.8 g·day-1, P=0.04) were higher in placebo group, which led to higher net 

turnover and protein accretion (P: 3.9±1.1 vs. Z: 1.2±1.1 g·day-1, P=0.04).  

Conclusions: Chemical testosterone depletion during RET blunted muscle 

anabolic signalling, testosterone processing enzyme and pro-myogenic gene 

expression, perhaps explaining attenuated muscle growth in this group. Thus, 

decreasing endogenous levels of testosterone coupled to RET attenuates 

numerous positive adaptations to RET - thereby, demonstrating, at least, 

permissive importance of endogenous testosterone in regulating muscle 

hypertrophy. 
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 Introduction 

Skeletal muscles, which comprise up to one-half of the body mass (Lee 

et al. 2000) and contain ~70% of all body proteins and accounts for ~50% 

of body protein turnover (Frontera and Ochala 2015) have obvious role in 

locomotor activity, postural behavior (Lee et al. 2000), basal energy 

metabolism, storage of the substrates such as amino acids and 

carbohydrates, the production of heat for the maintenance of core 

temperature, and the consumption of the majority of oxygen and fuel used 

during exercise training (Frontera and Ochala 2015). In general, muscle 

mass is affected by the balance between protein synthesis and 

degradation and both processes are under influence of factors such as 

hormonal balance, exercise training, and injury or disease (Frontera and 

Ochala 2015; Zanou and Gailly 2013). Indeed, there remains a need for 

identifying the factors (-related mechanisms) regulating muscle cells 

growth.  

In normal conditions, adult skeletal muscle is therefore a stable tissue. 

This  stable tissue with 1–2% of myonuclei replacement per week, has the 

ability to complete a rapid and extensive regeneration in response to 

severe damage (e.g. extensive physical activity, especially resistance 

exercise training (RET)) (Charge and Rudnicki 2004). This remarkable 

ability of muscles in regenerating newly myofibers from activation of 

myogenic cells to proliferate, differentiate, and fuse to necrotic fibres 

(Charge and Rudnicki 2004) via factors such as myogenic regulatory 



Chapter 3 Suppressed endogenous testosterone blunts muscle programming  89 
 

factors (MRFs) relies on other growth factors (e.g. testosterone) (Zanou 

and Gailly 2013). In previous studies, decrease in testosterone levels 

(treatment with gonadotropin-releasing hormone (GnRH)) demonstrated 

an association between testosterone concentrations and fat free mass 

(FFM), muscle size and strength (Kvorning et al. 2006a; Ferrando et al. 

2002c). However, the mechanisms by which the expression and activity 

of these factors are regulated (mainly through testosterone) are not 

completely clarified.  

The RET elicits a milieu of physiological responses and adaptations that 

are critical for increasing muscular hypertrophy and strength (Kraemer et 

al. 1990). Of primary importance to acute exercise performance and 

subsequent tissue remodelling is the role(s) played by the neuroendocrine 

system (Kraemer et al. 1990); especially enhancing testosterone levels 

after an individual RE in response to RET (Rønnestad, Nygaard, and 

Raastad 2011). This augmentation seems to be critical, as we already 

showed older males with lower levels of testosterone had blunted 

adaptation to RET (Brook, Wilkinson, Mitchell, et al. 2016), and also long 

term testosterone therapy per se positively affected net protein balance 

(Ferrando et al. 2002c), FFM (Gruenewald and Matsumoto 2003), fat 

mass (Svartberg et al. 2008), muscle function (Arny A. Ferrando and 

Randall J 2002) through ill-defined mechanism; nevertheless, short-term 

testosterone therapy did not improve muscle protein synthesis (MPS), 

RNA content (Lobley et al. 1990), FFM or appendicular FFM (Ragnarsson 

et al. 2013), as well as muscle strength (Liu, Swerdloff, and Veldhuis 



Chapter 3 Suppressed endogenous testosterone blunts muscle programming  90 
 

2004). Conversely, suppression of endogenous testosterone production 

attenuated the increase in FFM, increased body fat percentage (BFP), 

and blunted the increase in muscle strength during RET (Kvorning et al. 

2006a), but not blunted MyoD, myogenin, IGF, and myostatin expression 

(Kvorning et al. 2007a) in young men. Thus far, the role of endogenous 

testosterone in mediating hypertrophic adaptation to RET remains 

contentious with correlative studies suggesting a limited role (West, Burd, 

et al. 2009); therefore, interventions that exploring the mechanistic effects 

of testosterone via manipulating circulating testosterone concentration 

during RET might be of greater benefit (Hawkins et al. 2008). Hence, in 

an effort to determine the importance and mechanisms of endogenous 

testosterone adjuvant to RET, we investigated the cellular mechanisms of 

short-term RET with or without testosterone suppression in young men, 

with determining the end-points relating to muscle mass, function, 

myogenic regulation, anabolic signalling and protein turnover. 

 Methods 

The study protocol and all the methods relating to this section have been 

previously described in chapter 2. 
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 Results 

Physiological characteristics of participants are shown in Table 3-1. 

Further, total plasma testosterone concentrations in the Zoladex group 

were significantly lower than in the placebo group at all time-points during 

RET (P<0.05); i.e. 377±31 ng·dl-1 at baseline and achieved 287±61 ng·dl-

1 at 1-wk and 45±4 ng·dl-1 at 4-wks and returned to 229±48 ng·dl-1 at the 

end of RET in Zoladex group. Plasma testosterone concentrations during 

the study are shown in Figure 3-1. 

Table 3-1 Participants Characteristics 

 

Zoladex(n=8) Placebo(n=8) 

 

Baseline Week 6 Baseline Week 6 

Age (y) 22.2(0.8) –– 21.1(1.2) –– 

Height (m) 1.71(0.1) –– 1.82(0.1) –– 

Weight (kg) 72.9(4.1) 74.1(4.3) 75.7(4.4) 76.7(4.3) 

BMI (kg.m-2) 23.1(1.1) 23.4(1.1) 22.9(1.4) 23.2(1.4) 

Values are means (SEM). 
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Figure 3-1 Plasma testosterone concentrations during the study 

3.4.1 Body composition  

The DXA results showed that total FFM (ICC=0.97) increased significantly 

to a greater extent following the 6-wk RET in placebo (55.9±1.7kg to 

57.4±1.7kg, P=0.006, 95% confidence interval (CI)=56-58, ES=0.31, 

Figure. 3-2.A) than Zoladex (55.4±2.8kg to 55.8±3.1kg, 95%CI=55-57). 

Nevertheless, placebo study group only showed a trend in leg FFM 

(P:18.7±0.7 kg to 19.4±0.7 kg (P=0.09) vs. Z:18.9±1.1kg to 19±1.2 kg 

(P>0.9), Figure 3-2B), appendicular FFM (P:7.6±0.3 to 8.2±0.3 (P=0.07) 

vs. Z:8.2±0.3 to 8.4±0.3 (P>0.9), Figure 3-2C) and TFM (P:19.1±3.4kg to 

18.5±3.3kg (P=0.4) vs. Z:16.7±1.9 kg to 17.4±2.1 kg (P=0.2), Figure 3-

2D); indicating lower testosterone level in Zoladex group blunted RET 

adaptation. Further, both FFM index (17±0.4 kg.m-2 to 17.4±0.4 kg.m-2, 
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95%CI=17.4-18 vs. 17.5±0.5 kg.m-2 to 17.6±0.6 kg.m-2, P=0.007, 

ES=0.28, Figure 3-2D) and TFP (24.4±3 % to 23.4±2.9 %, 95%CI=21.7-

23.6 vs. 23±2 % to 23.6±2.1 %, P=0.04, ES=0.37, Figure 3-2E) after RET; 

showing higher testosterone level could boost the RET adaptation. 

  

 

 

 

 

 

 

 

 

 

 

 

3.4.2 Muscle architecture  

Figure 3-2 Muscle mass and body composition changes. Changes in Zoladex 
and placebo in muscle mass and body composition (A-F), from baseline to wk 6. 
Values are means ± SEM. a Significantly different from baseline, P<0.05; b
significantly different from placebo, P<0.05 all from two-way ANOVA. FFM: fat 
free mass; TFP: total fat percentage; TFM: total fat mass. 
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Over the RET period, placebo increased MT (2.74±0.32 to 2.91±0.32 cm, 

P<0.0001, 95%CI=2.8-3, ES=0.48, vs. 2.7±0.4 to 2.69±0.36 cm, P>0.99, 

ICC:0.95, Figure 3-3.A), Lf (7.91±0.87 to 8.44±0.82, P<0.0001, 

95%CI=7.8-8.5, ES=0.34 vs. 7.39±1.1 to 7.42±1.1 cm, P>0.99, Figure 3-

3.B), PA (22.8±1.8 to 24.3±2.27°, P=0.001, 95%CI=23.8-26.2, ES=0.36 

vs. 24.4±4.1 to 25.2±4.1°, P=0.32, Figure 3-3.C), and CSA (79.1±11.8 to 

83.8±9.1 cm2, P=0.005, 95%CI=81.5-87.3, ES=0.45 vs. 80.5±15.4 to 

78.8±16.4 cm2, P>0.99, Figure 3-3.D); illustrating the 

anabolic/remodelling role of T.  

 

 

 

 

 

 

 

 

 Figure 3-3 Fold changes in muscle architecture (A-D). Values are means ± 
SEM.  a Significantly different from baseline, P<0.05; b significantly different 
between two groups, P<0.05; all from repeated measure ANOVA.  
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3.4.3 Fibre type satellite cell, myonuclei number and CSA 

The percentage of type IIx number decreased in placebo group (P=0.03), 

without changing in type I and IIa. Fibre CSA type IIa did not change 

significantly in any group; but fibre CSA type I increased significantly in 

the placebo group, with a significant correlation between quadriceps CSA 

and CSA type I and IIa in placebo group (Figure 3-4 A-K). 
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Figure 3-4  Fibre type number (A-C), satellite cell number (D-E), myonuclei number (F-G) and 
CSA (H-I) and correlation between fibre type and quadriceps CSA (J-K). Values are means ± 
SEM.  a Significantly different from baseline, P<0.05, all from two way ANOVA.  
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3.4.4 Muscular performance 

Dynamic strength (total 1-RM across all six exercises) was augmented in 

to a greater extent in the placebo group vs. Zoladex (P:49.8±3.3% vs. 

Z:40±2.3%, 95%CI= P:41.9-49.8 vs. Z:34.5-45.5, P=0.03, ES=1.4, Figure 

3-5A). There were similar increases in specific strength, (force per unit 

area) across the groups (95%CI= P:10.9-11.9; Z:10.4-11.4, ES=T:1.13; 

Z:0.98, P<0.05, Figure 3-5D). However, there were no significant 

differences in static strength in both groups; e.g. MVC at 70° (275±11.4 to 

306.3±20.6 Nm vs. 288.3±31.3 to 320.7±35 Nm, P=0.22, Figure 3-5 B,C). 

 

Figure 3-5 Time course of changes in Total strength (A) and muscle strength (B-
D), and correlation between FFM and total strength (E). Values are means ± 
SEM. a Significantly different from baseline, P<0.05; b significantly different 
between two groups, P<0.05. A: independent t-tests, B-D: two-way ANOVA. 
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3.4.5 Muscle protein synthesis and [extrapolated] breakdown 

There was a significant augmentation in cumulative myofibrillar MPS in 

placebo vs. Zoladex till 3-wks RET (P:1.5±0.12 to 2±0.15 %·day−1 vs. 

Z:1.45±0.11 to 1.5±0.06 %·day−1, 95%CI=P:1.7-2.2 vs. Z:1.3-1.7, P=0.01, 

ES=0.97); in line with findings of elevated FGR in placebo compared to 

Zoladex (0.05±0.01 %·day−1 vs. 0.01 %·day−1, 95%CI=0.02-0.09 vs. -

0.02-0.05, P=0.04, ES=0.43) (Figure 3-6 A-B). Furthermore, ASR was 

significantly increased as a result of RET in placebo (104.6±10.1 to 

133.1±13.9 g·day-1, 95%CI=109.9-153.5, P=0.03, ES=0.32), but not in 

Zoladex (99.9±9.5 to 94.3±7.8 g·day-1, 95%CI=73.9-117.5, P>0.05). In 

addition, estimated ABR was significantly higher in placebo than Zoladex 

during RET (129.1±13.8 vs. 93.16±7.8 g·day-1, 95%CI=105-153 vs 69-

117, P=0.04, ES=0.92). Finally, when comparing ASR and ABR, net 

protein turnover in the placebo group was higher than the Zoladex group 

(3.9±1.1 g·day-1 vs. 1.2±1.1 g·day-1, 95%CI=1.6-6.3 vs. -1.1-3.5, P=0.04, 

ES=0.95, Figure 3-6 C-E).  
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Figure 3-6. Muscle protein synthesis, fractional growth rate, absolute synthetic 
rate, absolute break-down rate and protein turnover. Values are means ± SEM. 
a Significantly different from baseline, P<0.05; b significantly different between 
two groups, P<0.05. B, D, E: independent t-tests, A and C: two-way ANOVA. 
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3.4.6 Muscle ASP, DNA and RNA content 

There were no changes in ASP or DNA concentrations per dry weight (dw) 

muscle (µg·mg-1) in Zoladex or placebo with RET; nonetheless, total RNA 

content (95%CI=P:4.1-6.3; Z:2.9-5.2, P<0.0001, ES=0.75) and RNA:DNA 

ratio, a reflection of ribosomal capacity for protein synthesis, only 

increased in the testosterone group (95%CI=P:0.55-0.72; Z:0.44-0.62, 

P=0.003, ES=0.72). Similarly, RNA:ASP ratio, primarily a measure of 

ribosomal capacity (Brook, Wilkinson, Mitchell, et al. 2016), increased in 

placebo (95%CI= 7-10.8, P=0.008, ES=0.63) but not Zoladex (P>0.99, 

95%CI=4.8-8.7) over the RET phase. Finally, the ratio of ASP:DNA, a 

measure of cell size did not change in either group (Table 3-2).  

 

 



 

Table 3-2 Muscle protein, RNA, DNA and related ratios 

 

P Z 

 

Baseline WK1 WK3 WK6 Baseline WK1 WK3 WK6 

ASP Content (µg·mg-1 dw) 528.1(21.6) 522.6(32.9) 564.6(42) 595.8(25.4) 592.4(24.3) 548(28.7) 581.5(31.2) 598.2(24.5) 

RNA Content (µg·mg-1 dw) 3.4(0.1) 3.8(0.1) 4.1(0.1) 5.2(0.5)a,b 3.4(0.1) 3.5(0.3) 3.5(0.3) 4.1(0.4) 

DNA Content (µg·mg-1 dw) 6.8(0.1) 6.9(0.3) 7.2(0.2) 8.1(0.3) 7.4(0.4) 7.5(0.2) 7.4(0.4) 7.7(0.7) 

RNA:DNA (Ratio) 0.5(0.01) 0.55(0.01) 0.57(0.01) 0.64(0.04)a,b 0.47(0.03) 0.46(0.04) 0.47(0.03) 0.53(0.03) 

RNA:ASP (Ratio) 6.5(0.2) 7.4(0.4) 7.5(0.4) 8.9(1.1)a 5.8(0.4) 6.5(0.7) 6.1(0.4) 6.8(0.5) 

ASP:DNA (Ratio) 77.2(3.2) 75.6(4.4) 78(4.6) 74.1(4.2) 81.1(4.3) 72.7(3.1) 78.3(1.8) 81.2(8.1) 

Values are means (SEM). a Significantly different from baseline, P<0.05; b significantly different between two groups, P<0.05. all from repeated measure 
ANOVA. 
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3.4.7 Intramuscular signalling pathways  

Acute, exercise-induced anabolic signalling was quantified 60 min after 

the first (1-wk), 9th (3-wk), and 18th (6-wk) resistance exercise session. In 

doing so, we showed there was significant increases in placebo study 

group compared to Zoladex, in phosphorylation of protein kinase B 

(AKTSer473) (95%CI=1.7-18.6, P=0.003, ES=0.54), mammalian target of 

rapamycin (mTORSer2448) (95%CI=0.98-8.6, P=0.03, ES=0.53), 

adenosine monophosphate-activated protein kinase (AMPKαThr172) 

(95%CI=3.3-10.9, P=0.02, ES=0.68) and regulatory-associated protein of 

mTOR (RaptorSer792) (95%CI=1.1-2.5, P=0.001, ES=0.59) acutely after 6-

wk RET. Further, the Zoladex group increased activation ribosomal 

protein S6 (RPS6ser240/244) (95%CI=22-59, P=0.001, ES=0.79) acutely 

after first RE, In contrast, phosphorylation levels of forkhead box O3 

(FoxO3aSer253) and Tuberin/TSC2Thr1462 did not change at any time 

(P>0.05) (Figure 3-7).  
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Figure 3-7 Intramuscular anabolic signalling pathways. Values are means ± 
SEM. a Significantly different from baseline, P<0.05; b significantly different 
between two groups P<0.05. all from repeated measure ANOVA. 
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3.4.8 Muscle gene expression 

Acute, exercise-induced increase in Testosterone metabolism-related 

gene expression was augmented in placebo compared to Z. Accordingly, 

androgen receptor (AR) (1.8±0.1-fold change, 95%CI=1.5-2.1, P<0.0001, 

ES=0.85), HSD17β3 (2.8±0.8-fold change, 95%CI=1.4-4.2, P=0.007, 

ES=1.04) and increased after 6-wk RET only in placebo (Figure 3-8 A-B).  

In addition, IGF-1Ea (3.3±0.7-fold change, 95%CI=2.1-4.5, P=0.0005, 

ES=0.72), IGF-1Ec (4.6±1.4-fold change, 95%CI=2.3-6.9, P=0.0005, 

ES=0.68) expression increased only in placebo after 6-wk RET (Figure 3-

8.D-F). While mRNA expression of select myogenesis-related genes i.e. 

Myogenin (2.6±0.6-fold change, 95%CI=1.7-3.6, P=0.002, ES=0.72), 

Myf-5 (2.6±0.4-fold change, 95%CI=1.9-3.3, P=0.0001, ES=0.81), Myf-6 

(2.9±0.5-fold change, 95%CI=1.7-4, P=0.01, ES=0.79) increased in 

placebo, C-met (2.7±0.4 vs. 1.9±0.2 fold change, 95%CI=P:1.8-3.5, 

Z:1.1-2.8, ES= P:0.82, Z:0.77) and C-Myc (10.6±3.2 vs. 11.6±3.5 fold 

change, 95%CI=P:3.2-17.9, Z:4.2-18.9, ES=P:0.74, Z:0.74) increased in 

both groups (P<0.05); with insignificant changes in MYOD and PAX-7 

(P>0.05) (Figure 3-8.G-M). Nevertheless, a measure of myostatin 

(MSTN), displayed a trend to increase by 3-wk in placebo (2.2 ± 0.7-fold 

change, 95%CI=1.1-3.3, P = 0.01, ES=0.55), whilst there was no 

significant changes by 6-wk in both groups (P>0.05) (Figure 3-8.N).  
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3.4.9 Mitochondrial oxidative phosphorylation capacity 

There was no significant differences between and within groups in gene 

expression of mitochondrial transcription factor A (Tfam), peroxisome 

Figure 3-8 Muscle gene expression Changes in T and P in T metabolism gene 
expression (A-C), anabolism (D-F), and myogenic (G-L) and myogenesis inhibitor 
(M) from baseline to wk 6. Values are means ± SEM. a Significantly different from 
baseline, P<0.05; b significantly different between two groups, P<0.05. all from 
repeated measure ANOVA. 
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proliferator-activated receptor γ co-activator-1α (PGC-1α), and levels of 

oxidative phosphorylation (OxPhos) proteins in either of groups (P>0.05).  
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 Discussion 

There is a great deal of interest in identifying the interventions-related 

mechanisms that will explain the effects of androgens on muscle 

programming. Herein, we elucidated that chemical endogenous 

testosterone depletion coupled with 6-wks of RET significantly 

blunted/suppressed augmentation in FFM, function, MRFs, muscle 

anabolic signaling, protein synthesis in adaptive responses to RET in 

younger men. 

The mechanism and the role of testosterone in regulating muscle gains 

when coupled with RET remains somewhat contentious. For instance, 

Ahtiainen et al. (Ahtiainen et al. 2015) reported that 12-months RET 

increased FFM without altering endogenous testosterone levels, 

concluding that changes in endogenous testosterone levels did not 

Figure 3-9 . Mitochondrial oxidative phosphorylation capacity markers. Values 
are means ± SEM. a Significantly different from baseline, P<0.05; b significantly 
different between two groups, P<0.05. 
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impact RET-induced muscular adaptations (Ahtiainen et al. 2015). 

However, 10-wks endogenous testosterone suppression decreased FFM 

(Mauras et al. 1998); and in another study, suppression of endogenous 

testosterone blunted muscle adaptations and increased TFP to 8-wks 

RET in younger men (Kvorning et al. 2006b) - suggesting that 

endogenous testosterone levels are, at very least, permissive in 

regulating hypertrophic adaptations to RET. Therefore, given established 

links between testosterone levels and muscle mass (Griggs et al. 1989), 

we postulated that short-term testosterone declines adjuvant to RET 

blunts adaptations/responses to RET. Consistent with this thesis and the 

marked effect of short term (8-wk) RET on FFM (Kon et al. 2014), it was 

previously reported that endogenous testosterone is of paramount 

importance to the adaptation to RET; i.e. suppressed endogenous 

testosterone attenuated FFM and strength gains while increased TFP 

(Kvorning et al. 2006b). Our present albeit shorter-term data also showed 

that RET adjuvant to testosterone suppression led to attenuated 

increases in whole-body and; moderately, appendicular FFM. Moreover, 

RET-induced gains in MT, Lf, PA, and CSA in VL and quadriceps and 

with a decrease in fibre type IIx after RET (Andersen and Aagaard 2000) 

in placebo but not in Zoladex group; remodeling also is associated with 

T-specific hypertrophy of type I fibres and related correlation (i.e. type I 

and IIa) with quadriceps CSA, illustrating that suppression of endogenous 

testosterone attenuated local thigh muscle remodeling. Thus, in spite of 

some previous studies (Wilkinson et al. 2007a; West, Kujbida, et al. 

2009), our data suggest that endogenous testosterone in healthy younger 
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men can be considered as of paramount importance for the muscular 

adaptation to RET.  

Since muscular performance is the culmination of neural and muscle 

structural elements, and is the most important attribute to maintaining 

mobility, we determined the role of endogenous testosterone in relation 

to aspects of muscle strength. In doing so, we established that the 

placebo group developed greater total dynamic (1-RM) strength gains 

(Kon et al. 2014) which also is strongly correlated with testosterone levels 

(Figure 3-5.E) (Häkkinen and Pakarinen 1994). To support, it has 

reported 8-wks testosterone suppression decreased strength in younger 

men (Mauras et al. 1998; Kvorning et al. 2006a). Interestingly, previous 

work has shown that there may be a neural component to the effects of 

testosterone e.g. influencing neurotransmitter synthesis (Hakkinen et al. 

2000), leading to reduced force fluctuations (Tracy, Byrnes, and Enoka 

2004) and inducing recruitment of larger/faster motor units (fast twitch 

fibres) (Bellew 2002). Nonetheless, given our total strength·FFM-1 

‘specific force’ data illustrate that muscle mass gains were related to 

strength-related improvements; we can thus conclude RET-induced FFM 

gains were a major component of improved muscle performance in both 

groups.  

In order to assess the mechanisms underlying the ergogenic effects of 

normal endogenous testosterone levels adjuvant to RET in younger men, 

we quantified cumulative rates of myofibrillar protein synthesis over the 

6-wks of RET. In doing so, we demonstrated that, in opposition to Zoladex 
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group, placebo group with normal testosterone levels augmented MPS 

during RET while concomitantly increasing [estimated] fractional 

breakdown rates (FBR) (Pivarnik, Hickson, and Wolinsky 1989) and 

crucially, with net balance calculations illustrating MPS>MPB. MPB, is an 

important metabolic component of muscle remodelling and protein 

turnover, increase with RET but to a lesser extent than MPS (Tipton, 

Hamilton, and Gallagher 2018). The logical extrapolation of a sustained 

increase in net muscle protein deposition after RET is an increase in FFM 

and strength (Ferrando et al. 2002c), entirely in line with our mass and 

strength-gain data. Links between testosterone and MPS have been 

previously established. For instance, decreased muscle mass with 

castration-induced androgen withdrawal suppressed myofibrillar protein 

synthesis in mice (White et al. 2013b). In addition, castration and 

testosterone replacement for 8‐wks in mice indicated testosterone as a 

key regulator of muscle protein turnover (Haren et al. 2011); with 

increased efficiency of reutilization of amino acids from MPB during 

testosterone replacement (Ferrando et al. 1998b). Interestingly, it was 

suggested exogenous testosterone may improve net protein balance via 

decreasing MPB, rather than an increasing MPS (Nader et al. 2014). 

Further, 8-wks testosterone suppression per se decreased whole body 

MPS without any change in plasma amino acid concentrations (Mauras 

et al. 1998), with an early stage of increase in protein degradation rather 

than ubiquitin-proteasome process (Haren et al. 2011). However, we 

show that, in opposition to Zoladex group, normal endogenous 

testosterone levels coupled to RET increased net protein accretion 
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despite elevation of both MPS and MPB, because increases in 

MPS>MPB, indicating the effects of endogenous testosterone in 

myofibrilar MPS (Morgan et al. 1993). Further, Factors control intracellular 

protein turnover (i.e. protein translation, available mRNA, and 

transcriptional capacity) seem to have large effect on the rate of muscle 

hypertrophy (Van der Meer, Jaspers, and Degens 2011). 

In order to explore the mechanisms underpinning increases in MPS, we 

investigated aspects regulating the translational ‘efficiency’ of ribosomes 

(Van der Meer, Jaspers, and Degens 2011) corresponding to the 

translational rate per ribosome (Chaillou 2017). To evaluate this, we 

determined acute RE-induced phosphorylation within mTORC1  

pathways (Brook, Wilkinson, Mitchell, et al. 2016), across the duration of 

the 6-wks RET. It is noteworthy from past work that activation of many of 

these pathways are blunted in low testosterone levels conditions 

(Williamson et al. 2003; Parkington et al. 2004; Brook, Wilkinson, Mitchell, 

et al. 2016; Haren et al. 2011) and that in the present study, depletion of 

testosterone in younger men attenuated the hypertrophy-related protein 

phosphorylation. Consistently, there is a general blunted activation of 

mTORC1 (Parkington et al. 2004), ERK1/2 (Williamson et al. 2003), 

MAPKs (Williamson et al. 2003) presumably due to lesser bio-availability 

of testosterone (Bennett et al. 2010; White et al. 2013b). In support of this, 

exogenous testosterone augmented IGF-1/Akt/mTOR signaling-activity 

(which regulates MPS (White et al. 2013b)), presumably explaining 

enhanced mass and functional gains and suggesting that testosterone 
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levels, both exogenous and endogenous, at least permissively, regulate 

muscle adaptations. In addition to increases in translational efficiency, 

another facet that is under influence of testosterone and potentially 

impacts ‘capacity’ for increasing protein synthesis and net protein balance 

and is critical for anabolic potential and hypertrophy is ribosomal RNA 

content (Wilborn et al. 2009). In accordance, it is reported testosterone 

depletion decreased transcriptional activity and cell size (Morgan et al. 

1993). In the present study, despite testosterone suppression group, 

normal testosterone level coupled with RET increased total RNA content 

per ‘cellular unit’ (RNA:DNA ratio), an indicator of ribosomal abundance 

(Kemp et al. 2013), and total RNA:ASP ratio, as an index of synthetic 

capacity - thereby indicating the central role of endogenous testosterone 

in transcriptional activity during RET.   

No study has previously examined the effect of RET adjuvant to depletion 

of testosterone in relation to muscle steroid-metabolism enzyme 

expression in younger human muscle. In our study, testosterone 

suppression attenuated AR mRNA and steroidogenic perhaps resulting 

in lower muscle testosterone processing capacity - presumably due to 

lower infiltration of testosterone from the circulation (Vingren et al. 2008). 

In our placebo group, the AR (Bhasin et al. 2003),  apparently alters 

mRNA expression of thousands of target genes (Jiang et al. 2009), but is 

also associated with fibre type CSA increases (Roberts, Haun, et al. 

2018),  as well as triggering anabolic kinase signalling; i.e. Akt (Bennett 

et al. 2010), suggesting transcriptional links to augmented MPS, FFM and 
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strength in the present study and others (Roberts, Haun, et al. 2018; Sato 

et al. 2014; Willoughby and Taylor 2004; Brook, Wilkinson, Smith, et al. 

2016). However, it has been reported depletion of endogenous 

testosterone has no effect on regulation of expression of AR, anabolic 

factors and myogenesis during RET (Kvorning et al. 2007b). 

Nevertheless, in addition to increases in testosterone metabolism-related 

mRNA expression, we demonstrated that myogenic and anabolic-related 

gene expression was blunted with RET with lower testosterone levels, but 

augmented with normal testosterone levels. Specifically, IGF-1Ec up-

regulation is purported to correlate with transcriptional activity (Philippou 

et al. 2009) and initiation of satellite cell proliferation (Hameed et al. 

2003), while IGF1-Ea expression is correlated with increased translation 

(Philippou et al. 2009) and promotion of myogenic differentiation 

(Hameed et al. 2003). Both intramuscular IGF-1 and testosterone 

independently stimulate AR and thereafter expression of other anabolic 

genes (Bennett et al. 2010; Bhasin et al. 2003; Jiang et al. 2009); 

therefore it is highly likely that an IGF-1 signaling axis played a role in the 

efficacy of T; and testosterone suppression likely downregulates this axis 

(Mauras et al. 1998). Here we also show suppression of testosterone was 

associated with attenuation of augmented expression of myogenic 

regulatory factors (MRFs) which is in line with lower whole body 

hypertrophy. This supports previous work (Bhasin et al. 2003; Singh et al. 

2003a) demonstrating a pro-myogenic role for testosterone e.g. 

testosterone increased the transformation of pluripotent precursor cells 

down the myogenic lineage. It has been shown that single bouts of RE or 
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short-term RET are sufficient to increase the abundance of MRFs mRNA 

species in young participants (Vingren et al. 2008; Wilborn et al. 2009). 

However, in the present study, in line with past work in older age (Hameed 

et al. 2003; Kvorning et al. 2007b), in the Zoladex group, these regulatory 

genes did not change either after an acute bout of RE or after 6-wks RET 

with the exception of C-met and C-myc (which controls cell growth and 

ribosomal biogenesis (Brook, Wilkinson, Mitchell, et al. 2016)). We 

speculate this contributed to blunted adaptations to RET in Zoladex group 

with lower testosterone levels (Brook, Wilkinson, Mitchell, et al. 2016) 

while helping explain greater muscle mass accretion with normal 

testosterone levels group.  

Despite the blunted adaptation to RET in Zoladex group compared to 

placebo group, we showed in our study groups, short term RET 

with/without testosterone depletion did not change mitochondrial 

adaptation considerably. In accordance, high load RET did not alter 

mitochondrial content in young untrained individuals (Wilkinson et al. 

2008a), but 12-wk RET moderately increased protein levels of complex-I 

and II in younger men (Porter et al. 2015a). Further, despite increasing in 

FFM and strength after 8-wks RET in young men, PGC1-α levels and 

expression and mitochondrial content did not alter (Kon et al. 2014). 

Conversely, it has been reported that RET stimulated mitochondrial 

biogenesis, albeit to a relatively lesser extent than endurance training and 

depending on training principles (Wilkinson et al. 2008a; Vissing, McGee, 

Farup, Kjolhede, et al. 2013). 12-wks RET augmented mitochondrial 
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content (Balakrishnan et al. 2010), volume (Roberts, Romero, et al. 2018) 

and respiratory capacity (Porter et al. 2015b) in younger participants. In 

summary, no differences between placebo and Zoladex group in our 

study reveal lack of effects of short-term RET on mitochondrial 

adaptations and yielding insubstantial effects of short term endogenous 

testosterone deplation as well.  

We conclude that short-term (6-wks) chemical testosterone depletion 

during RET blunted the responsiveness of younger muscle to RET. Short-

term testosterone suppression via one-off GnRh analogue injection was 

also well-tolerated and could demonstrate the impact of lack of 

testosterone on attenuated muscle hypertrophy programming via blunted 

muscle anabolic signalling, testosterone processing enzyme, pro-

myogenic gene expression and MPS. Nevertheless, it is important to be 

cognisant of potential adverse effects. GnRH analogue injection has been 

associated by (non-significant) increases in some disorders; e.g. gonadal 

development, Epilepsy and fertility problems (Tonini and Lazzerini 2000), 

albeit without any effect on systolic and diastolic hypertension over 6 

months injections (Karamizadeh et al. 2013). In addition, no systemic side 

effects or major local allergic reactions have been recorded with GnRh 

analogue (Karamizadeh et al. 2013). In line with this, no adverse events 

were noted during or after completion of the present study in younger 

males. Finally, we reveal the likely mechanisms underlying the effect of 

testosterone in relation to aspects elevating protein turnover (with greater 

increases in MPS), enhancing translational efficiency and capacity, and 
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inducing pro-myogenic and testosterone handling gene regulation- 

thereby, demonstrating the, at least, permissive importance of 

endogenous testosterone in regulating muscle hypertrophy. 
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 Abstract 

Background: The andropause is associated with declines in serum testosterone 

(T), loss of muscle mass (sarcopenia) and frailty. Two major interventions 

purported to offset sarcopenia are anabolic steroid therapies and resistance 

exercise training (RET). Nonetheless, the efficacy, and physiological and 

molecular impacts of T therapy adjuvant to short-term RET remain poorly 

defined.  

Methods: Eighteen non-hypogonadal healthy older men, 65-75 y, were 

assigned in a random double-blinded fashion to receive, bi-weekly, either 

placebo (P, saline, n=9) or T (Sustanon 250 mg, n=9) injections over 6-weeks 

whole-body RET (3-sets of 8-10 reps at 80% 1-RM). Subjects underwent dual-

energy x-ray absorptiometry, ultrasound of vastus lateralis (VL) muscle 

architecture, and knee-extensor isometric muscle force tests; VL muscle 

biopsies were taken to quantify myogenic/anabolic gene expression, anabolic 

signalling, muscle protein synthesis (D2O) and breakdown (extrapolated). 

Results: T adjuvant to RET, augmented total fat free mass (FFM) (P=0.007), 

legs fat free mass (P=0.02), and appendicular FFM (P=0.001) gains, while 

decreasing total fat mass (P=0.02). Augmentations in VL muscle thickness, 

fascicle length, and quadriceps cross-section area with RET occured to a greater 

extent in T (P<0.05). Total strength (P=0.0009) and maximal voluntary contract 

(e.g. knee extension at 70°) (P=0.002) increased significantly more in the T 

group. Mechanistically, both muscle protein synthesis rates (T: 

2.13±0.21%·day−1 vs. P: 1.34±0.13%·day−1, P=0.0009) and absolute breakdown 

rates (T: 140.2±15.8 vs. P: 90.2±11.7g·day-1, P=0.02) were elevated with T 

therapy, which led to higher net turnover and protein accretion in the T group (T: 

8.3±1.4g·day-1 vs. P: 1.9±1.2 g·day-1, P=0.004). Increases in ribosomal 
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biogenesis (RNA:DNA ratio); mRNA expression relating to T metabolism 

(Androgen Receptor: 1.4-fold; Srd5a1: 1.6-fold; AKR1C3: 2.1-fold; HSD17β3: 2-

fold); IGF-1-signalling (IGF-1Ea (3.5-fold), IGF-1Ec (3-fold) and myogenic 

regulatory factors (MRF); as well the activity of anabolic signalling (e.g. mTOR, 

AKT, RPS6; P<0.05) were all upregulated with T therapy. Only T up-regulated 

mitochondrial citrate synthase activity (P=0.03) and transcription factor A (Tfam) 

(1.41±0.2-fold, P=0.0002), in addition to PGC1-α mRNA (1.19±0.21-fold, 

P=0.037).  

Conclusions: Administration of T adjuvant to RET enhanced skeletal muscle 

mass and performance, while upregulating myogenic gene programming, 

myocellular translational efficiency and capacity - collectively resulting in higher 

protein turnover, and net protein accretion. T coupled with RET is an effective 

short-term intervention to improve muscle mass/ function in older non-

hypogonadal men. 
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 Introduction 

Age-related declines in muscle mass and strength (sarcopenia) (Mitchell, 

Williams, et al. 2012) are associated with mitochondrial abnormalities 

(Groennebaek and Vissing 2017), fatigue, lack of energy, loss of libido, 

decreased sexual performance (Stanworth and Jones 2008) and work 

capacity (Borst and Yarrow 2015). Many of these symptoms are 

accompanied by declines in testosterone (T) bioavailability – the 

“andropause” (Ferrando et al. 2002c). Moreover, hypogonadal males 

exhibit a 3-fold increase in mortality and a 5-fold increased risk of cancer-

related deaths (Hackett 2016). Thus, as the ageing populace grows, there 

remains a need for therapies to counteract the andropause and 

associated muscle wasting and dysfunction. 

Clinically, older males with a total testosterone of <231 ng.dl-1 may be 

offered testosterone therapy (Hackett 2016) due to established positive 

effects on fat-free mass (Gruenewald and Matsumoto 2003), fat mass 

(Svartberg et al. 2008), muscle function (Ferrando et al. 2002c) and 

mitochondrial biogenesis (Usui et al. 2014). Intramuscular testosterone 

injections offers a safer more efficacious treatment than oral or 

transdermal testosterone (Hackett 2016). Indeed, dose-dependent 

increases in type I and type II fibre areas were found in relation to 

testosterone injection titrations (25-600 mg·wk-1) in men >65 y (Sinha-

Hikim et al. 2006a). In addition, 6-months testosterone injection (~210-mg 

biweekly) enhanced net protein balance (Ferrando et al. 2002c), muscle 

protein synthesis (MPS) (Brodsky, Balagopal, and Nair 1996), fat free 
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mass (FFM) (Brodsky, Balagopal, and Nair 1996; Ferrando et al. 2002c) 

and muscular performance (Ferrando et al. 2002c) (albeit through ill-

defined mechanisms). However, the therapeutic efficacy of testosterone 

injection in older men remains controversial, and likely, non-beneficial with 

short-term physiological dosing (at least in the absence of co-existing 

countermeasures). For example, ≤6-weeks (wks) testosterone therapy did 

not improve MPS, RNA content (Lobley et al. 1990), FFM (transdermal 50 

mg·day-1) (Ragnarsson et al. 2013), or strength (200 mg biweekly for 12-

wks) (Liu, Swerdloff, and Veldhuis 2004; Clague, Wu, and Horan 1999). 

Besides administering longer-term pharmacologic doses of exogenous 

testosterone, interventions that boost endogenous sex hormones i.e. 

exercise, might be of greater benefit (Hawkins et al. 2008). 

In relation to strategies to overcome age-related muscle dysfunction, the 

effects of resistance exercise training (RET) on skeletal muscle are well 

defined. RET promotes muscle anabolism (even in old age (Ribeiro et al. 

2017; Phillips et al. 2017)) and stimulates mitochondrial adaptations 

(Groennebaek and Vissing 2017); these effects are also associated with 

enhanced endogenous testosterone in response to acute bouts of RE 

(Rønnestad, Nygaard, and Raastad 2011). Nonetheless, hypertrophic 

responses to RET are blunted in older age (vs. younger cohorts), so called 

“anabolic resistance”, suggesting the need for strategies beyond, or 

adjuvant to RET (Rønnestad, Nygaard, and Raastad 2011), in order to 

maximise efficacy. We previously showed that acute RET-induced 

systemic induction of endogenous testosterone was related to ensuing 

muscle hypertrophy in younger men (Brook, Wilkinson, Mitchell, et al. 
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2016), suggesting a link between testosterone and muscle mass gains 

with RET. Moreover, in keeping with a role for testosterone as an adjuvant 

therapy to RET in older age, 50-100 mg·day-1 transdermal testosterone 

therapy, enhanced RET-induced muscle mass gains over 12-wks 

(Glintborg et al. 2013), while supra-physiological doses (600 mg·week-1) 

of testosterone adjuvant to RET for 10-wks increased FFM and strength 

(in younger men (19-40 y) (Bhasin et al. 1996a). Such ‘medium-term’ use 

of testosterone therapy is indicated for minimising side-effects 

(Wentzensen and Trabert 2015) of longer-term testosterone therapy e.g. 

≥24-wks (Rolf and Nieschlag 1998) and may be useful for pre-

habilitation/rehabilitation (e.g. from bed-rest). That said, RET 

interventions of ~12-wks still engender a major time burden from the 

perspective of physiotherapy, and engender minimal anthropometrical 

benefits in the absence of adjuvant therapy, even after 24-wks in older 

men (Glintborg et al. 2013). 

We have previously shown that the majority of muscle mass gains with 

RET occur early into RET (Brook et al. 2015; Brook, Wilkinson, Mitchell, 

et al. 2016; Brook, Wilkinson, Smith, et al. 2016), albeit that this is blunted 

in older individuals. Therefore, in an effort to identify a more time- and 

clinically-efficient strategy of testosterone therapy, and to determine the 

mechanisms of testosterone therapy adjuvant to RET in relation to 

anabolic resistance, we investigated the efficacy and cellular mechanisms 

of short-term RET, coupled to adjuvant testosterone therapy in older men. 

In a double-blind investigation into the effects 6-wks of RET with or without 
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testosterone therapy, we determined end-points relating to muscle mass, 

function, myogenic regulation, anabolic signalling and protein turnover.  

 

 Methods 

The study protocol and all the methods relating to this section have been 

previously described in chapter 2. 

 Results 

Physiological characteristics of participants are shown in Table 4-1. In 

accordance, only the testosterone study group significantly increased 

weight (P=0.006, 95% confidence interval (CI)=81-83, ES=0.19) and BMI 

(P=0.006, 95%CI=26-26.6) after 6-wks of RET; primarily through 

significant gains in FFM in the testosterone group vs. baseline (see body 

composition section below). Further, total plasma testosterone 

concentrations in the testosterone therapy group were significantly higher 

than in the placebo group at all time-points after baseline (P<0.05); i.e. 

234.9±7 ng.dl-1 at baseline and achieved 973±54 at 1-wk and 1149±75 

ng.dl-1 after 5-wks in testosterone group (95%CI=1044-1232). Plasma 

testosterone concentrations during the study are shown in Figure 4-1. 
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Table 4-1 Participants Characteristics 

 

T(n=9) P(n=9) 

 

Baseline Week 6 Baseline Week 6 

Age (y) 69.7 (0.8) –– 69.5 (1.3) –– 

Height (m) 1.75 (0.02) –– 1.76 (0.02) –– 

Weight (kg) 78.6 (3.1) 80.4 (3.2)a 81.8 (4.3) 82.4 (4.1) 

BMI (kg.m-2) 25.7 (1) 26.2 (1)a 26.5(1.1) 26.7 (1.1) 

Values are means (SEM). a Significantly different from baseline, P<0.05. 

 

 

Figure 4-1 Schematic diagram of the study protocol 
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4.4.1 Body composition  

Total FFM (ICC=0.94) increased significantly following 6-wks RET in 

testosterone (53.0±1.7 to 56.0±5.2 kg, P=0.007, 95%CI=55.5-57.6, 

ES=0.45, Figure 4-2A), but not in placebo (54.1±6.3 kg to 54.8±5.8 kg, 

95%CI=53.2-55.4). Likewise, only testosterone augmented legs fat free 

mass (17.2±0.7 kg to 18.1±0.8 kg, 95%CI=17.8-18.6 vs. 17.4±0.8 kg to 

17.6±0.7 kg, 95%CI=17.1-17.9, P=0.02, ES=0.30, ICC=0.96, Figure 4-

2B), appendicular FFM (7.8±0.3 to 8.3±0.3, 95%CI=8.2-8.5 vs. 7.9±0.3 to 

8.0±0.3, 95%CI=7.7-8.1, P=001, ES=0.54, ICC=0.94, Figure 4-2D) and 

FFM index (17.2±0.4 kg.m-2 to 18.2±0.4 kg.m-2, 95%CI=18.1-18.7 vs. 

17.5±0.6 kg.m-2 to 17.8±0.5 kg.m-2, 95%CI=17.3-18.1, P=005, ES=0.42, 

ICC=0.92, Figure 4-2C) after RET. In addition, both TFP (29.7±1.7 % to 

27.5±1.4 %, 95%CI=27-28.8 vs. 30.6 % to 30.2 %, 95%CI=29-30.7, 

P=0.004, ICC=0.96, ES=0.43) and TFM (22.5±2.0 kg to 21.3±1.8kg, 

95%CI=21.6-23.1 vs. 24.7±2.8kg to 24.5±2.7kg, 95%CI=22.8-24.2, 

P=0.02, ICC=0.97, ES=0.29) decreased significantly in testosterone, but 

not in placebo (Figure 4-2E-F).  
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Figure 4-2 Muscle mass and body composition changes. (A–F). Values are 
means ± standard error of the mean. a Significantly different from baseline, P < 
0.05. all from two-way.  FFM, fat-free mass; TFP, total fat percentage; TFM, total 
fat mass. 
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4.4.2 Muscle architecture  

Over the RET period, testosterone and placebo both exhibited increases 

in MT (2.3±0.07 to 2.6±0.04 cm, 95%CI=2.5-2.6, P<0.0001, ES=0.83 vs. 

2.3±0.1 to 2.4±0.09 cm, 95%CI=2.4-2.5,  P<0.0001, ICC=0.81, ES=0.47), 

Lf (7.1±0.2 to 7.9±0.2 cm, 95%CI=7.9-8.2, P<0.0001, ES=0.84 vs. 7.7±0.1 

to 8.1±0.1 cm, 95%CI=7.7-8, P<0.0001, ES=0.73) PA (20.0±0.8 to 

23.1±0.7°, 95%CI=21.2-22.6, P<0.0001, ES=1.2 vs. 17.0±1.2 to 

20.3±0.9°, 95%CI=20.7-22.1, P<0.0001, ES=0.88) and CSA of the 

quadriceps (61.4±3.1 to 69.9±2.6 cm2, 95%CI=66.2-70.9, P<0.0001, 

ES=0.93 vs. 58.8±4.1 to 64±4.8 cm2, 95%CI=62.9-67.7, P<0.0001, 

ES=0.41, ICC=0.89). The majority of increases were to a greater extent 

in the testosterone group, and with significant differences between groups 

in MT (P=0.01), Lf (P=0.001), and CSA (P=0.04) (Figure 4-3A-C).  



Chapter 4 Exogenous testosterone augments muscle programming  129 

Figure 4-3 (A–D) Fold change in muscle architecture. Values are means ± 
standard error of the mean. a Significantly different from baseline, P < 0.05;  b 

significantly different between two groups, P < 0.05. all from repeated-
measure ANOVA. CSA, cross-section area; Lf, fascicle length; MT, muscle 
thickness; PA, pennation angle. 
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4.4.3 Fibre type CSA 

Type I and IIa CSA increased in both testosterone and placebo groups 

after RET (P<0.05), but only testosterone augmented type IIx (3455±187 

to 4576±338 µm2, 95%CI=3814-5659 vs. 3751±478 to 3797±767 µm2, 

95%CI=2560-4630, P=0.02, ES=0.64, Figure 4-4A-C). 

 

 

 

 

 

 

 

 

 

 

Figure 4-4 (A–C) Time course of changes in fibre-type cross-section area (CSA). 
Values are means ± standard error of the mean. a Significantly different from 
baseline, P < 0.05; b significantly different between two groups, P < 0.05. all from 
repeated measure ANOVA. 
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4.4.4 Muscular performance 

In line with higher levels of testosterone (P<0.0001, Figure 2), only the 

testosterone group showed a greater increase in static strength after RET 

e.g. MVC at 70° (169.9±9.6 Nm to 209±11.8 Nm, 95%CI=11.5-66.6, 

P=0.002, ES=1.3, Figure 4-5B) and 80° (169.4±7.3 Nm to 191.7±12.5 Nm, 

95%CI=3.8-40.5, P=0.01, ES=1.01, Figure 4-5C) vs. baseline. 

Furthermore, dynamic strength (total 1-RM across all six exercises) was 

augmented in to a greater extent in the testosterone group vs. placebo 

(60.8±3.6% vs. 43.25±2.4%, 95%CI= T: 54.2-67.7 vs. P: 36.7-49.7, 

P=0.0009, ES=0.96, Figure 4-5A). There were similar increases in 

specific strength, (force per unit area) across the groups (95%CI= T: 10.4-

12.4; P: 10.1-11.9, ES=T: 0.88; P: 0.65, P<0.05, Figure 4-5D). Finally, 

FFM gains were correlated with total strength gains in the testosterone 

study group; but not in placebo group (Figure 4-5E). 
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Figure 4-5 Time course of changes in (A) sum strength and (B–D) muscle 
strength and (E) correlation between fat-free mass (FFM) and sum strength. 
Values are means ± standard error of the mean.   a Significantly different from 
baseline, P < 0.05; b significantly different between two groups, P < 0.05. LM, 
legs fat-free mass; MVC, maximal voluntary contraction. A: independent t-test, 
B and C: repeated measure and D: two-way ANOVA.  
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4.4.5 Muscle protein synthesis and [extrapolated] breakdown 

There was a significant difference in cumulative myofibrillar MPS between 

testosterone and placebo during RET (2.13±0.21 %·day−1 vs. 1.34±0.13 

%·day−1, 95%CI=1.7-2.4 vs. 1.1-1.8, P=0.0009, ES=0.75); in line with 

findings of elevated FGR in testosterone compared to placebo (0.12±0.02 

%·day−1 vs. 0.03±0.01 %·day−1, 95%CI=0.07-0.16 vs. -0.12-0.07, 

P=0.005, ES=0.85) (Figure 4-6A-B). Furthermore, ASR was significantly 

increased as a result of RET in testosterone (87.8±5.1 to 148.5±15.3 

g·day-1, 95%CI=120-176, P=0.02, ES=0.31), but not in placebo (84.7±4.7 

to 92.2±11.3 g·day-1, 95%CI=72-128, P>0.05). In addition, estimated 

ABR was significantly higher in testosterone than placebo during RET 

(140.2±15.8 testosterone vs. 90.2±11.7 g·day-1, 95%CI=112-168 vs 70-

126, P=0.02, ES=0.55). Finally, when comparing ASR and ABR, net 

protein turnover in the testosterone group was higher than the placebo 

group (8.3±1.4 g·day-1 vs. 1.9±1.2 g·day-1, 95%CI=5.4-11.2 vs. -0.9-4.8, 

P=0.004, ES=0.86, Figure 4-6C-E). Using D3-3-MH, there was no 

significant difference in MBP between testosterone and placebo at 6-wks 

over the 4 h sampling period (T: 0.043±0.012 vs. P: 0.032±0.004 k·h-1, 

95%CI= T:0.02-0.06 vs. P:0.01-0.05, P=0.5) (Figure 4-6F). 
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Figure 4-6  Muscle protein synthesis, fractional growth rate (FGR), absolute 
synthetic rate (ASR), absolute breakdown rate (ABR), and protein turnover. 
Values are means ± standard error of the mean. a Significantly different from 
baseline, P < 0.05; b significantly different between two groups, P < 0.05; P <0.11 
Week 6 vs. baseline in testosterone group. B, D, E: independent t-test, A, C, F: 
two-way ANOVA. FSR, fractional synthetic rate. 
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4.4.6 Muscle ASP, DNA and RNA content 

There were no changes in ASP or DNA concentrations per wet weight 

muscle (µg·mg-1) in testosterone or placebo with RET; nonetheless, total 

RNA content (95%CI=T:2.1-2.5; P;1.6-2.1, P=0.002, ES=0.78) and 

RNA:DNA ratio, a reflection of ribosomal capacity for protein synthesis, 

only increased in the testosterone group (95%CI=T:1.1-1.2; P;0.7-1, 

P=0.002, ES=0.83). Similarly, RNA:ASP ratio, primarily a measure of 

ribosomal capacity (Brook, Wilkinson, Mitchell, et al. 2016), increased in 

testosterone (95%CI=17.8-23.5, P=0.002, ES=0.24) but not placebo 

(P=0.6, 95%CI=15.2-20.9) over the RET phase. Finally, the ratio of 

ASP:DNA, a measure of cell size did not change in either group (Table 4-

2).  
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Table 4-2 Muscle protein, RNA, DNA and related ratios 

 

Placebo Testosterone 

 

Baseline WK0 WK3 WK6 Baseline WK0 WK3 WK6 

ASP Content (µg·mg-1ww) 110.5(3.9) 108.5(2.8) 107.4(4.9) 106.9(4.5) 118.2(3.7) 115.3(3.4) 118.2(2.7) 118.5(4.6) 

RNA Content (µg·mg-1ww) 1.6(0.1) 1.8(0.1) 2.1(0.1) 1.9(0.1) 1.7(0.1) 2.1(0.1) 1.8(0.1) 2.3(0.1)a 

DNA Content (µg·mg-1ww) 2.2(0.1) 2.3(0.1) 2.2(0.1) 2.2(0.1) 2.2(0.1) 2.2(0.1) 2.1(0.1) 2.1(0.1) 

RNA:DNA (Ratio) 0.7(0.1) 0.7(0.1) 0.9(0.1) 0.8(0.1) 0.7(0.1) 0.9(0.1) 0.8(0.1) 1.1(0.1)a 

RNA:ASP (Ratio) 15.3(0.5) 17.1(0.8) 19.9(1.7) 18.1(0.9) 14.6(0.9) 17.8(1.5) 15.5(0.6) 20.7(1.5)a 

ASP:DNA (Ratio) 50.7(3.6) 46.1(1.7) 49.2(3.8) 47.9(3.1) 54.2(2.4) 52.6(2.4) 56.5(2.4) 56.6(5.2) 

Values are means (SEM). ww: wet weight. a Significantly different from baseline, P<0.05; all from repeated measure ANOVA.  
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4.4.7  Intramuscular signalling pathways  

Acute exercise-induced anabolic signalling was quantified 60 min after the 

first (1-wk), 9th (3-wks), and 18th (6-wks) resistance exercise sessions. 

We observed significant increases in the acute phosphorylation of 

AKTSer473 (95%CI=2-4.2 vs. 0.7-3, P=0.0006, ES=0.66), mTORSer2448 

(95%CI=1.9-5.3 vs. 0.1-3.3, P=0.001, ES=0.0.64), MEK1/2Ser217/221 

(95%CI=1.1-3.6 vs. -0.1-2.5 , P=0.02, ES=0.43), MAPKAPK-2Thr334 

(95%CI=1.1-2.6 vs. 0.3-1.8, P=0.03, ES=0.32), and RPS6ser240/244 

(95%CI=4.2-10.2 vs. 0.3-6.3, P=0.001, ES=0.44) in testosterone (6-wks 

vs. baseline), but not in P. In contrast to this, the placebo group increased 

activation of AMPKαThr172 (95%CI=1.5-3.4 vs 1.8-3.6, P=0.02, ES=0.25) 

and RaptorSer792 (95%CI=0.24-1.6 vs. 1.1-2.4, P=0.01, ES=0.84) after 6-

wks RET. Furthermore, FoxO3aSer253 phosphorylation (P=0.01) was 

increased only after the first exercise bout in the placebo group. The 

relative abundance of MAFbx and MURF-1 was unchanged throughout 

the study (Figure 4-7). 
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4.4.8  Muscle gene expression 

The expression of a number of genes involved in testosterone metabolism 

was augmented in testosterone vs. baseline, but not in the placebo group, 

i.e. androgen receptor (AR) (1.4±0.1-fold change, 95%CI=1.2-1.5 vs 0.84-

1.2, P=0.01, ES=0.71), Srd5a1 (1.6±0.2-fold change, 95%CI=1.3-1.9 vs. 

0.76-1.4, P=0.01, ES=0.7), HSD17β3 (2±0.4-fold change, 95%CI=1.3-2.7 

vs. 0.5-1.9,  P=0.03, ES=0.33) and AKRIC3 (2.1±0.8-fold change, 

95%CI=1.2-3.1 vs. 0.9-2.7,  P=0.01, ES=0.14, Figure 4-8 A-D) increased 

Figure 4-7 Intramuscular signalling pathways. Values are means ± standard error 
of the mean. a Significantly different from baseline, P < 0.05; b significantly 
different between two groups, P < 0.05. all from repeated measure ANOVA. 
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after 6-wks RET only in T. In addition, IGF-1Ea (3.5±0.07-fold change, 

95%CI=2.3-4.7 vs. 0.4-2.8, P<0.0001, ES=0.63), IGF-1Ec (3±0.4-fold 

change, 95%CI=2.3-3.7 vs. 0.8-2.2, P<0.0001, ES=0.83) expression 

increased only in testosterone after 6-wks RET (Figure 4-8E-F). While 

mRNA expression of MHCI decreased in both groups (P<0.05), the 

expression of MHCIIa was augmented only in testosterone (1.72±0.3-fold 

change, 95%CI=1.2-2.2 vs. 0.6-1.7, P=0.02, ES=0.33) (Figure 4-8G-H). 

testosterone coupled with RET augmented myogenesis-related gene 

expression i.e. Myogenin (2.6±0.7-fold change, 95%CI=1.3-4.1 vs. 0.1-

2.7, P=0.02, ES=0.53), C-Myc (7.2±1.1-fold change, 95%CI=5.3-9.1 vs. 

4.3-8.3,  P=0.04, ES=0.28), Myf-6 (3.9±0.5-fold change, 95%CI=3.1-4.7 

vs. 1.1-2.8,  P<0.0001, ES=0.92), MEOX-2 (2.1±0.4-fold change, 

95%CI=1.3-2.8 vs. 0.7-2.2,  P=0.01, ES=0.19), C-met (1.7±0.1-fold 

change, 95%CI=1.4-1.9 vs. 0.8-1.4,  P=0.003, ES=0.89), but not PAX-7 

(p>0.05) as a marker of satellite cell proliferation (Figure 4-8I-N).  
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Figure 4-8 Muscle gene expression. Changes in testosterone and placebo in (A–D) 
testosterone metabolism gene expression, (E, F) anabolism, (G, H) fibre type, and (I–
N) myogenic from baseline to Week 6. Values are means ± standard error of the mean. 
a Significantly different from baseline, P < 0.05; b significantly different between two 
groups, P < 0.05. all from repeated measure ANOVA. 
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4.4.9  Mitochondrial oxidative phosphorylation capacity 

T augmented mitochondrial transcription factor A (Tfam) expression at 6 

weeks (1.4±0.2-fold change, 95%CI=1.1-1.7 vs. 0.2-0.9, P=0.0002, 

ES=0.91), whereas expression of peroxisome proliferator-activated 

receptor γ co-activator 1-α (PGC1-α) was increased only after the first 

bout of exercise (1.2±0.2-fold change, 95%CI=1.1-1.8 vs. 0.3-1.1, 

P=0.037, ES=0.7, Figure 4-9A-B). In addition to increased mitochondrial 

density (assessed by relative change of CS activity) in the testosterone 

group (1.22±0.07-fold change, 95%CI=0.9-1.4 vs. 0.7-1.1,  P=0.03, 

ES=0.29, Figure 4-9D), only the testosterone group showed enhanced 

protein levels of OxPhos complex (C-) IV (95%CI=1.2-2.6 vs. 0.3-1.7, 

P=0.02, ES=0.41) and V (95%CI=0.9-2.2 vs. 0.1-1.3, P=0.04, ES=0.23), 

while there was a trend in C-II (P=0.08), but not in C-I (P=0.24) or -III 

(P=0.3) (Figure 4-9F-J). There was no impact of RET or testosterone 

therapy upon mtDNA copy number (P>0.05, Figure 4-9E).  
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  Discussion  

There is a great deal of interest in identifying interventions that will combat 

muscle wasting in older age. Herein, we elucidated that just 6-wks whole-

body RET coupled with the exogenous provision of testosterone had 

significant positive effects on FFM, and muscular performance via 

inducing net protein accretion through anabolic pathways - thus offsetting 

age-related deficits in adaptive responses to RET (Brook, Wilkinson, 

Mitchell, et al. 2016).  

The role of testosterone in regulating muscle gains when coupled with 

RET remains somewhat contentious. For instance, Ahtiainen et al. 

(Ahtiainen et al. 2015) reported that 12-months RET increased FFM 

without altering endogenous testosterone levels, concluding that changes 

in endogenous testosterone levels did not impact RET-induced muscular 

adaptations (Ahtiainen et al. 2015). However, in another study, 

Figure 4-9 Mitochondrial oxidative phosphorylation capacity markers. Values are 
means ± standard error of the mean.  a Significantly different from baseline, P < 
0.05; bsignificantly different between two groups, P < 0.05. all from two-way 
ANOVA 
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suppression of endogenous testosterone using Zoladex blunted muscle 

adaptations to 8-wks RET in younger men (Kvorning et al. 2006b) - 

suggesting that endogenous testosterone levels are, at very least, 

permissive in regulating hypertrophic adaptations to RET. Therefore, 

given established links between ageing and muscle loss, declines in 

testosterone responses to acute RE (Brook, Wilkinson, Mitchell, et al. 

2016), and age-related anabolic resistance to RET (Brook, Wilkinson, 

Mitchell, et al. 2016), we postulated that short-term testosterone adjuvant 

to RET would be of benefit. Consistent with this thesis, it was previously 

reported that exogenous testosterone therapy adjuvant to RET for longer 

periods (10-12 wk) led to greater muscle mass gains (Sullivan et al. 2005; 

Casaburi et al. 2004) than with RET alone. Our present albeit shorter-term 

data also showed that RET adjuvant to testosterone led to significant 

increases in whole-body and appendicular FFM. Moreover, RET-induced 

gains in MT, Lf, PA, and CSA in VL and quadriceps, illustrate that 

testosterone therapy augmented local thigh muscle remodelling, mainly 

by increasing Lf (number of sarcomeres in series (Atkinson et al. 2010)) 

rather than increases in PA; remodelling also associated with T-specific 

hypertrophy of type IIX fibres. Previous studies in younger adults have 

shown that the hypertrophic response to testosterone occurs in both slow 

and fast muscle fibres (Kadi et al. 1999; Kadi 2008; Sinha-Hikim et al. 

2002a) (although these studies were over longer periods). Considering 

previously described preferential loss of fast fibres during ageing 

(Kovacheva et al. 2010; Deschenes 2004a), our data suggest that 

exogenous provision of testosterone to healthy non-hypogonadal older 



Chapter 4 Exogenous testosterone augments muscle programming  146 

men can be considered as a therapy preventing atrophy  - and perhaps 

loss - of these muscle fibres.  

Since muscular performance is the culmination of neural and muscle 

structural elements, and is the most important attribute to maintaining 

mobility, we determined the role of exogenous testosterone in relation to 

aspects of muscle function. In doing so, we established that the 

testosterone group developed greater static (MVC) and total dynamic (1-

RM) strength gains (in line with greater muscle mass gains which strongly 

correlated with strength improvement). Interestingly, previous work has 

shown that there may be a neural component to the effects of testosterone 

e.g. influencing neurotransmitter synthesis (Hakkinen et al. 2000), leading 

to reduced force fluctuations (Tracy, Byrnes, and Enoka 2004) and 

inducing recruitment of larger/faster motor units (fast twitch fibres) (Bellew 

2002). Nonetheless, our MVC.LM-1 ‘specific force’ data illustrate that 

muscle mass gains were related to strength-related improvements; given 

the strong correlation between FFM gains and strength improvement in 

testosterone group, we can thus conclude RET-induced FFM gains were 

a major component of improved muscle performance in both groups. 

Physiological endogenous testosterone levels are correlated with RET-

induced gain of FFM and strength (Häkkinen and Pakarinen 1994); 

perhaps explaining blunted adaptation to RET in older vs. younger men 

(Vingren et al. 2010; Brook, Wilkinson, Mitchell, et al. 2016). Dose-

response studies reported that higher doses (supra-physiological doses; 

i.e. 600 mg weekly) of testosterone result in graded increments in FFM 

and strength than lower doses (physiological doses) in men, indicating 
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efficiency of the testosterone therapy is associated with the higher 

testosterone doses (Bhasin et al. 2001a; Bhasin et al. 1996b; Storer et al. 

2003; Bhasin et al. 1996a). Thus, the 'moderately' supra-physiological 

testosterone levels (Travison et al. 2017) in our study reveals that short-

term testosterone supplementation was able to ‘overcome’ previously 

observed anabolic resistance to RET (Brook, Wilkinson, Mitchell, et al. 

2016) in relation to muscle growth. However, further studies are needed 

to fully address the physiological vs. supra-physiological pre-requisites to 

efficacy. 

In order to assess the mechanisms underlying the ergogenic effects of 

testosterone therapy adjuvant to RET in older men, we for the first time, 

quantified cumulative rates of myofibrillar protein synthesis over the 6-wks 

of RET. In doing so, we demonstrated that testosterone augmented MPS 

during RET while concomitantly increasing [estimated] fractional 

breakdown rates (FBR) (Pivarnik, Hickson, and Wolinsky 1989) (which is 

supported by the 3MH data) and crucially, with net balance calculations 

illustrating MPS>MPB. MPB, is an important metabolic component of 

muscle remodelling and protein turnover, increase with RET but to a 

lesser extent than MPS (Tipton, Hamilton, and Gallagher 2018). The 

logical extrapolation of a sustained increase in net muscle protein 

deposition after RET is an increase in FFM and strength (Ferrando et al. 

2002c), entirely in line with our mass and strength-gain data. Links 

between testosterone and MPS have been previously established. For 

instance, decreased muscle mass with castration-induced androgen 

withdrawal suppressed myofibrillar protein synthesis in mice (White et al. 
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2013b). In addition, 6-months (Brodsky, Balagopal, and Nair 1996) and 4-

wks (Urban et al. 1995a) of testosterone administration increased MPS 

measured acutely in older men. Further, testosterone administration led 

to increases in MPS without concomitant increases in inward amino acid 

transport (Ferrando et al. 1998b), indicating increased efficiency of 

reutilization of amino acids from MPB with testosterone (Ferrando et al. 

1998b). Interestingly, it was suggested testosterone administration may 

improve net protein balance via decreasing MPB, rather than an 

increasing MPS (Nader et al. 2014). However, we show that testosterone 

coupled to RET increased net protein accretion despite elevation of both 

MPS and MPB, because increases in MPS>MPB.  

In order to explore the mechanisms underpinning increases in MPS, we 

investigated aspects regulating the translational ‘efficiency’ of ribosomes 

(Van der Meer, Jaspers, and Degens 2011) corresponding to the 

translational rate per ribosome (Chaillou 2017). To evaluate this, we 

determined acute RE-induced phosphorylation within MAPKAPK-2 (target 

of MAPK pathway), MEK1/2 (upstream components in ERK1/2 cascade) 

(Williamson et al. 2003), and mTORC1 (Brook, Wilkinson, Mitchell, et al. 

2016) pathways, across the duration of the 6-wks RET. It is noteworthy 

from past work that activation of many of these pathways are blunted in 

older age (Williamson et al. 2003; Parkington et al. 2004; Brook, 

Wilkinson, Mitchell, et al. 2016) and that in the present study, testosterone 

administration could reverse these impairments. Consistently, there is a 

general blunted activation of mTORc1 (Parkington et al. 2004), ERK1/2 

(Williamson et al. 2003), MAPKs (Williamson et al. 2003) presumably due 



Chapter 4 Exogenous testosterone augments muscle programming  149 

to lesser bio-availability of testosterone (Bennett et al. 2010; White et al. 

2013b). In support of this, testosterone therapy augmented IGF-

1/Akt/mTOR signaling-activity (which regulates MPS (White et al. 2013b)), 

presumably explaining enhanced mass and functional gains and 

suggesting that testosterone levels, at least permissively, regulate muscle 

adaptations. In addition to increases in translational efficiency, another 

facet that is blunted with age (Brook, Wilkinson, Mitchell, et al. 2016) and 

potentially impacts ‘capacity’ for increasing protein synthesis and net 

protein balance and is critical for anabolic potential and hypertrophy is 

ribosomal RNA content (Wilborn et al. 2009). In the present study, 

exogenous testosterone therapy coupled with RET increased total RNA 

content per ‘cellular unit’ (RNA:DNA ratio), an indicator of ribosomal 

abundance (Kemp et al. 2013), and total RNA:ASP ratio, as an index of 

synthetic capacity - thereby offsetting age-related deficits (Saunders, 

Steciw, and Kline 1962). Although we observed only subtle (non-

significant) increases in ASP:DNA ratio, an indicator of myonuclear 

domain size (Kemp et al. 2013), despite there being robust increases in 

muscle mass (DXA, ultrasound, histology), this is to be expected due to 

the maintenance of the myonuclear domain size beyond which additional 

hypertrophy can only be realised by addition of myonuclei (Van der Meer, 

Jaspers, and Degens 2011).  

No study has previously examined the effect of RET adjuvant to 

testosterone in relation to muscle steroid-metabolism handling in older 

human muscle. In our study, testosterone therapy augmented AR mRNA 

and steroidogenic enzyme expression perhaps resulting in higher muscle 
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testosterone processing capacity - presumably due to infiltration of 

testosterone from the circulation (Vingren et al. 2008) and processing by 

5-alpha reductase. Furthermore, the AR (Bhasin et al. 2003) not only 

alters mRNA expression of thousands of target genes  (Jiang et al. 2009), 

but is also associated with fibre type CSA increases (Roberts, Haun, et 

al. 2018), as well as triggering anabolic kinase signalling; i.e. ERK, PI3K, 

Akt (Bennett et al. 2010), suggesting transcriptional links to augmented 

MPS, FFM and strength in the testosterone group in the present study 

and others (Roberts, Haun, et al. 2018; Sato et al. 2014; Willoughby and 

Taylor 2004; Brook, Wilkinson, Smith, et al. 2016). In addition to increases 

in testosterone metabolism-related mRNA expression, we demonstrated 

that myogenic and growth factor-related gene expression was enhanced 

with T. Specifically, IGF-1Ec up-regulation is purported to correlate with 

transcriptional activity (Philippou et al. 2009) and initiation of satellite cell 

proliferation (Hameed et al. 2003), while IGF1-Ea expression is correlated 

with increased translation (Philippou et al. 2009) and promotion of 

myogenic differentiation (Hameed et al. 2003). Both intramuscular IGF-1 

and testosterone independently stimulate AR and thereafter expression 

of other anabolic genes (Bennett et al. 2010; Bhasin et al. 2003; Jiang et 

al. 2009); therefore it is highly likely that an IGF-1 signaling axis played a 

role in the efficacy of testosterone therapy. Here we also show augmented 

expression of myogenic regulatory factors (MRFs) and fast fibre type 

specific mRNA expression (i.e. MHCIIa expression (Hameed et al. 2003)) 

in line with fast fibre, lower body and whole body hypertrophy with T. This 

supports previous work (Bhasin et al. 2003; Singh et al. 2003a) 
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demonstrating a pro-myogenic role for testosterone e.g. testosterone 

increased the transformation of pluripotent precursor cells down the 

myogenic lineage. It has been shown that single bouts of RE or short-term 

RET are sufficient to increase the abundance of MRFs mRNA species in 

young participants (Vingren et al. 2008; Wilborn et al. 2009). However, in 

the present study, in line with past work in older age (Hameed et al. 2003; 

Kvorning et al. 2007b), in the placebo group, these regulatory genes did 

not change either after an acute bout of RE or after 6-wks RET with the 

exception of C-myc (which controls cell growth and ribosomal biogenesis 

(Brook, Wilkinson, Mitchell, et al. 2016)). We speculate this contributed to 

blunted adaptations to RET in placebo (Brook, Wilkinson, Mitchell, et al. 

2016) while helping explain greater muscle mass accretion with 

testosterone therapy.  

In addition to declines in muscle mass and function with age, muscle 

mitochondria are also subject to age-related remodelling. For instance, it 

was reported that ageing is associated with decreases in PGC1-α mRNA 

(a main regulator of mitochondrial biogenesis and oxidative capacity 

(Wilkinson et al. 2008c)), OxPhos capacity, mitochondria enzyme activity 

(e.g. CS), mtDNA content and increases in oxidative stress; which all 

result in an impaired mitochondrial function (Mosaferi Ziaaldini, 

Attarzadeh Hosseini, and Fathei 2017)). Crucially, exercise, including 

RET, is known to induce mitochondrial adaptations. For instance, 12-wks 

RET augmented mitochondrial content (Balakrishnan et al. 2010), volume 

(Roberts, Romero, et al. 2018) and respiratory capacity (Porter et al. 

2015b), in younger participants. Further, 6 months RET increased 
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mitochondrial mass in older women (Manfredi et al. 2013) and 

mitochondrial function/transcriptome activity in older men (Melov et al. 

2007a). As we showed in our placebo study group, short term RET did 

not augment mitochondrial CS activity in older males; but similar to short 

term (i.e. 7-9-wks) endurance training adjuvant to testosterone therapy in 

mice (van Breda et al. 1992; Guo et al. 2012), we showed RET coupled 

to testosterone therapy augmented PGC1-α/Tfam mRNA, mitochondrial  

CS activity (Groennebaek and Vissing 2017)) and protein levels of 

complex IV (cytochrome c oxidase subunit (Guo et al. 2012)) and V (ATP 

synthase subunit) (Guo et al. 2012) (not mtDNA copy number). Possible 

mechanisms include heightened activation of IGF-1/MAPK pathways 

(Mosaferi Ziaaldini, Attarzadeh Hosseini, and Fathei 2017; Petersson et 

al. 2014) and augmented MRFs mRNA (e.g. Myogenin) (Chang et al. 

2006) during RET, as observed in the testosterone study group, which 

consequently mediate mitochondrial gene expression (Mosaferi Ziaaldini, 

Attarzadeh Hosseini, and Fathei 2017; Chang et al. 2006). Furthermore, 

since mitochondrial gene expression (i.e. PGC1-α) is regulated by 

Akt/mTOR signalling (Cunningham et al. 2007; Traish, Abdallah, and Yu 

2011), which were all upregulated with testosterone, this may also explain 

our observations of greater CS activity with adjuvant testosterone therapy. 

Moreover, sustained muscle growth and MPS during RET in the 

testosterone group likely required greater increases in mitochondrial 

function or volume due to the increased energy demands of intracellular 

protein accretion (Roberts, Romero, et al. 2018). Previous work has also 

shown that the AR (Traish, Abdallah, and Yu 2011) and systemic levels 
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of testosterone, were positively associated with cytochrome c oxidase 

(Koenig, Goldstone, and Lu 1980; Traish, Abdallah, and Yu 2011), CS 

(Costello and Franklin 1993) activity, mitochondrial protein synthesis, in 

addition to Tfam and PGC1-α expression (Traish, Abdallah, and Yu 2011); 

culminating in enhanced mitochondrial biogenesis, respiratory capacity 

and function (Koenig, Goldstone, and Lu 1980). Conversely, AR and 

testosterone deficiency, has been associated with lower levels of PGC1-

α expression (Fan et al. 2005) resulting in decreases in OxPhos capacity 

(Pitteloud, Mootha, et al. 2005b). In summary, greater MPS, myofibrillar 

protein accretion and consequent muscle hypertrophy alongside greater 

mitochondrial adaptations (Groennebaek and Vissing 2017) in the 

testosterone therapy group demonstrates the efficacy of adjuvant 

testosterone in yielding positive hypertrophic and energetic adaptations.   

We conclude that administration of testosterone coupled to RET is an 

effective short-term (6-wks) intervention to overcome age-related deficits 

in the responsiveness of older muscle to resistance exercise training. 

Short-term RET adjuvant to testosterone was also well-tolerated and 

could be useful as both pre- and rehabilitation interventions in elective 

surgery and other clinical procedures in older populations. Nevertheless, 

it is important to be cognisant of potential adverse effects. testosterone 

therapy has been associated by (non-significant) increases in some 

disorders; e.g. cardiovascular risk (Fernández-Balsells et al. 2010) and/or 

prostate hypertrophy (Osterberg, Bernie, and Ramasamy 2014). While 

randomized controlled trials have been insufficiently powered to detect 

differences in the rates of adverse events (Loo et al. 2019), some have 
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reported an increased risk of stroke and/or myocardial infarction (Vigen et 

al. 2013) whereas others have reported to be uncertain of such effects 

(Loo et al. 2019; Sih et al. 1997; Kenny et al. 2010; Rhoden and 

Morgentaler 2004). No adverse events were noted during or after 

completion of the present study in older males and a major benefit of our 

approach is the short-term efficacy of therapy. Finally, we reveal the likely 

mechanisms underlying the effect of testosterone therapy in relation to 

‘overcoming’ aspects of age-related anabolic resistance; vis-à-vis, 

elevating protein turnover (with greater increases in MPS), enhancing 

translational efficiency and capacity, and inducing pro-myogenic and 

testosterone handling gene regulation. Given links between declining 

testosterone and muscle ageing in women (Häkkinen and Pakarinen 

1993), similar studies in women are likely to deliver similar benefits. Short-

term testosterone administration may have a role in the treatment of frailty 

in older males without inducing any adverse side effects; however, older 

men receiving testosterone therapy should be carefully monitored 

because of its potential risks. 
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 Abstract 

Introduction: Insulin resistance is a risk factor for many metabolic diseases, 

coincident with the established pandemic of obesity, worldwide. The main 

behavioural strategies to overcome insulin resistance remain diet and exercise 

training. However, the “andropause”, so-called due to age-related testosterone 

(T) depletion has been associated with impaired glycaemic control – leading to 

investigations of the role of testosterone in regulating insulin sensitivity which is 

unclear. Therefore, the aim of this study was to investigate the role of 

endogenous testosterone during 6-wks of resistance exercise training (RET), in 

relation to glycaemic control in healthy young men.  

Methods: 16 healthy non-hypogonadal men (~18-30y, BMI≤30kg.m-2, serum 

T>230 ng·dl-1) were recruited with the aim of determining the role of endogenous 

suppression of testosterone in relation to RET-induced improvements in 

glycaemic control in younger men. To do so, the participants were assigned in a 

randomised double-blinded fashion to receive injection of either: placebo (P; 

saline, n=8) or the GnRH analogue, Zoladex 3.6mg (Z; n=8). All subjects 

underwent 6-wks whole body RET (3-sets, 8-10 reps at 80% 1-RM) with 75g oral 

glucose tolerance testing (OGTT baseline, ~5 days after injection and after RET), 

and Dual-energy X-ray Absorptiometry (DXA) to assess glycaemic control and 

body composition, respectively. 

Results: Provision of Zoladex significantly reduced total testosterone in Zoladex 

(vs. placebo) throughout RET. Total fat free mass (FFM) increased significantly 

following 6-wks RET in placebo (55.9±1.7 to 57.4±1.7kg, P=0.006), but not in 

Zoladex (55.4±2.8 to 55.8±3.1kg). Over 6-wks of RET, placebo group showed 



Chapter 5A  Suppressed endogenous testosterone blunts glycaemic control 157 
 

decreased (2381±1013 mU-1.2h-1, P=0.009) insulin area under curve (AUC). 

Further, measures of C-Peptide highlighted a decreasing trend in placebo 

compared to Zoladex (551±57 ng.ml-1 vs. 789±116 ng.ml-1, P=0.08). Additionally, 

Cederholm index of peripheral insulin sensitivity in placebo showed an increase 

after RET (61.7±4.7 vs. 74.5±3.7 mg⋅L2⋅mmol⋅L−1⋅mU−1⋅min−1, P<0.05). Finally, 

Matsuda index of insulin sensitivity in placebo yielded significant increases 

based on fold-change from baseline OGTT to OGTT after RET (9.9±2.4 vs 

12.8±3.2, P<0.05). 

Conclusion: Suppressed endogenous testosterone (Zoladex), attenuated 

insulin sensitivity (supported by c-peptide) in young men, during RET. Thus, 

endogenous testosterone is a permissive regulator of RET-induced 

improvements in insulin sensitivity and glycaemic control. 
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 Introduction 

Obesity and inactivity are associated with an increase in metabolic 

syndrome in the general population; i.e.  increase in risk of endocrine 

disorders (Kelly and Jones 2013), decrease in muscle mass and strength 

(Mitchell, Williams, et al. 2012), insulin sensitivity (Bandeen-Roche et al. 

2006), and prevalence of type 2 diabetes (Feldman et al. 2002; Harman 

et al. 2001; Morley et al. 1997). Reduced insulin sensitivity is the central 

biochemical defect associated with diabetes (Kelly and Jones 2013). 

However, many of these symptoms are accompanied by declines in 

testosterone (T) bioavailability – the “andropause” (Ferrando et al. 2002c; 

Dandona and Dhindsa 2011). In accordance, hypogonadal men exhibit a 

3-fold increase in mortality (Hackett 2016); with the prevalence of diabetes 

of ~40% (Chandel et al. 2008; Dhindsa et al. 2018);  and associated 

diabetes per se carried a hazard ratio of ~15% for sudden death (Balkau 

et al. 1999). However, the mechanisms by which testosterone regulates 

metabolism and glycaemic control are ill-defined not fully clear in men. 

It is suggested  there is an inverse association between testosterone and 

fasting insulin levels in men (Phillips 1977). In male rats, acute castration 

induces significant increase in insulin resistance(Holmäng and Björntorp 

1992). Further, total whole-body glucose disposal was positively 

associated with testosterone levels in healthy middle-aged men (Haffner 

et al. 1994) and men with diabetes have lower testosterone levels (Barrett-

Connor 1992). Conversely, it is reported that free testosterone levels 

might not have correlation with insulin sensitivity (Birkeland et al. 1993; 
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Abate et al. 2002). In accordance, the role of testosterone in prevalence 

of diabetes is ill-defined; i.e. only <19% of men suffered from type 2 

diabetes had total testosterone <231 ng.dl-1 (Grossmann 2014b). 

However, moderately short-term (i.e. 12-wks) (Smith, Lee, and Nathan 

2006a) and long term (i.e. 24-months) (Haidar et al. 2007) androgen‐

deprivation therapy in men decreased muscle Insulin sensitivity and 

increased TFM which were associated with an increased risk for diabetes 

(Kintzel et al. 2008). Therefore, considering the positive effects of 

testosterone on FFM (Gruenewald and Matsumoto 2003), fat mass 

(Svartberg et al. 2008), and perhaps glycaemic control (Dhindsa et al. 

2016), interventions that boost FFM and endogenous testosterone i.e. 

resistance exercise training (RET), might be of greater benefit (Hawkins 

et al. 2008).  

It is well-defined that RET promotes muscle mass and associated muscle 

programming (Ribeiro et al. 2017; Phillips et al. 2017) and stimulates 

muscle glycaemic control (Lee, Kim, and Kim 2017). These effects are 

also associated with enhanced endogenous testosterone in response to 

acute bouts of RE (Rønnestad, Nygaard, and Raastad 2011). We 

previously showed that acute RE-induced systemic induction of 

endogenous testosterone was related to ensuing muscle hypertrophy in 

younger men (Brook, Wilkinson, Mitchell, et al. 2016), suggesting a link 

between testosterone and muscle mass gains with RET. Nevertheless, 

withdrawal of testosterone led to significant decrements in insulin 

sensitivity within 2 weeks without changing FFM and TFM, suggesting 
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testosterone may exert direct effects on metabolic regulators or signalling, 

rather than by effecting changes in body composition (Yialamas et al. 

2007). In contrast, it is reported testosterone deprivation for 4-wks did not 

change glycaemic control in younger men (Rabiee et al. 2010). Thus, 

glycaemic control improvement during RET cannot be ascribed to a mere 

increase in FFM and likely via factors independent of changes in FFM; 

perhaps via endogenous androgen hormones. 

Therefore, in an effort to identify the role of endogenous testosterone 

adjuvant to RET, we investigated the role of endogenous testosterone 

suppression coupled to short-term RET in younger men. In a double-blind 

investigation into the effects of 6-wks of RET with or without testosterone 

suppression, we aimed to identify whether endogenous testosterone is an 

important factor in glycaemic control.   

 Methods 

The study protocol and all the methods relating to this section have been 

previously described in chapter 2. 

 Results  

Physiological characteristics of participants are shown in Table 3-1 in 

chapter 3. Further, total testosterone concentrations in the Zoladex group 

in Figure 3-1 in chapter 3. 
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5.4.1 Body composition       

The body composition data in Zoladex and placebo groups are shown in 

Figure 3-2.  

 

5.4.2 Glucose, insulin and C-peptide levels  

Over the RET, placebo study group decreased AUC insulin, decreasing 

2381 ± 1013 mU-1.2h-1, P = 0.009.  Further, measures of C-Peptide 

showed a trend in placebo group compared to Zoladex group (551±57 vs. 

789±116, P=0.08). However, by 6 weeks of RET there was no changes in 

glucose AUC in both groups.  
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Figure 5-1 changes in insulin, glucose and C-peptide (A-F). Values are means ± 
SEM.  a Significantly different from baseline, P<0.05; b significantly different 
between two groups, P<0.05. all from repeated measure ANOVA. AUC: area 
under curve. 

P=0.08 
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Insulin resistance and sensitivity 

Over the RET, HOMA-β and HOMA-IR did not change significantly 

(P<0.05).  However, GIR, Matsuda and Cederholm indices increased 

significantly in placebo (P<0.05, Table 5-1), compared to Zoladex group.  

Table 5-1 Glycaemic control-related calculations. 

Index Group OGTT1 OGTT2 OGTT3 

HOMA-β 

YP(n=8) ---------- ----------- 27.8±10.5 

YZ(n=8) ----------- ----------- 48.9±8.5 

HOMA-IR 

YP(n=8) 1.28±0.3 1.27±0.2 0.99±0.1 

YZ(n=8) 0.91±0.2 1.36±0.4 1.36±0.3 

GIR-Index 

YP(n=8) ---------- ----------- 8.2±2.5d 

YZ(n=8) ----------- ----------- 2.5±0.4 

Matsuda 

YP(n=8) 9.9±2.4 7.6±1.2 12.8±3.2c 

YZ(n=8) 12.4±2.6 10.1±1.7 8.4±1.1 

Cederholm 

YP(n=8) 68.1±5.1 61.7±4.7 74.5±3.7b 

YZ(n=8) 65.7±6.1 66.1±6.9 68.1±5.3 

a significantly different from OGTT1, b significantly different from OGTT2, c significantly 
different based on fold changes, d significantly different between groups. HOMA-IR: 
homeostasis model assessment for insulin resistance; HOMA-B: homeostasis model 
assessment for beta cell function; GIR-index: Glucose infusion rate index. 

 

 

 

 

 



Chapter 5A  Suppressed endogenous testosterone blunts glycaemic control 164 
 

5.4.3 Correlations and ratios  

Increase in FFM was correlated with increase in glucose levels in Zoladex 

group with lower testosterone levels (Figure 5-2 A). However, there was 

no association between FFM and insulin levels (Figure 5-2 B). 

Nevertheless, there was a trend in negative correlation between insulin 

sensitivity and FFM (Figure 5-2 E). Further, insulin levels per unit of FFM 

decreased in placebo with higher testosterone levels during 6-wks RET, 

compared to Zoladex group (Figure 5-2 G). Similarly, insulin to glucose 

ratio decreased in placebo group significantly in comparison with Zoladex 

(Figure 5-2 H). 
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Figure 5-2 Correlations (A-E) and ratios (F-I). Values are means ± SEM.  b
Significantly different from placebo, P<0.05; G and H from independent t-test.
AUC: area under curve.  
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 Discussion  

There is a great need within the scientific field to identify the role of 

endogenous testosterone and interventions that alter glucose 

metabolism. Herein, we elucidated that just 6-wks whole-body RET 

coupled with the suppression of endogenous testosterone in younger men 

had significant effects; i.e. Zoladex was associated with blunted decrease 

in AUC insulin (vs. baseline).  

To support our results showing the positive effects of RET on glycaemic 

control (Lee, Kim, and Kim 2017), it is reported that 16-wks (Shaibi et al. 

2006; Ibañez et al. 2005), 20-wks (Smutok et al. 1993) and 3-month 

(Eriksson et al. 1997) RET augmented insulin sensitivity similar to those 

observed following endurance training. Indeed, increase in FFM 

enhanced the available glucose storage area, thereby facilitating the 

clearance of glucose from the circulation and reducing the amount of 

insulin required to maintain a normal glucose tolerance (Ibañez et al. 

2005). Thus, augmented FFM is associated with improving glycaemic 

control after RET in men (Eriksson et al. 1997); albeit without altering the 

intrinsic capacity of the muscle to respond to insulin (Poehlman et al. 

2000a; Poehlman et al. 2000b; Miller, Sherman, and Ivy 1984). In the 

present study, we showed the group had augmented FFM gain (i.e. 

placebo group) represented attenuated insulin levels and augmented 

insulin sensitivity after 6-wks RET. However, in line with previous studies 

(Takala, Nuutila, Knuuti, Luotolahti, and Yki-Jarvinen 1999; Takala, 
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Nuutila, Knuuti, Luotolahti, and Yki-Järvinen 1999), RET did not change 

insulin-stimulated glucose uptake per kilogram of FFM after 6-wks RET, 

and as increased glycaemic control represents a true long-term 

adaptation to RET (Ebeling et al. 1993), it seems failure to show increase 

in insulin sensitivity in Zoladex group was probably due to short-term (6-

wks) RET (Takala, Nuutila, Knuuti, Luotolahti, and Yki-Järvinen 1999). 

Nevertheless, 12-wks combined RET and aerobic training had no effect 

on glycaemic control (i.e. glucose and insulin levels) in men with prostate 

cancer undergoing androgen deprivation therapy (>2-months) (Galvão et 

al. 2009). Further, 16-wks heavy RET with/without growth hormone 

provision increased FFM but did not change glucose, insulin, and C-

peptide levels in healthy older men (Zachwieja et al. 1996b). Therefore, 

considering a positive correlation between FFM gain (YZ: 0.6%) and 

glucose levels in Zoladex group, the positive effects of RET on glycaemic 

control in placebo group cannot be ascribed to a mere increase in FFM 

(Andersen et al. 2003) and likely via factors independent of changes in 

FFM (Shaibi et al. 2006).   

While the relationship of hypogonadism with the development of 

metabolic syndrome is not well-defined (Laaksonen et al. 2004), low 

testosterone levels per se are associated with metabolic syndrome (i.e. 

increased insulin resistance (Grossmann 2014a; Wang et al. 2016), 

decreased insulin sensitivity (Keating, O'Malley, and Smith 2006) and type 

2 diabetes, probably via decrease in FFM and increase in TFM (Wang et 

al. 2016). Indeed, to support our results showed lower testosterone levels 

in Zoladex group during RET was associated with attenuated glycaemic 
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control adaptation, it is postulated that higher testosterone levels and FFM 

gain were associated with up-regulated glucose metabolism in healthy 

men (Hou et al. 2015; Pitteloud, Mootha, Dwyer, Hardin, Lee, Eriksson, 

Tripathy, Yialamas, Groop, Elahi, et al. 2005). Indeed, short-term (12-wks) 

(Smith, Lee, and Nathan 2006a) and long term (24-months) (Haidar et al. 

2007) androgen‐deprivation therapy in men with prostatic cancer 

decreased Insulin sensitivity and increased TFM which were associated 

with an increased risk for diabetes (Kintzel et al. 2008). In addition, lower 

endogenous testosterone levels were associated with increase in C-

peptide levels, indicating impaired pancreatic β-cell function and 

increased insulin secretion (Tsai et al. 2000). In our study, we assessed 

C-peptide levels to measure endogenous insulin secretion, GIR and β-cell 

function (Jones and Hattersley 2013). Both C-peptide and insulin are 

secreted in equimolar amounts from the beta cell as the reliable surrogate 

for assessing pancreatic β-cells function and GIR (Chailurkit et al. 2007; 

Ohkura et al. 2013). However, C-peptide is only minimally extracted or 

metabolized by the liver with longer half-life than insulin (20–30 min vs. 3–

5 min) (Jones and Hattersley 2013). In our study, younger group with 

higher endogenous testosterone than Zoladex group had lower levels of 

C-peptide after 6-wks RET, showing decreasing secretion of insulin in 

both groups with higher peripheral insulin sensitivity and GIR. Therefore, 

testosterone had permissive role in improvement of glycaemic control 

during short-term RET. However, previous studies reported contentious 

results about the effects of long term RET on glycaemic control in men 

with lower endogenous T; e.g. 16-wks RET did not improve glycaemic 



Chapter 5A Suppressed endogenous testosterone blunts glycaemic 170 

control (involving C-peptide levels) In older men (Zachwieja et al. 1996b), 

but 12-wks (Iglay et al. 2007) and 4-months (Hansen et al. 2012) RET 

decreased fasting C-peptide levels but not estimated insulin sensitivity 

and insulin levels in middle aged healthy men. In accordance, we showed 

testosterone deprivation during RET blunted glycaemic control 

improvement in younger men (vs. RET with normal testosterone levels). 

Nevertheless, it seems RET diminished worsened glycaemic control-

induced testosterone suppression (Smith, Lee, and Nathan 2006a). It 

seems changes in FFM and TFM are associated with attenuation in insulin 

sensitivity within 12-wks of initiating androgen-deprivation therapy (Smith, 

Lee, and Nathan 2006b). Interestingly, only 2-wks testosterone 

suppression led to decrements in insulin sensitivity without changing body 

composition in younger men (Yialamas et al. 2007). 

In conclusion, non-suppressed endogenous testosterone (P group), 

enhanced insulin sensitivity (supported by reduced c-peptide) during RET 

in young men (vs. Zoladex group), showing endogenous testosterone is 

a permissive mediator of RET-induced improvements in glycaemic 

control. 
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 Abstract 

Introduction: Insulin resistance is a risk factor for many metabolic diseases, 

coincident with the established pandemic of obesity, worldwide. The main 

behavioural strategies to overcome insulin resistance remain diet and exercise 

training. However, the “andropause”, so-called due to age-related testosterone 

(T) depletion has been associated with impaired glycaemic control – leading to 

investigations of the role of testosterone in regulating insulin sensitivity. 

Recently, testosterone therapies have been evaluated in humans with variable 

effects, such that the role and efficacy of testosterone therapy in relation to 

glycaemic control across age remains unclear. The aim of this study was 

therefore to investigate the therapeutic role of testosterone during 6-wks of 

resistance exercise training (RET), in relation to glycaemic control in groups of 

healthy older men.  

Methods: 18 healthy non-hypogonadal men were recruited (~60-75y, 

BMI≤30kg.m-2, serum T>230 ng·dl-1) with the aim of determining the role of 

provision of exogenous testosterone therapy adjuvant to short-term RET in older 

men. Thus, older men received placebo (P; saline, n=9) or testosterone esters 

250 mg (T; n=9). All subjects underwent 6-wks whole body RET (3-sets, 8-10 

reps at 80% 1-RM) with 75g oral glucose tolerance testing (OGTT baseline, ~5 

days after injection and after RET), and Dual-energy X-ray Absorptiometry (DXA) 

to assess glycaemic control and body composition, respectively. 

Results: testosterone group elicited marked enhanced testosterone levels (both 

P<0.05) that were sustained throughout RET. Total fat free mass (FFM) 

increased significantly following 6-wks RET in testosterone (53.0±1.7 to 56.0±5.2 
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kg, P<0.0001), but not in placebo (54.1±6.3 to 54.8±5.8 kg). Over 6-weeks of 

RET, testosterone group showed decreased (1367±572 mU-1.2h-1, P=0.03) 

insulin area under curve (AUC). Further, measures of C-Peptide highlighted 

decreases in testosterone compared to placebo (OT: 601±46 ng.ml-1 vs. OP: 

830±77 ng.ml-1, P=0.02). Additionally, Cederholm index of peripheral insulin 

sensitivity in testosterone, showed a significant increase from baseline to OGTT 

after RET (57.3±5.1 vs 68.6±5.3 mg⋅L2⋅mmol⋅L−1⋅mU−1⋅min−1, P<0.05).  

Conclusion: testosterone therapy enhanced insulin sensitivity (supported by 

reduced c-peptide) in older men, coupled with RET. Thus, testosterone therapy 

adjuvant to pre/re-habilitation RET may be of value to overcome the burgeoning 

trend of worsening insulin resistance with aging. 
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 Introduction 

Ageing is associated with a decrease in muscle mass and strength 

(sarcopenia) (Mitchell, Williams, et al. 2012), insulin sensitivity (Bandeen-

Roche et al. 2006), and prevalence of type 2 diabetes (Feldman et al. 

2002; Harman et al. 2001; Morley et al. 1997). Many of these are 

accompanied by declines in testosterone (T) bioavailability – the 

“andropause” (Ferrando et al. 2002c; Dandona and Dhindsa 2011). 

Moreover, hypogonadal men exhibit a 3-fold increase in mortality (Hackett 

2016) and low testosterone is associated with diabetes which per se is 

responsible of ~15% for sudden death in older population (Balkau et al. 

1999). Thus, as the ageing populace grows, there remains a need for 

investigating the role of testosterone in glycaemic control as well as 

therapies to counteract the andropause and associated glycaemic 

disorders. 

Clinically, older males with a total testosterone of <231 ng.dl-1 may be 

offered testosterone therapy (Hackett 2016) due to established positive 

effects of testosterone on fat-free mass (FFM) (Gruenewald and 

Matsumoto 2003), fat mass (Svartberg et al. 2008), and glycaemic control 

(Dhindsa et al. 2016). Pitteloud et al. reported that men with hypogonadal 

testosterone levels were twice as insulin resistant as their eugonadal 

counterparts, confirming a positive correlation between testosterone level 

and insulin sensitivity across full spectrum of glucose tolerance (Pitteloud, 

Mootha, et al. 2005a); indicating this is an effective strategy in men with 

persistent insulin resistant state and hypogonadism to combat attenuated 
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FFM and insulin sensitivity, and increase in total fat mass (TFM) (Dhindsa 

et al. 2016). However, the role of testosterone in prevalence of diabetes 

is ill-defined; i.e. only <19% of men suffered from type 2 diabetes had total 

testosterone <231 ng.dl-1 (Grossmann 2014b). Nevertheless, provision of 

exogenous testosterone (200 mg, every 2-wks for 3-monts (Kapoor et al. 

2006) or oral 160 mg/day for 6-months) (Emmelot-Vonk et al. 2008) has 

been shown to reduce insulin resistance and improves glycaemic control 

in hypogonadal men with type 2 diabetes and healthy older men, 

respectively. Controversially, it is reported testosterone therapy for 40-

wks (1000 mg injection, every ~2 month) did not improve insulin 

resistance and glycaemic control in hypogonadal men with type 2 

diabetes (Gianatti et al. 2014). In addition, moderately short-term (i.e. 12-

wks) (Smith, Lee, and Nathan 2006a) and long term (i.e. 24-months) 

(Haidar et al. 2007) androgen‐deprivation therapy in men decreased 

Insulin sensitivity and increased TFM which were associated with an 

increased risk for diabetes (Kintzel et al. 2008). Thus, besides 

administering long-term exogenous testosterone, interventions that boost 

endogenous sex hormones i.e. exercise, might be of greater benefit 

(Hawkins et al. 2008). 

Ageing and exercise training related changes in glucose handling and 

insulin resistance involve several tissues, but skeletal muscle metabolic 

changes leads to particularly large impact on whole body glucose 

metabolism (Tsintzas et al. 2013). Further, age related decline in skeletal 

muscle mass and strength (sarcopenia) (Mitchell, Atherton, et al. 2012) is 
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associated with increases in muscle insulin resistance (Cleasby, 

Jamieson, and Atherton 2016). It is well-defined that resistance exercise 

training (RET) promotes muscle mass and anabolism (even in older men 

(Ribeiro et al. 2017; Phillips et al. 2017)) and stimulates muscle glycaemic 

control (Lee, Kim, and Kim 2017); these effects are also associated with 

enhanced endogenous testosterone in response to acute bouts of RE 

(Rønnestad, Nygaard, and Raastad 2011). Nonetheless, hypertrophic 

and glycaemic responses to RET are blunted in older age (vs. younger 

cohorts), so called “anabolic resistance” (Zachwieja et al. 1996a), 

suggesting the need for strategies beyond, or adjuvant to RET 

(Rønnestad, Nygaard, and Raastad 2011), in order to maximise efficacy 

on muscle mass and glycaemic control. We previously showed that acute 

RE-induced systemic induction of endogenous testosterone was related 

to ensuing muscle hypertrophy in younger men (Brook, Wilkinson, 

Mitchell, et al. 2016), suggesting a link between testosterone and muscle 

mass gains with RET. Moreover, in keeping with a role for testosterone 

as an adjuvant therapy to RET in older age, 50-100 mg·day-1 transdermal 

testosterone therapy, enhanced RET-induced muscle mass gains over 

12-wks (Glintborg et al. 2013), while supra-physiological doses (600 

mg·week-1) of testosterone adjuvant to RET for 10-wks increased FFM 

and strength (in younger men (19-40 y) (Bhasin et al. 1996a). However, 

the effect of ‘medium-term’ or even “short-term” use of testosterone 

therapy adjuvant to RET on glycaemic control is poor-defined. 
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Therefore, in an effort to identify the effect of exogenous testosterone 

therapy adjuvant to RET in relation to anabolic resistance, we investigated 

the role and efficacy of short-term RET, coupled to testosterone therapy 

in older men. In a double-blind investigation into the effects 6-wks of RET 

with or without testosterone increase, we aimed to identify that low 

testosterone is a consequence of insulin resistance, or simply a 

biomarker.  

 Methods 

The study protocol and all the methods relating to this section have been 

previously described in chapter 2. 

 Results  

Physiological characteristics of participants are shown in Table 4-1 in 

chapter 4. Further, total testosterone concentrations in the testosterone 

group in Figure 4-1 in chapter 4. 

5.4.1 Body composition       

The body composition data in testosterone and placebo groups are shown 

in Figure 4-2.  
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5.4.2 Glucose, insulin and C-peptide levels  

Over the RET, AUC insulin decreased in testosterone group in greater 

extent than placebo group (1367 vs. 433 mU-1.2h-1 decrease, P=0.03).  

Further, measures of C-Peptide showed decreases in testosterone 

compared to placebo (testosterone: 601±46 vs. placebo: 830±77, 

P=0.02). However, by 6 weeks of RET there was no changes in glucose 

AUC in all groups.  
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Figure 5-1 changes in insulin, glucose and C-peptide (A-F). Values are means ± 
SEM.  a Significantly different from baseline from repeated measure ANOVA, 
P<0.05; b significantly different between two groups from independent t-test, 
P<0.05. AUC: area under curve. 
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5.4.3 Insulin resistance and sensitivity 

Over the RET, HOMA-β and HOMA-IR did not change significantly 

(P<0.05).  However, GIR-Index and Matsuda increased significantly in YP 

(P<0.05) and Cederholm index increased significantly in testosterone 

group (P<0.05, Table 5-1).  

Table 5-1 Glycaemic control-related calculations. 

Index Group OGTT1 OGTT2 OGTT3 

HOMA-β 

P(n=9) ---------- ----------- 36.7±5.1 

T(n=9) ----------- ----------- 27.1±4.8 

HOMA-IR 

P(n=9) 1.33±0.2 1.37±0.2 1.03±0.2 

T(n=9) 0.89±0.1 0.88±0.2 0.78±0.1 

GIR-Index 

P(n=9) ---------- ----------- 2.4±0.6 

T(n=9) ----------- ----------- 2.7±0.3 

Matsuda 

P(n=9) 8.4±2.4 8.1±2.1 10.1±2.6 

T(n=9) 12.2±2.8 13.4±2.5 15.3±2.6 

Cederholm 

P(n=9) 49.1±3.7 49.8±3.7 57.1±5.1 

T(n=9) 57.3±5.1 60.1±3.5 68.6±5.3a 

a significantly different from OGTT1, b significantly different from OGTT2, c 
significantly different based on fold changes, d significantly different between groups 
(P<0.05) from two-way ANOVA. HOMA-IR: homeostasis model assessment for 
insulin resistance; HOMA-B: homeostasis model assessment for beta cell function; 
GIR-index: Glucose infusion rate index. 
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5.4.4 Correlations and ratios  

Increase in FFM was correlated with increase in glucose levels in placebo 

group with lower testosterone levels (Figure 5-2 A); however, increase in 

FFM was negatively correlated with increase in insulin levels in 

testosterone group with higher testosterone levels (Figure 5-2 B). 

Moreover, insulin levels was negatively correlated with testosterone levels 

in testosterone group (Figure 5-2 D). Nevertheless, there was no 

correlation between insulin and TFM (Figure 5-2 C). In addition, in line 

with moderately further decrease in glucose levels per unit of FFM in 

testosterone group (Figure 5-2 F), there was a trend in decreased insulin 

levels per unit of FFM and per unit of glucose in testosterone group during 

6-wks RET. (Figure 5-2 G and H) 
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Figure 5-2 Correlations (A-E) and ratios (F-I). Values are means ± SEM.  a 
Significantly different from YP, P<0.05; d significantly different from OT, 
P<0.05. AUC: area under curve. 
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 Discussion  

There is a great need within the scientific field to identifying the role of 

testosterone and other interventions that alter glucose metabolism with 

ageing. Herein, we elucidated that just 6-wks whole-body RET coupled 

with provision of exogenous testosterone in older males had significant 

effects; i.e. testosterone group showed an attenuated AUC insulin (vs. 

baseline).  

It is reported that long term, 16-wks (Shaibi et al. 2006; Ibañez et al. 2005), 

20-wks (Smutok et al. 1993) and 3-month (Eriksson et al. 1997), RET 

augmented insulin sensitivity similar to those observed following 

endurance training. However, Zachwieja et al. (1996) (Zachwieja et al. 

1996a) showed glycaemic control did not change after 16-wks RET in 

older men. Indeed, increase in FFM enhanced the available glucose 

storage area, thereby facilitating the clearance of glucose from the 

circulation and reducing the amount of insulin required to maintain a 

normal glucose tolerance (Ibañez et al. 2005). Thus, augmented FFM is 

associated with improving glycaemic control after RET in men (~8% 

decrease in glucose levels) (Eriksson et al. 1997); albeit without altering 

the intrinsic capacity of the muscle to respond to insulin (Poehlman et al. 

2000a; Poehlman et al. 2000b; Miller, Sherman, and Ivy 1984). In the 

present study, we showed the groups had augmented FFM gain (i.e. 

testosterone), attenuated insulin levels and augmented insulin sensitivity 
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after 6-wks RET. However, in line with previous studies (Takala, Nuutila, 

Knuuti, Luotolahti, and Yki-Jarvinen 1999; Takala, Nuutila, Knuuti, 

Luotolahti, and Yki-Järvinen 1999), RET did not change insulin-stimulated 

glucose uptake per kilogram of FFM after 6-wks RET, and as increased 

glycaemic control represents a true long-term adaptation to RET (Ebeling 

et al. 1993); thus, it seems failure to show increase in insulin sensitivity in 

placebo group was probably due to short-term (6-wks) RET (Takala, 

Nuutila, Knuuti, Luotolahti, and Yki-Järvinen 1999). Nevertheless, 12-wks 

combined RET and aerobic training had no effect on glycaemic control 

(i.e. glucose and insulin levels) in men (Galvão et al. 2009). Further, 16-

wks (Zachwieja et al. 1996b) RET did not improve glycaemic control 

(involving C-peptide levels) in older men, but 12-wks (Iglay et al. 2007) 

and 4-months (Hansen et al. 2012) RET decreased fasting C-Peptide 

levels but not estimated insulin sensitivity and insulin levels in older and 

middle aged healthy men, respectively. Furthermore, 16-wks heavy RET 

increased FFM but did not change glucose, insulin, and C-peptide levels 

in healthy older men (Zachwieja et al. 1996b). Therefore, given to a 

positive correlation between FFM gain and glucose levels in placebo 

group, and negative correlation between testosterone and insulin in 

testosterone group, the positive effects of RET on glycaemic control in 

testosterone group cannot be ascribed to a mere increase in FFM 

(Andersen et al. 2003) and likely via factors independent of changes in 

FFM (Shaibi et al. 2006).   
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While the relationship of hypogonadism with the development of the 

metabolic syndrome is not well-defined (Laaksonen et al. 2004), low 

testosterone levels per se is associated with metabolic syndrome (i.e. 

increased insulin resistance (Grossmann 2014a; Wang et al. 2016), 

decreased insulin sensitivity (Keating, O'Malley, and Smith 2006) and type 

2 diabetes), probably via decrease in FFM and increase in TFM (Wang et 

al. 2016). Indeed, to support our result showed testosterone provision in 

testosterone group during RET was associated with attenuated insulin 

levels, it is postulated that higher testosterone levels and FFM were 

associated with up-regulated glucose metabolism in healthy men (Hou et 

al. 2015; Pitteloud, Mootha, Dwyer, Hardin, Lee, Eriksson, Tripathy, 

Yialamas, Groop, Elahi, et al. 2005). Indeed, testosterone therapy 

combats glycaemic control deficiency during ageing/illnesses 

(Grossmann, Gianatti, and Zajac 2010); e.g. provision of exogenous 

testosterone (200 mg, every 2-wks for 3-monts (Kapoor et al. 2006) or 

oral 160 mg/day for 6-months) (Emmelot-Vonk et al. 2008) has been 

shown to reduce insulin resistance and improves glycaemic control in 

hypogonadal men with type 2 diabetes and healthy older men, 

respectively. Conversely, testosterone therapy alone for 40-wks (1000 mg 

injection, every ~2 month) did not improve insulin resistance and 

glycaemic control in hypogonadal men with type 2 diabetes, 

notwithstanding increased in FFM and decrease in TFM (Gianatti et al. 

2014); indicating the greater benefits of testosterone therapy adjuvant to 

RET in our study. In our study, we assessed C-peptide levels to measure 

endogenous insulin secretion, GIR and β-cell function (Jones and 
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Hattersley 2013). Both C-peptide and insulin are secreted in equimolar 

amounts from the beta cell as the reliable surrogate for assessing 

pancreatic β-cells function and GIR (Chailurkit et al. 2007; Ohkura et al. 

2013). However, C-peptide is only minimally extracted or metabolized by 

the liver with longer half-life than insulin (20–30 min vs. 3–5 min) (Jones 

and Hattersley 2013). In our study, older group with exogenous 

testosterone provision had lower levels of C-peptide after 6-wks RET, 

showing decreasing secretion of insulin with higher peripheral insulin 

sensitivity and GIR. Therefore, testosterone therapy adjuvant to 6-wks 

RET improved glycaemic control; and is an effective strategy to combat 

andropause-related metabolic disorders.  

In conclusion, testosterone therapy enhanced insulin sensitivity 

(supported by reduced c-peptide) in older, coupled with RET, showing 

testosterone is a permissive mediator of RET-induced improvements in 

insulin sensitivity; and testosterone therapy adjuvant to pre/re-habilitation 

RET may be of value to overcome the burgeoning trend of worsening 

glycaemic control with aging
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 Overview of the study results and general conclusion 

In this study, we postulated that short-term testosterone suppression 

blunts adaptations/responses to resistance exercise/training in younger 

men. In accordance, we showed shorter-term testosterone suppression 

led to attenuated increases in whole-body muscle growth and glycaemic 

control, muscle function, MRFs, muscle anabolic signalling, and protein 

synthesis in adaptive responses during RET. Thus, our data suggest that 

endogenous testosterone in healthy younger men can be considered as 

of paramount importance for the muscular adaptation to RET. We 

established that the younger placebo group developed greater strength 

gains which also is strongly correlated with testosterone levels. In order 

to assess the mechanisms underlying the ergogenic effects of normal 

endogenous testosterone levels on muscle adaptation during RET in 

younger men, we quantified cumulative rates of myofibrillar protein 

synthesis over the 6-wks of RET. In doing so, we demonstrated that, in 

contrast to Zoladex group, placebo group with normal testosterone levels 

augmented MPS during RET while concomitantly increased muscle 

protein breakdown (MPB) and crucially, with net balance calculations 

illustrating MPS>MPB. In addition, in other phase of our study, there is a 

great deal of interest in identifying the interventions that improve muscle 

health, combat muscle wasting and also corresponding mechanisms. 

Herein, we showed that just 6-wks whole-body RET coupled with the 

exogenous provision of testosterone had significant positive effects on 

muscle mass, performance, and also peripheral glycaemic control via 
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inducing net protein accretion through anabolic pathways in older men - 

thus offsetting age-related muscle loss in adaptive responses to RET. 

Further, we showed the groups had augmented FFM gain (i.e. 

testosterone) represented attenuated insulin levels and augmented 

insulin sensitivity, as well as mitochondrial function/biogenesis after 6-wks 

RET, indicating the greater energetic adaptation of testosterone therapy 

adjuvant to RET in older men in our study.  

Generally, as the interpretation of our results, long-term testosterone 

therapy can be an effective therapeutic strategy, especially for patients 

unable to do RET as the anabolic stimuli, but its application has been 

limited because of severe side effects. Our study, specifically, targeted 

healthy men with normal testosterone levels and subjected them to a gain 

exercise program (RET), with additional randomization to testosterone or 

placebo in older men and to testosterone suppression or placebo in 

younger men for ~6 weeks. The principle findings of this study are in 

general agreement with the literature reporting the role of testosterone on 

body composition and constitutional symptoms. This study also showed 

that beneficial impacts of RET are blunted after testosterone withdrawal 

in younger men, suggesting that higher testosterone levels will likely be 

required to gain muscle mass and peripheral glycaemic control and these 

adaptations were associated with increase in muscle strength. On the 

other hand, lower levels of testosterone did not elicit significant increases 

in muscle mass or decreases in fat mass in older and younger men in our 

study, suggesting that the role of testosterone in adaptation (i.e. muscle 
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plasticity and growth regulation) to short-term RET (i.e. 6-wks) is 

permissive in older and younger men. This central component role 

indicated that higher testosterone levels increased the trainability in 

individuals and that it is associated with high-responders in younger and 

older men. This demonstrates the potential of testosterone reversing 

effects on ageing-induced muscle wasting, and anabolic resistance.  

In our study, not only we showed short-term testosterone provision is 

beneficial coupled with RET, but also we investigated the cellular 

mechanism behind the treatment which helps to enhance our 

understanding of the androgenic regulation of muscle mass growth and 

the molecular factors modulated by androgens may help in the 

identification of effective muscle-specific therapeutic targets to combat the 

effects of ageing-induced muscle wasting (i.e. sarcopenia). In the first   

phase of this study, we extensively investigated the mechanistic role of 

endogenous testosterone in muscle mass growth, function and glycaemic 

control during RET in healthy young men. Further, our results revealed 

the likely complex mechanism by which testosterone regulates muscle 

mass growth through higher expression of AR leads to an increase in 

protein turnover (with greater increases in MPS), enhancing translational 

efficiency and capacity, and inducing pro-myogenic and testosterone 

metabolism gene regulation. In the second phase of our study, higher 

testosterone levels in older men resulted from testosterone provision led 

to muscle growth and glycaemic control which mechanistically followed 

the same pattern as the eugonadal younger group. Finally, to summarize 
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whole study, given moderate increase in whole body FFM in the younger 

and older groups with low testosterone levels (i.e. 1.3% increase in older 

placebo group and 0.07% increase in younger Zoladex group), we should 

that testosterone has the permissive role in adaptation to RET in young 

and older men. Accordingly, administration of testosterone coupled to 

RET is an effective short-term (6-wks) intervention to overcome age-

related blunted in the responsiveness of older muscle to RET. As far as 

the high intensity, albeit short-term, RET adjuvant to testosterone 

administration were both well-tolerated without any life-threating side-

effects or injuries, the strategy could be useful as both pre- and 

rehabilitation interventions in other clinical-related procedures in older 

men. However, older men receiving testosterone administration should be 

carefully monitored because of its potential risks. 
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 Future research directions 

Depart from the physiological and biological impacts of testosterone on 

regulation of muscle mass in men, testosterone is secreted by the ovaries 

and the adrenal glands in women (Kalantaridou and Calis 2006). Similar 

to what we showed in our young participants; premenopausal 

oophorectomy results in ~5% decrease in testosterone levels, and similar 

to what we showed in our older participants; women in their 60s have half 

the testosterone levels of women in their 20s (Kalantaridou and Calis 

2006; Dillon et al. 2010). Like men, androgens are important in increase 

in muscle mass and strength in women (Notelovitz 2002). In accordance, 

it is reported that transdermal testosterone therapy (150 mg/d) is 

associated with augmentation in muscle mass and strength in women 

(Miller et al. 1998; Dolan et al. 2004). This is why despite estrogen and 

progestin hormone therapy, 67% of young women with premature ovarian 

failure have the bone density and muscle mass that have been associated 

with an increased risk for hip fracture (Anasti et al. 1998). It is reported 

that concurrent estrogen-testosterone therapy increased muscle mass 

and decreased fat mass in postmenopausal women; and testosterone 

provision augmented the reduction in core fat mass achieved with 

estrogen therapy alone (Davis et al. 1995). This is a beneficial impact of 

testosterone therapy on muscle protein synthesis in women (Dillon et al. 

2010). Further, despite the gender differences in endogenous 

testosterone levels, it is demonstrated age related declines in myofibrillar 

FSR in both men and women; with higher FSR in women across the 



Chapter 6 Overview  194 
 

lifespan when compared to men (Henderson et al. 2009). This study 

showed 12-months testosterone or DHEA therapy did not have any 

beneficial effects on muscle mass growth in men and women. However, 

the previous studies have not completely supported the use of 

testosterone therapy to increase or maintain the muscle mass in women 

and results are highly contentious. Therefore, further studies are needed 

to investigate the effects of testosterone therapy adjuvant to RET on 

muscle quality/programming in premenopausal and/or postmenopausal 

women.  

However, we recognized that there were a number of limitations to our 

study. Given the results of our study, it seems further studies are needed 

to fully investigate the testosterone effects on catabolic aspects of muscle 

(e.g. cortisol levels) growth during short term RET. In addition, regarding 

the supra-physiological levels of testosterone during first days after each 

testosterone provision in our study, it seems further studies are needed to 

investigate the effects of physiological vs. supra-physiological doses of 

testosterone on pre-requisites to efficacy. Further, we showed that 250 

mg testosterone provision bi-weekly coupled to 6-wks RET is an effective 

strategy to combat the ageing-induced muscle loss, but we still need to 

know whether this is an effective treatment and precautionary measure in 

clinical population suffering from muscle atrophy (i.e. sarcopenia, cancer, 

cachexia, diabetes). In addition, this study showed the beneficial effects 

of short-term testosterone therapy coupled to RET on muscle gain; but 

the findings of this current study need to be confirmed and extended in 
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larger longer term RET after decreasing testosterone doses to avoid any 

possible high doses-induced side-effects.  
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Healthy Volunteer Consent Form (HVCF)  

Premises covered MSGEM This is version 8 

Document Created 15.7.2009 Document issued in June 19 

Review Period Every two years To be reviewed in June 21 

 
 
 
Please read this form and sign it once the investigator above-named, or their 
designated representative, has explained fully the aims and procedures of the study 
to you. 
 
 I voluntarily agree to take part in this study. 
 
 I confirm that I have been given a full explanation of the study and that I have 

read and understand the information sheet (version number X.X dated 
XX/XX/XXXX) for the above study and have had the opportunity to ask questions. 

 
 I understand that I am free to withdraw from the study at any time, without 

having to give a reason for withdrawing. 
 
 I agree to comply with the reasonable instructions of the research team and will 

notify them immediately of any unexpected unusual symptoms or deterioration 
of health. 

 
 I give permission to collect, store, analyse and publish information obtained from 

my participation in this study. I understand my personal details will be kept 
confidential. 

 
 I understand that data collected in the study may be looked at by responsible 

individuals from the University of Nottingham and regulatory authorities where it 
is relevant to my taking part in this study.  

 
 I understand that information about me recorded during the study will be kept in 

a secure database. If data is transferred to others it will be made anonymous. 
Data will be kept for 7 years after all results of this study have been published. 
After this time, it will be disposed of in line with University policy. 

 
 I understand that the tests or procedures are carried out for research only and 

not for clinical diagnostic purposes. However, if the study investigator should feel 
it necessary to inform my GP of my participation in the study, or of an adverse 
event or abnormal test result, I understand I am giving my consent to do so. 

 
 I confirm that I have disclosed relevant medical information before the study. 
 
 I have not been a volunteer in any other research study in the last three months, 

which involved: taking a drug, being paid an inconvenience allowance, having an 
invasive procedure (e.g. venepuncture >50ml, endoscopy) or exposure to ionising 
radiation. 

Division of Medical Sciences and GEM 

Project Title: 
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 I confirm that I have not been exposed to more than 5 mSv of ionising radiation 

in the last 12 months (to clarify, please discuss with a member of the research 
team). 

 
 

 OPTIONAL - I agree to my tissue/ blood samples being shared with other 
researchers including those working outside the University. I understand that I 
would not gain commercially. 

 
 OPTIONAL - Where tissue is removed from my body for the purposes of this 

study, but not used for this study, and when the ethical approval for this project 
expires, I agree to the future and continued storage and use of this tissue for 
future research into functioning of the human body and disease. Such tissue will 
fall under the University of Nottingham licence of the Human Tissue Act. As 
specified under the Licence tissue records will be maintained for 25 years. 

 

Personal Data:   
 
 OPTIONAL - I agree to my contact details being stored for the purpose of being 

invited to participate in future research studies. 
 
 
 
Volunteer Name: 
……………………………………………………………………………………………………
…… 
 
 
Signature:  ………………………………………………   Date:  ……… 
 
 
I confirm that I (investigator) have fully explained the purpose of the study and what is involved 
to: 
 
………………………………………………………………………………………………………………
………… 
 
 
I have given the above named a copy of this form together with the information sheet. 
 
 
 
Investigator Name: 
……………………………………………………………………………………………………
…. 
 
 
Signature:  ……………………………………………………….    Date:  ………… 
 
 
PI Signature: …………………………………………………… Date: ………… 
 
 
Study Volunteer Number:   ………………………………… 
 

2 copies: 1 for the participant, 1 for the study
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Appendix 3 

Healthy Older Volunteer’s Information Sheet 

 

Clinical, Metabolic and Molecular Physiology 

Research Group 
 
Title of Project: The regulation of skeletal muscle protein synthesis by 
systemic hormones and its influence on ageing and anabolic resistance 

Names of Investigators: 
Dr Daniel Wilkinson  Dr Iskander Idris, 
Dr Phil Atherton  Dr Haitham Abdullah, 
Dr Ken Smith   Dr Supreeth Rudrappa 
Dr Bethan Phillips 
  
You have been invited to take part in a research study. Before you decide 
whether to take part it is important for you to understand why the research is 
being done and what it will involve. Please take time to read the following 
information carefully and discuss it with friends and relatives if you wish to. Ask 
us if there is anything that is not clear or if you would like more information. Take 
time to decide whether or not you wish to take part. If you decide to take part you 
will be given a copy of your consent form and this leaflet. 
 

Background 
 
Muscles represent the largest organ in the body, making up over 50% of total 
body weight. Most people know that skeletal muscles are important for 
movement and to support the skeleton, but not everyone is aware of how 
important muscles are for whole-body health. For example, muscles represent a 
vast protein store containing amino acids (the building blocks of protein) which 
can be broken down in times of fasting, infection and disease in order to provide 
energy to help other vital organs. Hormones can play an important role in the 
regulation of muscle mass throughout adult life, with reductions in hormones 
levels due to illness or disease leading to a reduction in muscle mass and 
strength. It however still remains unclear how these hormones regulate these 
changes in muscle mass. This knowledge could be key in developing future 
pharmaceuticals for treatment of muscle wasting disease. Further to this, most 
people will have noticed that with age people become frail. This is principally due 
to the wasting of skeletal muscle known as “sarcopenia”. Crucially, sarcopenia 
is more than just a symptom of weakness and poor functional capacity; it 
exposes people to an increased risk of falls and fractures, impacting quality of 
life, independence, health status and ultimately lifespan. It is because of these 
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detrimental effects on health, and the associated health costs that sarcopenia is 
of grave concern. Interestingly, with ageing there is also an associated reduction 
in hormone levels and a lower stimulation of hormonal release in response to 
things like exercise. This association leads to the possibility that reductions in 
hormone levels with age could contribute to the frailty and sarcopenia associated 
with normal ageing, and therefore there is a significant clinical need to identify 
whether this is a significant contributing factors to this muscle loss so that it can 
be specifically targeted for intervention (i.e., hormonal therapies).   

What does the study involve? 
 

Screening Visit 

Before you formally enter the study you will be asked to attend our facility (the 
Medical School, Royal Derby Hospital), without having eaten anything (from 
2000h the night before), a screening visit to ensure that you are eligible for 
participation in this study. During this visit (approximately 60 minutes), we will 
explain the study in full and answer any questions you may have, then (i) ask 
you to sign a consent form for the study, (ii) take a blood sample (10-20ml), and 
(iii) conduct a health assessment - including measuring your height and weight 
and a trace of your hearts electrical activity (an ECG). 
 

Main Study 

 
Once we have received the results of your blood tests from screening we will 
contact you to inform you of your results and confirm your inclusion into the 
study.  If you are happy to proceed with the study we will organise a mutually 
convenient day on which you will attend our facility to begin the study. The study 
period will last a total of 8 weeks in duration, and over this period you will be 
asked to attend our exercise suite 3 times a week for supervised exercise training 
and for collection of samples.   

On the initial lab visit a DXA scan and ultrasound will be performed to measure 
your body composition, your leg muscle mass and muscle architecture (fibre 
length and thickness). The ultrasound is similar to the scan carried out to image 
babies during pregnancy and involves some jelly and a probe being placed on 
your thigh. A leaflet describing the DXA scan in more detail is attached. In brief, 
this is a whole-body low dose X-ray scan that provides us with information about 
the tissue under your skin. The radiation exposure from this scan is very low, 
equivalent to ~3 days background exposure and significantly less than a flight to 
America. A test called an oral glucose tolerance test (OGTT) will also be 
performed. This test assesses your body’s response to a single glucose drink, 
and is commonly used by GPs to assess a person’s health. This test involves a 
small 75g glucose drink followed by regular 15 min blood samples over the 
following two hours, this sampling will be performed via the placement of a small 
tube in a vein in your arm (the OGTT will be repeated again at the start and end 
of the exercise training period). Following this your strength will be assessed and 
you will be familiarised with the exercise protocol to be performed during the 
study period. Your 1 repetition maximum (1-RM) will then be determined for six 
muscles  (this is the highest amount of weight you can lift once with one leg) so 
we can determine your workload during the exercise training. Following 
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completion of the exercise test a muscle biopsy will be collected from the vastus 
lateralis muscle (i.e., a region in the front of the thigh muscle) after an injection 
of local anaesthetic to numb the area. After the local anaesthetic a trained 
clinician will make a small (0.5 cm) cut through the skin and underlying muscle 
sheath then take the biopsy (a small piece about the size of an orange pip) with 
a special set of forceps. With the local anaesthetic you may feel pushing during 
this procedure but no pain. A stitch is placed in the skin afterwards to aid healing. 
A tight bandage will be placed around the thigh after the biopsy and should 
remain in place for ~12h to speed healing. You will then provide a saliva sample, 
and be provided with a drink of ‘heavy water’ (~250 ml) to consume.  This water 
contains a stable isotope tracer (deuterium in place of hydrogen, but is not 
radioactive), which is slightly different from normal water, but it is perfectly safe. 
We will ask you to provide a small sample of saliva 3-4 hours later, (which you 
can store refrigerated in sealed tubes we will provide). We will also ask you to 
collect samples of saliva daily around midday and at least an hour after food or 
drink for the first week. You will be provided with a small volume (~10 ml) of 
additional heavy water to consume daily for the remainder of the study period. 
This tracer is what allows us to measure rates of muscle growth and metabolism. 
In addition to the heavy water, we will provide you with a small drink of labelled 
creatine and 3-methylhistidine tracers (as with the heavy water, these are not 
radioactive and are perfectly safe, both creatine and 3-methylhistidine occur 
naturally in your muscles), we will then ask you to collect urine samples over the 
next 72h, before returning at 72h for a series of small blood samples. These 
samples will provide us with a measure of your muscle weight and how quickly 
your muscle is breaking down, and will be repeated at 3 and 6 weeks into the 
exercise period to assess for any changes related to the testing. 

You will then be randomly assigned to one of two testing groups, either: 1) a 
placebo group, or 2) a testosterone supplemented group (Sustanon 250: 250mg 
intramuscular injection every 2-3wks). The testosterone intervention is aimed at 
increasing levels of testosterone in your blood, which are known to be lower in 
ageing populations and are anticipated to contribute to reduced muscle mass 
with ageing and in response to exercise training.  

Following an initial lead in period of one week, where you will perform no 
exercise, you will return to the lab 3 x wk for 6-weeks for a whole body 
progressive supervised resistance exercise training programme. You will be 
asked to perform 3 sets of 10 repetitions of both upper and lower body exercises 
at a weight equivalent to 80% of your 1-RM. At the start of the exercise period 
(designated week 0 on the attached diagram), and every 1.5 weeks up to the 
end of the exercise period (at 1.5, 3, 4.5 and 6 weeks as highlighted in the 
diagram, you will be asked to return to the lab for muscle biopsies. As well as 
using the biopsies to assess changes in metabolism due to the interventions, 
biopsies will also be used for cell-culture work to explore important mechanisms 
regulating the numerous roles of muscle. 
 
During the intervention period, you will also have repeat ultrasound 
measurements, muscle function and strength tests every 1.5 weeks. An 
additional small patellar tendon biopsy will also be obtained at 6 weeks – this is 
the tendon that attaches the bottom of your kneecap (patellar) to the top of your 
shinbone (tibia). This biopsy will be taken using a microneedle technique, guided 
by ultrasound. This procedure has been conducted regularly within our labs 
without any reports of discomfort (average discomfort reported during and 
following the procedure was 2 out of 10; with 1 being no discomfort and 10 being 
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maximal discomfort). Prior to each muscle biopsy an ultrasound scan of the 
muscle will be performed (with a repeat DXA scan) to monitor any changes in 
muscle structure due to the training regime. Following the training regime the 
intervention will be stopped and you will be monitored for one additional week to 
ensure hormonal levels have returned to normal. Following this a final muscle 
biopsy will be obtained. A diagram of the study protocol is provided below.  
 

Why have you been chosen? 

 

Primarily because you have expressed an interest in taking part in the study and you 
have met with the entry criteria and do not have on-going medical problems. We will be 
recruiting healthy, recreationally active males aged 65-75y. 
 
 

Do you have to take part? 

 
It is up to you to decide whether or not to take part. If you do decide to take part 
you will be given this information sheet to keep and be asked to sign a consent 
form. If you decide to take part you are still free to withdraw at any time and 
without giving a reason. 
 

What do I have to do? 

 
You are requested to fast on the night before, and avoiding heavy exercise for 
48h prior to your visits to the laboratory. We will provide you with a recommended 
dietary intake for the study period that we would like you to adhere to where 
possible. This will follow a standard balanced diet according to current 

Muscle 
ultrasound and 

strength 
assessment 

DXA DXA 

 -1wk                  0wk           1.5wk       3wk    4.5wk           6wk                +1wk 

Weight Training (3 x wk) 

D2O  

Saliva and Blood: Collected 3 x wk pre and post D2O dosing 

Monitoring Phase Lead in Phase 

Interven on Period 

Muscle Biopsy Tendon Biopsy 

OGTT OGTT OGTT 
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recommended daily allowances for carbohydrates, fats and proteins, and will 
help us to limit the impact of dietary intake upon the outcomes of study. 
  

What is the drug or procedure that is being tested? 

 
One group of individuals will receive slow release testosterone (the other a 
placebo), which provides increases in testosterone levels, it is safe to use in 
healthy humans and similar testosterone products have been previously used in 
studies within our research group and is regularly used as a treatment in 
humans. Testosterone (or placebo) will be administered via intramuscular 
injection every 2-3wks. You will be provided with all necessary information 
regarding this compound and any potential side effects (see below) and will be 
continually monitored by our researchers. 
 

What are the side effects of any treatment or procedures received when 

taking part? 

 
Research studies often involve some risks, not all of which may be currently 
known. In the light of our experience, muscle and tendon biopsies are well 
tolerated by all our volunteers. Scarring is hardly perceptible and fades with time. 
However, the procedure may cause mild pain in some volunteers, but with 
appropriate local analgesia this is minimal; indeed data from a previous audit of 
the procedure demonstrated that 83% of our participants experienced less than 
or the expected discomfort during the muscle biopsy and all respondents said 
that they would or may be willing to participate in a similar study in the future. 
Some discomfort (muscle tenderness and stiffness) may be felt for 2-3 days 
afterwards but mild painkillers will usually effectively abolish this. There is a slight 
risk of infection at biopsy sites, however all procedures are performed under 
sterile conditions to minimize any risk of infection. Damage to small nerves of 
the skin during the biopsy is possible; however these nerves grow back with 
restoration of normal sensation, without difficulty.  
 
We will provide you with a short, anonymized questionnaire about your 
experience of the biopsy procedures during this study should you wish to 
respond.  
 
The risks involved in venous blood sampling are very small. Occasionally, 
however there may be bruising due to leakage from a blood vessel on withdrawal 
of the needle, but this is uncommon with good practice. The loss of 60 ml of 
blood has no ill effects in healthy persons and is much less than if you donate 
blood. 
 
As with any pharmacological intervention there may be some side effects 
associated with the administration of the Testosterone, however these are 
uncommon and are generally only associated with prolonged administration over 
periods longer than what is being performed in the current study. Those side 
effects which may be encountered are mild and include; headache, increased 
hypertension, acne, increased blood count and skin irritation at the gel site (a full 
list of all potential side effects associated with testosterone are attached with this 
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information sheet). If you are randomized into a testosterone (vs. placebo) group 
you will be given the chance to discuss these with any of the clinicians if unsure. 
 

What are the exclusion criteria for this study? 

 
We are recruiting healthy men between the ages of 65 to 75 years, who are of 
normal weight or slightly overweight. If you have been a subject in any other 
research study in the last three months which involved: taking a drug, being paid 
a disturbance allowance or having an invasive procedure (e.g. blood sample 
>50ml) you would not be eligible to take part. 
 
You would also be unsuitable if you have particular medical conditions or are 
taking certain medications. If you are interested in this study please discuss 
these further with the study doctor.  
 

What are the possible disadvantages and risks of taking part? 

 
Healthy volunteers have been chosen for this study; however, it is possible that 
the routine tests could detect unknown health problems. Should this be the case 
you will be informed and advised to attend your GP practice for further 
management. Your GP will be notified. Be advised, however, that future 
insurance status e.g. for life insurance or private medical insurance, could be 
affected by these diagnoses. 
 

What if something goes wrong? 

 
In the unlikely event of a complication following the study or that you should 
wish to voice grievances, in the first instance please contact the clinician 
involved in the execution of the study or the lead investigator, Dr Phil Atherton 
(T: 01332 724725; E: philip.atherton@nottingham.ac.uk). If you remain 
unhappy and wish to complain formally, you should then contact the FMHS 
Research Ethics Committee Administrator, c/o The University of Nottingham, 
School of Medicine Education Centre, B Floor, Medical School, Queen’s 
Medical Centre Campus, Nottingham University Hospitals, Nottingham, NG7 
2UH.  E-mail:  louise.sabir@nottingham.ac.uk. 
 

Will my taking part in this study be kept confidential? 

We respect your right to privacy and we will take measures to safeguard 
confidentiality. A single form, on which you are asked to sign to give consent for 
involvement will carry details of your name and address, but no health related 
details. This is kept securely in a locked cabinet within the Medical School. 
Access to this cabinet is restricted to personnel directly involved in the study and 
to University staff with direct responsibility for ensuring the study is conducted 
appropriately.  
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We will follow current ethical and legal practice and all information about you will 
be handled in confidence. If you join the study, some parts of the data collected 
about you will be looked at by authorised persons from the University of 
Nottingham who are organising the research. They may also be looked at by 
people authorised to check that the study is being carried out correctly. All will 
have a duty of confidentiality to you as a research participant and we will do our 
best to meet this duty.  
 
All information which is collected about you during the course of the research will 
be kept strictly confidential, stored in a secure and locked office, and on a 
password protected database. Any information about you that leaves the 
University will have your name and address removed (anonymised) and a unique 
code will be used so that you cannot be recognised from it, with the exception of 
a letter sent to your GP advising of your participation in this study. 
 
Your personal data (address, telephone number) will be kept for 5 years after 
the end of the study so that we are able to contact you about the findings of the 
study and possible follow-up studies. All other data (research data) will be kept 
securely for 7 years. After this time your data will be disposed of securely. During 
this time all precautions will be taken by all those involved to maintain your 
confidentiality and only direct members of the research team will have access to 
your personal data. 
 

What will happen to any samples I give? 

We will use the tendon and biopsy samples to see how your muscle and tendons 
respond to exercise and/ or the effect of age or hormones. We may also use your 
muscle samples to generate cell-culture samples so that we can further 
investigate mechanisms involved in muscle health and disease outside of the 
human body. We will also seek your consent for any samples remaining after 
analysis for this study has been completed, to be stored and used in future 
research. This is optional and you will be asked to give separate consent for this. 
The samples will be securely stored with a code unique to you at the University 
of Nottingham under the Universities Human Tissue Research Licence (No. 
12265). 
 
Some of these future studies may be carried out by researchers other than the 
current research team. This may include researchers working for commercial 
companies. Any samples or data used will be anonymised so that you could not 
be identified in any way. If you do not agree to this, any remaining samples will 
be disposed of in accordance with the Human Tissue Authorities code of 
practice. 
 

Will any genetic tests be done? 

In the current study we will collect a blood sample that can be used to obtain 
information about your genes (RNA and DNA), however this analysis will not 
give us information on disease prognosis and samples will not be subject to 
genetic manipulation.  
 

Who is funding the research? 
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This research is funded by The University of Nottingham. 
 

Who has reviewed the study? 

 
This study has been reviewed and approved by the University of Nottingham 
Medical School Ethics Committee.  

Contact for Further Information 

 
Thank you for taking part in the study. For further information you can contact Mr 
Nima Gharahdaghi on 01332 724685 or at mzxng@nottingham.ac.uk, or Dr 
Daniel Wilkinson (Research Fellow) on 01332 724850 or at 
d.wilkinson@nottingham.ac.uk, both are alternatively contactable at Clinical, 
Metabolic and Molecular Physiology, University of Nottingham, School of 
Medicine, Division of Graduate Entry Medicine and Health, Royal Derby 
Hospital, Uttoxeter Road, Derby, DE22 3DT. 
 
 

Testosterone Reported Adverse Reactions 

(taken from http://www.medicines.org.uk/emc/medicine/22159)  
 
Adverse Drug Reactions terminology used for the classification of incidence: 
Very common ≥10% - Common ≥1% to <10% - Uncommon ≥0.1% to <1% - 
Rare ≥0.01% to <0.1% - Very rare <0.01% - Not known (can not be estimated 
from the available data). 
The cumulative safety experience of testosterone is derived from Phase I to 
Phase III clinical trials and post-marketing experience. 
The adverse reactions listed in the table below have been observed in clinical 
studies with testosterone and/or post-marketing experience. 
 

System Organ Class Adverse Reaction Frequency 

Nervous disorders Headache Common 

Vascular disorders Hypertension worsened Common 

Hot flushes/flushing Uncommon 

Skin and subcutaneous 
tissue disorders 

Acne Common 

Pruritus Uncommon 

Reproductive system 
and breast disorders 

Azoospermia Very rare 

General disorders and 
administration site 
disorders 

Application site reaction (including 
erythema, rash and pruritus) 

Common 

Peripheral oedema Uncommon 

Investigations PSA increased, haematocrit increased, 
haemoglobin increased, red blood cell 
count increased 

Common 

Uncommonly, gynaecomastia may develop and persist in patients being treated for 
hypogonadism with testosterone.
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Appendix 4 

Healthy Younger Volunteer’s Information Sheet 

Clinical, Metabolic and Molecular Physiology Research 

Group 

 
Title of Project: The regulation of skeletal muscle protein synthesis by 
systemic hormones and its influence on ageing and anabolic resistance 

Names of Investigators: 
Dr Daniel Wilkinson  Dr Iskander Idris, 
Dr Phil Atherton  Dr Haitham Abdullah, 
Dr Ken Smith   Dr Supreeth Rudrappa 
Dr Bethan Phillips 
  
You have been invited to take part in a research study. Before you decide 
whether to take part it is important for you to understand why the research is 
being done and what it will involve. Please take time to read the following 
information carefully and discuss it with friends and relatives if you wish to. Ask 
us if there is anything that is not clear or if you would like more information. Take 
time to decide whether or not you wish to take part. If you decide to take part you 
will be given a copy of your consent form and this leaflet. 

Background 

 
Muscles represent the largest organ in the body, making up over 50% of total 
body weight. Most people know that skeletal muscles are important for 
movement and to support the skeleton, but not everyone is aware of how 
important muscles are for whole-body health. For example, muscles represent a 
vast protein store containing amino acids (the building blocks of protein) which 
can be broken down in times of fasting, infection and disease in order to provide 
energy to help other vital organs. Hormones can play an important role in the 
regulation of muscle mass throughout adult life, with reductions in hormones 
levels due to illness or disease leading to a reduction in muscle mass and 
strength. It however still remains unclear how these hormones regulate these 
changes in muscle mass. This knowledge could be key in developing future 
pharmaceuticals for treatment of muscle wasting disease. Further to this, most 
people will have noticed that with age people become frail. This is principally due 
to the wasting of skeletal muscle known as “sarcopenia”. Crucially, sarcopenia 
is more than just a symptom of weakness and poor functional capacity; it 
exposes people to an increased risk of falls and fractures, impacting quality of 
life, independence, health status and ultimately lifespan. It is because of these 
detrimental effects on health, and the associated health costs that sarcopenia is 
of grave concern. Interestingly, with ageing there is also an associated reduction 
in hormone levels and a lower stimulation of hormonal release in response to 
things like exercise. This association leads to the possibility that reductions in 
hormone levels with age could contribute to the frailty and sarcopenia associated 
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with normal ageing, and therefore there is a significant clinical need to identify 
whether this is a significant contributing factors to this muscle loss so that it can 
be specifically targeted for intervention (i.e., hormonal therapies).   

What does the study involve? 

Screening Visit 

 
Before you formally enter the study you will be asked to attend our facility (the 
Medical School, Royal Derby Hospital), without having eaten anything (from 
2000h the night before), a screening visit to ensure that you are eligible for 
participation in this study. During this visit (approximately 60 minutes), we will 
explain the study in full and answer any questions you may have, then (i) ask 
you to sign a consent form for the study, (ii) take a blood sample (10-20ml), and 
(iii) conduct a health assessment - including measuring your height and weight 
and a trace of your hearts electrical activity (an ECG). 

Main Study 

 
Once we have received the results of your blood tests from screening we will 
contact you to inform you of your results and confirm your inclusion into the 
study.  If you are happy to proceed with the study we will organise a mutually 
convenient day on which you will attend our facility to begin the study. The study 
period will last a total of 8 weeks in duration, and over this period you will be 
asked to attend our exercise suite 3 times a week for supervised exercise training 
and for collection of samples.   

On the initial lab visit a DXA scan and ultrasound will be performed to measure 
your body composition, your leg muscle mass and muscle architecture (fibre 
length and thickness). The ultrasound is similar to the scan carried out to image 
babies during pregnancy and involves some jelly and a probe being placed on 
your thigh. A leaflet describing the DXA scan in more detail is attached. In brief, 
this is a whole-body low dose X-ray scan that provides us with information about 
the tissue under your skin. The radiation exposure from this scan is very low, 
equivalent to ~3 days background exposure and significantly less than a flight to 
America. A test called an oral glucose tolerance test (OGTT) will also be 
performed. This test assesses your body’s response to a single glucose drink, 
and is commonly used by GPs to assess a person’s health. This test involves a 
small 75g glucose drink followed by regular 15 min blood samples over the 
following two hours, this sampling will be performed via the placement of a small 
tube in a vein in your arm (the OGTT will be repeated again at the start and end 
of the exercise training period). Following this, your strength will be assessed 
and you will be familiarised with the exercise protocol to be performed during the 
study period. Your 1 repetition maximum (1-RM) will then be determined for six 
muscles  (this is the highest amount of weight you can lift once) so we can 
determine your workload during the exercise training. Following completion of 
the exercise test a muscle biopsy will be collected from the vastus lateralis 
muscle (i.e., a region in the front of the thigh muscle) after an injection of local 
anaesthetic to numb the area. After the local anaesthetic a trained clinician will 
make a small (0.5 cm) cut through the skin and underlying muscle sheath then 
take the biopsy (a small piece about the size of an orange pip) with a special set 
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of forceps. With the local anaesthetic you may feel pushing during this procedure 
but no pain. A stitch is placed in the skin afterwards to aid healing. A tight 
bandage will be placed around the thigh after the biopsy and should remain in 
place for ~12h to speed healing.  You will then provide a saliva sample, and be 
provided with a drink of ‘heavy water’ (~250 ml) to consume.  This water contains 
a stable isotope tracer (deuterium in place of hydrogen, but is not radioactive), 
which is slightly different from normal water, but it is perfectly safe. We will ask 
you to provide a small sample of saliva 3-4 hours later, (which you can store 
refrigerated in sealed tubes we will provide). We will also ask you to collect 
samples of saliva daily around midday and at least an hour after food or drink for 
the first week. You will be provided with a small volume (~10 ml) of additional 
heavy water to consume daily for the remainder of the study period. This tracer 
is what allows us to measure rates of muscle growth and metabolism. In addition 
to the heavy water, we will provide you with a small drink of labelled creatine and 
3-methylhistidine tracers (as with the heavy water, these are not radioactive and 
are perfectly safe, both creatine and 3-methylhistidine occur naturally in your 
muscles), we will then ask you to collect urine samples over the next 72h, before 
returning at 72h for a series of small blood samples. These samples will provide 
us with a measure of your muscle weight and how quickly your muscle is 
breaking down, and will be repeated at 3 and 6 weeks into the exercise period 
to assess for any changes related to the testing. 

You will then be assigned to one of two testing groups, either: 1) a placebo group 
or 2) a testosterone lowering group (Zoladex: 3.6mg/4weeks). Each of these 
interventions will be provided via an injection just under your skin. The 
testosterone lowering intervention is aimed at determining the influence of 
testosterone levels in your blood on muscle mass gains due to exercise training.  

Following an initial lead in period of one week, where you will perform no 
exercise, you will return to the lab 3 x wk for 6-weeks for a whole body 
progressive supervised resistance exercise training programme. You will be 
asked to perform 4 sets of 8 repetitions of both upper and lower body exercises 
at a weight equivalent to 80% of your 1-RM. At the start of the exercise period 
(designated week 0 on the attached diagram), and every 1.5 weeks up to the 
end of the exercise period (at 1.5, 3, 4.5 and 6 weeks as highlighted in the 
diagram), you will be asked to return to the lab for additional muscle biopsies. 
As well as using the biopsies to assess changes in metabolism due to the 
interventions, biopsies will also be used for cell-culture work to explore 
important mechanisms regulating the numerous roles of muscle. 
 
During the intervention period, you will also have repeat ultrasound 
measurements, muscle function and strength tests every 1.5 weeks. An 
additional small patellar tendon biopsy will also be obtained at 6 weeks – this is 
the tendon that attaches the bottom of your kneecap (patellar) to the top of your 
shinbone (tibia). This biopsy will be taken using a microneedle technique, guided 
by ultrasound. This procedure has been conducted regularly within our labs 
without any reports of discomfort (average discomfort reported during and 
following the procedure was 2 out of 10; with 1 being no discomfort and 10 being 
maximal discomfort). Prior to each muscle biopsy an ultrasound scan of the 
muscle will be performed (with a repeat DXA scan) to monitor any changes in 
muscle structure due to the training regime. Following the training regime the 
intervention will be stopped and you will be monitored for one additional week to 



Appendices   249 
 

ensure hormonal levels have returned to normal. Following this a final muscle 

biopsy will be obtained. A diagram of the study protocol is provided below.  

Why have you been chosen? 

 
Primarily because you have expressed an interest in taking part in the study and 
you have met with the entry criteria and do not have on-going medical problems. 
We will be recruiting healthy, recreationally active males aged 18-30y. 

Do you have to take part? 

 
It is up to you to decide whether or not to take part. If you do decide to take part 
you will be given this information sheet to keep and be asked to sign a consent 
form. If you decide to take part you are still free to withdraw at any time and 
without giving a reason. 

What do I have to do? 

 
You are requested to fast on the night before, and avoiding heavy exercise for 
48h prior to your visits to the laboratory. We will provide you with a recommended 
dietary intake for the study period that we would like you to adhere to where 
possible. This will follow a standard balanced diet according to current 
recommended daily allowances for carbohydrates, fats and proteins, and will 
help us to limit the impact of dietary intake upon the outcomes of study. 

What is the drug or procedure that is being tested? 

 
One group of individuals will receive a drug named Zoladex, a gonadotropin 
releasing hormone analogue. This is a licensed drug that reduces the production 
of testosterone within the body. It is safe to use in healthy humans and has been 
previously used in a number of similar studies to assess testosterone 

Muscle 
ultrasound and 

strength 
assessment 

DXA DXA 

 -1wk                  0wk           1.5wk       3wk    4.5wk           6wk                +1wk 

Weight Training (3 x wk) 

D2O  

Saliva and Blood: Collected 3 x wk pre and post D2O dosing 

Monitoring Phase Lead in Phase 

Interven on Period 

Muscle Biopsy Tendon Biopsy 

OGTT OGTT OGTT 
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metabolism in humans. This will be administered by a small injection into soft 
tissue of the abdomen every 4 weeks. You will be provided with all necessary 
information regarding this drug and any potential side effects (see below) and 
will be continually monitored by our researchers.  

What are the side effects of any treatment or procedures received when 

taking part? 

 
Research studies often involve some risks, not all of which may be currently 
known. In the light of our experience, muscle and tendon biopsies are well 
tolerated by all our volunteers. Scarring is hardly perceptible and fades with time. 
However, the procedure may cause mild pain in some volunteers, but with 
appropriate local analgesia this is minimal; indeed data from a previous audit of 
the procedure demonstrated that 83% of our participants experienced less than 
or the expected discomfort during the muscle biopsy and all respondents said 
that they would or may be willing to participate in a similar study in the future. 
Some discomfort (muscle tenderness and stiffness) may be felt for 2-3 days 
afterwards but mild painkillers will usually effectively abolish this. There is a slight 
risk of infection at biopsy sites, however all procedures are performed under 
sterile conditions to minimize any risk of infection. Damage to small nerves of 
the skin during the biopsy is possible; however these nerves grow back with 
restoration of normal sensation, without difficulty.  
 
We will provide you with a short, anonymized questionnaire about your 
experience of the biopsy procedures during this study should you wish to 
respond.  
 
The risks involved in venous blood sampling are very small. Occasionally, 
however there may be bruising due to leakage from a blood vessel on withdrawal 
of the needle, but this is uncommon with good practice. The loss of 60 ml of 
blood has no ill effects in healthy persons and is much less than if you donate 
blood. 
 
As with any pharmacological intervention there may be some side effects 
associated with Zoladex administration, however these are uncommon and are 
generally only associated with prolonged administration over periods longer than 
what is being performed in the current study. Those side effects which may be 
encountered over the proposed study period are generally mild and include; 
Acne, hot flushes, erectile dysfunction, altered blood sugar, mood changes and 
irritation at injection site (a full list of all potential side effects associated with 
testosterone are attached with this information sheet). If you are randomized into 
a Zoladex (vs. placebo) group you will be given the chance to discuss these with 
any of the clinicians if unsure. 

What are the exclusion criteria for this study? 

 
We are recruiting healthy men between the ages of 18 to 30 years, who are of 
normal weight or slightly overweight. If you have been a subject in any other 
research study in the last three months which involved: taking a drug, being paid 
a disturbance allowance or having an invasive procedure (e.g. blood sample 
>50ml) you would not be eligible to take part. 
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You would also be unsuitable if you have particular medical conditions or are 
taking certain medications. If you are interested in this study please discuss 
these further with the study doctor.  

What are the possible disadvantages and risks of taking part? 

 
Healthy volunteers have been chosen for this study; however, it is possible that 
the routine tests could detect unknown health problems. Should this be the case 
you will be informed and advised to attend your GP practice for further 
management. Your GP will be notified. Be advised, however, that future 
insurance status e.g. for life insurance or private medical insurance, could be 
affected by these diagnoses. 

What if something goes wrong? 

 
In the unlikely event of a complication following the study or that you should 
wish to voice grievances, in the first instance please contact the clinician 
involved in the execution of the study or the lead investigator, Dr Phil Atherton 
(T: 01332 724725; E: philip.atherton@nottingham.ac.uk). If you remain 
unhappy and wish to complain formally, you should then contact the FMHS 
Research Ethics Committee Administrator, c/o The University of Nottingham, 
School of Medicine Education Centre, B Floor, Medical School, Queen’s 
Medical Centre Campus, Nottingham University Hospitals, Nottingham, NG7 
2UH.  E-mail:  louise.sabir@nottingham.ac.uk. 

Will my taking part in this study be kept confidential? 

We respect your right to privacy and we will take measures to safeguard 
confidentiality. A single form, on which you are asked to sign to give consent for 
involvement will carry details of your name and address, but no health related 
details. This is kept securely in a locked cabinet within the Medical School. 
Access to this cabinet is restricted to personnel directly involved in the study and 
to University staff with direct responsibility for ensuring the study is conducted 
appropriately.  
 
We will follow current ethical and legal practice and all information about you will 
be handled in confidence. If you join the study, some parts of the data collected 
about you will be looked at by authorised persons from the University of 
Nottingham who are organising the research. They may also be looked at by 
people authorised to check that the study is being carried out correctly. All will 
have a duty of confidentiality to you as a research participant and we will do our 
best to meet this duty.  
 
All information which is collected about you during the course of the research will 
be kept strictly confidential, stored in a secure and locked office, and on a 
password protected database. Any information about you that leaves the 
University will have your name and address removed (anonymised) and a unique 
code will be used so that you cannot be recognised from it, with the exception of 
a letter sent to your GP advising of your participation in this study. 
 
Your personal data (address, telephone number) will be kept for 5 years after 
the end of the study so that we are able to contact you about the findings of the 
study and possible follow-up studies. All other data (research data) will be kept 



Appendices   252 
 

securely for 7 years. After this time your data will be disposed of securely. During 
this time all precautions will be taken by all those involved to maintain your 
confidentiality and only direct members of the research team will have access to 
your personal data. 

What will happen to any samples I give? 

We will use the tendon and biopsy samples to see how your muscle and tendons 
respond to exercise and/ or the effect of age or hormones. We may also use your 
muscle samples to generate cell-culture samples so that we can further 
investigate mechanisms involved in muscle health and disease outside of the 
human body. We will also seek your consent for any samples remaining after 
analysis for this study has been completed, to be stored and used in future 
research. This is optional and you will be asked to give separate consent for this. 
The samples will be securely stored with a code unique to you at the University 
of Nottingham under the Universities Human Tissue Research Licence (No. 
12265). 
 
Some of these future studies may be carried out by researchers other than the 
current research team. This may include researchers working for commercial 
companies. Any samples or data used will be anonymised so that you could not 
be identified in any way. If you do not agree to this, any remaining samples will 
be disposed of in accordance with the Human Tissue Authorities code of 
practice. 

Will any genetic tests be done? 

In the current study we will collect a blood sample that can be used to obtain 
information about your genes (RNA and DNA), however this analysis will not give 
us information on disease prognosis and samples will not be subject to genetic 
manipulation. 

Who is funding the research? 

 
This research is funded by The University of Nottingham. 

Who has reviewed the study? 

 
This study has been reviewed and approved by the University of Nottingham 
Medical School Ethics Committee.  

Contact for Further Information 

 
Thank you for taking part in the study. For further information you can contact Mr 
Nima Gharahdaghi on 01332 724685 or at mzxng@nottingham.ac.uk, or Dr 
Daniel Wilkinson (Research Fellow) on 01332 724850 or at 
d.wilkinson@nottingham.ac.uk, both are alternatively contactable at Clinical, 
Metabolic and Molecular Physiology, University of Nottingham, School of 
Medicine, Division of Graduate Entry Medicine and Health, Royal Derby 
Hospital, Uttoxeter Road, Derby, DE22 3DT. 
 
Zoladex reported Undesirable effects (taken from 
http://www.medicines.org.uk/emc/document.aspx?documentid=7855)  
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Very common (≥1/10), Common (≥1/100 to <1/10), Uncommon (≥1/1,000 to <1/100), Rare 
(≥1/10,000 to <1/1,000), Very rare (<1/10,000) and Not known (cannot be estimated from the 
available data). – These are associated with chronic administration 
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SOC Frequency Males Females 

Neoplasms benign, 
malignant and 
unspecified (including 
cysts and polyps) 

Very rare Pituitary tumour Pituitary tumour 

Not known N/A Degeneration of uterine 
fibroid 

Immune system 
disorders 

Uncommon Drug 
hypersensitivity 

Drug hypersensitivity 

Rare Anaphylactic 
reaction 

Anaphylactic reaction 

Endocrine disorders Very rare Pituitary 
haemorrhage 

Pituitary haemorrhage 

Metabolism and nutrition 
disorders 

Common Glucose tolerance 
impaireda 

N/A 

Uncommon N/A Hypercalcaemia 
Psychiatric disorders Very 

common 
Libido decreased Libido decreased 

Common Mood changes, 
depression 

Mood changes, 
depression 

Very rare Psychotic disorder Psychotic disorder 
Nervous system 
disorders 

Common Paraesthesia Paraesthesia 

Spinal cord 
compression 

N/A 

N/A Headache 
Cardiac disorders Common Cardiac failure, 

myocardial 
infarction 

N/A 

Not known QT prolongation 
(see sections 4.4 
and 4.5) 

QT prolongation (see 
sections 4.4 and 4.5) 

Vascular disorders Very 
common 

Hot flushb Hot flushb 

Common Blood pressure 
abnormal 

Blood pressure abnormal 

Skin and subcutaneous 
tissue disorders 

Very 
common 

Hyperhidrosisb Hyperhidrosisb, acnei 

Common Rashd Rashd, alopeciag 

Not Known Alopeciah (see Common) 
Musculoskeletal, 
connective tissue and 
bone disorders 

Common Bone paine N/A 

(see Uncommon) Arthralgia 

Uncommon Arthralgia (see Common) 
Renal and urinary 
disorders 

Uncommon Ureteric obstruction N/A 

Reproductive system and 
breast disorders 

Very 
common 

Erectile dysfunction N/A 

N/A Vulvovaginal dryness 

N/A Breast enlargement 

Common Gynaecomastia N/A 

Uncommon Breast tenderness N/A 

Rare N/A Ovarian cyst 

N/A Ovarian hyperstimulation 
syndrome (if 
concomitantly used with 
gonadotrophins) 

Not known N/A Withdrawal bleeding  
General disorders and 
administration site 
conditions 

Very 
common 

(see Common) Injection site reaction 

Common Injection site 
reaction 

(see Very common) 

N/A Tumour flare, tumour pain 
(on initiation of treatment) 

Investigations Common Bone density 
decreased, weight 
increased 

Bone density decreased, 
weight increased 
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Appendix 6 

Participants’ questionnaire  

Questionnaire for Testosterone Study 

Dear Participant, 

The following questionnaire is developed to examine various parameters thought 

to be androgen-related. We would greatly appreciate it if you consider the 

questions and answer them based on the study you have taken part. 

 

1. How would you rate your libido (sex drive)? 

1(terrible)        2(poor)         3(average)         4(good)           5(excellent) 

Does it mean you experienced an increase in libido (sex drive)?                  

YES  NO 

  

2. How would you rate your energy level? 

1(terrible)         2(poor)        3(average)         4(good)           5(excellent) 

Does it mean you experienced an increase in amount of energy you 

have?     

YES  NO  

 

3. How would you rate your strength/endurance? 

1(terrible)        2(poor)           3(average)       4(good)           5(excellent) 

Does it mean you experienced an increase in strength and/or endurance?      

 YES                NO 

 

4. How would you rate your enjoyment of life? 

1(terrible)        2(poor)           3(average)          4(good)            5(excellent) 

Does it mean you noticed an increase in ‘‘enjoyment of life’’?     
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  YES  NO 

 

5. How would you rate your happiness level? 

1(terrible)           2(poor)            3(average)           4(good)             5(excellent) 

Does it mean you noticed an increase in your ‘‘happiness level’’?       

YES  NO 

 

6. How strong are your erections? 

(1= extremely weak     ;         5= extremely strong) 

1            2              3              4             5 

Does it mean you experienced an increase in strength of erections?     

    YES  NO 

 

7. How would you rate your work performance over the past 6 weeks? 

1(terrible)           2(poor)            3(average)             4(good)              5(excellent) 

Does it mean there was a recent increase in your work performance?             

YES  NO 

 

8. How often do you fall asleep after dinner? 

1(never)                2(1-2/week)          3(3-4/week)              4(5-6/week)                   

5(every night) 

Does it mean you experienced change in time when you fall asleep after 

dinner?    YES           NO 

If yes, please clarify…   
 

9. How would you rate your sports ability over the past 6 weeks? 

1(terrible)              2(poor)                3(average)                  4(good)                  

5(excellent) 

Does it mean there was a recent increase in your sports ability?          

    YES  NO 
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