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Preface 

 

This thesis is presented as a series of manuscripts focusing on a novel aspect of 

testosterone action on the hepatic urea cycle and the benefits of home-based resistance 

training in men with prostate cancer. Each chapter presented is self-contained and 

includes a specific outline of authorship. A general reference list of all the chapters is 

provided at the end of the thesis. Of the manuscripts presented here, all four chapters 

have been published in peer review journals. To assist with continuity throughout, an 

introductory chapter is included at the beginning of the thesis, along with a general 

summary chapter at the end. Manuscripts are formatted according to the guidelines of 

the journal they are published in. All manuscripts are jointly authored, but in each case, 

I am the first author.      
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Abstract 

 

Testosterone is a key anabolic hormone which has a major role in the regulation of 

muscle mass and function, glucose and fat metabolism, mental well-being and general 

health. Androgen deprivation therapy (ADT) is a common treatment modality in men 

with prostate cancer. In reducing testosterone to castrate levels, it offers a unique model 

to study the physiological effects of testosterone.  

Testosterone is known to act on multiple pathways which regulates muscle mass, 

fibre hypertrophy and protein turnover. Protein is hydrolysed into amino acids which 

are then available for synthesis of new protein, or alternatively can be eliminated as 

urea by the hepatic urea cycle; a rate limiting step in the irreversible loss of protein 

nitrogen. Although testosterone deficiency is well-known to be associated with loss of 

muscle mass and other protein depots, the effect of testosterone on the hepatic urea 

cycle has not been studied in humans. ADT also leads to a substantial increase in fat 

mass, worsening glucose tolerance, impairment in muscle function, and deterioration 

in mental health. In fact, cardiovascular disease accounts for approximately a quarter 

of deaths amongst men with prostate cancer. Exercise has been used to improve ADT-

induced adverse effects, but existing studies focus on reversing established changes 

with supervised programs which have limitations in terms of access and cost. Home-

based progressive resistance training (PRT), if found effective, may provide a viable 

alternative to supervised training programs. 

The work described in this thesis aimed to determine a hepatic site of testosterone 

action via the urea cycle- firstly in a cohort of hypogonadal men, followed by a 

population of men with prostate cancer starting ADT. A home-based PRT program was 
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also evaluated in this population regarding its efficacy in preventing the adverse effects 

of ADT when initiated at the start of treatment.  

Stable isotope methodology, a state-of-the-art technique, was utilised to measure 

hepatic urea production. Whole-body protein metabolism was quantified by the leucine 

turnover technique. Results showed, for the first time, that testosterone regulates whole 

body metabolism by suppressing the hepatic urea cycle. This was demonstrated through 

a reduction in protein loss and hepatic urea production following administration of 

testosterone in hypogonadal men, and conversely, an increase in hepatic urea 

production and rise in protein oxidative losses following commencement of ADT in 

men with prostate cancer. This is of clinical importance, as it raises the possibility of 

using liver-targeted testosterone therapy as a treatment for sarcopenia, thus avoiding 

the adverse effects of systemic testosterone therapy.  

This thesis also demonstrated, using a randomised trial design, that implementation 

of a 12-month home-based PRT program at the start of ADT had beneficial effects on 

body composition, physical activity levels and quality of life in men with prostate 

cancer. These findings are important given that only approximately 12% of men with 

prostate cancer currently meet exercise-oncology guidelines with the large majority 

being inactive. It is also known that vigorous physical exercise is associated with 

reduced prostate cancer mortality. Thus, by increasing physical activity levels, home-

based PRT programs may contribute to reductions in prostate cancer morbidity and 

mortality. Furthermore, weight gain after a prostate cancer diagnosis is associated with 

poorer outcomes, and obesity correlates with higher rates of biochemical recurrence 

after a prostatectomy. The rates of depression and anxiety in the prostate cancer 

population are also high, resulting in reduced survival. This thesis showed that a home-
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based PRT program was able to offset the detrimental gains in fat mass following 

treatment with ADT and was able to provide improvements in quality of life, 

particularly in the mental health and vitality domains, which were sustained at 12 

months. Given the impact of these factors on prostate cancer survivorship, these 

benefits may translate into improvements in treatment outcomes and mortality.  

In summary, the work described in this thesis demonstrates, for the first time, a 

hepatic site of testosterone action via the urea cycle in humans. Additionally, it shows 

the benefits of a home-based PRT program in preventing ADT-induced adverse effects. 

These findings may contribute to the discovery of a potential, novel treatment method 

for sarcopenia, and a viable alternative to supervised exercise programs during prostate 

cancer treatment.  
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Chapter 1: Introduction 

1.1 Background to the thesis 

Androgens are major anabolic hormones which exert a dose-dependent effect on 

muscle mass and are critical for the maintenance of muscle strength and function, bone 

mass and body composition in men (1). Testosterone replacement in hypogonadal men 

increases muscle mass and strength (2,3) while the age-related decline in testosterone 

levels is associated with sarcopenia, leading to increased falls, disability and loss of 

functional independence (4). This represents an escalating public health burden with 

the direct healthcare costs resulting from sarcopenia reported to approximate US$18.5 

billion (5). Thus, greater research into the physiological role of testosterone in 

maintaining muscle mass may contribute to the development of novel treatments which 

function to improve the management of sarcopenia. This will result in substantial cost 

savings to the public health system (6).      

Androgens act on a multitude of pathways to regulate muscle mass and induce fibre 

hypertrophy, including those controlling protein synthesis and breakdown, as well as 

pluripotent stem cell commitment and differentiation (7). It is also known that 

testosterone is a key regulator of skeletal muscle protein balance, shifting protein 

balance in favour of net protein accretion, resulting in a gain of muscle mass (8). Thus, 

the hypogonadal state stimulates protein catabolism. Protein undergoes constant 

turnover and is hydrolysed into amino acids, with the elimination of nitrogen as urea 

by the hepatic urea cycle. This represents a rate-limiting step in the irreversible loss of 

protein (9). It is known that the hepatic urea cycle is regulated by a variety of hormones 

including glucocorticoids, growth hormone and glucagon (10,11). Although it has long 



    19 
 
 

been proven that testosterone is nitrogen sparing (12), the literature surrounding the 

action of testosterone on the hepatic urea cycle remains contradictory (13,14), and 

direct biochemical evidence in humans is lacking. However, recent evidence 

substantiates the role of a hepatic-mediated mechanism of testosterone action. Thus, 

this thesis will investigate the action of testosterone on the hepatic urea cycle, in two 

separate studies involving hypogonadal men, and in a cohort of men with prostate 

cancer treated with androgen deprivation therapy (ADT).  

Prostate cancer has the second highest incidence of all cancers among men 

worldwide (15) and androgen receptor signaling strongly promotes growth, 

proliferation and invasiveness of prostate cancer. Androgen deprivation therapy (ADT) 

with gonadotrophin releasing hormone (GnRH) analogues and anti-androgen therapy 

is a common form of therapy leading to a decline in prostate-specific antigen (PSA) in 

about 90% of patients (16). However, in rendering patients hypogonadal, ADT is 

associated with a rapid loss of muscle mass far exceeding that of normal aging, thereby 

offering a unique model to study the physiological effects of hypogonadism on muscle. 

Other adverse effects include an increase in fat mass (FM), development of insulin 

resistance, lower bone density, reduced sexual function and quality of life (17,18). 

There have been consistent positive outcomes regarding the benefits of exercise in 

treating these adverse effects, and for these reasons, the American College of Sports 

medicine recognises exercise as synergistic medicine during treatment for prostate 

cancer. In particular, progressive resistance training (PRT), is a key therapy in the 

treatment of sarcopenia (19), and can also mitigate adverse changes in body 

composition during ADT (20). However, despite these recommendations, only 

approximately 12% of men with prostate cancer currently meet exercise-oncology 
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guidelines with the large majority (~48%) being inactive (21). Thus, supervised 

exercise programs have the benefit of improving exercise compliance and physiological 

outcomes but can be constrained by access and expense. Home-based exercise 

programs may offer an alternative solution, but there is a current paucity in the literature 

regarding their efficacy. Therefore, the benefits of a 12-month home based PRT 

program will be investigated in a cohort of patients starting ADT.  

 

1.2 Hypothesis 

1.2.1 Testosterone affects the hepatic urea cycle by reducing hepatic urea production, 

thus decreasing protein oxidative loss. This will increase nitrogen availability for 

new protein synthesis. ADT will have an opposing effect, with increased hepatic 

urea production resulting in greater protein oxidative loss. This will reduce 

nitrogen availability for new protein synthesis, providing a mechanism for loss of 

muscle mass during ADT.  

 

1.2.2 The introduction of a 12-month home-based PRT program at the start of ADT can 

prevent the detrimental changes in body composition, physical function, 

metabolic derangements and mental health in a cohort of men with prostate 

cancer.  
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1.3 Aims 

This thesis has 3 main aims: 

1.3.1 To determine whether testosterone reduces hepatic urea production in humans. 

1.3.2 To investigate whether an increase in hepatic urea production is a determining 

factor in mediating protein oxidative losses under conditions of profound 

testosterone withdrawal during ADT. 

1.3.3 To investigate whether a year long, home-based PRT program, instituted at the 

start of ADT, would prevent adverse effects of treatment in prostate cancer 

patients (including metabolic function, body composition, mental health and 

physical capacity). 

 

1.4 Framework of the thesis 

This thesis is divided into six chapters. 

1.4.1 Chapter 1 introduces the thesis, providing a background and overview of the 

aims and hypothesis of the individual studies 

1.4.2  Chapter 2 provides a critical appraisal of current literature with the first section 

focused on the known mechanisms of androgen action in muscle, including 

genomic and non-genomic pathways, regulation of skeletal muscle protein 

balance, overview of the hepatic urea cycle and hormonal regulation, and 

discussion of the recent findings of a hepatic site of testosterone action. The 

second section comprises a review article published in Sports Medicine- open 
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discussing the adverse effects of ADT in men with prostate cancer, current 

evidence of benefit regarding PRT, and the potential oncological pathways 

likely to be affected. The last section discusses current evidence surrounding 

home-based exercise programs and deficiencies in the literature.  

1.4.3  Chapter 3 encompasses a manuscript published in the European Journal of 

Endocrinology. This study involved the measurement of protein oxidation and 

hepatic urea production using stable isotope technology in hypogonadal men 

pre- and post- transdermal testosterone supplementation. This is the first study 

in humans showing that testosterone acts on the liver to reduce hepatic nitrogen 

loss through the urea cycle.  

1.4.4   Chapter 4 encompasses a manuscript published in Endocrine Connections. 

This study utilises a model of profound testosterone withdrawal during ADT for 

prostate cancer to investigate the actions of testosterone on the hepatic urea cycle 

and whole-body protein metabolism. Results from this study adds to earlier 

findings (chapter 3) and provides further biochemical evidence of a testosterone 

effect on the urea cycle by showing that ADT increases hepatic urea production.  

1.4.5  Chapter 5 encompasses a manuscript published in Sports Medicine- open. A 12-

month home based PRT program was instituted at the start of ADT in the cohort 

described in chapter 4. The results from this study strengthens current literature 

regarding the benefits of both PRT and a long-term home-based exercise 

program. A home-based PRT program instituted at the start of ADT is able to 

counteract detrimental changes in body composition and improve both physical 

activity and mental health over a 12-month period. 
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1.4.6   Chapter 6 incorporates the discussion of the outcomes with respect to the 

original hypotheses. The significance and indication of these findings will be 

discussed, as well as its contribution to knowledge, including recommendations 

for future action and research.   
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Chapter 2: Literature Review 

2.1 Androgens, muscle, and the hepatic urea cycle 

2.1.1 The anabolic effects of androgens on skeletal muscle: 

genomic and non-genomic pathways 

Androgens are important endocrine regulators of male sexual development and 

maintenance of muscle, bone, adipose tissue and body composition. After reaching 

peak levels in early adulthood, androgen levels decline with age. The loss of 

endogenous androgens parallels the reduction in muscle mass and function seen with 

aging (3,22), while testosterone treatment in hypogonadal and eugonadal men can 

increase skeletal muscle mass, with effect size correlating linearly with the dose of 

administered testosterone and circulating testosterone levels (1).  

Androgens induce muscle fibre hypertrophy by acting at multiple steps along the 

pathways which regulate muscle protein synthesis and breakdown, and pluripotent stem 

cell commitment and differentiation (7). Importantly, the androgen receptor (AR) exerts 

a significant role in this process, as administration of (AR) antagonists to men is 

associated with loss of muscle mass. Studies in global androgen receptor (AR) knockout 

(ARKO) mice show a reduction in the mass of all hind limb muscles by 9 weeks of age, 

with up to a 20% reduction in mass of individual muscles (23).      

Sinha-Hikim et al showed that the AR is expressed in a variety of cell types in human 

skeletal muscle including fibroblasts, vascular endothelial, smooth muscle cells, mast 

cells and satellite cells which are the predominant site of AR expression. In response to 

androgen administration, the AR receptor is up-regulated, resulting in a dose-response 
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increase in satellite cell numbers (24). These contribute to new myonuclei which fuse 

together to form myofibres for muscle growth and regeneration, as well as hypertrophy 

of both type 1 (slow oxidative) and 2 (fast oxidative) muscle fibres. Mesenchymal-

derived pluripotent stem cells are present in both muscle and fat tissue and serve as a 

reservoir for the generation of new satellite cells. Singh et al showed that testosterone 

promotes commitment of these pluripotent precursor cells into the myogenic lineage 

and inhibits their differentiation into the adipogenic lineage. This is achieved through 

an AR-dependant pathway as the effect of testosterone and dihydrotestosterone on 

myogenesis and adipogenesis was blocked by bicalutamide, an AR antagonist (25). 

Thus, this finding provides a unifying explanation for the reciprocal effects of 

androgens on muscle and fat mass (7,25).  

Furthermore, Rana et al have identified several genes involved in myoblast 

differentiation and atrophy which are regulated by androgens via the AR receptor. In 

orchiectomised male mice, the addition of dihydrotestosterone repressed myogenin, 

essential for muscle terminal differentiation, and promotion of myotubule formation. A 

similar effect occurred with Tceal, Igf2 and calcineurin, which are all responsible for 

myoblast differentiation. These findings suggest that in males, androgens act via the 

AR in part to promote peak muscle mass by maintaining myoblasts in the proliferative 

state and delaying the transition to differentiation during muscle growth and 

development. This allows formation of additional myoblasts prior to fusion into 

myofibers, resulting in an overall increase in muscle size and mass. In contrast, 

myogenin controls neurogenic atrophy by upregulating the ubiquitin ligases Fbxo32 

and MuRFI that promote muscle protein degradation. Thus, androgens can preserve 
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muscle mass in adult muscle by suppression of the ubiquitin ligase-mediated atrophy 

pathways (26).  

Skeletal muscle is innervated by motor neurons which contain AR and is also a site 

of androgen action. Degenerative disorders of motor neurons, such as Kennedy’s 

disease (27) which results in muscle wasting, reflects the important role of androgens 

in motor neurons. Furthermore, dihydrotestosterone treatment of rats with amyotrophic 

lateral sclerosis (ALS) attenuated neuromuscular junction and axonal and motor neuron 

loss resulting in amelioration of muscle atrophy (28). Androgens also affects skeletal 

muscle cells through non-genomic pathways, via an increase in intracellular calcium 

(29).  

In summary, androgens exert an anabolic effect on skeletal muscle through the AR 

receptor located on numerous cell types including pluripotent stem cells, satellite cells, 

myocytes and motor neurons, as well as through non-genomic mechanisms. In the next 

section, the anabolic effect of androgens on skeletal muscle protein balance will be 

discussed.  

 

2.1.2 Androgen regulation of skeletal muscle protein balance 

Skeletal muscle mass is regulated in part by the coordinated balance between rates 

of muscle protein synthesis and muscle protein breakdown. Thus, a long-term shift in 

this balance favouring net protein synthesis results in muscle hypertrophy while net 

protein breakdown results in muscle atrophy (8).  

Androgens exert potent protein anabolic effects in human skeletal muscle. In 

healthy, eugonadal males, fasted net protein balance measured by stable isotopes is 
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improved following administration of testosterone (30,31) and oxandrolone, a synthetic 

analogue of testosterone (32). Similarly, in hypogonadal males, testosterone 

replacement increases protein synthesis and skeletal muscle mass (33,34). This process 

is achieved, in part, by improving synthetic efficiency which refers to the rate of protein 

synthesis relative to availability of amino acid precursors (35). Following testosterone 

administration, and in the presence of hyperaminoacidemia, there is greater inward 

amino acid transport, intracellular amino acid appearance and thus, subsequent protein 

synthesis (35).  

The prominent molecular mechanisms behind the androgen-mediated increase in 

protein synthesis remains undefined. This may be mediated through direct interaction 

with the activated AR as Sheffield-Moore et al (32) found that short-term (5 days) 

exposure to oxandrolone resulted in an increase in skeletal muscle AR messenger RNA 

(mRNA) concentrations  and Ferrando et al (36) showed an increase in AR protein 

expression after one month of treatment with testosterone enanthate. Alterations in 

muscle protein kinetics also require multiple events such as changes in translation, 

inhibition of catabolic signalling and activation of anabolic signalling pathways to 

occur (8). This is hypothesized to be due to increased anabolic signalling through 

mammalian target of rapamycin complex 1 (mTORC1) via upstream effectors such as 

insulin growth factor-1 (IGF-1)/Akt and/or extracellular signal-regulated kinase (ERK) 

1/2 (36-38). In humans, IGF-1 mRNA and protein content is increased in skeletal 

muscle following androgen administration (34).   

Testosterone also mediates a reduction in protein catabolism (8). In older men, 

administration of testosterone enanthate decreased protein breakdown in the fasted state 

which was associated with an increase in lean body mass (LBM) (36,39). Androgen-
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mediated changes in markers of protein breakdown are also observed in animal models 

(8). In mice, castration increased proteasomal enzymatic activity in the levator ani 

muscle, and higher levels of autophagy markers and lysosome enzymatic activity in 

both the levator ani and triceps muscle. Administration of testosterone inhibited both 

lysosome and proteasome pathways in a dose dependent manner (40). The ubiquitin 

ligases, transforming growth factor beta (TGF)/myostatin/activin/Smad signalling and 

autophagy have all been demonstrated to be involved in testosterone-mediated 

decreases in protein catabolism (8).  

In summary, testosterone plays a key role in the regulation of skeletal muscle protein 

balance, and significantly alters muscle mass, in part, by shifting protein balance in 

favour of net protein accretion. Thus, the hypogonadal state stimulates protein 

catabolism, resulting in the hydrolysis of protein into amino acids. The next section will 

focus on the function of the hepatic urea cycle in the elimination of excess amino acids, 

its known regulation by a variety of hormones including the potential role testosterone.  

 

2.1.3 Amino acids and the hepatic urea cycle  

Protein mass is constantly turning over in a dynamic process of breakdown and 

synthesis (41). Approximately 0.6% of total body nitrogen is replenished each day, 

indicating that total body protein is replaced every 160 days (42). Amino acids derived 

from proteolysis are either oxidised or resynthesized into protein. Oxidation of amino 

acids represents an irreversible loss of protein, a hallmark of catabolism. The liver is a 

major site of protein metabolism and degradation of amino acids which is controlled by 

the urea cycle. Surplus α-amino nitrogen derived from degradation of amino acids 
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enters the urea cycle as ammonia and is converted to urea in the mitochondria and 

cytosol of hepatocytes. Urea is then eliminated, representing a rate-limiting step in the 

irreversible loss of protein nitrogen (9). This is illustrated in Figure 1.  

Figure 1: The hepatic urea cycle and elimination of surplus amino acids (43)  

 

2.1.3.1 Hormonal regulation of the hepatic urea cycle  

It is known that protein turnover and urea synthesis are under hormonal control. In 

animal models, the catabolic effects of glucocorticoids and anabolic effects of growth 

hormone are accompanied by an enhancement and suppression of urea synthesis, 

respectively (44). In humans, Grofte et al found that glucagon released during 

hypoglycaemia results in a doubling of functional hepatic nitrogen clearance (FHNC), 

a validated substrate-independent measure of hepatic urea synthesis. This lead to an 

accelerated, irreversible loss of nitrogen from the body, paralleled by a decrease in 
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amino acid uptake in muscle (45). Similarly, administration of glucocorticoids, well 

known to cause protein catabolism, resulted in increased FHNC (46). In-vitro studies 

have also shown glucocorticoids, glucagon and growth hormone to influence urea cycle 

enzymes in the liver (11). Glucocorticoids increase gene expression of enzymes 

promoting urea synthesis (47). Hepatic glucocorticoid receptors control urea cycle 

function via transcriptional activation of the Arginase 1 gene (48). Similarly, in cultured 

foetal rat hepatocytes, treatment with glucagon upregulated urea cycle enzymes 

including carbamoyl phosphate synthetase (CPS), arginosuccinase (ASL), and arginase 

(47). The reverse was noted when normal rats were treated with growth hormone, an 

anabolic hormone (11).  

 

2.1.3.2 Whole-body protein anabolic effects of testosterone are 

mediated through the liver 

It is long-established that testosterone is nitrogen sparing (12). However, despite the 

known effects of multiple hormones on the urea cycle, biochemical evidence of the 

direct role of testosterone on the hepatic urea cycle is currently lacking and evidence 

from animal studies is contradictory. An early study by Riggs et al (49) in 

ovariectomised female rats showed that treatment with testosterone propionate daily for 

ten days significantly reduced arginine synthetase activity by one fifth compared to 

controls (13). In contrast to this, De Angelis et al reported that the intraperitoneal 

injection of 1 mg/day of testosterone propionate into female rats increased liver 

arginase activity by 82% (14). Thus, early work in female rats report discordant effects 

of testosterone on urea cycle enzyme activity.  
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More recently, Birzniece et al showed that the protein anabolic effects of 

testosterone are mediated through the liver (50,51) after discovery that the inhibition of 

whole-body protein loss by testosterone was equivalent for both oral (hepatic) and 

transdermal (systemic) delivery (51,52). Oral delivery of non-esterified testosterone 

exposes the liver to high portal levels of testosterone which undergoes first-pass hepatic 

metabolism, preventing its appearance in the systemic circulation. This differs from 

transdermal administration of testosterone which enters the systemic circulation 

reaching both hepatic and extra-hepatic tissues (52). It was found that the administration 

of low dose (40mg/day) of oral crystalline unconjugated testosterone (exposing only 

the liver to testosterone) reduced whole-body protein loss equivalent to that seen with 

transdermal testosterone (51). Given that the liver is also known to possess AR (53,54), 

these findings are consistent with a hepatic mediated anti-catabolic effect of 

testosterone.  

Although there is some, albeit contradictory, evidence based on animal studies that 

the intrahepatic mechanism may be the hepatic urea cycle, there is currently no precise 

biochemical evidence to support this in humans.  

 

2.1.4 Summary 

Androgens are the major anabolic hormones that exert a dose-dependent effect on 

muscle mass and strength. The anabolic effects are achieved through multiple 

pathways.  These include the formation and hypertrophy of muscle fibres, as well as 

differentiation of pluripotent stem cells and myoblasts. Androgens also regulate skeletal 

muscle protein balance, shifting it favour of net protein accretion resulting in 
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anabolism. Protein is continuously turning over in a dynamic process of breakdown and 

synthesis. Surplus amino acids derived from proteolysis is converted to urea and 

eliminated via the hepatic urea cycle, which forms a rate-limiting step in the irreversible 

loss of protein nitrogen. Recent evidence suggests that there is an intrahepatic 

mechanism for the whole-body anabolic effect of testosterone but there is currently no 

direct biochemical evidence that this effect is mediated by the hepatic urea cycle.  

The following section represents a review article focusing on the adverse effects of 

androgen deprivation therapy (ADT) in men with prostate cancer, and the use of 

progressive resistance training (PRT) in the alleviation of these effects. ADT used in 

the treatment of prostate cancer suppresses testosterone to castrate levels resulting in a 

rapid loss of muscle mass far exceeding that of normal aging. Thus, ADT offers a 

unique model to study the physiological effects of hypogonadism on muscle, providing 

insight into the physiological actions of testosterone in maintaining body composition.     
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2.2.1 Abstract 

Prostate cancer has the second highest incidence of all cancers amongst men 

worldwide. Androgen deprivation therapy (ADT) remains a common form of treatment. 

However, in reducing serum testosterone to castrate levels and rendering men 

hypogonadal, ADT contributes to a myriad of adverse effects which can affect prostate 

cancer prognosis. Physical activity is currently recommended as synergistic medicine 

in prostate cancer patients to alleviate the adverse effects of treatment. Progressive 

resistance training (PRT) is an anabolic exercise modality which may be of benefit in 

prostate cancer patients given its potency in maintaining and positively adapting 

skeletal muscle. However, currently, there is a scarcity of RCTs which have evaluated 

the use of isolated PRT in counteracting the adverse effects of prostate cancer treatment. 

Moreover, although physical activity in general has been found to reduce relapse rates 

and improve survival in prostate cancer, the precise anti-oncogenic effects of specific 

exercise modalities, including PRT, have not been fully established. Thus, the overall 

objective of this article is to provide a rationale for the in-depth investigation of PRT 

and its biological effects in men with prostate cancer on ADT. This will be achieved by 

(1) summarising the metabolic effects of ADT in patients with prostate cancer and its 

effect on prostate cancer progression and prognosis, (2) reviewing the existing evidence 

regarding the metabolic benefits of PRT in this cohort, (3) exploring the possible 

oncological pathways by which PRT can affect prostate cancer prognosis and 

progression, and (4) outlining avenues for future research.  
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2.2.2 Introduction  

Prostate cancer has the second highest incidence of all cancers amongst men 

worldwide and is the fifth leading cause of cancer death in men. In 2018, an estimated 

1,276,106 new cases of prostate cancer was reported worldwide, with higher prevalence 

in the developed countries (15). The mechanisms of prostate carcinogenesis has marked 

heterogeneity and consists of both genetic and environmental factors, with risk of the 

disease increasing with age and positive family history (55). Although androgens 

(including testosterone and dihydrotestosterone) affect proliferation and differentiation 

of prostate luminal epithelium and drive prostate cancer cell growth, there is conflicting 

data on the role of endogenous testosterone in human prostate cancer pathogenesis de 

novo. A pooled analysis of 18 prospective studies showed no association between the 

risk of prostate cancer and testosterone levels (56). Yet, positive associations have been 

found between mutations in genes involved in the biosynthesis and degradation of 

testosterone, and higher prostate cancer risk (57,58). Although similar controversies 

occur regarding the link between obesity, diabetes and risk of prostate cancer 

development (59-63), there is now strong evidence that being overweight or obese 

increases the risk of advanced prostate cancer (64).   

Androgen receptor signalling strongly promotes growth, proliferation and 

invasiveness of prostate cancer. Thus, androgen deprivation therapy (ADT), using 

gonadotrophin releasing hormone (GnRH) analogues and/or anti-androgen agents are a 

common and effective therapy for patients with locally advanced and metastatic 

prostate cancer. Long-acting GnRH analogues, such as leuprolide, causes down-

regulation of the pituitary-gonadal axis, resulting in ‘chemical castration’ due to 

suppression of testicular testosterone production. ADT leads to a decline of prostate-
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specific antigen (PSA) in about 90% of patients (16). However, in rendering the patient 

severely hypogonadal, ADT is associated with significant adverse metabolic effects. 

Consequences of ADT include the development of insulin resistance, reduced muscle 

and bone mineral density (BMD), increased fat mass, sexual dysfunction and reduced 

quality of life (17,18).Thus, there is a need for secondary treatment methods to combat 

the adverse effects of ADT.  

Progressive resistance training (PRT) is an anabolic form of exercise that involves 

challenging the skeletal muscles with unaccustomed loads through use of free weights 

(e.g. barbells, dumbbells, medicine balls, sandbags), machine weights (e.g. leg press) 

and/or body weight (e.g. push-ups, pull-ups) and impact loading/plyometric exercises 

such as jumping. To facilitate continued muscular anabolic adaptation over the long-

term, training variables including intensity  and volume  must be manipulated over time 

(65).  It is well established that PRT can treat sarcopenia in older men and women (over 

50 years) (66) and muscle wasting in some chronic diseases, including patients affected 

with end-stage renal disease (67) and AIDS-related muscle wasting (68). The myogenic 

effect of PRT has been associated with many other beneficial physiological, functional 

and psychological adaptations across a range of healthy and chronically diseased 

populations.  The benefits are likely to extend to patients with cancer. In fact, the 

Clinical Oncology Society of Australia has recently endorsed the use of PRT as 

standard practice in cancer care (69).   

To date, only a few robust studies have investigated the efficacy of PRT in patients 

receiving ADT for prostate cancer and the specific biological effects of this exercise 

modality are not completely understood in this cohort. Therefore, the overall objective 

of this review paper is to provide a rationale for the in-depth investigation of PRT and 
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its biological effects in men with prostate cancer on ADT. This will be achieved by (1) 

summarising the adverse consequences of ADT in patients with prostate cancer and its 

effect on prostate cancer progression and prognosis, (2) summarising the existing 

evidence regarding the benefits of PRT in this cohort, (3) exploring the possible 

oncological pathways by which PRT can affect prostate cancer prognosis and 

progression, and (4) outlining avenues for future research.  

 

2.2.3 Adverse consequences of androgen deprivation therapy 

and their potential effects on prostate cancer progression and 

prognosis 

Androgens play a vital role in the regulation of body composition, insulin and 

glucose sensitivity, growth factors and inflammation. Thus, the development of 

hypogonadism following ADT is associated with multiple adverse effects which have 

potential negative effects on prostate cancer prognosis.  

 

2.2.3.1 Body composition  

ADT is associated with a decrease in lean body mass (LBM) and increase in fat mass 

(FM), resulting in sarcopenic obesity (70). These changes occur rapidly, starting after 

just 3 months of ADT (71,72), with the average duration of therapy in high risk prostate 

cancer being 18 months (72). After 1 year, FM has been shown to increase by 7 – 10%, 

while LBM has been shown to decrease by 2 – 4% (73), ten times the annual loss 

occurring in aging (74). These changes are sustained up to two years after initiating 

ADT (75). Hamilton et al  found that ADT results in accumulation of both visceral 



    38 
 
 

(22%) and subcutaneous (13%) fat, with increased insulin resistance likely arising from 

visceral fat accumulation (76).  

The consequences of sarcopaenic obesity in men with prostate cancer are significant. 

Cheung et al reported that long-term ADT was associated with a reduction in lower-

limb muscle function. The muscle groups most affected are those involved in generating 

body-weight support and regulating gait and balance (77). This leads to increased 

frailty, with a cross-sectional study showing that between 22% - 24% of current and 

past ADT users were recurrent fallers, compared to 5% of men not on ADT (78). These 

falls were also more likely to result in injuries including haematomas and fractures (78).  

Weight gain after a prostate cancer diagnosis is associated with poorer outcomes 

(79). A higher baseline BMI correlates with greater prostate cancer specific mortality 

(PCSM) (80,81) and obesity is associated with higher rates of biochemical recurrence 

after prostatectomy for early stage prostate cancer (82). Furthermore, a meta-analysis 

of prospective cohort studies reported a 15% higher risk of PCSM per 5kg/m2 increase 

in BMI (83). 

 

2.2.3.2 Insulin resistance and diabetes mellitus 

Insulin resistance and type 2 diabetes mellitus are known complications of ADT. 

Multiple prospective studies have shown decreased insulin sensitivity during ADT with 

a 25.9% increase in fasting plasma insulin levels and 12.8% reduction in insulin 

sensitivity after just three months (84). After one year of ADT, insulin resistance as 

measured by HOMA-IR increased by 39% (85).  

Multiple studies have also consistently reported a significant link between ADT and 

subsequent diagnosis of diabetes (86-88). In a retrospective study of 12,191 men with 
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prostate cancer, ADT was associated with a 60% increased risk of diabetes (89). These 

changes in glucose metabolism occur before any changes in body composition are 

apparent, highlighting the direct effect of ADT on glucose metabolism.  

Higher insulin and glucose levels are associated with a worse prostate cancer 

prognosis (90). Higher c-peptide levels (surrogate marker for endogenous insulin 

production) are associated with increased risk of PCSM as well as high-risk prostate 

cancer (Gleason ≥ 7) (91,92). Similarly, a meta-analysis of 17 cohort studies showed 

that pre-existing diabetes was associated with a 29% increase in PCSM and 37% 

increase in all-cause mortality in prostate cancer patients (93). 

 

2.2.3.3 Growth factors and IGF-binding proteins 

There are many alterations in hormonal, metabolic and inflammatory pathways in 

response to ADT that may contribute to the development of diabetes and insulin 

resistance. Insulin-like growth factor-1 (IGF-1) is a peptide produced by the liver and 

is involved in regulation of cell proliferation and differentiation.  IGF-1 exerts multiple 

effects on glucose, fat and protein metabolism. The production of IGF-1 is stimulated 

by growth hormone (GH) secretion from the anterior pituitary gland which is 

potentiated by testosterone (51). ADT has been shown to have either no effect on 

circulating IGF-1, or a 10% increase after 6 months of combined anti-androgen and 

GnRH therapy (94,95). Higher serum levels of IGF-1 are associated with increased all-

cause mortality and PCSM in men with advanced prostate cancer (96). These 

detrimental effects are also seen in studies of prostate cancer xenografts, where 

increased expression of IGF-1 and its receptor by prostate cancer cells results in tumour 

progression to castrate resistant prostate cancer (CRPC) (97). 
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The actions of the IGFs are modulated by a family of high-affinity IGF binding 

proteins (IGFBPs 1 – 6) which function to regulate IGF-1 and IGF-2 bioactivity (98). 

IGFBP-2 is the main IGFBP produced by prostate epithelial cells, and is increased in 

patients with prostate cancer, correlating with tumour stage and grade (99). Following 

androgen withdrawal, higher IGFBP-2 mRNA expression promotes androgen-

independent tumour growth, and also correlates with a higher Gleason score (100,101). 

Conversely, higher serum IGFBP-3 is associated with a lower risk of developing 

advanced-stage prostate cancer (100,102), and in-vitro studies show an increase in 

IGFBP-3 beginning within months of androgen withdrawal (103). As IGFBP-3 is the 

principal binding protein for IGF-1, an increase in IGFBP-3 is expected to reduce IGF-

1 bioavailability. Thus, higher circulating IGFBP-3 would be of great advantage in 

cancer patients, exerting direct effects on cancer cells as well as reducing IGF 

bioactivity. 

 

2.2.3.4 Lipid profile  

ADT is associated with altered lipid metabolism. After 12 months of ADT, Smith et 

al (104) found a 9.0% increase in total cholesterol, 11.3% increase in high-density 

lipoprotein (HDL), 26.5% increase in triglycerides and 7.3% increase in low-density 

lipoprotein (LDL). Like changes in body composition, these changes are rapid and can 

occur as early as 3 months following initiation of ADT (105).  

Current evidence strongly suggests that lipid availability to cancer cells, whether 

newly synthesized or exogenously acquired, likely promotes prostate cancer growth 

and progression (106). Elevated serum triglycerides are associated with increased risk 

of prostate cancer recurrence after a radical prostatectomy (107). Similarly, high total 
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cholesterol correlates with increased risk of lymph node metastases and high LDL 

levels is predictive of high Gleason scores (108). Furthermore, elevated lipids, along 

with the aforementioned metabolic changes, also results in high cardiovascular 

mortality amongst prostate cancer patients receiving ADT (109).   

 

2.2.3.5 Cardiovascular disease 

Cardiovascular disease (CVD) accounts for approximately a quarter of deaths 

amongst men with prostate cancer (110). ADT may indirectly contribute to 

development of CVD by inducing metabolic changes that are well-established risk 

factors for development of atherosclerosis (111). There is clinical evidence which 

suggests a positive association between ADT and CVD (111). A meta-analysis of 6 

observational studies showed that the risk of cardiovascular mortality was 17% higher 

amongst those receiving ADT than those without (109). O’Farrell et al (112) found the 

highest risk of mortality in those with a history of CVD before cancer diagnosis, and in 

the first 6 months of ADT. For these reasons, the United States Food and Drug 

Administration has issued a warning on GnRH agonists for increased risk of diabetes 

and certain CVDs (heart attack, sudden cardiac death, and stroke) (113).  
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2.2.3.6 Changes in other hormonal systems, myokines inflammatory 

cytokines  

Circulating adipokines such as adiponectin and leptin are important regulators of 

insulin sensitivity. Prostate cancer patients undergoing ADT have leptin levels double 

that of those who have just undergone prostatectomy and/or radiotherapy without ADT 

(114). Leptin levels increase in proportion to increase in fat mass, especially central 

adiposity. Studies of leptin levels and prostate cancer aggressiveness have produced 

mixed results. While some studies show a positive association between leptin levels 

and Gleason score (115,116), others did not find serum leptin to be a predictive 

biomarker for advanced stage following radical prostatectomy (117).  

Housa et al (118) found higher adiponectin levels in locally advanced, compared to 

organ confined prostate cancer, and proposed that increased serum adiponectin levels 

may serve as a protective factor against tumour progression. Conversely, other studies 

found a negative association between plasma adiponectin levels and histological grade 

and stage (117,119).  Levels of adiponectin have been found to increase with ADT 

(120,121). This is a paradoxical finding, as generally, adiponectin is characterised by a 

strong inverse correlation with fat mass and insulin resistance (120). However, the 

increase in adiponectin does not seem sufficient to counteract the adverse effects of 

ADT on hyperinsulinaemia (122).  

Pro-inflammatory cytokines have also been implicated in the development of 

diabetes and may be modulated by testosterone (123). After 12 weeks of ADT, there is 

a fall in interleukin 6 (IL-6) levels along with higher levels of interleukin 1 beta (IL-

1) and interleukin-8 (IL-8) (124). Conversely, Maggio et al found that 12 months of 

ADT did not affect plasma cytokine levels in men with prostate cancer (125). Obesity 
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is associated with a subclinical inflammatory state with higher plasma concentrations 

of pro-inflammatory mediators such as IL-6, tumour necrosis factor-alpha (TNF-α) and 

IL-1 (126). Based on epidemiological studies, higher IL-6 levels are associated with 

prostate cancer biochemical recurrence (127) and poorer overall survival (128). 

Increased serum IL-6 levels are also found in patients with castrate-resistant and 

metastatic prostate cancer (128,129). Similarly, higher levels of TNF-α is associated 

with more aggressive disease, prostate cancer progression, relapse and mortality 

(124,130,131). 

 

2.2.3.7 Effect on bone mineral density 

ADT is associated with a significant reduction in bone mineral density (BMD), with 

more rapid bone loss compared to normal aging. Post-menopausal women experience 

an annual average of 3% decline in BMD at the spine (132). Following initiation of 

ADT, the annual rate of bone loss at the lumbar spine and femoral neck regions have 

been reported as 4.6% and 3.8%, respectively (133). In a cross-sectional study, men 

with prostate cancer treated with ADT had a 7.2-7.8% lower lumbar spine BMD, and 

trends towards a lower hip BMD compared to men not receiving ADT and healthy 

controls (134). This reduction in BMD is translated into a higher fracture risk. In a large 

cohort study of 180,000 older men, ADT increased the relative risk of any fracture and 

hip fracture by 1.4 (135), thus increasing morbidity and mortality.     

 

2.2.3.8 Psychophysiological effects 

The prevalence of depression and anxiety in men with prostate cancer, across the 

treatment spectrum is high (136). In particular, men receiving ADT have clinically 
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significant decreased quality of life, particularly in the physical and sexual aspects 

compared to controls (137). These psychological conditions are associated with 

psychophysiological side effects that encompass poorer treatment outcomes and 

reduced survival (136,138,139). In turn, depression results in a chronically activated 

hypothalamo-pituitary-adrenal axis, immune dysfunction, inflammation, oxidative 

stress and increased cytokine production thus worsening cancer prognosis (140). 

 

2.2.3.9 Summary 

In summary, the negative systemic effects of ADT can potentially worsen prostate 

cancer prognosis.  In the next section of this review, we discuss the clinical trials that 

utilise PRT in the treatment of these effects in prostate cancer.   

 

2.2.4 The benefits of PRT during ADT  

2.2.4.1 PRT and physiological adaptations 

Muscle hypertrophy induced by PRT is the product of increased muscle fiber cross-

sectional area (141) and is accompanied by the enhancement of subcellular structures 

(e.g. mitochondrial morphology and density) and increased substrate metabolism. This 

improvement in the metabolic capacity of skeletal muscle underlies a range of 

beneficial adaptations that may be particularly important to men treated with ADT.  

Much of the current evidence regarding muscle adaptation in PRT is drawn from 

studies involving the elderly population with sarcopenia, a similar cohort to those on 

ADT (142). In sarcopenia there is a reduction in the number of both slow switch type I 

and fast twitch type II muscle fibers and specific type 2 muscle fiber atrophy (143), 
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leading to a decline in muscle strength (144). PRT in this population has been shown 

to increase type IIa muscle fiber cross-sectional area (143,145). Thus, this physiological 

adaptation may improve physical function and contribute to improved glucose 

metabolism due to increased GLUT4 activity and enhanced insulin response via skeletal 

muscle (146). Furthermore, PRT also has beneficial effects on mitochondrial function 

and proteostasis, the loss of which is implicated in the pathophysiology of muscle loss 

in sarcopenia (147).  

 

2.2.4.2 PRT in the treatment of ADT-induced adverse effects 

The benefits of isolated PRT in the treatment of ADT-induced adverse effects have 

been shown in 5 randomized controlled trials to date (148-152). The details of each 

trial, including sample size, duration, type of intervention and findings are summarized 

in tables 1 and 2.   

 

2.2.4.2.1 Effect on body composition and muscular strength 

PRT has been shown to be beneficial in the maintenance of LBM during ADT. 

Alberga et al (151) found that patients randomized to the PRT group was able to 

maintain total LBM as versus the control group. Similarly, Nilsen et al (150) 

documented a site-specific increase in LBM of the lower limb, upper limb and 

appendicular region in patients receiving 16 weeks of PRT versus control. Skeletal 

muscle biopsies were collected in one trial (150). Patients in the PRT group had a 

significant increase in total muscle fiber cross sectional area, with the greatest effect 

noted in type II muscle fibers, as versus those in the control group, who had an overall 
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reduction (153). The number of myonuclei per type 1 fiber also increased in the PRT 

group.  

There was a consistent improvement in both upper and lower arm strength across 4 

trials following three to twelve months of PRT (148,150-152). Taafe et al (152) also 

reported an improvement in cardiorespiratory fitness in the PRT group, as reflected by 

an increase in the 400m walk test.  

PRT also has positive effects on FM. Alberga et al (151) reported that percent body 

fat significantly increased in the control group versus the PRT group after 24 weeks. 

Likewise, Winters-Stone et al reported a reduction in FM in patients undergoing PRT, 

as opposed to the control group who gained fat mass (154).  

 

2.2.4.2.2 Insulin resistance and type 2 diabetes 

The effect of PRT in men on ADT has not been extensively evaluated. Only one trial 

by Winters-Stone et al (154) reported a reduction in serum insulin and IGF-1 levels in 

the PRT group compared to an increase in both biomarkers in the control group.  

 

2.2.4.2.3 Bone mineral density  

Only two trials investigated bone mineral density (BMD) changes following 16 

(150) and 52 (149) weeks of PRT. No differences in BMD outcomes were noted except 

preservation of BMD at the L4 site in patients in the PRT group versus the control group 

(149). Bone turnover markers including osteocalcin and urinary deoxypyrodinoline did 

not change (149) .  
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2.2.4.2.4 Psychological effects 

Physical exercise is recognised as a powerful modulator of neuroplasticity and 

immune response with immunosurveillance-enhancing properties (155). Health related 

quality of life (HRQOL) was assessed in three studies (148,150,152). Segal et al (148) 

reported an improvement in HRQOL following PRT while no differences were found 

by Nilsen et al (150). Taafe et al (152) found improvement in fatigue and vitality after 

6 and 12 months of PRT.  
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Table 1:  Characteristics of randomized controlled trials of isolated PRT in men receiving ADT for prostate cancer 

  
Study identification Population 

Sample size (N) 

Mean age (y) 
PRT intervention 

Control 

condition 

Duration 

(weeks) 

  Major inclusion criteria Major exclusion criteria         

Alberga et al, 2012 

Canada  

Histologically documented prostate 

cancer; scheduled to receive 

radiotherapy with or without ADT; 

consent of treating oncologist (Note: 

this article reported a subgroup 

analysis limited to patients on ADT) 

Severe cardiac disease (New York Heart 

Association class III or IV); uncontrolled 

hypertension, pain, psychiatric illness; 

residence >1 hour from the study center  

N=49 

66y 

PRT supervised by a certified fitness consultant, 3 

sessions/week, 24 weeks   Ten exercises (i e  leg extension, leg 

curl, seated chest fly, latissimus pulldown, overhead press, 

triceps extension, biceps curls, calf raises, low back extension, 

and modified curl-ups) using 60-70% 1RM load, 8-12 reps per 

set, 2 sets per exercise  Load increased by 5lb (2 3kg) when 

able to complete >12 reps/set  

Usual care (no 

exercise) 
24 

Nilsen et al, 2015, 2016 

Norway  

Intermediate or high-risk profile 

based on PSA and histology and 

extent of the primary tumour; 

referred to high-dose radiotherapy 2–

6 months after initiation 

of neo-adjuvant ADT; adjuvant ADT 

continuing for 9-36 mo ; age ≤75 

years;  

Strength training ≥1 session/wk; osteoporosis 

medication usage; medical conditions that 

could complicate participation 

N=58 

66y 

Two supervised (high intensity) plus one unsupervised 

(moderate intensity) PRT session/wk, 16 weeks   Nine 

exercises (i e  Smith machine half squat, leg press, Smith 

machine standing calf raises, knee flexion, knee extension, 

chest press, seated row, seated shoulder press, and biceps curl), 

1-3 sets/exercise, 6-10 RM, loading increased with strength 

adaptation 

Usual care (no 

exercise) 
16 

Segal et al , 2003 

Canada  

Histologically documented prostate 

cancer; scheduled to receive >3mo  

ADT; consent of treating oncologist 

Severe cardiac disease (New York Heart 

Association class III or IV); uncontrolled 

hypertension (>160/95 mmHg); uncontrolled 

pain; unstable bone lesions; residence >1 hour 

from the study center  

N=135 

68y 

PRT supervised by a certified fitness consultant, 3 

sessions/week, 12 weeks   Nine exercises (i e  leg extension, 

calf raises, leg curl, chest press, lat pulldown, overhead press, 

triceps extension, biceps curls, and modified curl-ups) using 

60-70% 1RM load, 8-12 reps per set, 2 sets per exercise  Load 

increased by 5lb (2 3kg) when able to complete >12 reps/set  

Usual care (no 

exercise) 
12 

Taafe et al, 2017 

Australia  

Histologically confirmed prostate 

cancer; >2mo  exposure to and 

anticipated to receive 12 mo  

additional ADT; without PSA 

evidence of disease activity; medical 

clearance 

Bone metastatic disease; evidence of PSA 

disease activity; chronic conditions that could 

inhibit exercising; non-ambulatory; structured 

exercise in the previous 3 mo;  

N=105 

68y 

Two supervised PRT group-based sessions (n<10), 2 

sessions/wk, 52 weeks   Impact-loading: bounding, skipping, 

drop jumping, hopping, and leaping activities that produced 

ground reaction forces of 3 4–5 2 times body weight and 

progressive in nature  Resistance training:  six principal 

exercises (i e  chest press, seated row, shoulder press, leg press, 

leg extension, and leg curl) and supplementary exercises, 2-4 

sets per exercise at an intensity of 6–12 RM   Participants also 

performed impact loading routine 2 sessions/wk at home  

Usual care (no 

exercise) 
52 

Winters-Stone et al, 2014, 

2015 

USA  

Histologic evidence of prostate 

cancer; currently receiving ADT; 

BMD T-score -2 5 or higher; medical 

clearance from physician 

Currently receiving chemotherapy; bone 

metastases in the hip or spine, bone-active 

medications other than ADT (e g , 

bisphosphonates); participation in 30 min or 

more of moderate–vigorous PRT per week 

N=51 

70y 

Two supervised plus one home-based PRT session/week, 52 

weeks   PRT exercises (i e  wall-sits, squats, bent-knee 

deadlifts, lunges, one-arm row, chest press, lateral raise, and 

push-ups) and impact loading (i e  two-footed jump) using free 

weights or weighted vest   PRT performed for 1-2 sets x 6-14 

reps/exercise   Jumping progressed from 1-10 sets x 10 reps   

All loading progressed with strength gains  

Placebo 

control 

(stretching and 

relaxation) 

52 
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Table 2: Key results of the five included RCTs 

Study identification Physiological outcomes (assessments, units) 
Adherence to PRT 

intervention 
Key Results 

Alberga et al, 2012 

Canada (103) 

Body weight (kg); BMI (kg/m2); DEXA (total lean mass (kg) and 

percent body fat (%))  
Not reported 

Percent body fat increased in the control group versus PRT group (p=0.005); total lean mass was 

maintained in the PRT group versus a loss in the control group (p=0.005) 

Nilsen et al, 2015, 

2016 Norway  

Body composition via DEXA (lean body mass: total, trunk, lower 

extremities, upper extremities, appendicular; fat mass: total and 

trunk in kg, and percent body fat (%)); body mass (kg); BMI 

(kg/m2); BMD (total body, total lumbar, total hip, trochanter, 

femoral neck); skeletal muscle biopsy (total muscle CSA, type I and 

II muscle CSA, m2; number of myonuclei, nuclei/fibre; 

myonuclear domain, cytoplasm:nuclei; number of satellite cells; 

androgen receptors, myostatin, mitochondrial proteins (i.e. citrate 

synthase, cytochrome c oxidase subunit IV (COXIV), HSP60); 

indicators of muscle cellular stress (HSP70, alpha B-crystallin, 

HSP27, free ubiquitin, and total ubiquitinated proteins) 

84% and 88% upper and 

lower body exercises 

completed, respectively 

Lower extremity (p=0.01), upper extremity (p=0.05) and appendicular (p=0.001) lean body mass 

significantly increased in PRT versus control.  No change in BMD outcomes.  Significant increase in total 

muscle fiber CSA in PRT versus control (p=0.04) showing a larger effect in type II (p=0.03) than type I 

fibers (p=0.11).  Significant increase in number of myonuclei per type I fibers (+17%, p=0.01) but not type 

II fibers in PRT versus control.  Significant reduction in myonuclear domain in type I fibers but not type II 

fibers in PRT versus control (p=0.05).  No change androgen receptor or myostatin content, or any 

mitochondrial protein or indicator of muscle cellular stress.  Post hoc:  within-group analysis revealed that 

HSP70 was reduced in the PRT group and a trend towards a reduction in citrate synthase in the control 

group 

Segal et al., 2003 

Canada  

Body weight (kg); BMI (kg/m2); waist circumference (cm), sum of 

four skinfolds (mm) 
79% No change in body weight, BMI, waist circumference, or subcutaneous skinfolds 

Taafe et al, 2017 

Australia  
PSA (ng/ml), total testosterone (ng/dl) 69% No significant change in PSA or testosterone 

Winters-Stone et al, 

2014, 2015 

USA  

BMD of proximal femur (total hip, greater trochanter, and femoral 

neck) and lumbar spine (L1-L4) via DEXA; bone turnover via 

serum osteocalcin (ng/mL) and urinary deoxypyrodinoline 

(nmol/L); Body composition via DEXA (total lean mass, total fat 

mass, and trunk fat mass in kg; percent body fat (%)); insulin 

(mclU/ml); IGF-1 (ng/ml); SHBG (nmol/ml); total testosterone 

(ng/dl); body weight (kg) 

84% and 43% for supervised 

and home-based sessions, 

respectively 

PRT had a significant effect on preservation of BMD (-0.4%) at the L4 vertebrae compared with losses (-

3.1%) in the placebo control group (p=0.03).  Adjusting for patients who completed the study (i.e. follow-

up assessments) the PRT program significantly reduced total fat mass (p=0.02) with a trend toward reduced 

body fat percentage (p=0.06) and trunk fat mass (p=0.07) versus control; and deoxypyrodinoline decreased 

in the control group versus the PRT group (p=0.03).  Reduction of total fat mass (p=0.04) and trunk fat 

mass (p=0.03) associated with reductions in fasting insulin        
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2.2.4.3 Summary 

In summary, PRT is beneficial in the treatment of ADT-induced adverse effects, with positive 

effects on body composition, muscle strength and cardiorespiratory fitness and QOL. However, 

there is currently inconclusive evidence establishing the relationship between PRT and prostate 

cancer progression and recurrence. 

 

2.2.5 The effect of PRT on cancer growth pathways 

In a prospective cohort study following over 2000 men with prostate cancer, it was found that 

men who were physically active lived significantly longer. Three or more hours per week of 

vigorous exercise was associated with a 61% decreased risk of dying from prostate cancer 

(156). Although this association does not necessarily indicate causation, it has led to interest in 

exploring mechanisms by which exercise might favourably influence the biology of cancer cell 

growth. While it is known that exercise can lower the risk of developing cancer, and is 

associated with lower relapse rates and increased survival, its precise anti-cancer effects have 

not been fully established (138). In the above, the important role of PRT in the treatment of the 

adverse effects of ADT was discussed. The next section provides a summary of current 

literature regarding the potential benefits of PRT on oncogenic pathways in prostate cancer. As 

there is currently a paucity of studies in this area, evidence derived from studies of other 

pathologies and cancer types will be incorporated. This is outlined in Figure 2.    
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Figure 2: The potential inhibitory effects of PRT on the prostate cancer growth pathway 

 

 

 

 

 

 

 

 

2.2.5.1 Metabolic effects 

Muscle tissue produces many factors that are associated with cancer progression and 

metastatic potential. When muscle contraction occurs during exercise, adenosine triphosphate 

(ATP) is consumed for energy derivation, reducing the ATP/AMP (adenosine monophosphate) 

ratio. This results in cellular activation of the liver kinase B1- (LKB1-) adenosine 

monophosphate-activated protein kinase (AMPK) pathway. AMPK inhibits the mammalian 

target of rapamycin (mTOR) protein, which has been implicated in prostate cancer progression 

(157). Powerful muscle contraction results in potent stimulation of AMPK (158) which also 

results in translocation of the GLUT-4 membrane transporter in myocytes (159), leading to 

glucose influx and lowering of serum glucose levels, which has a favourable impact on prostate 

cancer prognosis (160). Stimulation of AMPK also suppresses tumour growth, uptake of 

glucose and aerobic glycolysis of tumour cells, known as the Warburg effect (161). 

Both insulin and IGF-1 regulate cell proliferation, differentiation, survival and apoptosis. 

These molecules bind to their tyrosine kinase receptors and activate several signalling 
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pathways including phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/mTOR 

resulting in inhibition of apoptosis and promotion of cell growth and angiogenesis (162).  The 

principal binding protein of IGF-1, IGFBP-3, can reduce IGF-1 bioactivity further inhibiting 

cancer growth (163). IGFBPs not only modulate the bioavailability and signalling of IGFs, but 

also have independent actions on cell growth and survival (98). In-vitro studies have shown 

IGFBP-3 to inhibit proliferation, adhesion, invasion and metastasis of prostate cancer, 

independent of IGF-1 (164,165). IGFBP-3 is also a potent inhibitor of MAPK signalling, which 

is implicated in the development of castrate-resistant prostate cancer (166). Higher serum 

IGFBP-3 is associated with a lower risk of developing advanced-stage prostate cancer (102). 

However, while PRT has been shown to reduce plasma IGF-1(154) and increase IGFBP-3 

(163) levels in prostate cancer, current epidemiological studies in cancer populations show 

significant heterogeneity in the response of the systemic IGF axis to exercise (167). This 

discrepancy may be attributed to baseline concentrations of the IGF ligands, as Nishida et al 

(168) showed that participants with elevated baseline IGF-1 experienced the greatest decrease 

in response to exercise. Furthermore, there are current limitations in oncological research 

regarding the exercise response of autocrine, as compared to systemic IGF-1 (167). In older 

adults with rheumatoid arthritis, PRT increased total lean and appendicular muscle mass, which 

was associated with increases in muscular IGF-1 and IGFBP-3 with no changes in systemic 

levels (169). Thus, more studies are required in the specific tissue response of the IGF-1 axis 

to PRT in prostate cancer.  

 

2.2.5.2 Chronic inflammation and antioxidant pathways 

It is known that chronic inflammation in prostate cancer is associated with prostate cancer 

progression and poorer overall survival (130). Stimulation of muscle contraction during PRT 
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releases myokines that lower systemic inflammation (170), with 4-8 weeks of PRT reducing 

serum  IL-6 and TNF in prostate cancer patients (171). While IL-6 derived from macrophages 

and adipocytes has pro-inflammatory effects (170), muscle-derived IL-6 can counteract TNF-

, which as previously discussed, is associated with significantly worse outcomes in men with 

prostate cancer (130). Muscle-derived IL-6 acts as an energy sensor, and improves overall 

metabolic function by increasing insulin-stimulated glucose uptake and whole-body fatty acid 

oxidation (170). Thus, modulation of systemic inflammation may represent one of the 

pathways in which PRT may inhibit prostate cancer progression.  

Skeletal muscle is a major source of reactive oxygen species (ROS) which is balanced by 

antioxidant enzymes such as catalase, glutathione peroxidase and glutathione reductase (172). 

ROS increases oxidative stress on DNA, which can contribute to the initiation and progression 

of prostate cancer (173). In healthy young men, resistance exercise performed regularly for 6 

weeks decreased oxidative stress and increased glutathione levels (174). Prostate cancer 

patients who participated in vigorous activity had greater expression of the nuclear factor 

erythroid 2-related factor 2 (Nrf-2) in their normal prostate tissue compared to those who were 

more sedentary. The Nrf-2 protein stimulates the production of anti-oxidant enzymes, and 

studies in mice show that loss of Nrf-2 correlate with increased ROS and DNA damage leading 

to neoplastic transformation of normal prostate tissue (175). 

 

2.2.5.3 Adipokines and myokines 

Leptin is an adipokine which is a key regulator of appetite control and body weight. It also 

has a role in energy homeostasis, insulin secretion, angiogenesis and modulation of innate and 

adaptive immune responses (176). High circulating levels of leptin enhances growth of prostate 

cancer cells in vitro (177) and PRT has been found to significantly reduce serum leptin levels 
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in obese men (178). Resistin is an adipokine known to upregulate pro-inflammatory cytokines 

(179), and induce prostate cancer cell proliferation (180) while adiponectin has anti-

inflammatory properties (181). PRT has been found to reduce serum resistin levels in post-

menopausal women (182) while increasing serum adiponectin in obese young men (183), but 

has not been extensively studied in the cancer population  

Irisin is a myokine generated in the presence of exercise-induced upregulation of 

peroxisome proliferator-activated receptor gamma coactivator-1-alpha (PGC-1). It has a role 

in the regulation of energy metabolism, browning of white adipocytes and improving insulin 

sensitivity (184). Irisin has been shown to significantly reduce cancer cell proliferation, 

migration and viability in malignant cancer cell lines without affecting non-malignant cells. 

Specifically, irisin has cytotoxic effects on prostate cancer cells (185). It has been suggested 

that endurance training can increase circulating irisin levels in human subjects (186). Similarly, 

Zhao et al (187) found that 12 weeks of PRT significantly increased serum irisin in older adults. 

Another potential pathway may involve decorin, which is a proteoglycan and a myokine, 

stimulated by resistance training (188). Recent discoveries show that decorin reduces cancer 

growth and dissemination (189). In prostate cancer cell models, decorin prevents androgen 

receptor nuclear translocation and inhibits the production of PSA (190). In an animal model, 

systemic administration of decorin significantly reduced prostate cancer bone metastasis (191). 

Thus, myokines released during muscle contraction may have a direct effect reducing cancer 

growth and spread. 

 

2.2.5.4 Neurotrophic pathway 

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family of growth 

factors which supports differentiation, maturation and survival of neurons in the nervous 
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system  and a reduction in BDNF is implicated in the development of depression (192). BDNF 

is also secreted by prostate cancer cells and have mitogenic effects on the prostatic epithelium 

(193). A 12-week resistance training program in older male subjects was found to increase 

circulating plasma BDNF levels which returned to baseline after de-training (194). Thus, the 

BDNF signaling pathway may represent one of the modalities by which resistance exercise 

inhibits prostate cancer cell growth.   

 

2.2.5.5 Epigenetic effects 

Exercise has epigenetic effects on the phenotypic expression of various genes involved in 

cancer (138). In men with low risk prostate cancer, cell cycling and DNA repair pathways were 

upregulated in those who participated in ≥ 3 hours/week of vigorous activity compared to those 

who did not (195). MicroRNAs (MiRNA) are small, endogenous non-coding RNA which can 

modify protein expression through cleavage of specific target mRNAs or through inhibition of 

their translation. In prostate cancer the presence of oncogenic miRNAs such as miR-21 is 

predictive of cancer recurrence following radical prostatectomy (196), and serum levels of 

miR-21 have been found to decrease immediately after resistance exercise in healthy young 

men (197). Dimauro et al (198) found that 12 weeks of moderate intensity, explosive-type 

resistance training in an elderly cohort counteracts shortening of telomeres, which are 

nucleotides at the end of chromosomes that protect their integrity. Telomere shortening is one 

of the earliest molecular genomic events in prostate tumorigenesis and can generate genomic 

instability (199). In men with early prostate cancer, those who followed a comprehensive 

lifestyle program, including regular exercise, had increases in telomere length after 5 years 

(200).   
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2.2.6 Future Research Directions and Conclusion 

To conclude, as the population ages and the number of prostate cancer diagnoses increases 

across the population, we are likely to encounter more of the deleterious effects of ADT. There 

is now an endorsement by various oncological societies to incorporate the use of physical 

activity as synergistic medicine during prostate cancer treatment. PRT is an exercise modality 

that has been shown to be of benefit in the maintenance of body composition and muscle 

function during ADT, although it is important to note that current evidence exhibits major 

heterogeneity within and between studies in terms of patient characteristics and type of PRT 

intervention. Despite compelling evidence for the application of PRT as standard of care in 

patients with prostate cancer, there is still paucity in the literature regarding its use in this 

population. This includes its benefits on specific muscle groups, and its impact on physiological 

endpoints such as glucose and insulin metabolism, bone turnover, and the adipokines, 

myokines and inflammatory cytokines affected during ADT, thus providing scope for future 

research.  

Furthermore, this review summarises the current body of evidence on the potential 

signalling pathways modified either directly or indirectly by PRT, and its positive effects on 

cancer growth and progression. As many of these pathways are also implicated in the 

development and progression of prostate cancer, more clinical studies are required in this area 

to obtain a better understanding of the mechanisms of benefit of PRT.    

In summary, PRT is an exercise modality with great potential in the treatment of ADT-

induced adverse effects. However, more research is required regarding its impact on the 

physiological and biochemical pathways involved in prostate cancer progression.  
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2.3 Evidence of benefit for home-based exercise programs 

in the prostate cancer population 

As aforementioned, there are consistent positive outcomes regarding the benefits of exercise 

in reducing treatment related adverse effects and improving symptoms in men with prostate 

cancer (21). Due to advancements in the field of exercise oncology, the American Cancer 

Society and American College of Sports Medicine have implemented exercise guidelines 

relating to prostate cancer survivors. Survivors are advised to avoid inactivity regardless of 

cancer stage and treatment, and to undertake 150 min/week of moderate or 75 min/week of 

vigorous aerobic exercise, and to perform resistance exercise of moderate or high intensity on 

two or more days a week (201). However, in a population-based sample of Australian men, 

Galvao et al found that only 12% of men with prostate cancer reported meeting current 

exercise-oncology guidelines with the large majority (~48%) being inactive. Most inactive men 

were in the contemplative or preparation stage of motivation readiness (21). Thus, for this 

reason, trials of supervised exercise programs in the cancer population report better compliance 

rates and improved outcomes compared to home-based exercise programs (152,202). 

Supervised programs have the advantage of offering participants a safe, secure, well-equipped 

exercise environment with experienced fitness consultants to provide leadership, build 

confidence and provide ongoing positive feedback (148). However, supervised programs have 

limitations in terms of accessibility (particularly for patients living outside of metropolitan 

areas), expense, and transitioning to community-based programs can often be confronting for 

patients (203-205). Thus, home-based exercise programs may provide an alternative option.  

 Currently, there is a paucity of literature relating to the viability and efficacy of home-based 

exercise (either PRT and/or aerobic) programs in the prostate cancer population. Kim et al 
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(206) compared a 6-month home-based exercise program consisting of weight bearing and 

resistance exercise to whole body stretching performed 3 to 5 times per week in men with 

prostate cancer on ADT and found a patient retention rate of 80.4% at 6 months. There were 

no significant differences between groups in terms of BMD and QOL. However, patients in the 

exercise group had preservation of muscle strength, as measured by hand grip strength. 

Attrition was prevented by employing individual exercise prescriptions, goal setting, 

educational verbal persuasion and frequent monitoring of exercise behaviors (206). In a 

feasibility study, Alibhai et al (207) found that a 6-month, home-based mixed aerobic and PRT 

program had a probability of > 20% of being inferior to supervised personal training in terms 

of physical fitness as measured by VO2 peak and grip strength. In a multicenter, 12-month RCT 

consisting of a supervised mixed aerobic/PRT program for 6 months followed by a similar 

home-based program for 6 months, Galvao et al (208) found an improvement in 

cardiorespiratory fitness, lower limb physical function, muscle strength, QOL and physical and 

emotional functioning at both 6 and 12 months. However, the significant gains in LBM at 6 

months were not sustained at 12 months.  

Thus, the evidence pertaining to the benefits of a home-based exercise program in men with 

prostate cancer remain inconsistent. Given that a home-based program may represent a cost-

effective intervention to enhance exercise participation in this population, a greater number of 

studies are required to assess its feasibility and efficacy in the longer-term, as well as the type 

of exercise (aerobic versus PRT) that would provide maximal benefit and compliance rates.   
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3.1 Abstract 

Context: The urea cycle is a rate limiting step for amino acid nitrogen elimination. The rate of 

urea synthesis is a true indicator of whole-body protein catabolism. Testosterone reduces 

protein and nitrogen loss. The effect of testosterone on hepatic urea synthesis in humans has 

not been studied.  

Objective: To determine whether testosterone reduces hepatic urea production. 

Design: an open label study 

Patients and Intervention: Eight hypogonadal men were studied at baseline, and after two 

weeks of transdermal testosterone replacement (Testogel, 100 mg/day). 

Main Outcomes Measures: The rate of hepatic urea synthesis was measured by the urea 

turnover technique using stable isotope methodology, with 15N2-Urea as tracer. Whole-body 

leucine turnover was measured, from which leucine rate of appearance (LRa), an index of 

protein breakdown and leucine oxidation (Lox), a measure of irreversible protein loss, were 

calculated.  

Results: Testosterone administration significantly reduced the rate of hepatic urea production 

(from 544.4 ± 71.8 to 431.7 ± 68.3 µmol/min; p < 0.01), which was paralleled by a significant 

reduction in serum urea concentration. Testosterone treatment significantly reduced net protein 

loss, as measured by percent Lox/LRa, by 19.3 ± 5.8 % (p < 0.05). There was a positive 

association between Lox and hepatic urea production at baseline (r2 =0.60, p < 0.05) and after 

testosterone administration (r2 =0.59, p < 0.05). 

Conclusion: Testosterone replacement reduces protein loss and hepatic urea synthesis. We 

conclude that testosterone regulates whole body protein metabolism by suppressing the urea 

cycle.  
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3.2 Introduction 

Testosterone increases muscle mass and strength and improves physical function in men 

(209). Declining levels of testosterone are associated with the development of sarcopenia and 

frailty in men, and testosterone replacement in hypogonadal men increases muscle mass and 

strength (2,210). However, tissue-specific biochemical mechanisms of androgen action are not 

fully understood. Testosterone regulates amino acid availability, facilitating reutilization and 

increasing muscle protein accretion (31,211). We have previously shown that the whole body 

protein anabolic effects of testosterone are mediated through the liver (50,51). In hypogonadal 

men, selective exposure of the liver to testosterone by oral administration reduces protein 

oxidation, a hallmark of catabolism. This effect is indistinguishable to that of systemic 

(transdermal) testosterone administration. Thus, the liver is the primary site underpinning the 

anti-catabolic effect of testosterone. However, the intrahepatic biochemical pathways 

mediating the protein anabolic action of testosterone are unclear (53,54).  

   Protein mass is constantly turning over in a dynamic process of breakdown and synthesis. 

Amino acids, derived from proteolysis are either oxidized and irreversibly lost, or 

resynthesized into protein. The liver is a major site of protein metabolism and degradation of 

amino acids, which is controlled by the urea cycle. Surplus α-amino nitrogen derived from 

degradation of amino acids enters the urea cycle as ammonia and is converted to urea in 

hepatocytes, and subsequently eliminated. This represents an irreversible loss of protein 

nitrogen (212). Hormones such as glucagon, glucocorticoids and growth hormone regulate urea 

cycle enzymes in the liver (11,47). Early studies in rats also observed an inhibitory effect of 

testosterone on the arginine synthetase system, a key component of the urea cycle (13). While 

it has since been demonstrated that testosterone increases nitrogen retention (12), evidence that 

testosterone suppresses urea production in humans is lacking.  
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   The aim of this study was to determine in humans whether testosterone inhibits hepatic urea 

production. We employed stable isotope studies to investigate the effects of systemic 

testosterone administration on hepatic urea production in hypogonadal men. The leucine 

turnover technique was undertaken simultaneously to confirm that testosterone enhanced 

whole body protein anabolism. 

 

3.3 Subjects and Methods 

3.3.1 Subjects 

Eight hypogonadal men were recruited from Endocrine Outpatients Clinics in Western 

Sydney, Australia. Inclusion criteria included males aged between 18 to 75 years with 

diagnosed primary or secondary hypogonadism, and adequate replacement of other hormones 

in the case of hypopituitarism. Exclusion criteria included patients with diabetes mellitus, 

malignancies, chronic renal or hepatic illnesses, or taking medications known to interfere with 

the endocrine system. Out of eight patients, one had Klinefelter Syndrome, four had pituitary 

adenomas with hypogonadism, and three had hypogonadism of unknown cause.  

   This study was approved by the Western Sydney Local Heath District Human Research 

Committee. The study was conducted in accordance with the principles of the Declaration of 

Helsinki. All participants gave written informed consent. The study was registered with the 

Australian and New Zealand Clinical Trials Registry (ACTRN 1261000577415).  
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3.3.2 Study design 

In an open label study, eight hypogonadal subjects were studied at baseline, and after two 

weeks of testosterone replacement by the transdermal route (Testogel; Besins Healthcare 

Australia Pty Ltd, 10 mg/g), administered at a dose of 100 mg/day. The main endpoint 

measurement was rate of hepatic urea synthesis. Other endpoint measurements included 1) 

whole-body leucine rate of appearance (LRa) and oxidation (Lox), which are indices of whole 

protein breakdown and oxidative loss, respectively, 2) energy expenditure, 3) body 

composition, and 4) other biochemical markers of intervention, including serum levels of 

testosterone, urea, sex-hormone binding globulin (SHBG) and insulin-like growth factor.   All 

participants were instructed to follow their usual diet and physical activity. Participants were 

studied after an overnight fast in the Blacktown Clinical School and Research Centre, Australia. 

At each visit, study blood samples were collected and placed on ice, and plasma and serum 

were separated and stored at -80oC until analysis.  

 

3.3.3 Methods 

3.3.3.1 Protein turnover 

The leucine turnover technique was used to measure whole-body protein metabolism. This 

method is based on the principal of steady-state kinetics whereby the rate of appearance of a 

substrate equals its rate of disposal. Leucine is either oxidized or re-incorporated into protein, 

and the fractional partitioning between these two pathways of disposal is determined from the 

fraction of infused isotope that appears in breath. The LRa and Lox were calculated as 

previously described (213). Α-Ketoisocaproic acid (KIC) is formed when leucine undergoes 

transamination. It is used as a surrogate marker of leucine as it more accurately reflects the 

intracellular environment (214).  
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   A 0.014 mg/kg priming dose of NaH13CO3 was given after an overnight fast, followed by a 

primed constant 3 hour infusion of 1-[13C]leucine (prime 0.5 mg/kg, infusion 0.5 mg/kg/h) 

(215,216). NaH13CO3 and 1-[13C] leucine were obtained from Cambridge Isotope Laboratories 

(Woburn, MA). On each visit, blood and breath samples were collected before (-10 and 0 min) 

and during (140, 160, and 180 min) the leucine infusion. Blood was placed on ice, and plasma 

was separated and stored at -80oC. As described by Nissen et al, KIC was extracted from plasma 

(217). Plasma KIC enrichment with 13C was measured by gas chromatography-mass 

spectrometry (GCMS) (MSD 5971A, model 5890, Hewlett-Packard Co., Palo Alto, CA, USA). 

CO2 enrichment with 13C in breath samples was measured at the University of Surrey, United 

Kingdom, on a Delta Plus XP isotope ratio mass spectrometer fitted with a Gas Bench II inlet 

system (Thermo Fisher Scientific, Hemel Hempstead, UK). Based on previous experiences, 

our coefficients of variation (CV) for LRa and Lox are 3.5 and 6.1%, respectively (218).  

 

3.3.3.2 Urea synthesis 

The rate of urea synthesis was measured by the urea turnover technique using stable isotope 

methodology, with 15N2-Urea as tracer. Surplus α-amino nitrogen derived from protein 

degradation enters the hepatic urea cycle as ammonia and is converted to urea. Thus, the rate 

of urea synthesis is a true indicator of net protein catabolism. Previously functional hepatic 

nitrogen clearance studies used blood α-amino nitrogen concentrations and urinary urea-N 

excretion during infusion of amino acids (219). Our technique is based on an earlier protocol 

which employs stable isotopes in the measurement of urea synthesis (220), offering time and 

sensitivity advantage.  

   After an overnight fast, a priming dose of 15N2-Urea (3.4 mg/kg; Cambridge Isotope 

Laboratories, Andover, MA) was given, followed by a continuous infusion of the tracer at 0.34 
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mg/kg/h for 4 hours. On each visit, blood samples were collected before (-10 and 0 min) and 

during (120, 180, 210 and 240 min) the primed infusion, when steady state was reached. Plasma 

samples were collected into chilled tubes, separated immediately and stored at -80ºC until 

analysis. [13C,15N2]-Urea was added to plasma samples as an internal control, and samples were 

prepared for analysis as previously described (221), with modifications. Briefly, plasma 

samples were treated with ethanol for one hour at -20oC to precipitate proteins. The labelled 

and non-labelled urea in the samples was then converted to 2-hydroxypyrimidine using 

malonaldehyde bis (dimethyl acetal) and HCl during the one-hour incubation. The samples 

were evaporated to dryness in a Speed Vac concentrator for at least three hours and reacted 

with MSTFA (N-methyl-N-(trimethyl-silyl) trifluoroacetamide) to form a trimethylsilyl 

derivative of 2-hydroxypyrimidine. Enrichments of [15N2] and [15N1]-urea were determined by 

GC-MS (MSD 5971A, model 5890, Hewlett-Packard Co., Palo Alto, CA, USA). Enrichments 

were expressed as tracer to tracee molar ratios and calculated from the deconvoluted 

enrichment peak ratios (m/z 155/153). Rate of hepatic urea production is an inverse measure of 

isotopic enrichment of [15N2]-urea in blood and was calculated as a product of the rate of urea 

infusion and the tracer to tracee ratio. In our hands, day to day variation in urea production is 

5.5%, inter-assay CV 3.5%, and intra-assay CV 1.8%, assessed in four healthy men on two 

occasions one week apart. 

 

3.3.3.3 Energy expenditure 

Whole-body energy expenditure and substrate oxidation were measured by indirect 

calorimetry using an open-circuit ventilated hood system (ParvoMedics, Sandy, UT, USA), 

calibrated against standard gases before each study. The participants rested in a supine position 
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for at least 30 minutes and a clear plastic hood was placed over their heads for a period of 20 

minutes. Two measurements were taken and averaged.  

 

3.3.3.4 Body composition 

Fat mass (FM), lean body mass (LBM), and extracellular water (ECW) were assessed using 

Bioelectrical Impedance Spectroscopy (BIS; SFB7 analyser, ImpediMed Ltd, Qld, Australia) 

(222). After 20 minutes of rest, two measurements were taken in the supine position, and the 

average was taken. Body cell mass (BCM), an estimate of muscle mass, was calculated by 

subtracting ECW from the LBM.  

 

3.3.4 Assays 

All samples for any individual were measured in the same assay run for each analyte. 

Concentrations of serum SHBG, testosterone and total PSA were measured by an 

electrochemiluminescence immunoassay (ECLIA) using a commercial assay kit (Roche 

Diagnostics, USA). The CV for SHBG at 45.7 nmol/L was 2.1% and the CV for total 

testosterone at 8.7 nmol/L was 2.8%. The CV for total PSA at 0.3 ng/mL was 2.4%.  Serum 

urea and albumin were measured photometrically. The CV for urea at 7.2 mmol/L was 1.2%, 

and albumin at 49.6 g/L was 0.4%. The concentration of serum insulin was measured by 

chemiluminescent microparticle immunoassay (CMIA) and the CV at 55.08 µU/mL was 2.5%. 

Serum creatinine was measured by a kinetic calorimetric assay and the CV at 72.9 µmol/L was 

2.3%. Serum IGF-I levels were measured by RIA after acid ethanol extraction, and the CVs for 

IGF-I were 8.3% at 14.7 nmol/l and 7.4% at 28.6 nmol/l.  
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3.4 Statistical analysis 

The treatment effects of testosterone on urea synthesis and protein turnover were assessed 

using paired t tests. Results are expressed as mean ± SEM, and a p value <0.05 was significant. 

Linear regression analysis was used to correlate changes in urea synthesis with other endpoint 

measures. A linear mixed-effect model was used to determine the effect of changes in serum 

testosterone, LBM, BCM and IGF-1 on urea synthesis. Statistical analysis was undertaken 

using the statistical software package SPSS statistics v22 (IBM corporation, Armonk, NY, US) 

and RStudio (Boston, MA, US).  

 

3.5 Results 

The mean age of participants was 49.1 ± 4.9 years. Their clinical, hormonal and metabolic 

characteristics at baseline, and after two weeks of transdermal testosterone therapy are shown 

in Table 1. Administration of 100 mg/day of transdermal testosterone for two weeks increased 

serum levels of testosterone into the normal range (Figure 3).   

 

Figure 3: Serum testosterone levels at baseline and at the end of the two-week treatment period 

with transdermal testosterone (100 mg/day). Data are presented as mean ± SEM. 
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3.5.1 Urea and protein turnover 

The baseline rate of hepatic urea synthesis was 544.4 ± 71.8 µmol/min. Following 

testosterone administration for two weeks, urea production fell significantly by 21 ± 5% (p < 

0.01; Figure 4) accompanied by a fall (p < 0.01) in serum urea concentration (Table 3).  

 

Figure 4: Urea production rate at baseline and the end of the two-week treatment period with 

transdermal testosterone (100 mg/day). Data are presented as mean ± SEM. 
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Table 3: Clinical, hormonal, and metabolic measures at baseline and after two weeks of 

transdermal testosterone treatment 

Data are presented as mean ± S.E.M.  BMI, body mass index; SHBG, sex-hormone binding globulin; IGF-1, 

insulin-like growth factor; ALT, alanine aminotransferase; AST, aspartate aminotransferase; PSA, prostate-

specific antigen; REE, resting energy expenditure; Fox, fat oxidation; Cox, carbohydrate oxidation. 

 

Testosterone administration did not significantly affect LRa, a measure of protein turnover 

(Table 4). Leucine oxidized as a proportion of LRa (percent Lox/LRa), which represents the 

proportion of amino acids that are irreversibly lost when adjusted for changes in protein 

turnover, was significantly reduced by 19.3 ± 5.8 % (p < 0.05) following testosterone 

administration.  

 

 Baseline Testosterone  P value 

Weight (kg) 99.9 ± 14 101 ± 14 <0.05 

BMI 31.5 ± 3.9 31.8 ± 3.9 <0.05 

Lean body mass (% weight) 69.1 ± 2.1   69.9 ± 2.1  0.32 

Body cell mass (kg) 46.0 ± 5.6  46.6 ± 5.1  0.42 

Extra-cellular water (L) 22.0 ± 3.0 22.5 ± 2.9 0.19 

SHBG (nmol/L) 29.6 ± 6.4 27.3 ± 5.2 0.19 

IGF-1 (nmol/L) 17.6 ± 2.9 18.4 ± 2.9 0.30 

Urea (mmol/L) 6.0 ± 0.5 4.4 ± 0.4 <0.01 

Creatinine (µmol/l) 77.9 ± 3.3 76.8 ± 2.4 0.57 

Albumin (g/l) 41.4 ± 0.9 40.9 ± 8.0 0.41 

ALT (IU/l) 28.8 ± 2.1 27.0 ± 2.1 0.47 

AST (IU/l) 27.6 ± 2.7 24.6 ± 1.4 0.37 

Glucose (mmol/L) 5.6 ± 0.3 5.7 ± 0.2 0.40 

Insulin (mIU/L) 59.9 ± 13.0 77.9 ± 35.2 0.58 

PSA (ng/mL) 0.80 ± 0.3  0.94 ± 0.2 0.07 

REE (kcal/day) 1717.6 ± 135.5 1793.8 ± 154.5 <0.05 

Fox (mg/min) 53.2 ± 5.5 54.0 ± 10.1 0.93 

Cox (mg/min) 116.6 ± 13.3 128.2 ± 26.9 0.64 
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Table 4: Effects of testosterone on whole body protein turnover  

Data are presented as mean ± SEM. LRa, leucine rate of appearance (a measure of protein breakdown); Lox, 

leucine oxidation (a measure of irreversible loss of protein). 

 

3.5.2 Other endpoint measures 

On average, the weight of participants increased by 1.1 ± 0.4 kg (Table 3). Two weeks of 

testosterone administration did not significantly change any of the body composition 

parameters. Following two weeks of testosterone administration, there was a significant 

increase in resting energy expenditure by 76.2 ± 26.4 kcal/day (p < 0.05). There were no 

significant changes in the rates of fat or carbohydrate oxidation. There were no significant 

changes in any of the measured endocrine markers, including serum levels of SHBG, IGF-1, 

glucose or insulin. Similarly, testosterone did not significantly change levels of liver 

transaminases (AST, ALT), albumin, creatinine or prostate-specific antigen (Table 3).  

 

3.5.3 Association between urea synthesis and other end-point 

measurements  

The rate of hepatic urea production was significantly correlated with net Lox, a maker of 

irreversible loss of protein before (r2 =0.60, p < 0.05; Figure 5a) and after testosterone 

replacement (r2 = 0.59, p < 0.05). The slopes of the relationship between urea production and 

Lox were similar before and during the treatment (p=0.34). Hepatic urea production 

significantly correlated with serum urea concentration at baseline and during testosterone 

 Baseline Testosterone  P value 

LRa (µmol/min) 211.1 ± 22.6 215.8 ± 26.0    0.57 

Lox (µmol/min) 42.8 ± 5.2 35.9 ± 6.0 <0.05 

Lox (% from Ra) 20.5 ± 1.5 16.4 ± 1.6 <0.05 
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administration (p<0.05; Figure 5b). The reduction in hepatic urea synthesis could not be 

predicted by changes in serum testosterone, LBM, BCM or IGF-1 by a linear mixed-effects 

model.  

 

Figure 5a: Association between hepatic urea production and leucine oxidation (Lox) at 

baseline (broken line) and at the end of the testosterone administration (solid line) 
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Figure 5b: Association between hepatic urea production and serum urea concentration at 

baseline (broken line) and at the end of the testosterone administration (solid line). 

 

3.6 Discussion  

This study is the first to investigate the effects of testosterone on hepatic urea production in 

humans. We show that testosterone replacement significantly reduces hepatic urea production 

in hypogonadal men. This occurs in parallel with a significant fall in leucine oxidation, an index 

of irreversible loss of whole-body protein. We provide evidence that testosterone induction of 

protein anabolism in humans is mediated by inhibition of the hepatic urea cycle, thereby 

conserving amino acids for protein synthesis (Figure 6).  

   Hormones that cause catabolism, such as glucocorticoids and glucagon stimulate urea 

synthesis, as reflected in an enhancement of functional hepatic nitrogen clearance (44). At the 

in vitro level, glucocorticoids increase gene expression of enzymes promoting urea synthesis 

(47). Similarly, treatment with glucagon up-regulates enzymes of the urea cycle in cultured rat 
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hepatocytes such as carbamoyl phosphate synthetase, arginosuccinase and arginase (47). The 

reverse occurred when rats were treated with growth hormone, an anabolic hormone (11). 

However, the effect of testosterone is not established, and the evidence from animal studies is 

contradictory. In ovariectomised female rats testosterone treatment for ten days significantly 

reduced arginine synthetase activity, a key enzymatic component of the urea cycle (49). 

However, intraperitoneal injection of testosterone into female rats has been also shown to 

increase liver arginase activity (14). Thus, early work in female rats report discordant effects 

of testosterone on urea cycle enzyme activity. Although it is long established that testosterone 

is nitrogen sparing (12), biochemical evidence that testosterone inhibits the urea cycle has been 

lacking. We here provide unequivocal evidence for a direct effect of testosterone on the hepatic 

urea cycle in humans. We found that restoring testosterone levels into the normal range reduced 

hepatic urea production by approximately 20% in hypogonadal men.  

Figure 6: Protein metabolism:  

 

 

 

 

 

 

 

 

 

Amino acids derived from proteolysis in muscle partake in a shuttle to and from the liver with a proportion 

metabolised irreversibly to urea in the liver and excreted by the kidney. We propose that testosterone reduces 

amino acid loss via inhibition of the hepatic urea cycle. 
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   Androgens increase muscle mass and strength (4). While androgens regulate muscle protein 

economy indirectly through the urea cycle, they also act directly on muscle stimulating 

myoblast growth and differentiation, inducing muscle fibre hypertrophy (7). The extent to 

which the indirect and direct actions of androgens contribute to muscle mass has been a subject 

of great interest and explored by utilizing muscle specific AR knockout models. These models 

provide evidence of a cell type-specific effects of AR activation in the regulation of muscle 

anabolism. Studies in myocyte-specific AR knockout (mARKO) mice show surprising 

preservation of skeletal muscle mass, with muscle loss restricted only to the highly androgen-

sensitive levator ani muscle (223,224). Conversely, studies in mARKO mice on the effects of 

orchidectomy (223), and global AR knockout mice, show a significant but selective reduction 

in the mass of hind limb skeletal muscles (23). This indicates that androgen receptor activation 

purely in myocytes is insufficient to induce muscle anabolism. It has been proposed that 

androgen effects on muscle may be mediated through other cell types, such as satellite cells, 

myofibroblasts and motor neurons (225,226), via non-genomic pathways (227), or through 

testosterone aromatization to oestradiol (228). Thus, the regulation of muscle mass by 

androgens is complex, involves direct, indirect and paracrine mechanisms. We now add an 

additional component to this system by demonstrating that testosterone action on the liver 

reduces loss of amino acid nitrogen, potentially increasing the pool available for muscle 

anabolism.   

   There is a linear relationship between the hepatic urea synthesis rate and the blood amino 

acid concentration. Therefore, reduction in amino acid concentration in the blood (due to e.g. 

decrease in protein breakdown in the muscle) may reduce the rate of urea production.  

However, this did not occur, as we provided evidence that protein breakdown (LRa) was 

unaffected by testosterone replacement. Thus, it is highly unlikely that the mechanism for 

reduced urea production in our study would have resulted from a reduction in amino acid 
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availability. Furthermore, previous research reports increase in amino acid plasma 

concentration during testosterone replacement (229). As amino acid availability in blood is 

expected to increase with testosterone administration, this would result in an increase in urea 

production. However, the reverse was found in our study. Therefore, this indicates that 

testosterone must act on the liver directly to reduce urea production. 

The leucine and urea turnover techniques are established methods for quantifying whole-

body protein metabolism. Both methods quantify the oxidative metabolism of amino acids by 

tracking the disposal of labelled molecular constituents of amino acid. The leucine turnover 

technique tracks the metabolic fate of the carbon moieties of amino acids, providing a measure 

of whole-body protein oxidative loss. The urea turnover technique tracks nitrogen through the 

generation of urea in the liver. As these are processes common to amino acid oxidative 

catabolism, the finding of a strong relationship between rates of leucine oxidation and urea 

production in the present study, is a predictable outcome. Not only does this association 

validate the integrity of both methodologies in our hands, it confirms that leucine and urea 

turnovers provide internally concordant indices of whole-body protein turnover. 

We have previously reported that the inhibition of whole-body leucine oxidative loss by 

testosterone in hypogonadal men is equal between oral and transdermal delivery (51). Because 

rates of Lox and urea production are measures of amino acid catabolism, this means that 

testosterone delivered by the oral and transdermal routes is expected to reduce urea production 

equally. Thus, androgen exposure to the liver underlies the mechanistic prevention of whole-

body protein catabolism by testosterone. Strong evidence for the importance of this mechanism 

comes from our study findings that solely hepatic testosterone exposure delivered by the oral 

route reduces catabolism in hypopituitary men with hypogonadism and in post-menopausal 

women (50,51). As the effect of the liver-targeted testosterone was only evident in the presence 

of growth hormone (GH) (51), full testosterone effect on protein metabolism is expected in the 
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current study, as these patients had isolated hypogonadism with an intact GH-IGF-1 axis. This 

indicates that in the presence of adequate hepatic exposure to GH, testosterone reduces whole 

body protein loss by affecting the hepatic urea cycle. These findings open a novel approach of 

targeting the hepatic urea cycle to enhance whole body protein anabolism. This liver-targeted 

approach has an advantage in situations where systemic testosterone treatment poses a health 

risk in men or virilisation in women. Thus, there is a potential to develop liver-targeted 

testosterone as a novel, safe and cost-effective treatment for sarcopenia in both men and 

women.    

This study has some limitations, such as the small sample size and that it was not blinded, 

or placebo controlled. However, as each patient served as its own control, this short-term 

intervention causing substantial changes in hepatic urea production in the absence of any 

changes in lifestyle and body composition provides strong evidence of a biological effect. The 

outcome measures are objective and provide proof of principle that in humans testosterone 

reduces hepatic urea production in parallel with a reduction in an independent measure of 

whole-body protein loss. The results are unlikely to occur by chance since reduction in urea 

synthesis (-21 %) exceeds that of the day-to-day reproducibility of the method (CVs 5.5%). 

   In summary, we provide the first evidence that testosterone stimulates protein anabolism by 

acting on the liver to reduce irreversible nitrogen loss through the urea cycle. These findings 

are highly significant as may lead to the future use of liver-targeted testosterone therapy as a 

potential intervention in the treatment of sarcopenia, without the adverse effects of systemic 

testosterone.  
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4.1 Abstract 

Context: Androgen deprivation therapy (ADT) in prostate cancer results in muscular atrophy, 

due to loss of the anabolic actions of testosterone. Recently we discovered that testosterone 

acts on the hepatic urea cycle to reduce amino acid nitrogen elimination. We now hypothesize 

that ADT enhances protein oxidative losses by increasing hepatic urea production, resulting in 

muscle catabolism. We also investigated whether progressive resistance training (PRT) can 

offset ADT-induced changes in protein metabolism.  

Objective: To investigate the effect of ADT on whole body protein metabolism and hepatic 

urea production with and without a home-based PRT program. 

Design: A randomised controlled trial. 

Patients and Intervention:  Twenty-four prostate cancer patients were studied before and after 

6 weeks of ADT. Patients were randomised into either usual care (UC) (n = 11) or PRT (n = 

13) starting immediately after ADT.  

Main Outcome Measures: The rate of hepatic urea production was measured by the urea 

turnover technique using 15N2-Urea. Whole-body leucine turnover was measured, and leucine 

rate of appearance (LRa), an index of protein breakdown and leucine oxidation (Lox), a 

measure of irreversible protein loss, was calculated.  

Results: ADT resulted in a significant mean increase in hepatic urea production (from 

427.6±18.8 to 486.5±21.3; p<0.01) regardless of the exercise intervention. Net protein loss, as 

measured by Lox/LRa increased by 12.6±4.9% (p<0.05). PRT preserved lean body mass 

without affecting hepatic urea production. 

Conclusion: As early as 6 weeks after initiation of ADT, the suppression of testosterone 

increases protein loss through elevated hepatic urea production. Short-term PRT was unable to 

offset changes in protein metabolism during a state of profound testosterone deficiency. 
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4.2 Introduction 

Sarcopenia, the age-related loss of muscle mass and function, presents an escalating public 

health burden, contributing to increased falls, disability and loss of functional independence 

(4). In men, testosterone is critical for maintaining muscle mass and function, bone mass and 

body composition (230). Testosterone levels begin to decrease from the fourth decade of life, 

with up to 1% reduction per year of increasing age (231). This is exacerbated by the increasing 

prevalence of obesity, burden of disease and medication use with aging, resulting in poorer 

health outcomes (232). In older men, testosterone replacement increases lean body mass 

(LBM), reduces fat mass (FM) (236), with some studies also showing an improvement in 

physical function (237). Androgen deprivation therapy (ADT) used for the treatment of prostate 

cancer suppresses testosterone to castrate levels. This results in a rapid loss of muscle mass far 

exceeding that of normal aging (74,238). Thus, ADT offers a unique model to study the effects 

of hypogonadism on muscle and its role in the pathogenesis of sarcopenia, as well as providing 

insight into the physiological actions of testosterone in maintaining body composition in 

healthy older men.  

We previously showed that testosterone has a protein anabolic effect on the liver (50,51), 

with the recent discovery that the urea cycle may be the intra-hepatic pathway mediating this 

process (239). Administration of testosterone in hypogonadal men significantly reduced the 

rate of hepatic urea production, paralleled by a reduction in protein loss (239). This effect 

precedes any changes in muscle mass, indicative of a direct effect on the hepatic urea cycle by 

testosterone.  

Progressive resistance training (PRT) is a key therapy in the treatment of sarcopenia, 

contributing to significant improvements in muscle mass and strength (240). Similarly, PRT in 
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prostate cancer patients on ADT can mitigate adverse changes in body composition (20). A 

supervised exercise program instituted at the start of ADT has been found to preserve 

appendicular lean mass and prevent gains in fat mass over 3 months (241). Thus, PRT initiated 

at the start of ADT may prevent its adverse effects on muscle mass and function. 

Thus, the primary aim of this study was to investigate whether an increase in hepatic urea 

production is a determining factor in mediating protein oxidative losses under conditions of 

profound testosterone withdrawal during ADT. The secondary aim was to determine whether 

the introduction of PRT at the start of ADT can mitigate changes in protein metabolism, thus 

offsetting its accelerated effects on muscle catabolism.  

 

4.3 Subjects and Methods 

4.3.1 Subjects 

Twenty-four men with prostate cancer scheduled to receive conventional ADT with 

gonadotrophin releasing hormone (GnRH) analogues were recruited from the Crown Princess 

Mary Cancer Centre, Westmead Hospital and the Blacktown Cancer and Haematology Centre, 

Blacktown Hospital, Australia. Inclusion criteria included men aged between 50 to 80 years 

with histologically confirmed prostate cancer of early or locally advanced stage, or metastatic 

disease with bone involvement only (≤ 5 sites of metastases), and Eastern Cooperative 

Oncology Group (ECOG) 0 performance status. Exclusion criteria were concurrent 

chemotherapy or anti-androgen therapy, previous ADT within the last 12 months, or any 

musculoskeletal, cardiovascular or neurological disorders which prevent participants from 

undertaking upper and lower limb exercises. This study was approved by the Western Sydney 
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Local Health District Human Research Ethics Committee. The  study was conducted in 

accordance with the principles of the Declaration of Helsinki. All participants gave written 

informed consent. The study was registered with the Australian and New Zealand Clinical 

Trials Registry (ACTRN12616001311448). 

 

4.3.2 Study Design 

In this prospective study, 24 men were studied at baseline and after 6 weeks of ADT. The 

main endpoint measurement was rate of hepatic urea synthesis. Other endpoint measurements 

included (1) whole-body leucine rate of appearance (LRa) and oxidation (Lox), which are 

indices of whole-body protein turnover and oxidative losses, respectively (2) energy 

expenditure (3) body composition (4) other biochemical markers, including serum levels of 

testosterone, urea, sex-hormone binding globulin (SHBG), prostate specific antigen (PSA). 

Participants were studied after an overnight fast in the Blacktown Clinical School and Research 

Centre, Australia. At each visit fasting blood samples were collected at 8.30 – 9.00 am, placed 

on ice, and plasma and serum were separated and stored at -80oC until analysis. 

To determine whether exercise would offset the negative effects of ADT on protein 

metabolism, participants were randomly assigned to two arms: PRT or usual care (UC) using 

a computer random assignment program. Participants randomized to the UC group received no 

intervention. All participants maintained standard medical care for the treatment of prostate 

cancer and were instructed to maintain their usual activity and dietary patterns throughout the 

intervention period.  
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4.3.3 Progressive Resistance Training Intervention 

Participants assigned to the PRT group undertook 6 weeks of home-based resistance training 

starting immediately after their first ADT injection. Resistance training was performed three 

times per week, with 8-10 exercises targeting the major muscle groups using adjustable 

dumbbells or body weight loading (calisthenics). Patients performed 3 sets per exercise with 

8-12 repetitions maximum per set. The difficulty of each number of calisthenics exercise and/or 

the loading was advanced with strength adaptation (242). One week of exercise supervision (2 

sessions) was provided at baseline to instruct patients in proper lifting techniques and loading 

progressions. Online instructional videos and a printed training manual was provided for each 

exercise. Compliance to exercise was recorded in a training logbook by the participants. 

Overall activity level of all participants was monitored by physical activity questionnaires and 

total step count for 1 week (via a pedometer) prior to their study visit.  

 

4.3.4 Methods 

4.3.4.1 Protein turnover 

Whole-body protein metabolism was measured using the leucine turnover technique as 

previously described (239). In brief, after an overnight fast, an intravenous (IV) priming dose 

of NaH13CO3
 was followed by a primed constant 3-hour IV infusion of 1-[13C] leucine 

(Cambridge Isotope Laboratories; Woburn, MA). On each visit, blood and breath samples were 

collected before and during the leucine infusion. α-ketoisocaproic acid (KIC) was used as a 

surrogate marker of leucine as it more accurately reflects the intracellular environment (214). 

KIC was extracted from plasma as described by Nissen et al (217) and plasma KIC enrichment 
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with 13C was measured by gas chromatography-mass spectrometry (GCMS; MSD 5971A, 

Hewlett-Packard Co., Palo Alto, CA). CO2 enrichment with 13C in breath samples was 

measured at University of Surrey UK on a Delta Plus XP isotope ratio mass spectrometer fitted 

with a Gas Bench II inlet system (Thermo Fisher Scientific, Hemel Hempstead, UK). Leucine 

is either oxidized or re-incorporated into protein, and the fractional partitioning between these 

two pathways of disposal is determined from the fraction of infused isotope that appears in 

breath. Rates of leucine appearance (LRa) and leucine oxidation (Lox) were calculated as 

previously described  (213). Based on our previous experiences, coefficients of variation (CV) 

for LRa and Lox are 3.5% and 6.1% respectively (218). 

 

4.3.4.2 Hepatic urea production 

The rate of urea production was measured by the urea turnover technique using stable 

isotope methodology with 15N2-Urea as tracer, as described in detail previously (239). In brief, 

after an overnight fast, an IV priming dose of 15N2-Urea was given, followed by a continuous 

IV infusion of the tracer for 4 hours. On each visit, blood samples were collected before and 

during the primed infusion, when steady state was reached. Plasma was separated immediately 

and stored at -80oC until analysis. [13C, 15N2]-Urea was added to plasma samples as an internal 

control, and samples were prepared for analysis as previously reported (239). Enrichments of 

[15N2] and [15N1]-urea were determined by GCMS (MSD 5971A, Hewlett-Packard Co., Palo 

Alto, CA). Rate of hepatic urea production is an inverse measure of isotopic enrichment of 

[15N2]-urea in blood and was calculated as a product of the rate of urea infusion and the trace-

to-tracee ratio. Based on our experiences, day-to-day variation in urea production is 5.5%, 

inter-assay CV 3.5% and intra-assay CV 1.8%.  
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4.3.4.3 Energy Expenditure 

Whole-body energy expenditure and substrate oxidation were measured by indirect 

calorimetry. This involved using an open-circuit ventilated hood system (ParvoMedics, Sandy, 

UT, USA), calibrated against standard gases before each study. The participants rested on a 

bed for at least 30 min. A clear plastic hood was then placed over their head for a 20-min 

period. The measurements were taken during two 20-min periods and averaged.  

 

4.3.4.4 Body Composition 

Lean body mass (LBM) and fat mass (FM) were assessed by dual x-ray absorptiometry 

(DXA; GE Healthcare Lunar Prodigy Pro) and Bioelectrical Impedance Spectroscopy (BIS) 

using the ImpediMed Ltd SFB7 analyzer (ImpediMed Ltd, Qld, Australia). (222) Change in 

body cell mass (BCM), a functional component of lean body mass, was estimated by 

subtracting extracellular water (ECW) from LBM. 

 

4.3.5 Assays 

All samples for any individual were measured in the same assay run for each analyte. Serum 

sex-hormone binding globulin (SHBG), total testosterone and prostate-specific antigen (PSA) 

were measured by an electrochemiluminescence immunoassay (ECLIA). The inter-assay CVs 

for SHBG at 45.7 nmol/L was 2.1%; total testosterone at 0.087 nmol/L, 2.8%; and for total 

PSA at 1.12 ng/mL, 3.2%. Serum alanine aminotransferase (ALT), aspartate aminotransferase 

(AST) and urea were measured photometrically. The CV for ALT at 17.2 U/L was 4.8% and 

AST at 18 U/L was 6.8%. The CV for urea at 7.2 nmol/L was 1.2%. Total cholesterol was 

analyzed using a calorimetric assay and its CV at 1.97 mmol/L was 1.4%.  
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4.3.6 Statistical Analysis 

Sample size calculation was based on changes in hepatic urea production. Our previous 

study looking at testosterone supplementation in eight hypogonadal men showed a significant 

reduction in hepatic urea production by 21±5% after two weeks. Considering that a longer time 

period than 2 weeks would be required to achieve a change in testosterone level with ADT, 

eleven patients in each group would be required to achieve 80% power at  level of 0.05.   

The treatment effects of ADT on hepatic urea production and protein synthesis were 

assessed using paired t tests. Differences between PRT and UC groups were assessed using a 

two-sample t test. Results are expressed as mean ± S.E.M, and a P value < 0.05 was considered 

significant. A linear mixed effects model was used to determine the effect of PRT on hepatic 

urea production and protein turnover. Statistical analysis was undertaken using the statistical 

software package SPSS statistics v22 (IBM Corporation), RStudio (Boston, MA, USA) and 

R(243).  

 

4.4 Results 

The baseline characteristics of the study patients are listed in Table 5. The mean age was 

70.4 ± 1.5 years, and most had localized prostate cancer (n = 16). There were no significant 

differences between the UC and PRT groups in terms of age, prostate cancer grading or staging. 

At baseline, patients in the UC group had higher levels of testosterone (p < 0.05) and SHBG (p 

< 0.01; Table 5), although calculated free testosterone was not significantly different between 

the groups (p=0.1). Otherwise, they were well matched in terms of weight, renal and hepatic 

function. Baseline physical activity as measured by weekly step count was not significantly 
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different between the groups. Out of the 13 patients in the PRT group, 11 patients had an 100% 

adherence rate as documented in their training log books. Two patients violated study protocol 

by not filling out their logbooks as required, but verbally expressed a 100% adherence rate.  

 

Table 5. Baseline clinical characteristics 

Variable All patients (n =24) UC (n =11) PRT (n = 13) P value 

Age (years) 70.4 ± 1.5 71.7 ± 1.9 69.3 ± 2.3 0.43 

Weight (kg) 82.7 ± 2.8 80.4 ± 2.9 84.7 ± 4.7 0.46 

BMI kg/m2 29.3 ± 0.9 28.9 ± 1.1 29.7 ± 1.3 0.63 

Gleason score 7.9 ± 0.2 7.5 ± 0.3 8.2 ± 0.2 0.05 

Cancer staging     

Localized (n) 16 8 8 

0.40 
Biochemical recurrence 

(n) 
6 3 3 

Metastatic (n) 2 0 2 

Previous radiotherapy (n) 8 3 5 0.28 

Previous ADT (n) 2 0 2 0.17 

Lean body mass (kg) 54.0 ± 1.3 53.4 ± 1.3 54.5 ± 2.2 0.68 

LBM (% body weight) 64.8 ± 1.5 66.7 ± 2.0 63.2 ± 2.0 0.24 

Fat mass (kg) 27.3 ± 2.1 24.2 ± 2.4 29.9 ± 3.2 0.18 

Extracellular water (L) 19.4 ± 0.6 19.1 ± 0.6 19.8 ± 0.9  0.53 

Body cell mass (kg) 34.5 ± 0.9 34.4 ± 1.1 34.7 ± 1.3 0.84 

Testosterone (nmol/L) 14.2 ± 0.8 16.3 ± 1.2 12.5 ± 0.8 0.02 

LH (mIU/mL) 6.6 ± 0.5 7.0 ± 0.8 6.3 ± 0.7 0.51 

SHBG (nmol/L) 46.6 ± 2.9 55.9 ± 3.9 38.7 ± 2.7 <0.01 

Urea (mmol/L) 5.9 ± 0.3 6.2 ± 0.5 5.7 ± 0.3 0.30 

PSA (ng/mL) 9.8 ± 1.5 12.4 ± 2.8 7.7 ± 1.3 0.11 

Step count (number) 34538 ± 5180 41274±9235 28838 ± 5377 0.24 

Data are presented as mean ± S.E.M; P-value is for UC vs PRT group; BMI, body mass index; LBM, lean body 

mass; LH, luteinizing hormone; SHBG, sex-hormone binding globulin; PSA, prostate-specific antigen  
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4.4.1 Change in protein turnover and urea production 

Table 6 shows the rates of protein turnover and urea production in all study participants 

before and after ADT. After 6 weeks of ADT, there was no significant change in LRa, a 

measure of protein turnover. There was a 12.6 ± 4.9% (p < 0.05) (Figure 7) increase in leucine 

oxidized as a proportion of LRa (percent Lox/LRa), which represents the proportion of amino 

acids irreversibly lost when adjusted for changes in protein turnover. Conversely, the rate of 

leucine incorporation into protein (when adjusted for protein turnover) significantly decreased 

after ADT (Table 6).  

The baseline rate of urea production for all study participants was 427.6 ± 18.8 µmol/L. 

After 6 weeks of ADT, there was a 14.8 ± 4.1% increase in hepatic urea production to 486.5 ± 

21.3 µmol/min (Figure 7; p < 0.01). Significance was retained (p < 0.01) when corrected for 

changes in BCM, a functional component of lean body mass (Table 6).  

 

Table 6. Effect of ADT on whole body protein turnover and urea synthesis  

 Baseline Post-ADT P value 

LRa (µmol/min) 
168 ± 58 165 ± 54 0.52 

Lox (µmol/min) 25.1 ± 1.6 27.3 ± 1.9 0.11 

Lox (% from Ra) 15.1 ± 0.5 16.8 ± 0.6 0.02 

LIP (µmol/min) 143 ± 11 137 ± 10 0.25 

LIP (% from Ra) 84.9 ± 0.5 83.2 ± 0.6 0.02 

Urea production rate 

(µmol/min) 
428 ± 19 487 ± 21 <0.01 

Urea production 

rate/BCM (µmol/min/kg) 
12.4 ± 0.5 14.3 ± 0.6 <0.01 

Data are presented as mean ± S.E.M. LRa, leucine rate of appearance (a measure of protein breakdown); LIP, 

leucine incorporation into protein; Lox, leucine oxidation (a measure of irreversible loss of protein); BCM, body 

cell mass 
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Table 7. Protein turnover and urea synthesis in usual care and exercise groups before and after 

ADT  

 UC PRT P value 

  from baseline (%) P value  from baseline 

(%) 

P value  

LRa  -1.1 ± 3.5 0.65 -1.5 ± 5.1 0.64 0.94 

Lox  13.0 ± 6.9 0.08 8.1 ± 8.9 0.45 0.66 

Lox  

(% from Ra) 
14.6 ± 6.6 0.03 10.6 ± 7.6 0.23 0.69 

LIP  -3.3 ± 3.7 0.33 -2.9 ± 5.3 0.64 0.96 

LIP  

(% from Ra) 
-2.3 ± 0.9 0.03 -1.5 ± 1.0 0.23 0.63 

Urea production  

rate  
12.0 ± 5.3 0.03 17.2 ± 6.2 0.02 0.53 

Urea production 

rate/BCM 
14.9 ± 5.8 0.02 16.9 ± 7.2 0.03 0.83 

Data are presented as mean ± S.E.M; P-value is for UC vs PRT group; LRa, leucine rate of appearance (a measure 

of protein breakdown); LIP, leucine incorporation into protein; Lox, leucine oxidation (a measure of irreversible 

loss of protein); BCM, body cell mass 

 

4.4.2 Other endpoint measures 

Table 8 shows changes in anthropometric and biochemical characteristics in all study 

participants before and after 6 weeks of ADT. As expected, ADT caused a profound reduction 

in serum testosterone (by 93.5 ± 5.1% from 14.2 ± 0.8 nmol/L to 0.8 ± 0.6 nmol/L, p < 0.001). 

There were also decreases in luteinizing hormone (LH) and prostate-specific antigen (PSA), 

and a rise in sex hormone binding globulin (SHBG) (p < 0.001). There was no change in BCM, 

but a significant reduction in LBM (% body weight) and increase in fat mass (FM) (p < 0.05). 

ADT resulted in a rise in serum urea concentration by 12.4 ± 21.2% (p < 0.05). Transaminases, 

including both alanine transaminase (ALT) and aspartate transaminase (AST) increased (p < 

0.01) as did total cholesterol (p = 0.02), high-density lipoprotein (HDL) (p < 0.01) and 
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triglycerides (p < 0.05). There were no significant changes in other endocrine parameters such 

as glucose or energy expenditure.  

Table 8. Biochemical and metabolic characteristics at baseline and after 6 weeks of ADT 

 Baseline (n = 24) 6 weeks post ADT (n = 24)  P value 

Weight 82.7 ± 2.8 84.3 ± 2.9 0.27 

BMI 29.3 ± 0.9 29.4 ± 4.4 0.93 

Lean body mass (kg) 54.0 ± 1.3 53.7 ± 1.2 0.13 

LBM (% body weight) 64.8 ± 1.5 64.2 ± 1.4 0.02 

Fat mass (kg) 27.3 ± 2.1 27.9 ± 2.1 0.03 

Extracellular water (L) 19.5 ± 0.6 19.3 ± 0.6 0.56 

Body cell mass (kg) 34.5 ± 0.9 34.3 ± 0.9 0.44 

Testosterone (nmol/L) 14.2 ± 0.8 0.8 ± 0.6 <0.001 

LH (mIU/mL) 6.6 ± 0.5 0.9 ± 0.5 <0.001 

SHBG (nmol/L) 46.6 ± 2.9 50.4 ± 3.7 <0.001 

Urea (mmol/L) 5.9 ± 0.3 6.5 ± 0.3 0.03 

Creatinine (µmol/L) 86.1 ± 3.0 85.1 ± 2.9 0.45 

ALT (IU/L) 25.8 ± 2.8 33.6 ± 3.4  <0.01 

AST (IU/L) 26.6 ± 1.5 30.8 ± 1.6 <0.01 

GGT (U/L) 30.6 ± 2.9  33.3 ± 3.7 0.23 

Glucose (mmol/L) 4.6 ± 0.1 4.7 ± 0.4 0.05 

Total cholesterol 

(mmol/L) 

4.3 ± 0.2 4.5 ± 0.2 0.02 

LDL cholesterol 

(mmol/L) 

2.6 ± 0.2 2.6 ± 0.2 0.61 

HDL cholesterol 

(mmol/L) 

1.2 ± 0.1 1.3 ± 0.1 <0.01 

Triglycerides (mmol/L) 1.1 ± 0.1 1.4 ± 0.1 0.03 

PSA (ng/mL) 9.8 ± 1.5 3.7 ± 1.0 <0.001 

REE (kcal/day) 1398 ± 54 1345 ± 51 0.11 

Fox (mg/min) 45.7 ± 4.8 38.9 ± 4.7 0.27 

Cox (mg/min) 86.8 ± 54.1 93.8 ± 9.2 0.64 

Data are presented as mean ± S.E.M; P-value is for UC vs PRT group; BMI, body mass index; LBM, lean body 

mass; LH, luteinizing hormone; SHBG, sex-hormone binding globulin; ALT, alanine aminotransferase; AST, 

aspartate aminotransferase; GGT, gamma-glutamyl transferase; LDL, low-density lipoprotein; HDL, high-density 

lipoprotein; PSA, prostate-specific antigen; REE, resting energy expenditure; Fox, fat oxidation; Cox, 

carbohydrate oxidation. 
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4.4.2.1 Effect of PRT 

Table 9 shows the comparison between UC and PRT groups following 6 weeks of ADT. LBM 

was significantly reduced in the UC group, as opposed to no change in the PRT group, and the 

difference between groups was statistically significant (p < 0.01). The functionally active 

muscle mass (BCM) was reduced only in the UC group (p<0.05). Testosterone levels fell in 

both groups but there was a significantly greater reduction in the UC compared to the PRT 

group (p < 0.05), which reflected the difference in baseline testosterone between groups. There 

was a significant increase in fasting glucose levels and carbohydrate oxidation rate in the UC 

group (p < 0.05) but not in the PRT group. HDL cholesterol and triglycerides increased in both 

groups but reached significance only in the UC group. There were no other differences between 

groups in terms of endocrine or metabolic parameters during ADT. 
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Table 9. Biochemical and metabolic characteristics in usual care and exercise groups before 

and after ADT  

 UC (n = 11) PRT (n = 13) P value 

  from baseline  P value  from baseline P value  

Weight (kg) -0.2 ± 0.4 0.65 3.0 ± 2.5 0.25 0.26 

BMI -0.04 ± 0.1 0.76 0.05 ± 0.16 0.74 0.66 

Lean body mass (kg) -0.9 ± 0.2 <0.01 0.2 ± 0.3 0.58 <0.01 

Fat mass (kg) 0.5 ± 0.3 0.11 0.8 ± 0.5 0.12 0.69 

Extracellular water (L) -0.1 ± 0.3 0.63 -0.1 ± 0.3 0.77 0.89 

Body cell mass (kg) -0.8 ± 0.3 0.04 0.2 ± 0.4 0.58 0.08 

Testosterone (nmol/L) -16.1 ± 1.2 <0.001 -11.2 ± 1.4 <0.001 0.02 

LH (mIU/mL) -6.6 ± 0.7 <0.001 -5.0 ± 1.0 <0.001 0.22 

SHBG (nmol/L) 3.3 ± 3.1 0.32 4.3 ± 3.6 0.42 0.83 

Urea (mmol/L) 0.2 ± 0.4 0.67 0.9 ± 0.3 <0.01 0.14 

Creatinine (µmol/L) -0.6 ± 1.6 0.74 -1.2 ± 1.8 0.46 0.78 

ALT (IU/L) 8.7 ± 3.4 0.03 6.9 ± 3.1 0.01 0.70 

AST (IU/L) 5.5 ± 1.8 0.01 3.2 ± 2.0 0.04 0.41 

GGT (U/L) 3.0 ± 2.7 0.29 2.5 ± 3.5 0.12 0.91 

Glucose (mmol/L) 0.2 ± 0.1 0.04 0.1 ± 0.1 0.38 0.43 

Total cholesterol (mmol/L) 0.3 ± 0.1 0.05 0.2 ± 0.2 0.11 0.69 

LDL cholesterol (mmol/L) 0.03 ± 0.1 0.82 0.1 ± 0.1 0.65 0.87 

HDL cholesterol (mmol/L) 0.1 ± 0.1 0.02 0.07 ± 0.03 0.06 0.23 

Triglycerides (mmol/L) 0.3 ± 0.1 0.03 0.2 ± 0.2 0.09 0.74 

PSA (ng/mL) -7.7 ± 2.4 0.01 -4.7 ± 1.5 <0.01 0.29 

REE (kcal/day) -26.0 ± 43.0 0.56 -77.3 ± 45.7  0.12 0.42 

Fox (mg/min) -6.2 ± 6.7 0.37 -7.3 ± 10.0 0.48 0.93 

Cox (mg/min) 9.9 ± 14.9 0.03 3.9 ± 22.9 0.87 0.84 

Data are presented as mean ± S.E.M; P-value is for UC vs PRT group; BMI, body mass index; LBM, lean body 

mass; LH, luteinizing hormone; SHBG, sex-hormone binding globulin; ALT, alanine aminotransferase; AST, 

aspartate aminotransferase; GGT, gamma-glutamyl transferase; LDL, low-density lipoprotein; HDL, high-density 

lipoprotein; PSA, prostate-specific antigen; REE, resting energy expenditure; Fox, fat oxidation; Cox, 

carbohydrate oxidation. 

 



    93 
 
 

4.5 Discussion 

It has long been known that testosterone induces an anabolic effect on muscle mass.  

However, it is a fairly recent postulate that this may occur due to an action of testosterone on 

the liver, influencing whole-body protein metabolism; and that this effect is separate and 

additional to any direct action of testosterone on muscle.  In this study we utilized a model of 

profound testosterone withdrawal during ADT for prostate cancer to investigate the actions of 

testosterone on the hepatic urea cycle and whole-body protein metabolism. We also 

investigated whether PRT can offset ADT-induced changes in protein metabolism through 

preventing the rapid loss of muscle mass. We showed that ADT results in increased hepatic 

urea production and raised serum urea. This was associated with a whole-body catabolic effect, 

as represented by a rise in protein oxidation and a reduction in protein synthesis. However, 

PRT was unable to offset ADT-induced adverse effects on the urea cycle and protein 

metabolism, although there was a preservation of LBM in the PRT group. Thus, this study 

provides biochemical evidence of the potent effect of testosterone withdrawal on the hepatic 

urea cycle, resulting in whole body protein loss which could not be mitigated by co-

administration of short-term, home-based PRT. 

This study builds on earlier data in which we demonstrated that selective exposure of the 

liver to orally administered testosterone reduced protein oxidation to the same extent as 

systemic (transdermal) testosterone administration (51), which was indicative of a hepatic site 

of testosterone action. We have further biochemical evidence that the intra-hepatic pathway 

mediating this process is the urea cycle, as testosterone reduces hepatic urea cycle activity in a 

model of physiological testosterone replacement in hypogonadal men (239). Importantly, we 

showed in this study that the increase in protein oxidation and nitrogenous waste formation 

associated with ADT does not seem to be a consequence of increased muscle breakdown, as 
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the observed rate of protein turnover (indicated by leucine rate of appearance in our 

experimental model) was not increased. Thus, the catabolic effect of testosterone withdrawal 

is mediated through accelerated loss of amino acid nitrogen via the hepatic urea cycle, causing 

irreversible loss of total body protein. As anabolic hormones such as growth hormone down-

regulates hepatic urea synthesis (10,44) while catabolic hormones such as glucocorticoids and 

glucagon up-regulate urea cycle enzymes (47,48,244), it is conceivable that androgens directly 

modify hepatic urea cycle activity. Collectively, these findings suggest that a physiological 

action of testosterone in the liver is to limit oxidative loss from the circulating amino acid pool, 

thus mediating a whole-body protein anabolic effect. This liver-mediated action of testosterone 

may be important in the maintenance of muscle mass in ageing males, and it identifies a 

potential therapeutic target for treatment of muscle loss in various disease states.  

Aging is associated with a loss of muscle mass. In healthy young adults, LBM comprises 

approximately 60% of total body mass, but this declines after age 40 to 40% at 70 years, 

resulting in sarcopenia (245). As testosterone levels decrease with age, androgen deficiency 

likely plays a large role in the initiation and progression of this condition (246). Thus, ADT 

offers a unique accelerated model for studying male aging and frailty. ADT is associated with 

rapid changes in body composition, with a 2 – 4% reduction in LBM and 10 – 20 % increase 

in FM after just 12 months of androgen deprivation (73,142). However, its specific effects on 

muscle have not been fully elucidated (247). Much of our knowledge is derived from animal 

models which provide insight into the role of the androgen receptor (AR) in muscle regulation. 

In these models, experimental androgen deprivation typically results in a rapid loss of muscle 

mass (247). However, differences have been observed between myocyte specific AR-knockout 

(mARKO) mice versus global AR-knockouts or orchiectomized mice. While muscle loss in 

the mARKO mice was limited to the highly sensitive levator-ani muscle with preservation of 
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limb muscles (223,224), only global ARKO mice had significant reductions in the mass of hind 

limb skeletal muscle (23,223). This indicates that testosterone effects on muscle mass are not 

mediated entirely by direct action on myocytes. Testosterone is known to interact with other 

cell types (besides myocytes) and intracellular signaling pathways in muscle, including satellite 

cells (226), motoneurons (225), myokines, growth hormone and IGF-1 (248). Furthermore, 

androgen receptors are also known to be present in human liver (53). Thus, our findings provide 

evidence of an additional novel pathway causing muscle catabolism during ADT- through up-

regulation of the hepatic urea cycle, increasing whole-body nitrogen losses and reducing the 

available amino acid pool for muscle synthesis.  

We found a significant increase in hepatic transaminases during ADT. GnRH analogues are 

associated with mild enzyme elevations in 3 – 5% of patients, the cause of which is unclear 

(249). However, a potential factor could be the development of non-alcoholic hepatic steatosis 

from testosterone deficiency, as previous studies show that androgen and androgen signaling 

is critical for maintaining lipid metabolism in the liver(250). This is in keeping with our 

findings of a significant increase in fat mass, total cholesterol and triglycerides after just 6 

weeks of ADT.  

As a secondary aim, we examined whether the introduction of a predominantly home-based 

PRT program at the start of ADT could lessen its adverse effects on muscle and protein loss. 

Exercise is currently recognized as a management strategy to ameliorate many of the adverse 

effects of ADT (251). Trials of supervised exercise programs in cancer patients report better 

compliance rates and improved outcomes compared to pure home-based exercise programs 

(152,252). However, fully supervised programs may be comparatively less scalable or 

accessible, and many prostate cancer patients experience difficulty in finding and affording a 

tailored exercise program. Transitioning to community-based programs can also be confronting 
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for these patients (203,204). Thus, we adopted a partially supervised program, in that patients 

were given two supervised training sessions in the first week as well, as additional tools 

including an exercise manual, online videos and weekly phone calls to foster adherence. 

Despite the short duration of exercise, we found that patients in the PRT group had a 

significantly smaller loss of LBM compared to those in the UC group. This was similar to 

findings by Fennichia et al who demonstrated an improvement in LBM after just 6 weeks of a 

PRT program in a control group of patients and a reduction in FM in the diabetic group (253).  

Furthermore, although there were no overall differences between groups, a significant increase 

in protein loss (as reflected by an increase in leucine oxidation) was found only in the UC 

group. The finding that PRT undertaken at commencement of ADT may, to some degree, offset 

protein loss is consistent with that of Hanson et al (254) who showed that acute resistance 

exercise in ADT-treated prostate cancer patients increased muscle protein synthesis. Similarly, 

in elderly sarcopenic patients, two weeks of resistance training increased protein synthesis 

measured by incorporation of 13C-leucine into vastus lateralis muscle protein (255). Thus, the 

trend towards an increase in the proportion of amino acids shuttled for protein synthesis in our 

study during PRT may allow preservation of muscle mass during ADT.   

We did not find any effect of PRT on the rate of hepatic urea production in our study. The 

rate of urea production increased in both UC and PRT groups equally after 6 weeks of ADT. 

Previous studies using 15N2 labelled urea show that there are no changes in urea production 

during low or high intensity exercise (220,256). Following an endurance training program, an 

initial increase in urinary nitrogen excretion was found to return to pre-training levels within 

two weeks (257). Therefore, the persistent increase in urea production regardless of a PRT 

component in our study most likely reflects the loss of testosterone inhibition on the hepatic 

urea cycle during ADT. In addition, as PRT did not have any effect on the urea cycle, the 
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preservation of LBM that occurred in the PRT group was a likely consequence of its direct 

effect on muscle.  

This is the first study to examine the relationship between protein turnover and hepatic urea 

production using isotopic methods in the experimental model of severe testosterone deficiency 

seen in ADT. Both the leucine and urea turnover techniques are established methods for 

quantifying whole-body protein metabolism, the integrity of which was validated in our 

previous study (239). The concordance of these two methods was again demonstrated in our 

current study. However, this study has some limitations including the small sample size and 

lack of standardization of dietary protein intake. Participants were instructed to adhere to their 

regular diet, however variations in dietary protein intake can influence urea production. In 

addition, our exercise program was home-based, and greater changes in muscle mass and 

protein turnover may have been achieved with supervised PRT. It is also important to note that 

participants in the PRT group had lower levels of serum testosterone and SHBG at baseline 

which may potentially impact on the effect of PRT on hepatic urea production. Nevertheless, 

we observed that home-based PRT was effective in offsetting the ADT-induced reduction in 

muscle mass only after 6 weeks of intervention.  

The results of this study build on our previous findings of a testosterone effect on the hepatic 

urea cycle, thus providing further insight into the physiological actions of testosterone in 

regulating protein metabolism and body composition in older men.  This also has implications 

for the pathogenesis of sarcopenia. The significance of this study is that it raises the possibility 

of using liver-targeted therapies in the prevention of protein losses through the hepatic urea 

cycle. Thus, future directions may involve clinical trials of solely liver-targeted orally 

administered crystalline testosterone (51) therapy in patients with sarcopenia or prostate cancer 

patients on ADT to reduce the loss of muscle mass without inducing systemic side-effects.  
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In summary, we discovered that the suppression of testosterone to castrate levels during 

ADT results in greater nitrogen losses through the urea cycle, thus suggesting a novel pathway 

of muscle catabolism. This is a significant finding, as it may lead to future therapeutic benefits 

including the possible use of liver-targeted testosterone in the treatment of sarcopenia. 

Additionally, the introduction of PRT at the start of ADT may offset the loss of muscle mass, 

most likely through direct effects on muscle, thus providing further evidence of its beneficial 

role in cancer treatment.  
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5.1 Abstract 

In men with prostate cancer, androgen deprivation therapy (ADT) has detrimental effects 

on body composition and health related quality of life (HRQOL), which can be ameliorated 

with exercise interventions including progressive resistance training (PRT). Existing studies 

focus on reversing established changes using supervised programs. We investigated whether a 

home-based PRT program, instituted at the start of ADT, could prevent adverse effects over 

12-months. Twenty-five patients scheduled to receive at least 12 months of ADT were 

randomly assigned to either usual care (UC) (n=12) or PRT (n=13) starting immediately after 

their first ADT injection. Body composition, body cell mass (BCM; a functional component of 

lean body mass), insulin sensitivity, QOL and muscle function were measured at 6 weeks, 6- 

and 12 months. Data were analysed by a linear mixed model. ADT had a negative impact on 

body composition, bone mineral density, muscle strength, glucose metabolism and HRQOL. 

Compared to PRT patients, UC patients had greater reductions in BCM by -1.9 ± 0.8 % (p = 

0.02) and higher gains in fat mass by 3.1 ± 1.0 % (p = 0.002) at 12 months. There was a 

significant increase in physical activity levels (p = 0.02), and HRQOL in the mental health (p 

= 0.01) and vitality (p = 0.02) domains in the PRT compared to the UC group. In conclusion, 

a home-based PRT program instituted at the start of ADT counteracts detrimental changes in 

body composition, improves physical activity and mental health over 12 months.   

  



    101 
 
 

5.2 Introduction 

Prostate cancer has the second highest incidence of all cancers amongst men worldwide and 

is the fifth leading cause of cancer death in men (15). Androgen receptor signalling strongly 

promotes prostate cancer growth. Thus, androgen deprivation therapy (ADT) with 

gonadotrophin releasing hormone (GnRH) analogues is a commonly utilised therapy for men 

with prostate cancer. However, in rendering patients severely hypogonadal, ADT is associated 

with multiple adverse effects. Changes in body composition occur rapidly, with increases of 7 

– 10% in fat mass (FM), and decreases of 2 – 4% in lean body mass (LBM) after 1 year of 

ADT (73), with these effects persisting up to two years following cessation (258). Patients also 

experience a reduction in muscle strength and bone mineral density (BMD), development of 

type 2 diabetes, and a deterioration in health-related quality of life (HRQOL) (18).  

ADT also modifies multiple endocrine regulatory pathways comprising those affecting 

glucose and insulin metabolism, insulin-like growth factors (IGFs) and its binding proteins 

(IGFBPs), as well as adipokines including leptin and adiponectin (163). Changes in these 

factors may affect tumour progression. Insulin-like growth factor-1 (IGF-1) is a peptide 

produced by the liver and is involved in the regulation of cellular proliferation, while IGF-

binding proteins (IGFBPs) regulate the bioavailability of IGFs but also have independent 

actions on cell growth and survival (98). Higher circulating IGF-1 is associated with increased 

all-cause mortality in men with advanced prostate cancer (96), while there is an inverse 

relationship between IGFBP-3 and development of advanced-stage prostate cancer (102). 

Thus, ADT may induce changes in the insulin pathway and IGF axis which in turn modifies 

metabolism and disease progression.  



    102 
 
 

Physical exercise is currently recognised as an effective strategy to ameliorate many of the 

adverse effects of ADT (201). Clinical trials have shown both resistance and aerobic exercise 

improve body composition, metabolic profile, functional capacity, fatigue and HRQOL (122). 

Progressive resistance training (PRT) is an anabolic form of exercise which involves 

challenging the skeletal muscles with unaccustomed loads. It is well established that PRT is 

beneficial in the treatment of sarcopaenia in older men and women (66), and is also efficacious 

in the treatment of ADT-induced adverse effects (241).  

However, there are current limitations relating to exercise intervention studies in prostate 

cancer. Firstly, much of the evidence is derived from interventional studies occurring in 

patients on stable ADT after an average treatment time of 14 months (241), while the 

development of adverse effects is the most pronounced during the initial months of ADT 

(75,259). Only Cormie et al. (241) has examined the use of a supervised exercise program in 

the prevention of adverse effects when administered at the initiation of ADT. This showed a 

preservation of appendicular LBM and prevention of gains in whole body FM, when compared 

to usual care. Secondly, current studies are focused on supervised training programs located in 

exercise clinics. While compliance rates are superior compared to purely home-based exercise 

programs (152,252), fully supervised programs are resource intensive, less accessible and 

transitioning to community-based programs after a period of close supervision can be 

confronting for some patients (203,204). Thirdly, the benefits of PRT on the IGF axis and 

adipokines has not been established, despite a growing body of literature documenting their 

role on prostate cancer development and progression (96,102,163,177). Thus, more evidence 

is needed regarding the feasibility and efficacy of home-based programs.  

We hypothesize that the introduction of a 12-month home-based PRT program at the start 

of ADT can prevent detrimental changes in body composition, physical function, metabolic 
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derangements and HRQOL. The primary aim of this study was to investigate the effect of PRT 

on body composition, physical function, BMD and HRQOL at 12 months. As a secondary 

analysis, we also investigated the effect of PRT on glucose and insulin indices, serum IGF-1 

and its binding proteins, and adipokines.   

 

5.3 Patients and Methods 

This was a 12-month randomised controlled study of progressive resistance training (PRT) 

in patients with prostate cancer patients commencing ADT. The detailed recruitment 

procedures have been described previously (260). In brief, 25 men with prostate cancer 

scheduled to receive conventional ADT with GnRH analogues were recruited from the Crown 

Princess Mary Cancer Centre, Westmead Hospital and the Blacktown Cancer and Haematology 

Centre, Blacktown Hospital, Australia. Inclusion criteria included men aged between 50 and 

80 years with histologically confirmed prostate cancer of early or locally advanced stage with 

≤ 5 sites of metastases and Eastern Cooperative Oncology Group (ECOG) 0 performance 

status. Exclusion criteria included concurrent chemotherapy or anti-androgen therapy, previous 

ADT within the last 12 months, or any musculoskeletal, cardiovascular and/or neurological 

disorders that could inhibit them from exercising. This study was approved by the Western 

Sydney Local Health District Human Research Ethics’ Committee. All participants gave 

written consent. The study was registered with the Australian and New Zealand Clinical Trials 

Registry (ACTRN12616001311448).  
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5.3.1 Experimental Design 

A two-armed prospective randomised controlled trial design was implemented. The 25 men 

were randomised into two arms: PRT (13 men), or usual care (UC) (12 men) using a computer 

random assignment program. As part of routine care, all participants received non-standardised 

advice from the treating clinician to participate in regular exercise throughout the intervention 

period.  

 

5.3.1.1 PRT intervention 

Participants assigned to the PRT group undertook 52 weeks of a home-based PRT program 

starting soon after their first ADT injection. The resistance training regimen was designed to 

stimulate all major skeletal muscle groups and exert systemic physiological effects on all 

outcome measures investigated. The program was designed and progressed according to 

standard training principles and adapted to the needs of the cohort and individual participants 

enrolled in the study. Resistance training was performed three times per week, with 8 – 10 

exercises targeting the major muscle groups using adjustable dumbbells or body weight loading 

(calisthenics). Patients performed three sets per exercise with 8 – 12 repetitions maximum per 

set. The difficulty and/or the loading of each exercise was advanced with strength adaptation 

(242). There were three stages of exercises. Stage one: incline push-up, bent over row, biceps 

curl, triceps extension, side shoulder raise, dumbbell squat, split squat and straight leg deadlift. 

Stage two involved addition of shoulder press. Stage three: standard push-up, decline push-up, 

curl to press, chair dips, lunge, side shoulder raise, dumbbell squat, straight leg deadlift. 

Patients advanced to the next stage after 12 weeks depending on strength and ability determined 

by the supervising exercise physiologist.   
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One week of exercise supervision (two sessions) were provided at baseline to instruct 

patients in proper lifting techniques and loading progressions. Patients then returned for a 

supervised session every 12 weeks to learn the next stage of exercises, and to ensure proper 

techniques were being utilised at home. To maximise adherence, online instructional videos 

and a printed training manual was provided for each exercise, and patients were given monthly 

reminder phone calls. Adherence to exercise was recorded in a training logbook by patients. 

Overall activity levels of all participants were monitored by physical activity questionnaires 

and total step counts for 1 week (via a pedometer) prior to their study visits.   

 

5.3.1.2 Primary endpoints 

Study endpoints were assessed at baseline, 6 weeks, 6 months and 12 months of ADT. 

5.3.1.2.2 Body composition and bone mineral density  

LBM and total and regional FM were assessed by dual x-ray absorptiometry (DXA; GE 

Healthcare Lunar Prodigy Pro) and Bioeletrical Impedance Spectroscopy (BIS) using the 

ImpediMed Ltd SFB7 analyser (ImpediMed Ltd Qld, Australia) (222). Change in body cell 

mass (BCM), a functional component of LBM, was estimated by subtracting extracellular 

water (ECW) from LBM. Vertebral and hip bone mineral density was also measured by DXA 

at each visit.  

5.3.1.2.3 Physical activity 

A pedometer (G-Sensor 2026) was used to estimate step counts for one week prior to each 

visit. Patients were asked to complete an exercise diary for one week prior to each visit and to 

specify the number of hours of light, moderate or intense physical activity. Patients in the PRT 
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group were instructed not to include the intervention in their documented activity, but to only 

include other types of physical activity.     

5.3.1.2.4 Physical function 

A series of standard tests were used to assess physical function. Maximal strength of the 

upper and lower body was assessed by an isometric dynamometer (i.e. triceps extension and 

knee extension) (Chatillon CSD200, JLW Instruments, Chicago, USA) hand-grip strength by 

a dynamometer (Jamar Plus digital dynamometer). The best performance over 3 trials was 

recorded. Function lower extremity strength was assessed using the sit-to-stand test (261). The 

participant is encouraged to complete as many full stands from a chair as possible within 30 

sec. The timed get-up-and-go test (TUGT) was used to evaluate dynamic balance and physical 

performance (262). From a seated position, the participants stood, walked 3 metres, turned 

around, walked back to the chair, returning to a seated position as quickly as possible (best 

performance out of three recorded). The Lord sway-meter was used to assess co-ordinated 

stability, which measures participants’ ability to adjust balance in a steady and co-ordinated 

way while placing them near or at the limits of their base of support. This test uses a 40cm rod 

attached to the participant at waist level by a firm belt. Participants are then asked to adjust 

balance by bending or rotating their body without moving their feet, so that a pen mounted 

vertically at the end of the rod remains within a convoluted track. A total error score is 

calculated (263). The postural sway test was used to assess dynamic balance. Participants stood 

barefoot on the floor or foam surface with open and closed eyes. The test records sway path, 

maximal anterior-posterior and lateral sway, measured by the Physiological Profile Assessment 

(PPA) Sway Path Mobile Applications (NeuRa) on an iPad attached to the top of an adjustable 

height table (264). Aerobic capacity (Submaximal VO2) was measured by a cycle ergometer 

(Lode Corival Recumbent Ergometer) and data analysed using LEM software.  
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5.3.1.2.5 Quality of life  

HRQOL was assessed at each study visit by the EORTC (European Organisation for Research 

and Treatment of Cancer) quality of life questionnaires including the QLQ-C30 (used to assess 

the QOL of cancer patients) and QLQ-PR25 (used to measure disease-specific HRQOL of 

prostate cancer patients undergoing active treatment). In addition, the Short Form 36 version 

2.0 (SF-36v2) physical and psychological health survey was also used.   

 

5.3.1.3 Secondary endpoints 

5.3.1.3.1 Glucose and insulin indices 

Glucose metabolism was assessed using the oral glucose tolerance test (OGTT). Blood glucose 

and insulin concentrations were measured at baseline and after a 75g glucose load at 30, 60, 

90- and 120-min. Hepatic insulin resistance (the product of total area under the curve for 

glucose and insulin during the first 30 min) and muscle insulin sensitivity (the rate of decay of 

plasma glucose concentration from its peak value to its nadir divided by the mean insulin 

concentration) were calculated (265). Using the OGTT results, calculations were made of the 

HOMA-IR, the oral disposition index (266), Matsuda index (index of insulin sensitivity) (267) 

and overall glucose metabolism was estimated as the incremental glucose area under the curve 

above fasting over 120 min (266).  
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5.3.1.3.2 Blood biomarkers: Serum IGF-1, IGFBPs and adipokines 

At each visit, fasting blood samples were taken and stored at -80oC for analysis. All samples 

for any individual were measured in the same assay run for each analyte. Serum IGFBP-3, 

leptin and adiponectin were measured by Abcam’s human enzyme-linked immunosorbent 

assay (ELISA). The inter-assay CVs for IGFBP-3 was 5.7%, and for leptin and adiponectin, < 

12%. An electrochemiluminescence immunoassay (ECLIA) was used to measure total 

testosterone and PSA. The inter-assay CVs for total testosterone at 0.087 nmol/L was 2.8% and 

for total PSA at 1.12 ng/mL, 3.2%.  

 

5.4 Statistical analysis 

Sample size calculation was based on change in body composition as indicated by LBM. 

Previous research involving PRT in men receiving ADT indicated a difference in LBM of 0.8 

± 0.4 kg between groups after a 12 week PRT intervention (268). Nine participants in each 

group were required to achieve 80% power at an α level of 0.05. Based on past studies involving 

supervised exercise programs, an attrition rate of at least 20 % is expected. Therefore, to ensure 

we had sufficient participant numbers at the end of the intervention, 25 participants were 

randomised to the study arms (UC group 12 men; PRT group 13 men).  

The statistical analysis consisted of a linear mixed effects model, using a random patient 

effect to account for baseline and fixed effects for the visit and intervention arm. In this 

analysis, a difference in time course behaviour between study arms corresponded to an 

interaction between visit and intervention. Comparisons at specific time points were made 

using contrasts extracted from the mixed effects model and separately using two-sample t-tests 

of change in endpoint. Results are expressed as mean ± S.E.M and a P value <0.05 was 
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considered significant. All analysis was conducted in R version 3.6.0 (Vienna, Australia), 

RStudio IDE (Boston, MA) and SPSS statistics v22 (IBM corporation).  

 

5.5 Results 

5.5.1 Baseline patient characteristics and retention 

 At baseline, 12 were enrolled in the UC arm and 13 participants in the PRT arm. At 6 

months, one participant in the UC arm was unable to attend follow-up due to hospitalisation 

(but remained in the study) and one participant in the PRT arm discontinued the study. At 12 

months, two participants discontinued the study (one from each arm) and two patients from 

each arm were excluded from final analysis as ADT was discontinued for more than 3 months 

prior to their 12-month visit (one from each arm). Thus, at 12 months, 10 participants remained 

in each arm (Figure 10).  

Adherence to the home-based PRT program was determined by logbooks. Out of the 13 

participants, one consistently did not comply with filling in his logbook citing poor literacy as 

the reason, although he reported full compliance with the PRT program. Logbook analysis 

showed that from baseline to 6 weeks, participants completed a mean of 3.0 sessions/week; 6 

weeks to 6 months, 2.3 sessions/week, and from 6 to 12 months, 2.2 sessions/week. At 12 

months, 50% of patients managed to comply with stage 3 exercises; 30% continued with stage 

2 and 20% continued with stage 1.  

At baseline (Table 10), UC and PRT participants were well matched in terms of age, blood 

pressure, number of co-morbidities and medications, body composition, PSA levels, as well as 

prostate cancer grade and stage. Pre-treatment testosterone levels were significant higher in the 
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UC group (p = 0.02), but both groups had similar suppressed testosterone levels during ADT. 

There were no significant differences between groups in terms of baseline activity level as 

assessed by pedometer step counts and hours of light, moderate or intense physical activity.  

Figure 8. Consort Diagram 
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Table 10. Baseline clinical characteristics 

Variable UC (n =12) PRT (n = 13) P value 

Age (years) 
 

71.8 ± 1.8 
69.3 ± 2.3 0.14 

Weight (kg) 79.9 ± 2.7  87.2 ± 4.7  0.03 

BMI kg/m2 28.8 ± 1.1 29.7 ± 1.3 0.36 

Number of co-morbidities* 0.9 ± 0.2 1.5 ± 0.2 0.81 

Number of medications 1.1 ± 0.3 1.5 ± 1.1 0.91 

SBP (mmHg) 137 ± 2 139 ± 4 0.18 

DBP (mmHg) 74 ± 3 74 ± 1 0.11 

Gleason score 7.6 ± 0.3 8.2 ± 0.2 0.42 

Cancer staging    

Localized (n) 9 8 

0.36 Biochemical recurrence (n) 3 3 

Metastatic (n) 0 2 

Previous radiotherapy (n) 8 5 0.39 

Previous ADT (n) 0 2 0.26 

Lean body mass (kg) 53.1 ± 1.2 54.5 ± 2.2 0.16 

LBM (% body weight) 66.5 ± 1.8 63.2 ± 2.0  0.68 

Fat mass (kg) 24.2 ± 2.1 29.9 ± 3.2 0.12 

Extracellular water (L) 19.0 ± 0.6 19.8 ± 0.9 0.05 

BCM (kg) 34.1 ± 1.0 34.7 ± 1.3 0.58 

Testosterone (nmol/L) 16.1 ± 1.1 12.5 ± 0.8 0.02 

LH (mIU/mL) 7.0 ± 0.7 6.3 ± 0.7 0.70 

PSA (ng/mL) 11.9 ± 2.6 7.7 ± 1.3 0.08 

Step count (number) 40172 ± 8502 28838 ± 5377 0.14 

Light physical activity (hours) 5.9 ± 1.6 7.9 ± 2.5 0.09 

Moderate physical activity (hours) 3.9 ± 1.8 3.3 ± 1.4 0.93 

High physical activity (hours) 0.1 ± 0.1 0.5 ± 0.3 0.05 

 

Data are presented as mean ± S.E.M; P-value is for UC vs PRT group; BMI, body mass index; LBM, lean body 

mass; BCM, body cell mass; LH, luteinizing hormone; PSA, prostate-specific antigen  
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Table 11. Effect of ADT on body composition, metabolism and physical function in the UC 

group at 12 months  

 Baseline  12 months  P value 

    

Total mass (kg) 80.3 (2.6) 82.0 (2.7) 0.002 

BCM (%) 42.8 (1.7) 39.0 (1.4) <0.001 

FM (%) 30.5 (1.9) 34.9 (1.5) <0.001 

Neck of femur BMD 

(left total) 
1.002 (0.04) 1.001 (0.04) 0.28 

Neck of femur BMD 

(right total) 
1.003 (0.05) 0.99 (0.04) 0.13 

Lumbar spine BMD 1.43 (0.05) 1.36 (0.07) 0.005 

Fasting glucose 

(mmol/L) 
4.7 (0.1) 5.4 (0.2) <0.001 

Fasting insulin (IU/L) 7.2 (1.9) 11.7 (2.3) 0.22 

Matsuda index 6.2 (0.8) 4.7 (0.8) 0.002 

HOMA-IR 1.5 (0.5) 2.9 (0.7) 0.11 

Hepatic insulin 

resistance 

 

40.7 (11.3) 

 

74.0 (22.7) 0.008 

Muscle insulin 

resistance 
0.9 (0.4) 1.3 (0.6) 0.38 

Co-ordinated stability 

(corners) 
0.3 (0.2) 0.8 (0.3) 0.05 

Right hand grip (N) 37.9 (1.5) 33.2 (1.7) <0.001 

Left hand grip (N) 34.4 (1.4) 30.9 (1.6) 0.004 

Upper limb strength (N) 156.7 (12.4) 144.6 (11.3) 0.35 

Lower limb strength 

(N) 
294.2 (25.6) 239.5 (15.6) 0.02 

Sit-to-stand test 

(number) 
17 (1.1) 18 (1.5) 0.17 

TUGT (sec) 5.6 (0.2) 6.0 (0.3) 0.04 

QLQ-C30 summary 

score 
82.0 (3.7) 79.2 (4.2) 0.03 

IGF-1 (ng/mL) 19.9 (2.0) 20.9 (1.4) 0.39 

IGF-1/IGFBP3 0.23 (0.02) 0.18 (0.01) 0.02 

IGFBP-3 (ng/mL) 2555.7 (273.5) 3318.1 (209.7) <0.001 

Leptin (pg/mL) 3712.2 (731.8) 10492.2 (3040.5) 0.01 

Adiponectin (x 107 

pg/mL) 
5.1 (0.6) 8.8 (2.3) 0.007 

Data are presented as mean ± S.E.M; P value represents change compared to baseline in the UC group at 12 

months; BCM, body cell mass; FM, fat mass; BMD, bone mineral density; TUGT, timed get-up-and-go test; 

IGF-1, insulin-like growth factor; IGFBP-3, insulin-like growth factor binding protein 3 
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Table 12. Group differences in the primary endpoints (body composition, physical activity, 

HRQOL, glucose and insulin metabolism) at 6 weeks, 6 months and 12 months, reflecting the 

effect of PRT 

Variables 6 weeks P value 6 months P value 12 months P value 

       

Body composition       

Total mass (kg) 1.5 (0.9) 0.09 0.5 (0.9) 0.60 -1.0 (0.9) 0.30 

 Total LBM  

 (% total mass) 
0.5 (0.8) 0.47 1.3 (0.8) 0.11 2.7 (0.8) 0.001 

 Total BCM 

(% total mass) 
1.0 (0.8) 0.21 1.3 (0.8) 0.10 1.9 (0.8) 0.02 

 Total FM 

 (% total mass) 
-0.4 (0.9) 0.65 -1.1 (0.9) 0.25 -3.1 (1.0) 0.002 

 FM trunk (kg) -0.1 (0.7) 0.94 -0.8 (0.7) 0.39 -1.8 (0.8) 0.02 

Physical activity       

 Step count 12864 (7102) 0.08 7719 (7308) 0.30 19188 (7805) 0.02 

SF36v2 health survey       

Physical functioning 0.3 (2.6) 0.89 -2.1 (2.7) 0.45 1.3 (2.8) 0.63 

 Role- physical  0.002 (2.1) 0.99 1.5 (2.2) 0.51 -0.6 (2.3) 0.81 

 Bodily pain 5.0 (2.3) 0.03 0.3 (2.4) 0.91 2.6 (2.5) 0.30 

 General health 5.0 (2.4) 0.04 1.0 (2.6) 0.69 2.7 (2.6) 0.32 

 Vitality 3.8 (2.4) 0.11 5.8 (2.5) 0.02 6.0 (2.5) 0.02 

 Social functioning 2.7 (1.9) 0.15 4.2 (1.9) 0.03 2.1 (2.0) 0.31 

 Role- emotional  1.8 (2.2) 0.43 2.6 (2.3) 0.28 1.9 (2.4) 0.43 

 Mental health 2.8 (2.2) 0.21 3.7 (2.3) 0.12 4.9 (2.4) 0.04 

 Physical component 

summary 
1.6 (1.8) 0.40 -1.7 (1.9) 0.37 -0.1 (2.0) 0.97 

 Mental component 

summary 
3.4 (1.9) 0.08 5.7 (2.0) 0.006 5.5 (2.1) 0.01 

Glucose/insulin indices       

Glucose (mmol/L) 

Baseline 
-0.1 (0.2) 0.73 0.2 (0.2) 0.34 0.01 (0.2) 0.94 

Insulin (IU/L) 

Baseline 
-5.2 (3.8) 0.18 -1.6 (3.9) 0.68 3.2 (4.1) 0.44 

 Matsuda Index 2.5 (0.8) 0.004 0.4 (0.8) 0.64 -0.04 (0.9) 0.96 

Data are presented as mean ± S.E.M; P value represents group differences in mean changes between the UC and 

PRT groups at 6 weeks, 6 months and 12 months; BCM, body cell mass; FM, fat mass  

 

 





    119 
 
 

5.5.4 The effect of PRT on secondary endpoints 

5.5.4.1 Glucose and insulin indices 

At 6 weeks, there was a decrease in the Matsuda Index in the UC group by -0.3 ± 0.5 (p = 

0.47) and a significant increase in the PRT group by 2.2 ± 0.7 (p = 0.009) with an overall 

difference between groups of 2.5 ± 0.8 (p = 0.004) (Table 10) (Supplementary Table 5). 

However, this significant early difference was not maintained at 6 and 12 months. There were 

no significant differences between groups in terms of plasma insulin and glucose levels, 

HOMA-IR, disposition index, or liver and muscle insulin resistance.  

 

5.5.4.2 Serum IGF-1, IGFBPs and adipokines 

IGF-1 did not significantly change throughout the study in either group (Figure 13A). IGF-

1: IGFBP-3 ratio fell throughout the study, however there was no significant difference 

between the groups (Supplementary Table 5). There were significant increases in serum 

IGFBP-3 and leptin levels in both groups at 12 months but no significant differences between 

the PRT and UC groups were noted (Figure 13B and 6C). At 12 months, there was a greater 

increase in adiponectin levels in the UC group compared to the PRT group by 3.2 ± 1.5 pg/mL 

(p = 0.04) (Figure 13D).   

 

5.5.5 Intervention safety and adherence 

In terms of adverse events, one patient in the PRT group developed right shoulder pain 

(rotator cuff tendonitis) at the completion of the study, requiring physiotherapy.  
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5.7 Discussion 

This randomised controlled trial examined the efficacy of a 12-month home-based PRT 

program in the prevention of the adverse effects of ADT. Our study was able to demonstrate 

the detrimental effects of ADT on body composition, insulin resistance, BMD, physical 

function and HRQOL. We showed that the early implementation of a 12-month home-based 

PRT program at the start of ADT resulted in beneficial effects on body composition and 

physical activity levels, and improvements in HRQOL.  

After 12 months of ADT, we found a significant reduction in BCM (a functional component 

of LBM) and a significant increase in FM in the UC group. This was accompanied by a 

significant increase in insulin resistance and reduction in insulin sensitivity, as measured by 

the HOMA-IR and Matsuda index, respectively, at 6 and 12 months. As expected, there were 

reductions in BMD, muscle strength, physical function and quality of life following 12 months 

of ADT.  

This study showed that a home-based PRT program was able to significantly counteract 

ADT-induced changes in body composition. PRT was able to offset reductions in LBM by 1.2 

± 0.2 kg at 12 months. Importantly, a similar effect of PRT was also seen with BCM, a 

functional component of LBM which has not been examined previously. Using a supervised 

PRT program, Nilsen et al. (150) found a preservation of LBM in the PRT group, while a 12-

month study conducted by Winters-Stone et al. (154) did not show any differences in LBM 

between the PRT and control group. However, participants in this trial were undergoing ADT 

two to three times longer than that of Nilsen et al, indicating that the benefit of exercise on 

LBM may diminish with longer duration of ADT (154). Despite a lower intensity, home-based 

program, we were able to demonstrate a significant effect of PRT on LBM and BCM. This 
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highlights the importance of PRT as a powerful stimulant of muscle hypertrophy, and the need 

for early implementation of PRT before detrimental changes in body composition occur. 

Our study showed an increase in FM in both the UC and PRT groups but PRT was able to 

offset a gain in FM by 3.1 ± 1.0 % (2.3 ± 0.8 kg). This is similar to findings by Winters-Stone 

et al. (154) who found a 1.9 kg difference in FM between the UC and PRT groups after 52 

weeks of supervised PRT. Importantly, we found that PRT had the greatest effect on truncal 

fat mass. Dickerman et al. (269) found that higher visceral fat and waist circumference, a 

surrogate of central adiposity, were associated with advanced and fatal prostate cancer. Thus, 

these results provide evidence on the benefits of home-based PRT programs in counteracting 

ADT-induced negative effects on body composition in the prostate cancer population.   

This study showed significant reductions in muscle strength and physical function with 

long-term ADT. However, we were unable to demonstrate significant differences in muscle 

strength or physical function between the UC and PRT groups. Previous studies involving 

supervised PRT showed gains in both upper and lower limb strength in prostate cancer patients 

(150-152) and Taafe et al. (152) reported an improvement in physical function. It is known that 

home-based programs may have lower adherence, training volume and loading compared to 

supervised programs (270), which may have reduced the potential for strength adaptation or 

maintenance following initiation of ADT in our study.  

Our study showed that overall physical activity levels were higher in the PRT compared to 

UC group at 12 months. Physical activity is important in prostate cancer as Phillips et al. found 

that a higher duration of total, non-vigorous walking activity in prostate cancer survivors was 

associated with improved HRQOL (271). There is also a correlation between physical activity 

and reduced mortality in prostate cancer patients (272). Thus, the finding that a home-based 

PRT program can increase physical activity levels are encouraging, given the insufficient levels 
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of physical activity in the population of men with prostate cancer, with a study by Silva et al. 

showing that 56.5% of a cohort of men with prostate cancer were inactive (273).  

ADT results in a significant decline in bone mass and an increase in fracture risk (274,275). 

This study demonstrated a significant decline in BMD at the lumbar spine as early as 6 months 

of ADT, which was not attenuated by PRT. However, other parameters which would influence 

bone health, such as vitamin D levels, were not examined in this study and may have affected 

results. Our PRT program may also have been limited in terms of duration and degree of impact 

loading which is necessary to promote improvements in BMD (149). Only Winters-Stone et 

al. (154) has reported preservation of BMD at the L4 site in patients in the PRT group versus 

the control group and thus, the effect of PRT on BMD during ADT warrants further 

investigation.   

Psychological distress and anxiety is prevalent amongst men with prostate cancer ranging 

from 15 – 27%, and highest in those who have yet to undergo treatment (136). This was 

reflected in our findings, which showed a significant decline in HRQOL following ADT in the 

UC group. We showed that the use of a concurrent home-based PRT program at the start of 

ADT was associated with significant improvements in HRQOL. This is in line with the effects 

of supervised PRT programs which showed improvements in fatigue, vitality and mental health 

(148,152). These results provide evidence that the mental health benefits of PRT are seen even 

when implemented in an unsupervised setting. There are multiple reasons why exercise can 

improve mental wellbeing. Exercise leads to improved self-esteem (276) and also induces 

physiological effects which impact mood and cognitive function (276). However, it is 

important to note that men in the PRT group had more regular contact with study co-ordinators. 

This increases the participant’s social support network which can improve HRQOL (277).  
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Regarding the secondary endpoints, we found an improvement in insulin sensitivity as 

measured by the Matsuda Index in the PRT group at 6 weeks, although this difference was not 

maintained at 6 and 12 months. In an RCT involving a supervised PRT program in patients on 

long term ADT, Winters-Stone et al. (154) found a non-significant reduction in insulin levels 

(a surrogate marker of insulin resistance) in the PRT group compared to an increase in the 

control group. In a population of patients with type 2 diabetes, a home-based PRT program 

was also unable to maintain the glycaemic benefits obtained from supervised gymnasium based 

PRT (270). Thus, PRT may have initial benefits on glucose metabolism that is difficult to 

sustain during long-term ADT.  

Serum IGFBP-3 increased in both the UC and PRT groups, suggestive of an ADT effect. 

This is consistent with in-vitro studies showing an increase in IGFBP-3 mRNA levels following 

androgen deprivation, which facilitates cellular apoptosis and inhibits prostate cancer growth 

(101). IGF-1: IGFBP-3 ratio decreased in the UC group. This may indicate that ADT, through 

an increase in IGFBP-3, reduces IGF-1 bioactivity, thereby exerting an inhibitory effect on 

prostate cancer growth. However, we were unable to demonstrate an effect of PRT on the IGF 

axis. Santa-Mina et al (163) previously showed a reduction in the IGF-1:IGFBP-3 ratio and an 

increase in IGFBP-3 in response to PRT. The absence of significant findings may reflect the 

heterogeneity in the response of the systemic IGF axis to exercise (167). 

PRT did not affect leptin levels but differences between the two groups may have been 

observed if PRT had exerted a greater beneficial effect on FM (163). There were more 

substantial increases in adiponectin levels in the UC versus the PRT group at 12 months, likely 

related to greater gains in subcutaneous adipose tissue (278). There is some discrepancy in the 

literature related to adiponectin and prostate cancer. While Housa et al (118) found higher 

adiponectin levels in locally advanced, compared to organ confined prostate cancer, Burton et 
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al showed an inverse correlation between adiponectin and histological grade and stage (119). 

Recently, Lee et al reported an ‘adiponectin paradox’ whereby higher serum adiponectin 

concentrations were independently associated with incident cancer in type 2 diabetes (279) but 

the underlying pathophysiology remain unknown (279).  

There are limitations to this study. The small sample size would have affected the ability to 

observe differences, particularly in terms of muscle strength, physical function, and the 

biomarkers assessed. The large number of outcome measures in relation to the small sample 

size also raises the possibility of chance findings. Men in the PRT group were also relatively 

well functioning individuals with minimal co-morbidities, who were highly motivated to 

undertake home-based exercise. Therefore, this group of participants may not be representative 

of men with prostate cancer at large. Furthermore, it is recommended that men with prostate 

cancer should engage in regular exercise (280). Men in the UC group received advice from the 

treating clinician regarding exercise recommendations, but this was non-standardised. Study 

outcomes may have differed had a protocolised approach to exercise recommendations in the 

UC group been adopted. Home-based programs also have limitations- in terms of long-term 

adherence, achievement of maximal intensity and adequate loading for muscle adaptation.  

This study is unique in that it explores the long-term use of isolated PRT at the start of ADT 

in a home-based setting which has not been investigated previously. Although there is robust 

data supporting the use of supervised PRT in prostate cancer patients, it is resource intensive 

and may not be feasible to implement across the whole prostate cancer population. We were 

able to demonstrate long-term positive outcomes with a more cost-effective alternative, 

estimated to be less than a third of the total cost of supervised programs. The positive outcomes 

from this study suggests that guidelines can be modified to maximise exercise participation in 

the prostate cancer population. This involves the early involvement of an exercise physiologist 
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to ensure proper conduct of exercises for maximal effectiveness, and for periodic monitoring 

of exercise compliance.  

In conclusion, this is the first randomised controlled trial to show that a home-based PRT 

program instituted at the start of ADT was able to counteract detrimental changes in body 

composition and improve both physical activity and mental health over a 12-month period. 

Thus, a home-based PRT program offers clinicians a viable alternative to more resource-

intensive supervised programs when instituted at the commencement of ADT and should be 

recommended following diagnosis of prostate cancer.   
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Supplementary Table 1. Effect of ADT on body composition, metabolism and physical function in the UC group  

 
Data are presented as mean ± S.E.M; P value represents change compared to baseline across the cohort at 6 weeks, 6 months and 12 months; BCM, body cell mass; FM, fat mass; BMD, bone 

mineral density; IGF-1, insulin-like growth factor; IGFBP-3, insulin-like growth factor binding protein 3 

Variables 
Baseline 

(n = 12) 

6 weeks 

(n = 12) 

 

Change from baseline 

(6 weeks) 

 

6 months  

(n = 11) 

Change from baseline 

(6 months) 

12 months 

(n = 10) 

 

Change from baseline 

(12 months) 

    P value   P value   P value 

Total mass (kg) 80.3 (2.6) 80.0 (2.5) -0.3 (0.5) 0.45 80.7 (2.6) 0.6 (0 5) 0.24 82.0 (2.7) 1.8 (0.5) 0.002 

BCM (%) 42.8 (1.7) 41.9 (1.6) -0.9 (0.6) 0.12 40.7 (1.6) -2.6 (0.6) <0.001 39.0 (1.4) -4.6 (0.6) <0.001 

FM (%) 30.5 (1.9) 31.1 (1.9) 0.7 (0.6) 0.27 32.9 (1.9) 3.0 (0.6) <0.001 34.9 (1.5) 5.5 (0.6) <0.001 

Neck of femur BMD 

(left total) 
1.002 (0.04) 1.01 (0.04) 0.01 (0.01) 0.21 1.0002 (0.04) 0.01 (0.01) 0.42 1.001 (0.04) -0.01 (0.01) 0.28 

Neck of femur BMD 

(right total) 
1.003 (0.05) 1.015 (0.04) 0.01 (0.01) 0.34 0.9997 (0.05) -0.0001 (0.01) 0.95 0.99 (0.04) -0.02 (0.01) 0.13 

Lumbar spine BMD 1.43 (0.05)  1.42 (0.005) -0.01 (0.02) 0.53 1.39 (0.06) -0.04 (0.02) 0.03 1.36 (0.07) -0.006 (0.02) 0.005 

Fasting glucose (mmol/L) 4.7 (0.1) 4.8 (0.1) 0.2 (0.1) 0.19 5.2 (0.2) 
0.6 (0 1) 

 
<0.001 5.4 (0 2) 0.7 (0.1) <0.001 

Fasting insulin (IU/L) 7.2 (1.9) 11.3 (5.6) 4.1 (3.4) 0.23 12.2 (2.3) 4.8 (3 5) 0.18 11.7 (2.3) 4.5 (3.6) 0.22 

HOMA-IR 1.5 (0.5) 2.5 (1.2) 0.9 (0.8) 0.25 1.3 (0.8) 2.9 (0.6) 0.12 1.4 (0.8) 2.9 (0.7) 0.11 

Matsuda index 6.2 (0.8) 5.8 (0.8) -0.3 (0.5) 0.50 4.3 (0.8) -1.8 (0.5) 0.001 4.7 (0.8) ` -1.8 (0.5) 0.002 

Hepatic insulin resistance 

 

40.7 (11.3) 

 

39.2 (9.3) -1.5 (10.6) 0.89 67.9 (15.4) 27.8 (10.9) 0.02 74.0 (22.7) 31.9 (11.3) 0.008 

Muscle insulin resistance 0.9 (0.4) 0.6 (0.3) -0.3 (0.3) 0.36 1.4 (0.6) 0.4 (0.4) 0.24 1.3 (0.6) 0.3 (0.4) 0.38 

Co-ordinated stability 

(corners) 
0.3 (0.2) 0.08 (0.08) -0.2 (0.3) 0.55 0.7 (0.3) 0.5 (0 3) 0.09 0.8 (0 3) 0.6 (0.3) 0.05 

Right hand grip (N) 37.9 (1.5) 36.8 (1.8) -1.1 (0.9) 0.25 35.6 (1.7) -2.6 (1.0) 0.01 33.2 (1.7) -4.2 (1.0) <0.001 

Left hand grip (N) 34.4 (1.4) 34.5 (1.2) 0.1 (1.0) 0.92 33.1 (1.5) -1.5 (1.0) 0.16 30.9 (1.6) -3.4 (1.1) 0.004 

Upper limb strength (N) 156.7 (12.4) 158.3 (11.7) 1.6 (7.6) 0.84 151.3 (9.6) -7.2 (7.9) 0.37 144.6 (11.3) ` -7.7 (8.1) 0.35 

Lower limb strength (N) 294.2 (25.6) 263.9 (20.8) -30.3 (19.2) 0.13 247.3 (19.2) -46.6 (19.7) 0.03 239.5 (15.6) -50.9 (20.4) 0.02 

Sit-to-stand test (number) 17 (1.1) 18 (1.2) 0.8 (0.7) 0.25 19 (1.7) 1.5 (0.7) 0.04 18 (1.5) 1.0 (0.7) 0.17 

TUGT (sec) 5.6 (0.2) 5.4 (0.2) -0.4 (0.2) 0.08 6.2 (0.3) 0.4 (0 2) 0.04 6.0 (0 3) 0.3 (0.2) 0.04 

QLQ-C30 summary score 

 

82.0 (3.7) 

 

78.5 (3.9) -0.3 (1.3) 0.85 75.0 (5.8) -2.5 (1.4) 0.09 79 2 (4 2) -3.2 (1.4) 0.03 

IGF-1 (ng/mL) 19.9 (2.0) 19.0 (1.7) -0.2 (1.3) 0.9 20.9 (2.1) 1.2 (1.4) 0.37 20.9 (1.4) 1.2 (1.4) 0.39 

IGF-1/IGFBP3 0.23 (0.02) 0.18 (0.01) -0.05 (0.02) 0.02 0.18 (0.01) -0.04 (0.02) 0.03 0.18 (0.01) -0.05 (0.03) 0.02 

IGFBP-3 (ng/mL) 2555.7 (273.5) 2932.7 (194.9) 449.8 (187.9) 0.02 3081 (227.1) 602.2 (193.2) 0.004 3318.1 (209.7) 741.9 (199.5) <0.001 

Leptin (pg/mL) 3712.2 (731.8) 6132.5 (1122.4) 
2344.4 

(2534.1) 
0.36 11375.5 (3944.6) 8113.5 (2604.1) 0.004 10492.2 (3040.5) 6943.2 (2685.6) 0.01 

Adiponectin -(x 107 pg/mL) 5.1 (0.6) 5.0 (0.7) 1.9 (1.2) 0.88 5.6 (0.8) 1.2 (1 3) 0.35 8.8 (2 3) 3.8 (1.3) 0.007 
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Supplementary Table 2: Effect of PRT on body composition: absolute values and changes over 6 weeks, 6 months and 12 months 

Variables Baseline  6 weeks  

Group 

difference in 

mean change 

over 6 weeks 

 

PRT vs UC 

 

 6 months  

Group 

difference in 

mean change 

over 6 mo 

 

PRT vs UC 

 

 12 months  

Group 

difference in 

mean change 

over 12 mo 

 

PRT vs UC 

 

 

 
UC  

(n = 12) 

PRT  

(n = 13) 

UC  

(n = 12) 

PRT  

(n = 13) 
 P value 

UC  

(n = 11) 

PRT  

(n = 12) 
 P value 

UC 

 (n = 10) 

PRT  

(n = 10) 
 P value 

Total mass 

 (kg) 
80.3 (2.6) 87.3 (4.6) 80.0 (2.5) 88.4 (4.7) 1.5 (0.9) 0.09 80.7 (2.6) 89.3 (5.1) 0.5 (0.9) 0.60 82.0 (2.7) 88.7 (5.5) -1.0 (0.9) 0.30 

Total LBM 

(kg) 
53.1 (1.2) 54.5 (2.2) 52.1 (1.1) 54.7 (2.1) 1.1 (0.7) 0.09 51.4 (1.0) 53.9 (2.2) 1.0 (0.7) 0.14 50.4 (1.2) 52.8 (2.5) 1.2 (0.7) 0.10 

Total LBM  

(% total 

mass) 

66.5 (1.8) 63.2 (2.0) 65.6 (1.7) 62.8 (2.2) 0.5 (0.8) 0.47 64.1 (1.7) 61.4 (2.2) 1.3 (0.8) 0.11 61.7 (1.4) 60.4 (2.1) 2.7 (0.8) 0.001 

Total BCM 

(kg) 
34.1 (1.0) 34.7 (1.3) 33.3 (1.0) 34.9 (1.3) 1.0 (0.6) 0.11 32.6 (1.0) 34.1 (1.4) 1.0 (0.7) 0.12 31.8 (0.9) 33.1 (1.6) 0.8 (0.7) 0.28 

Total BCM 

(% total 

mass) 

42.8 (1.7) 40.3 (1.7) 41.9 (1.6) 40.4 (1.8) 1.0 (0.8) 0.21 40.7 (1.6) 38.8 (1.9) 1.3 (0.8) 0.10 39.0 (1.4) 37.7 (2.0) 1.9 (0.8) 0.02 

Total FM 

(kg) 
24.1 (2.1) 29.9 (3.2) 24.7 (2.0) 30.6 (3.4) 0.2 (0.8) 0.78 26.2 (2.2) 32.3 (3.6) -0.7 (0.8) 0.35 28.5 (2.1) 32.9 (3.6) -2.3 (0.8) 0.006 

Total FM 

(% total 

mass) 

30.5 (1.9) 33.9 (2.2) 31.1 (1.9) 34.1 (2.2) -0.4 (0.9) 0.65 32.9 (1.9) 35.9 (2.3) -1.1 (0.9) 0.25 34.9 (1.5) 36.1 (1.9) -3.1 (1.0) 0.002 

FM trunk 

(kg) 
14.8 (1.7) 18.2 (1.9) 15.4 (1.7) 18.7 (2.1) -0.1 (0.7) 0.94 15.8 (1.8) 19.1 (2.2) -0.8 (0.7) 0.39 16.8 (1.8) 19.0 (1.9) -1.8 (0.8) 0.02 

FM 

android 

(kg) 

2.9 (0.3) 3.4 (0.4) 2.9 (0.4) 3.6 (0.4)  0.1 (0.2) 0.67 3.0 (0.4) 3.6 (0.4) -0.1 (0.2) 0.58 3.1 (0.4) 3.5 (0.3) -0.3 (0.2) 0.15 

FM gynoid 

(kg) 
3.5 (0.2) 4.5 (0.4) 3.6 (0.2) 4.6 (0.5) 0.1 (0.2) 0.68 4.0 (0.2) 4.9 (0.5) -0.1 (0.2) 0.51 4.2 (0.3) 5.2 (0.6) -0.03 (0.2) 0.87 

 

Data are presented as mean ± S.E.M; P value represents group differences in mean changes between PRT and UC at 6 weeks, 6 months and 12 months; LBM, lean body mass; BCM, body cell 

mass; FM, fat mass. 
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Supplementary Table 3. Effect of PRT on BMD, activity levels and physical function: absolute values and changes over 6 weeks, 6 months and 12 months 

 

Data are presented as mean ± S.E.M; P value is for group differences in mean changes between PRT and UC at 6 weeks, 6 months and 12 months; BMD, bone-mineral density; EO, eyes 

opened; EC, eyes closed; TUGT, timed get-up-and-go test

Variables Baseline  6 weeks  

Group 

difference in 

mean change at 

6 weeks 

 

PRT vs UC 

 

 6 months  

Group 

difference in 

mean change at 

6 mo 

 

PRT vs UC 

 

 12 months  

Group 

difference in 

mean change at 

12 mo 

 

PRT vs UC 

 

 

 
UC 

(n = 12) 

PRT 

(n = 13) 

UC 

(n = 12) 

PRT 

(n = 13) 
 P value 

UC 

(n = 11) 

PRT 

(n = 12) 
 P value 

UC 

(n = 10) 

PRT 

(n = 10) 
 P value 

Step count 40173 (8502) 28838 (5377) 35166 (5647) 36695 (6885) 12864 (7102) 0.08 35661 (7464) 
30927 

(5818) 
7719 (7308) 0.30 27343 (8424) 

30303 

(6309) 
19188 (7805) 0.02 

Physical 

activity 

(hours) 

              

Light 5 9 (1 6) 7 9 (2 5) 10 2 (2 7) 9 0 (3 1) -3 1 (2 9) 0.28 7 8 (1 8) 9 0 (2 2) -0 6 (2 9) 0.84 7 7 (2 5) 9 9 (2 7) -0 1 (3 2) 0.98 

Moderate 3 9 (1 8) 3 3 (1 4) 5 6 (2 3) 4 2 (1 5) -0 8 (2 0) 0.69 2 7 (1 7) 3 8 (1 5) 1 5 (2 0) 0.46 5 7 (2 3) 2 8 (1 7) -0 7 (2 2) 0.74 

Heavy 0 1 (0 1) 0 5 (0 3) 0 4 (0 3) 1 5 (1 2) 0 8 (0 8) 0.32 0 3 (0 3) 2 0 (1 0) 1 1 (0 8) 0.17 0 9 (0 6) 1 4 (1 0) 0 3 (0 9) 0.69 

BMD (DXA)               

Neck of femur 

(left total) 
1 002 (0 04) 1 03 (0 04) 1 01 (0 04) 1 04 (0 04) -0 004 (0 02) 0.83 1 0 (0 04) 1 02 (0 04) -0 004 (0 02) 0.84 1 0 (0 04) 

0 992 

(0 04) 
0 01 (0 02) 0.55 

Neck of femur 

(right total) 
1 003 (0 05) 1 003 (0 04) 1 02 (0 04) 1 03 (0 04) 0 01 (0 02) 0.45 1 0 (0 05) 1 02 (0 04) 0 02 (0 02) 0.25 0 99 (0 04) 

0 995 

(0 04) 
0 04 (0 02) 0.10 

Spine (total) 1 428 (0 05) 1 22 (0 05) 1 42 (0 05) 1 23 (0 05) 0 02 (0 03) 0.58 1 39 (0 06) 1 21 (0 06) 0 03 (0 03) 0.36 1 36 (0 07) 1 18 (0 06) 0 03 (0 03) 0.34 

Physical 

Function 
              

Balance               

Total sway 

floor (EO) 
102 1 (15 0) 96 4 (12 3) 100 5 (18 7) 103 0 (11 7) 8 2 (19 2) 0.67 82 5 (8 2) 81 8 (7 8) 0 8 (19 7) 0.97 102 9 (14 7) 100 0 (7 6) 3 4 (20 6) 0.87 

Total sway 

Floor (EC) 
123 7 (10 3) 152 6 (13 5) 137 2 (24 7) 146 5 (11 8) -19 6 (22 5) 0.39 135 2 (10 6) 157 6 (15 1) -12 2 (23 1) 0.60 129 9 (19 4) 

171 8 

(17 3) 
7 1 (24 1) 0.77 

Co-ordinated 

stability 
              

Corners 0 3 (0 2) 0 3 (0 2) 0 08 (0 08) 0 5 (0 2) 0 4 (0 5) 0.42 0 7 (0 3) 0 6 (0 4) -0 2 (0 5) 0.67 0 8 (0 3) 1 7 (0 5) 0 8 (0 5) 0.13 

Sides 1 5 (0 8) 2 2 (0 5) 1 3 (0 4) 2 2 (0 6) 0 2 (0 8) 0.84 1 9 (0 5) 1 8 (0 6) -0 8 (1 3) 0.37 1 9 (0 8) 1 0 (0 3) -1 7 (0 9) 0.06 

Strength               

Right hand (N)  37 9 (1 5) 36 3 (2 6) 36 8 (1 8) 36 3 (2 5) 1 2 (1 3) 0.37 35 6 (1 7) 34 4 (2 6) 1 1 (1 3) 0.41 33 2 (1 7) 32 2 (2 7) 1 8 (1 4) 0.2 

Left hand (N) 34 4 (1 4) 37 1 (2 3) 34 5 (1 2) 36 9 (2 5) -0 3 (1 3) 0.84 33 1 (1 5) 34 8 (2 6) -0 8 (1 3) 0.57 30 9 (1 6) 32 7 (3 0) 0 2 (1 4) 0.91 

Upper limb 

(N) 
156 7 (12 4) 148 8 (9 0) 158 3 (11 7) 157 2 (8 3) 6 8 (11 8) 0.57 151 3 (9 6) 146 3 (12 5) 4 9 (12 2) 0.69 144 6 (11 3) 

138 4 

(10 0) 
1 8 (12 8) 0.89 

Lower limb 

(N) 
294 2 (25 6) 294 2 (19 3) 263 9 (20 8) 306 5 (15 3) 42 6 (28 2) 0.14 247 3 (19 2) 258 3 (19 8) 15 6 (28 9) 0.59 239 5 (15 6) 

222 0 

(23 3 3) 
-11 0 (30 3) 0.72 

Sit-to-Stand  17 (1 1) 19 (1 4) 18 (1 2) 21 (1 4) 0 9 (1 0) 0.40 19 (1 7) 19 (1 2) -0 6 (1 0) 0.56 18 (1 5) 18 (1 5) -1 3 (1 1) 0.25 

TUGT (s) 5 6 (0 2) 5 5 (0 3) 5 4 (0 2) 5 3 (0 2) 0 2 (0 3) 0.52 6 2 (0 3) 5 5 (0 2) -0 5 (0 3) 0.11 6 0 (0 3) 5 9 (0 2) 0 1 (0 3) 0.72 

VO2 max 

(mL/kg/min) 
26 3 (2 4) 27 3 (1 1) 29 1 (2 7) 27 8 (1 8) -2 3 (2 2) 0.33 28 0 (1 7) 25 2 (1 4) -1 6 (2 3) 0.60 29 2 (1 8) 29 1 (1 9) 0 9 (2 5) 0.91 
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Supplementary Table 4. Effect of PRT on quality of life: absolute values and changes over 6 weeks, 6 months and 12 months 
 

 

Data are presented as mean ± S.E.M; P value represents group differences in mean changes between PRT and UC at 6 weeks, 6 months and 12 months.  

Variables Baseline  6 weeks  

Group 

difference in 

mean change at 

6 weeks 

 

PRT vs UC 

 

 6 months  

Group 

difference in 

mean change at 

6 mo 

 

PRT vs UC 

 

 12 months  

Group 

difference in 

mean change at 

12 mo 

 

PRT vs UC 

 

 

 
UC 

(n = 12) 

PRT 

(n = 13) 

UC 

(n = 12) 

PRT 

(n = 13) 
 P value 

UC 

(n = 11) 

PRT 

(n = 12) 
 P value 

UC 

(n = 10) 

PRT 

(n = 10) 
 P value 

EORTC QLQ-C30                

Physical functioning 91 7 (4 4) 95 9 (1 4) 91 7 (3 3) 95 9 (1 8) 0 01 (3 35) 0.99 88 7 (5 5) 93 3 (2 0) -0 19 (3 51) 0.96 83 3 (7 5) 92 0 (2 4) 2 83 (3 62) 0.43 

Role functioning 90 3 (5 2) 93 6 (4 4) 88 9 (6 3) 96 2 (2 8) 4 0 (6 8) 0.56 86 7 (9 2) 91 7 (3 9) 1 9 (7 1) 0.79 83 3 (6 1) 92 6 (4 0) 4 2 (7 5) 0.57 

Emotional 

functioning 
91 0 (6 4) 85 9 (4 4) 93 7 (4 2) 85 9 (3 7) -2 8 (4 6) 0.55 93 3 (4 1) 87 5 (4 5) -0 8 (4 8) 0.88 89 2 (5 0) 82 5 (5 9) -3 0 (4 9) 0.55 

Cognitive 

functioning 
86 1 (3 5) 84 0 (4 3) 88 9 (3 1) 85 9 (3 7) -0 9 (5 7) 0.88 86 7 (4 8) 82 6 (6 0) -1 1 (6 0) 0.86 85 0 (4 6) 85 0 (2 9) 2 6 (6 1) 0.68 

Social functioning 88 9 (5 9) 89 7 (4 0) 93 1 (4 8) 83 3 (5 7) -10 6 (6 3) 0.10 86 7 (4 8) 91 7 (3 8) 3 2 (6 6) 0.63 85 0 (4 6) 91 7 (4 5) 5 4 (6 8) 0.43 

Global health status 

and quality of life 

(QOL) 

82 0 (3 7) 76 6 (4 3) 78 5 (3 9) 82 0 (4 2) 8 9 (5 0) 0.08 75 0 (5 8) 83 3 (4 2) 12 8 (5 2) 0.02 79 2 (4 2) 80 0 (4 3) 8 5 (5 4) 0.12 

EORTC QLQ-C30 

symptom scales 
              

Fatigue 11 1 (3 6) 13 7 (3 6) 18 5 (5 7) 13 7 (2 9) -7 4 (5 4) 0.17 24 4 (6 6) 22 2 (5 1) -4 5 (5 6) 0.43 17 8 (4 4) 20 0 (6 2) -1 2 (5 8) 0.83 

Pain 5 6 (3 1) 14 1 (2 6) 8 3 (3 8) 12 8 (4 3) -4 1 (5 8) 0.48 13 3 (5 4) 6 9 (3 8) -15 1 (6 0) 0.02 15 0 (4 6) 15 0 (5 2) -6 5 (6 2) 0.30 

Insomnia 11 1 (6 3) 17 9 (4 8) 13 9 (4 9) 20 5 (4 7) -0 2 (7 4) 0.98 23 3 (10 0) 19 4 (6 4) -10 6 (7 7) 0.17 13 3 (7 4) 23 3 (5 1) 5 2 (7 9) 0.52 

EORTC QLQ-PR25               

Sexual activity 70 8 (6 5) 68 0 (8 1) 79 2 (5 5) 71 8 (6 9) -4 5 (10 2) 0.66 85 0 (6 3) 87 5 (5 5) 5 6 (10 6) 0.60 91 7 (3 7) 80 0 (6 0) -10 5 (10 9) 0.34 

Urinary symptoms 24 3 (5 9) 19 5 (6 5) 21 5 (4 7) 12 4 (2 9) -3 3 (7 9) 0.68 30 0 (5 2) 20 5 (3 0) -3 3 (8 3) 0.69 32 5 (5 1) 16 3 (3 9) -11 1 (8 5) 0.20 

Bowel symptoms 2 1 (1 5) 2 9 (1 6) 2 5 (1 9) 4 5 (1 8) 1 1 (2 7) 0.67 2 5 (1 3) 3 5 (1 2) 0 05 92 8) 0.99 4 2 (1 9) 2 5 (1 8) -2 3 (2 9) 0.43 

Hormone-related 

symptoms 
5 6 (2 5) 5 6 (1 8) 10 7 (2 3) 10 3 (2 7) -0 4 (3 8) 0.92 17 8 (2 2) 15 8 (2 4) -1 2 (4 0) 0.77 14 5 (2 8) 15 0 (3 5) 0 2 (4 1) 0.96 

SF36v2 health 

survey 
              

Physical functioning 50 7 (2 4) 52 3 (1 1) 50 0 (2 6) 52 1 (1 6) 0 3 (2 6) 0.89 50 1 (2 7) 49 4 (2 4) -2 1 (2 7) 0.45 49 1 (3 1) 49 7 (2 8) 1 3 (2 8) 0.63 

Role- physical  49 7 (2 8) 50 8 (1 4) 51 5 (2 5) 52 7 (4 7) 0 002 (2 1) 0.99 47 7 (3 4) 49 1 (1 7) 1 5 (2 2) 0.51 48 4 (3 0) 49 7 (2 3) -0 6 (2 3) 0.81 

Bodily pain 55 8 (2 1) 53 0 (1 6) 54 7 (2 5) 56 9 (1 7) 5 0 (2 3) 0.03 56 2 (2 4) 53 6 (1 5) 0 3 (2 4) 0.91 53 8 (2 2) 54 2 (2 4) 2 6 (2 5) 0.30 

General health 55 0 (2 1) 50 6 (2 2) 54 1 (2 4) 54 7 (2 3) 5 0 (2 4) 0.04 57 4 (2 6) 52 8 (2 0) 1 0 (2 6) 0.69 54 4 (3 5) 51 5 (2 0) 2 7 (2 6) 0.32 

Vitality 59 3 (2 0) 55 3 (1 8) 56 6 (3 1) 56 4 (2 3) 3 8 (2 4) 0.11 54 1 (3 2) 54 3 (2 8) 5 8 (2 5) 0.02 54 7 (3 2) 56 2 (1 9) 6 0 (2 5) 0.02 

Social functioning 54 8 (1 4) 54 9 (2 1) 51 9 (2 4) 54 6 (1 3) 2 7 (1 9) 0.15 50 8 (2 5) 55 3 (1 1) 4 2 (1 9) 0.03 51 3 (2 6) 53 3 (1 8) 2 1 (2 0) 0.31 

Role- emotional  53 8 (1 8) 52 8 (1 8) 54 1 (1 7) 54 8 (0 8) 1 8 (2 2) 0.43 51 3 (2 8) 52 7 (1 3) 2 6 (2 3) 0.28 51 0 (3 1) 51 6 (1 6) 1 9 (2 4) 0.43 

Mental health 58 7 (1 2) 54 1 (2 4) 56 3 (1 6) 57 4 (1 6) 2 8 (2 2) 0.21 56 8 (2 0) 56 9 (1 9) 3 7 (2 3) 0.12 57 2 (2 1) 50 8 (2 4) 4 9 (2 4) 0.04 

Physical component 

summary 
50 8 (2 4) 51 6 (1 4) 51 1 (2 6) 53 4 (1 7) 1 6 (1 8) 0.40 51 3 (3 0) 49 3 (1 9) -1 7 (1 9) 0.37 48 1 (3 3) 49 6 (2 1) -0 1 (2 0) 0.97 

Mental component 

summary 
58 2 (1 2) 54 4 (2 1) 56 2 (1 8) 55 9 (1 3) 3 4 (1 9) 0.08 54 9 (2 5) 56 7 (1 8) 5 7 (2 0) 0.006 55 4 (2 1) 56 3 (2 1) 5 5 (2 1) 0.01 
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Supplementary Table 5. Effect of PRT on glucose tolerance and insulin indices, growth factors and adipokines: absolute values and changes over 6 weeks, 6 

months and 12 months  

Variables Baseline  6 weeks  

Group 

difference in 

mean change 

over 6 weeks 

 

PRT vs UC 

 

 6 months  

Group difference 

in mean change 

over 6 mo 

 

PRT vs UC 

 

 12 months  

Group 

difference in 

mean change 

over 12 mo 

 

PRT vs UC 

 

 

 
UC 

(n = 12) 

PRT 

(n = 13) 

UC 

(n = 12) 

PRT 

(n = 13) 
 P value 

UC 

(n = 11) 

PRT 

(n = 12) 
 P value 

UC 

(n = 10) 

PRT 

(n = 10) 
 P value 

Glucose: baseline 

(mmol/L) 
4 7 (0 1) 4 5 (0 1) 4 8 (0 1) 4 6 (0 1) -0 1 (0 2) 0.73 5 2 (0 2) 5 3 (0 2) 0 2 (0 2) 0.34 5 4 (0 2) 5 3 (0 2) 0 01 (0 2) 0.94 

Glucose: 30 min 

(mmol/L) 
8 3 (0 5) 7 2 (0 4) 7 8 (0 4) 6 7 (0 3) 0 1 (0 5) 0.84 8 7 (0 4) 7 7 (0 4) 0 3 (0 5) 0.56 9 0 (0 5) 7 6 (0 4) -0 3 (0 5) 0.53 

Glucose: 60 min 

(mmol/L) 
10 3 (0 6) 8 9 (0 5) 9 7 (0 6) 8 7 (0 5) 0 4 (0 6) 0.52 9 5 (0 5) 8 5 (0 6) 0 8 (0 6) 0.22 9 4 (0 7) 8 6 (0 5) 0 4 (0 6) 0.51 

Glucose: 90 min 

(mmol/L) 
10 4 (0 6) 9 5 (0 5) 9 6 (0 7) 9 3 (0 6) 0 6 (0 8) 0.46 9 1 (0 6) 8 2 (0 6) 0 3 (0 8) 0.73 7 4 (0 7) 8 5 (0 5) 1 9 (0 9) 0.05 

Glucose: 120 min 

(mmol/L) 
9 3 (0 5) 9 5 (0 5) 8 8 (0 4) 8 9 (0 5) -0 1 (0 7) 0.86 7 1 (0 7) 7 5 (0 7) 0 3 (0 8) 0.74 6 7 (0 7) 7 2 (0 5) 0 02 (0 8) 0.97 

Insulin (IU/L) 

Baseline 
7 2 (1 9) 7 9 (1 3) 11 3 (5 6) 6 8 (1 4) -5 2 (3 8) 0.18 12 2 (2 3) 11 2 (1 6) -1 6 (3 9) 0.68 11 7 (2 3) 15 8 (3 7) 3 2 (4 1) 0.44 

Insulin (IU/L) 

30min 
41 8 (11 2) 36 0 (4 9) 37 3 (7 0) 30 5 (6 7) -1 0 (10 7) 0.92 62 9 (13 1) 44 7 (6 4) -14 8 (11 1) 0.19 65 9 (17 9) 56 5 (13 7) -3 0 (11 6) 0.80 

Insulin (IU/L) 

60min 
58 (14 2) 47 3 (10 1) 56 (13 4) 44 7 (10 5) -0 6 (13 9) 0.97 79 7 (19 7) 58 6 (10 9) -9 7 (14 4) 0.50 86 2 (28 2) 66 1 (12 9) -9 5 (15 1) 0.53 

Insulin (IU/L) 

90min 
79 2 (15 8) 65 5 (9 4) 87 3 (25 0) 44 4 (6 9) -29 2 (23 9) 0.23 133 1 (40 2) 63 4 (8 7) -53 7 (24 6) 0.03 73 5 (19 8) 71 5 (14 2) 10 8 (25 8) 0.68 

Insulin (IU/L) 

120min 
78 7 (22 7) 68 5 (14 5)  94 9 (30 8) 46 6 (10 5) -38 2 (26 6) 0.15 115 6 (41 4) 53 3 (10 2) -53 6 (27 4) 0.05 57 9 (10 9) 55 1 (12 5) -2 5 (28 6) 0.93 

HOMA-IR 1 5 (0 5) 1 5 (0 3) 2 5 (1 2) 1 4 (0 3) -1 1 (0 9) 0.25 2 9 (0 6) 2 7 (0 4) -0 2 (0 9) 0.83 2 9 (0 7) 3 9 (1 0) 0 9 (1 0) 0.34 

Hepatic insulin 

resistance 
40 7 (11 3) 32 9 (4 9) 39 2 (9 3) 26 9 (5 6) -4 4 (13 1) 0.73 67 9 (15 4) 46 3 (6 5) -14 8 (13 5) 0.28 74 0 (22 7) 62 5 (17 0) -3 4 (14 2) 0.81 

Muscle insulin 

resistance 
0 9 (0 4) 0 1 (0 1) 0 6 (0 3) 0 1 (0 3) 0 3 (0 4) 0.50 1 4 (0 6) 0 6 (0 2) 0 1 (0 4) 0.77 1 3 (0 6) 0 8 (0 2) 0 4 (0 4) 0.38 

Matsuda Index 6 2 (0 8) 5 9 (0 7) 5 8 (0 8) 8 1 (1 3) 2 5 (0 8) 0.004 4 3 (0 8) 4 6 (0 6) 0 4 (0 8) 0.64 4 7 (0 8) 4 1 (0 8) -0 04 (0 9) 0.96 

Disposition 

Index 
2 6 (0 6) 3 7 (0 7) 3 0 (0 7) 5 9 (1 9) 1 7 (1 5) 0.25 2 7 (0 5) 3 4 (0 6) -0 8 (1 50 0.61 2 9 (0 6) 3 2 (0 9) -0 3 (1 6) 0.84 

IGF-1 (ng/mL) 19 2 (1 7) 21 8 (1 2) 19 0 (1 7) 20 3 (1 1) -1 4 (2 3) 0.55 20 9 (2 1) 20 4 (1 4) -2 5 (2 3) 0.29 20 9 (1 4) 24 4 (2 4) 1 9 (2 4) 0.42 

Leptin (pg/mL) 3788 1 (613 2) 
7406 8 

(2183 0) 

6132 5 

(1122 4) 
9114 6 (2345 4) -636 7 (3021 0) 0.84 11375 5 (3944 6) 

11772 0 

(2714 1) 
-4083 0 (3107 8) 0.19 

10492 2 

(3040 5) 

16367 0 

(4578 0) 
1499 1 (3255 9) 0.65 

Adiponectin 

(x107) (pg/mL) 
4 8 (0 6) 4 7 (0 6) 5 0 (0 7) 4 7 (0 6) 0 1 (1 4) 0.93 5 6 (0 8) 5 8 (0 8) 0 9 (1 5) 0.95 8 8 (2 3) 5 2 (0 7) -3 2 (1 5) 0.04 

IGFBP3 (ng/mL)  2482 9 (231 2) 
3007 6 

(246 7) 

2932 7 

(194 9) 
2817 3 (261 6) 

-640 1 

 (-193 7) 
0.11 3081 (227 1) 3398 8 (240 6) 101 0 (395 0) 0.63 3318 1 (209 7) 3908 6 (246 1) 405 1 (422 7) 0.80 

IGF-1:IGFBP3 0 227 (0 023) 0 215 (0 017) 0 181 (0 013) 0 163 (0 016) 0 033 (0 031) 0.06 0 188 (0 011) 0 153 (0 021) 0 032 (0 042) 0.1 0 179 (0 012) 0 184 (0 014) 0 021 (0 038) 0.07 

Data are presented as mean ± S.E.M; P value represents group differences in mean changes between PRT and UC at 6 weeks, 6 months and 12 months. IGF-1, insulin-like growth factor; 

IGFBP-3, insulin-like growth factor binding protein 3 
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Chapter 6: Conclusions and future directions 

 

6.1 Concluding summary 

 

Testosterone is critical for the maintenance of muscle mass and function, bone mass 

and body composition (1). Its gradual decline with aging plays an important role in the 

development of sarcopenia, contributing to functional decline and physical disability 

which presents a substantial cost to the public health system as represented by 

hospitalisations, nursing home admissions and home healthcare expenditure (6). Thus, 

given the aging population, strategies to improve the management of sarcopenia are 

required.   

This thesis provides an overview of the physiological actions of testosterone, 

particularly its role as a regulator of muscle protein balance, shifting protein balance in 

favour of net protein accretion leading to gains in muscle mass. In contrast, the 

hypogonadal state, like that during ADT, results in protein catabolism and a subsequent 

hydrolysis of protein into amino acids. These may then be eliminated as urea via the 

hepatic urea cycle, thereby representing a net loss of amino acid nitrogen. Recent 

evidence provided by my supervisor, Dr Vita Birzniece, and her collaborators, showed 

that the liver is a site of the anabolic action of testosterone (50). My work tested the 

hypothesis that this effect is mediated through an action of testosterone on activity of 

the hepatic urea cycle and used the clinical model of men with spontaneously occurring 

hypogonadism, or those undergoing therapeutic androgen deficiency.  As examined in 

chapter 3, eight hypogonadal men were studied at baseline, and after two weeks of 

transdermal testosterone replacement. Results show, for the first time, that testosterone 
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replacement significantly reduces hepatic urea production in hypogonadal men. This 

provides the first biochemical evidence in humans that testosterone stimulates protein 

anabolism via inhibition of the hepatic urea cycle- to reduce irreversible nitrogen losses. 

These results are further substantiated in chapter 4, by the finding that induction of 

profound testosterone deficiency by ADT increases hepatic urea production and is 

associated with a whole-body catabolic effect.  

Thus, this thesis contributes to current knowledge, by providing further insight into 

the physiological actions of testosterone in regulating protein metabolism and body 

composition in men. These findings are significant as it raises the possibility of using 

liver-targeted testosterone therapy in the prevention of protein losses through the 

hepatic urea cycle. For example, orally administered testosterone in a low dose could 

selectively expose the liver to androgen action by delivery through the portal blood 

flow from intestine to liver.  The high first-pass metabolism of testosterone in the liver 

would minimize any systemic bioavailability and confine androgen action to hepatic 

tissue. This represents a potential intervention in the treatment of sarcopenia, enabling 

a whole-body anabolic action of testosterone treatment while avoiding the adverse 

effects of systemic administration.  

Chapter 5 of the thesis presents a randomised controlled trial investigating the 

efficacy of a home-based PRT program in preventing the detrimental effects of ADT 

when instituted at the start of treatment. It is important to highlight that is the first long-

term (12 month) home-based study to be conducted in prostate cancer patients. Results 

showed that the early implementation of this program results in beneficial effects on 

body composition, physical activity levels, and improvements in quality of life. This is 

also the first study in humans to show significant increases in IGFBP-3 (a growth factor 
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binding protein that not only reduces IGF-1 bioactivity, but also has independent anti-

cancer effects) levels following ADT. Thus, findings from this study are clinically 

significant. Notably, it highlights the benefits of a home-based PRT program during 

prostate cancer treatment, offering clinicians a more cost-effective and viable 

alternative to supervised exercise programs. As there is also evidence that obesity, 

depression and low physical activity affects survivorship in men with prostate cancer, 

the benefits obtained from a home-based PRT program may translate to improved 

treatment outcomes and mortality rates. Furthermore, the retention of muscle mass, 

increased muscle contraction, and improvement in mental health during PRT may 

reduce systemic inflammation, stimulate development of protective myokines, and 

modulate epigenetic effects through reductions in miRNAs and prevention of telomere 

shortening which benefit men with prostate cancer as well as the aging population with 

sarcopenia.  

In summary, this thesis has expanded our current knowledge regarding the 

physiology of testosterone action and benefits of exercise therapy during prostate 

cancer treatment specifically by: 

1) Demonstrating, for the first time, biochemical evidence of a testosterone effect 

on the hepatic urea cycle in humans, thereby resulting in whole-body protein 

anabolism 

2) Providing further evidence of a testosterone effect on the hepatic urea cycle by 

showing that ADT results in increased hepatic urea production which is 

associated with a whole-body catabolic effect 

3) Demonstrating, for the first time in humans, an increase in serum IGFBP-3 (a 

cellular apoptotic protein) levels during ADT 
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4) Providing evidence of benefit of a 12-month home-based PRT program in 

preventing the adverse effect of ADT when instituted at the start of treatment 

 

6.2 Future directions 

The findings of a hepatic site of testosterone action via the urea cycle is clinically 

significant as it opens a novel approach of targeting the hepatic urea cycle to enhance 

whole-body anabolism. This liver-targeted approach has an advantage in conditions 

whereby the administration of systemic testosterone may be associated with adverse 

effects. Thus, there is the potential to develop liver-targeted testosterone as a safe 

and cost-effective treatment for sarcopenia. Therefore, further research is required 

in the use of oral testosterone in patients with sarcopenia to determine its efficacy, 

particularly its effects on body composition, and the magnitude of increase in LBM.  

The findings of an increase in serum IGFBP-3 following ADT is significant, 

given the inhibitory role of IGFBP-3 in the invasion and metastasis of prostate 

cancer based on in-vitro studies (164,165). Thus, more clinical trials are needed to 

ascertain the clinical application of IGFBP-3 in castrate-sensitive prostate cancer, 

and its potential role as an adjunct to PSA for monitoring of tumour burden during 

ADT.  The finding of a more substantial increase in serum adiponectin levels in the 

UC, compared to the PRT group also warrants further investigation into the 

pathophysiology of adiponectin in cancer, particularly in view of recent findings of 

a higher risk of incidental cancer in a type 2 diabetes cohort with raised adiponectin 

levels.  
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Given the benefits of a home-based PRT program on body composition, physical 

activity, and mental health parameters, it should be recommended following the 

diagnosis of prostate cancer, at the start of ADT. PRT-oriented exercise physiology 

clinics should ideally be offered to cancer patients, particularly those with prostate 

cancer, at the time of diagnosis to prevent the development of adverse effects 

following treatment. It is also important to note that the findings from this PhD has 

contributed to the establishment of this form of clinic for prostate cancer patients at 

Westmead Hospital (with special thanks to Dr Amy Hayden and Prof Howard 

Gurney). Thus, there is a need for policy change (not just in Australia but worldwide) 

in the provision of available services such as that of a resistance training program as 

part of routine prostate cancer therapy. Further research also needs to be conducted 

in the area of exercise medicine, particularly the impact of PRT on potential cancer 

signalling pathways which will result in better understanding of the mechanisms of 

benefit of PRT.  
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Appendix 1 

 

 

Resistance Training Logbook 

(Phase 1) 

Name: _______________________________ 

Date of next visit: _______________________ 

 

• All exercises below should be performed for 8-12 reps per set.   

• Take 1-2 min of rest between sets and exercises.   

• If you are able to perform 12 reps easily, the weight should be increased, or you 

should go deeper with the movement (in the case of leg exercises)
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Resistance Training Logbook: 

Phase 2  

 

Name: _______________________________ 

 

Date of next visit: _______________________ 

 

 

 

• All exercises below should be performed for 8-12 reps per set.   

• Take 1-2 min of rest between sets and exercises.   

• If you are able to perform 12 reps easily, the weight should be increased, or you 

should go deeper with the movement (in the case of leg exercises) 

• Exercise sessions should be completed on non-consecutive days to allow for optimal 

recovery 
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Shoulder Press 

This exercise requires a fixed seat (with no wheels!)   

Target muscle group: deltoids (shoulders) 

Breathing: exhale when lifting, inhale when lowering 

Basic instructions:  Raise dumbbells to approximately 90-degree bend at the elbows (can 

be slightly less than 90; this is the starting position), raise dumbbells together until arms fully 

extended (repeat)  

 

 

 

 

 

 

 

 

 

 

 

 

   Starting position: elbows at less than 90-deg    Full range of motion: arms fully extended
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Resistance Training Logbook: 

Phase 3  

 

 

Name: _______________________________ 

 

Date of next visit: _______________________ 

 

 

• All exercises below should be performed for 8-12 reps per set.   

• Take 1-2 min of rest between sets and exercises.   

• If you are able to perform 12 reps easily, the weight should be increased, or you should go 

deeper with the movement (in the case of leg exercises) 

• Exercise sessions should be completed on non-consecutive days to allow for optimal 

recovery 
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Standard Push-up 

Target muscle group: pectorals (chest) 

Breathing: inhale when lowering, exhale when lifting, 

Basic instructions:  Start with arms extended fully, then lower to approximately 90-degree bend at 

the elbows (repeat).  Keep rest of body rigid (all muscles activated). 

   

 

Decline Push-up 

Target muscle group: pectorals (upper chest) 

Breathing: inhale when lowering, exhale when lifting, 

Basic instructions:  Feet on chair (tip toes).  Start with arms extended fully, then lower to 

approximately 90-degree bend at the elbows (repeat).  Keep rest of body rigid (all muscles activated). 
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Curl to Press 

Target muscle group: biceps and deltoids (shoulders) 

Breathing:  exhale when lifting, inhale when lowering 

Basic instructions:  This exercise combines the biceps curl and shoulder press.  Perform in standing 

position.     

 

Chair Dips 

Target muscle group: triceps 

Breathing: inhale when lowering, exhale when lifting, 

Basic instructions:  Start with arms extended fully, feet positioned as far forward as possible.  All 

weight should be placed in the heels.  Lower to approximately 90-degree bend at the elbows (repeat).   
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 Lunge 

Target muscle group: quadriceps and glutes 

Breathing: inhale when lowering, exhale when lifting, 

Basic instructions:  This exercise is an advanced version of the split squat.  In confined space step 

outward and back.  In open space, lunge repeatedly across the surface/floor in a forward direction to 

achieve 8-12 repetitions for each leg.  On lowering, both knees should be at approximately 90-degree 

bend; the back knee should nearly touch the ground.   

 

 

 

 

 

 



 

    171 
 
 

Appendix 2: Exercise logbooks 
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Appendix 3: Physical activity diary 

 

PHYSICAL ACTIVITY DIARY 

 

Name: _______________________________ 

 

Date of next visit: _______________________ 

 

Date to wear pedometer: _________________ 
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Please keep a record of all light, moderate and high intensity activities 

that you perform one week before your study visit. You will receive a 

telephone reminder a week prior to your study visit. Please ensure all 

times are recorded.    

Examples of types of activities and intensity 

Light 

• Light walking (eg taking a walk around the neighbourhood) 
 

Moderate 

• Brisk walking faster than 5 km/hr  

• Bicycling slower than 14 km/hr  

• General gardening 

• Golf, wheeling or carrying clubs 

• Recreational swimming  
 

High 

• Race walking or jogging (faster than 8 km/hr) 

• Swimming laps 

• Tennis (singles) 

• Bicycling faster than 16 km/hr  

• Heavy gardening (continuous digging or hoeing) 

• Hiking uphill or with a heavy backpack 
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