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Abstract 

Growth hormone (GH) regulates energy metabolism and body composition in adult life. Adults 

with GH deficiency (GHD) suffer from lack of energy and from impaired physical functioning. GH 

supplementation improves sprinting in recreational athletes, a performance measure dependent on 

the anaerobic energy system (AES). The AES underpins the initiation of all physical activities 

including those of daily living. The physiological and functional significance of GH in regulation of 

the AES is unknown. 

 

This thesis tests the hypothesis that GH positively regulates the AES and aspects of physical 

functioning in adult life. The key objectives are to 1) investigate whether anaerobic capacity is 

impaired in adults with GHD and improved by GH replacement, ii) characterise facets of physical 

function that are AES-dependent and GH responsive and iii) identify GH-regulated genes governing 

anaerobic metabolism in skeletal muscle. 

 

Exercise capacity, body composition, physical function and quality of life (QoL) were studied in 19 

adults with GHD before and after GH replacement. Anaerobic capacity was assessed by the 30-

second Wingate test, and aerobic capacity by the VO2max test. Physical function was assessed by 

the stair-climb test, chair-stand test, and 7-day pedometry. QoL was assessed by a GHD-specific 

questionnaire. Lean body mass (LBM) was quantified by dual-energy x-ray absorptiometry. Muscle 

biopsies were obtained before and after 1 and 6 months of GH replacement. GH responsive genes 

were identified by microarray analysis.  

 

In a cross-sectional study, anaerobic capacity and aerobic capacity were significantly reduced 

compared to age-, gender- and body mass index-matched normal adults. The duration of the stair 

climb test was longer, the number of chair stand repetitions and daily step counts were lower in 



adults with GHD who had lower QoL scores. GH status was an independent predictor of anaerobic 

capacity, which significantly and independently correlated with stair climb performance and QoL. 

 

One month of GH replacement (0.5 mg/day) did not significantly change anaerobic capacity nor 

any of the other outcome measures compared to placebo in adults with GHD. Six months of GH 

treatment significantly increased LBM, anaerobic capacity, chair-stand repetitions, daily step count, 

and QoL scores but not VO2max. Improvement in anaerobic capacity significantly correlated with 

an improvement in the energy and vitality domains of QoL. GH treatment did not significantly 

affect the differential expression of metabolic genes in skeletal muscle. 

 

In summary, anaerobic capacity, aerobic capacity, physical function and QoL were impaired in 

adults with GHD. GH replacement improved anaerobic capacity, LBM, chair-stand performance, 

daily step counts and QoL in a time-dependent manner without a concomitant improvement in 

aerobic capacity. GH at a replacement dose was insufficient to induce the detection of GH-regulated 

genes governing substrate metabolism and energy production in skeletal muscle. 

 

In conclusion, GH positively regulates the AES, which improves selective aspects of physical 

function influencing QoL in adult humans. 
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1! INTRODUCTION 

 

Growth hormone (GH) is the most abundant hormone in the adult pituitary gland. It is a major 

metabolic hormone regulating carbohydrate, lipid and protein homeostasis (1). Adult-onset GH 

deficiency (GHD) is mainly caused by tumours of pituitary gland or of the hypothalamic area or by 

their treatment (i.e. surgery or irradiation) (2). It results in abnormal body composition reduced 

muscle strength and endurance capacity, and in impaired quality of life (QoL) (3).  

 

Energy derived from the metabolism of fuels is required to drive the function of all body tissues. 

The energy is derived from two metabolic pathways: aerobic (oxygen-dependent) and anaerobic 

(oxygen-independent) (4). Aerobic energy is derived from oxidative pathways in the mitochondria 

whereas anaerobic energy is available as preformed adenosine triphosphates (ATP) or ATP 

generated from glycolysis. Energy derived from aerobic metabolism is the form mainly used at rest 

and during endurance exercise. In contrast, energy drawn from anaerobic metabolism powers 

intensive physical activity of brief duration. Anaerobic energy underpins the initiation of all form of 

physical activity including activities of daily living such as climbing stairs and running for a bus 

(5). Impairment of anaerobic capacity leads to increased fatigue during the execution of ordinary 

activities of daily living, which is the most common symptom associated with GHD. The anaerobic 

energy system (AES) has been a neglected area of fitness research, which has heavily focussed on 

the aerobic energy system. 

 

Strength and power are measures of muscle function. Strength is the force producing capacity of 

muscle and it relies on preformed ATP. Power is the ability to perform muscular work per unit of 

time (i.e. work rate). Muscle power relies on either aerobic or anaerobic energy system, depending 

on the intensity and duration of work. There is strong evidence that muscle strength and aerobic 
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capacity are significantly reduced in adults with GHD and restored with GH replacement over a 

period of few months (3, 6). The question as to whether GH regulates the AES, or whether 

anaerobic capacity is impaired in GHD, has not been investigated. Evidence pointing to a regulatory 

role of anaerobic metabolism by GH comes from two recent studies, one on metabolic gene 

expression in skeletal muscle (7) and the other on physical performance (8). In patients with GHD, 

GH treatment inhibited the expression of mitochondrial genes involved in oxidative energy 

production and stimulated those governing glycolysis, the major energy generating anaerobic 

pathway (7). In the other study involving recreational athletes, GH enhanced sprint capacity, a 

performance measure dependent on the AES (8). The physiological significance of these findings is 

unclear.  

 

This thesis investigates GH regulation of the AES in adults with GHD and its significance. The 

literature review will provide an overview of the consequences of GHD and the effects of GH on 

body composition, substrate metabolism and muscle function and relate the information on function 

to muscle structure and bioenergetics. 

 

 

 

 

1.1! GH effects on body composition 

 

Body composition refers to the compartments of the body with differing chemical composition and 

functional properties. It describes the percentage of fat, muscle and bone in the body. GH plays a 

vital role in regulating body composition by stimulating lipolysis and protein synthesis. 
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Various techniques are used to estimate body composition. These include quantifying total body 

water by isotope dilution (9, 10), total body potassium by 40K counting (10-12), dual-energy x-ray 

absorptiometry (DXA) (13-17), computerized tomography (CT) (11, 18-21) and magnetic 

resonance imaging (MRI) (22, 23). These methods rely on various assumptions such as constant 

hydration state of lean body mass (LBM), constant intracellular potassium concentration or a 

constant fat-free extracellular compartment (3). These assumptions may not necessarily apply to 

adults with GHD and hence, caution must be exercised while interpreting results of body 

composition measurements. Although, each method relies on different principles, similar results are 

obtained. These studies have reported that adults with GHD manifest an increase in fat mass, more 

pronounced in abdominal and visceral adipose depots and a reduction in LBM compared to healthy 

controls (9, 10, 16, 24-26). Majority of these studies report that adults with GHD have 7-8% 

reduction in LBM, corresponding to around 4kg LBM (12, 27-30) and 7% increase` in fat mass (10, 

16, 24-27, 31). 

 

GH replacement therapy restores body composition to normal. On average up to a 5 kg increase in 

LBM and an equivalent reduction in fat mass occurs after replacement therapy without a change in 

body weight (3, 6, 12, 20, 26, 27, 31-39). Long-term studies of up to 10 years report that the 

beneficial effects of GH on body composition are sustained (11, 14, 40). Men are more responsive 

to GH replacement therapy than women. The cause is unclear but likely to involve the divergent 

modulatory effects of oestrogen and androgens on the action of GH (41). 

 

It is generally accepted that changes in LBM due to GH replacement reflect its effects on skeletal 

muscle. This has been demonstrated in studies showing a parallel increase in thigh cross-sectional 

area (28, 37). Most of the initial trials used higher doses of GH than currently recommended by 

guidelines (42). These higher doses were associated with fluid retention causing significant 

cardiovascular adverse effects (43, 44). A recent meta-analysis of placebo-controlled randomized 
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trials investigating GH effects on body composition found a dose-response relationship on LBM 

and fat mass (45).  It showed a 3.93 ± 1.5 kg increase in LBM and a 3.93 ± 1.05 kg decrease in fat 

mass for each mg increase in GH dose. 

 

In conclusion, body composition in adults with GHD is abnormal, as a consequence of a reduction 

in LBM and an increase in fat mass, changes that are reversed by GH replacement.  

 

1.2! GH effects on muscle mass and strength 

 

Muscle strength is defined as maximal force (in newtons, N) or torque (in newton-metres, N.m) that 

is generated by a muscle or a group of muscles during maximal voluntary contraction (46). This 

force is determined by fast twitch type II muscle fibres and relies on preformed ATP for energy 

(47). Muscle strength is commonly assessed by measuring the force or torque produced during 

isometric or isokinetic contraction. Isometric strength is the maximal voluntary contraction that can 

be developed against an immovable object without a change in joint angle, whilst isokinetic 

strength is a measure of torque/force through a range of motion in which limb is moving at a 

constant velocity (46). 

 

Muscle strength is significantly reduced in adults with GHD (48, 49) (Table 1.1). The force 

generated is usually corrected for muscle area (cm2) or volume (cm3) to distinguish between the 

contributions of muscle mass and contractile quality. Janssen et al. reported a significant reduction 

in strength and volume of quadriceps muscle in adults with GHD compared to those of age- and 

height-matched controls (50). These findings suggest that diminished strength in GHD arise from 

reduced muscle mass rather than from reduced contractile function. Sartorio et al. found that the 

strength of quadriceps muscle in adults with GHD was reduced in proportion to a reduction in 

muscle mass (32). These results stand in contrast to those of Cuneo et al. who found that quadriceps 
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muscle force was reduced in adults with GHD when corrected for muscle area (51). These authors 

hypothesized that contractile properties, energy metabolism or neuromuscular function of skeletal 

muscle are impaired in the GH deficient state. Janssen et al. attributed the disagreement to the 

possible inaccurate muscle mass assessment from a single slice CT scan (51) as opposed to a more 

precise method from using multiple MRI slices in their study (50). Muscle biopsy studies in adults 

with GHD have failed to identify any qualitative differences in fibre types compared to healthy 

adults. Thus, it is likely that muscle strength in GHD is reduced from diminished mass rather than a 

change in contractile quality. 
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Table 1.1 Studies comparing muscle strength of adults with GHD with healthy controls 
 

Study Total 
No. 

Mean Age 
years 

Gender 
(M:F) Type Diagnostic Criteria Control Outcome 

(48) 56 45±2 35:21 Mixed Peak GH <1.7µg/L during 
insulin induced 
hypoglycaemia 

Reference population of 
Goteborg. n=144, age 40-
79 years matched for mean 
Ht and Wt 

Lower isometric muscle strength in quadriceps and 
hamstring muscles. 
The peak handgrip strength was 83% and average 10-s 
handgrip strength was 81% of healthy control. 
 

(49) 14 41.8±17.3 9:5 Mixed Peak GH <6.0mU/L 
during insulin induced 
hypoglycaemia or oral 
clonidine 

14 age and gender 
matched controls. 

Lower isometric strength (84% of maximal predicted 
value for age gender and Ht). 
 

(50) 28 49±2 28:0 Mixed Peak GH <7.0mU/L 
during insulin induced 
hypoglycaemia 

20 age and Wt matched 
controls 

Lower maximal isometric strength. 
Maximal isokinetic strength tended to be lower (p=0.06) 
 

(51) 24 39±2 16:8 AO Peak GH <3.0mU/L 
during insulin induced 
hypoglycaemia 

41 age, gender and Wt 
matched controls 

Lower quadriceps force/body Wt (N/kg). Lower 
quadriceps force/quadriceps area (N/cm²). 
 

(32) 8 29.6±3.4  8:0 CO Peak GH < 5.0ng/ml to 
GHRH plus galanin & also 
to L-dopa plus propranolol 
 

8 age and gender matched 
controls 

Lower quadriceps isometric strength (63% of the 
controls) 

(52) 6 29±3  3:3 CO Peak GH < 3.4µg/L to 
insulin plus arginine 
stimulation test 

Published normal values Lower torque at speed of 30°/s and angular position of 
45° during knee flexion/extension 

Wt, weight; Ht, height; CO, childhood onset; AO, adult onset; N, Newton; GH, growth hormone; GHD, growth hormone deficiency; GHRH, growth hormone releasing hormone 
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Studies investigating the effects of GH replacement on muscle strength have provided conflicting 

results (Table 1.2 and 1.3). Jorgensen et al. observed that muscle strength did not change 

significantly after GH replacement for 4 months (20) but improved significantly after 12 months, 

with the improvement sustained at the end of 38 months of treatment (37, 53). 

 

 

Similarly, a number of other investigators have observed a lack of effect in the short term but a 

significant increase in muscle strength after extended treatment (34, 54-56). In an open label 

prospective study of 109 adults with GHD, GH therapy normalized the strength of different muscle 

groups over 10 years of therapy (57). The majority of studies assessing GH effects beyond 12 

months have reported a significant improvement in muscle strength (48-50, 57, 58), whereas trials 

of less than 6 months duration have not (20, 28, 34, 54-56, 59). The studies that show an increase in 

strength, also report a concomitant increase in muscle mass after long-term GH therapy (37, 50, 53). 

The collective findings indicate that GH replacement beyond 12 months is required to improve 

muscle strength in adults with GHD, reflecting the time taken to restore muscle mass towards 

normal. In summary, the collective evidence indicates that GH increases muscle strength by 

increasing muscle mass.  
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Table 1.2 The effects of GH on muscle strength in adults with GHD: Summary of Placebo-Controlled trials 
 
Study GHD patients Diagnosis of GHD Study Design  GH Dose Effects of GH compared to placebo 

 
(20) n=22 

M:F 14:8, CO 
Mean Age 23.8±1.2 
years 

Peak GH < 5µg/L after 
clonidine stimulation test 

4 months DBPC 
crossover 

2IU/m² No significant change in isometric strength 

(60) n=55 
M:F 31:24, AO 
Mean Age 49 years 

Peak GH < 3µg/L to 
insulin induced 
hypoglycaemia 

9 months DBPC 
crossover, 4 
months washout 

1.2IU/day for men 
1.8IU/day for women 

No significant change in isokinetic knee extensor strength 

(54) n=53 
M:F 23:20, mixed 
Age 21-60 years  

Peak GH < 5mg/L during 
insulin induced 
hypoglycaemia or 
GHRH stimulation test 

6 months DBPC  0.125IU/kg/week for first 
week; thereafter 
0.25IU/kg/week 

No significant change in strength  

 

(59) n=28 
M:F 15:13, AO 
Age 18-68 years  

Peak GH <3.0µg/L 
during insulin induced 
hypoglycaemia 

3 months DBPC 
crossover, 1 
month washout  

6.25µg/kg LBM for first 
month; 
12.5µg/kg LBM thereafter 

No significant change in isometric handgrip strength, isotonic 
arm, leg or chest press or isokinetic knee flexion / extension 
strength 

(34) n=40 
M:F 19:21, mixed 
Age 19-67 years  

Peak GH <6.0mU/L 
during insulin induced 
hypoglycaemia or oral 
clonidine 

6 months DBPC 0.02 to 0.05IU/kg   
 

No significant change in strength  

(56) n=30 
M:F 10:20, mixed 
Age ~35 years  

Peak GH <10.0mU/L 
after glucagon or insulin 
induced hypoglycaemia 

6 months DBPC  
 

0.125U/kg/week for first 
month; thereafter 
0.25U/kg/week 

No significant change in isometric quadriceps muscle strength 

(21) n=29 
M:F 19:10, AO 
Mean Age 45.5±2 
years  

Peak GH <10.0µg/L 
during insulin induced 
hypoglycaemia 

12 months 
DBPC 

2IU/m² No significant change in isometric quadriceps strength  

(61) n=24 
M:F 16:8, AO 
Mean Age 39±2 
years  

Peak GH <3.0mU/L 
during insulin induced 
hypoglycaemia 

6 months DBPC 0.07U/kg/day Significant increase in hip flexion strength 

(55) n=35 
M:F 18:17, mixed 
Mean Age 39.8 years  

Peak GH <10.0mU/L 
after glucagon or insulin 
induced hypoglycaemia 

6 months DBPC 0.125IU/kg/week for first 4 
weeks; thereafter 
0.25IU/kg/week 

No significant change in isometric quadriceps strength 

 
(28) n=14 

M:F 9:5, AO 
Peak GH <7.0mU/L 
during insulin induced 

6 months DBPC 
crossover with 1 

0.5U/kg/week No significant change isokinetic knee extension strength 
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Study GHD patients Diagnosis of GHD Study Design  GH Dose Effects of GH compared to placebo 

 
Mean Age 29.4±2.7 
years  

hypoglycaemia month washout 

(52) n=6 
M:F 3:3, CO 
Mean Age 29±3 
years   

Peak GH < 3.4µg/L 
during insulin plus 
arginine stimulation test 

3 months DBPC 
crossover with 3 
month washout 

0.5-0.6IU/kg/week No significant change in isokinetic knee flexion and extension 
strength 

DBPC, double blind placebo controlled; Wt, weight; Ht, height; CO, childhood onset; AO, adult onset; GH, growth hormone, GHD, growth hormone deficiency, IGFI, insulin like 
growth factor I; GHRH, growth hormone releasing hormone; LBM, lean body mass 
 

Table 1.3 The effects of GH on muscle strength in adults with GHD: Summary of open label trials 
 
Study GHD patients Diagnosis of GHD Study Design  GH Dose Effects of GH 

 
(53) n=13 

M:F 9:4, CO 
Mean Age 24.4±1.7 
years 

Peak GH < 5µg/L after 
clonidine stimulation test 

16 months open 
label 

Median 2.9IU/m² 
(1.2-3.8IU/m²) 

Significant increase in isometric strength of quadriceps  

(37) n=10 
M:F 7:3, CO 
Mean Age 28.4±2.3 
years 

Peak GH < 5µg/L after 
clonidine stimulation test 

37.6 months 
open label 

2IU/m² Significant increase in isometric strength of quadriceps 

(58) n=109 
M:F 61:48, AO 
Mean Age 50 years  

Peak GH < 3µg/L during 
insulin hypoglycaemia 
(n=95);  
2 additional hormone 
deficiency plus 24h GH 
profile (n=9); 1 
additional hormone 
deficiency plus 1 
stimulation test (n=4) 

5 years open 
label 

First 80 patients, starting 
dose 0.25IU/kg/week and 
individualized when Wt 
based regimen abandoned. 
In other patients, 
individualized from the 
beginning. 

Significant increase in isometric knee flexor strength, concentric 
knee flexor strength and right handgrip strength. 
No significant increase in isometric knee extensor strength, 
concentric knee extensor strength and left handgrip strength. 

(32) n=8 
M:F 8:0, CO 
Mean Age 29.6±3.4 
years 

Peak GH < 5ng/ml 
during 2 stimulation 
tests, GHRH plus galanin 
and L-dopa plus 
propranolol 

6 months open 
label 

0.5IU/kg/week Significant increase in isometric quadriceps strength. 
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Study GHD patients Diagnosis of GHD Study Design  GH Dose Effects of GH 

 
(54) n=53 

M:F 23:20, mixed 
Age 21-60 years  

Peak GH < 5mg/L during 
insulin induced 
hypoglycaemia or 
GHRH stimulation test 

6 months open 
label 

0.125IU/kg/week for first 
week; thereafter 
0.25IU/kg/week 

Significant increase in knee extension and arm flexion strength. 

(34) n=40 
M:F 19:21, mixed 
Age 19-67 years  

Peak GH <6.0mU/L 
during insulin induced 
hypoglycaemia or oral 
clonidine 

12 and 18 
months open 
label 

0.05IU/kg 
 

12 months: Significant increase neck flexion, elbow flexion and 
extension, and hip flexion and extension 
18 months: Significant increase in neck flexion and elbow 
extension  

(49) n=6 
M:F 3:3, mixed 
Mean Age 41.8±17.3 
years  

Peak GH <6.0mU/L 
during insulin induced 
hypoglycaemia or oral 
clonidine 

6 to 24 months 
open label  

0.04±0.01IU/kg/day Significant increase in maximal voluntary isometric strength. 

(56) n=30 
M:F 10:20, mixed 
Age ~35 years  

Peak GH <10.0mU/L 
after glucagon or insulin 
induced hypoglycaemia 

6 months open 
label 
2 years open 
label (n=12) 

0.125U/kg/week for first 
month; thereafter 
0.25U/kg/week 

6 months: No significant change in isometric quadriceps muscle 
strength. 
2 years: Significant improvement in quadriceps muscle strength  

(50) n=28 
M:F 28:0, mixed 
Mean Age 49±2 
years  

Peak GH <7.0mU/L 
during insulin induced 
hypoglycaemia 

12 months open 
label 

First 24 week, 0.6, 1.2 or 
1.8U and thereafter 
individualized dosing to 
normalize IGFI 

Significant increase in isokinetic muscle strength. 
No change in isometric muscle strength. 

(48) n=56 
M:F 35:21, mixed 
Mean Age 45±2 
years  

Peak GH <1.7µg/L 
during insulin induced 
hypoglycaemia 

2 years open 
label 

Individualized according to 
IGFI level. Mean GH dose 
0.62±0.03mg/day 

Significant increase in knee extension and flexion strength 
No change in handgrip strength. 

(55) n=35 
M:F 18:17, mixed 
Mean Age 39.8 years  

Peak GH <10.0mU/L 
after glucagon or insulin 
induced hypoglycaemia 

6 months open 
label 

0.125IU/kg/week for first 4 
weeks; thereafter 
0.25IU/kg/week 

Significant increase in isometric quadriceps muscle strength  

Wt, weight; Ht, height; CO, childhood onset; AO, adult onset; GH, growth hormone, GHD, growth hormone deficiency, IGFI, insulin like growth factor I; GHRH, growth hormone 
releasing hormone; LBM, lean body mass 
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Implicit in these studies of GH and muscle strength is the mediatory role of insulin like growth 

factor I (IGFI), which stimulates proliferation and differentiation of satellite cells into myoblasts 

and formation of new myofibres (62, 63). IGFI knockout mice exhibit muscle hypoplasia (64), 

whereas overexpression of IGFI leads to muscle hypertrophy (65) and accelerates muscle 

regeneration after disuse atrophy (66). Kim et al. observed a significantly increased muscle mass 

and stimulation of satellite cells and myofibre hypertrophy in skeletal muscle of wild type mice 

treated with GH, but these effects were absent in mice that lacked a functioning IGFI receptor in 

skeletal muscle (67). These studies indicate that the action of GH on muscle growth and strength are 

mediated via IGFI. 

 

Only a few double blind placebo controlled studies have investigated the effect of GH on muscle 

strength in healthy adults (8, 68-71). A 6-week GH administration failed to demonstrate any effect 

on maximal muscle strength in 8 healthy males (68). Similarly, in a study of nearly 100 recreational 

athletes, muscle strength did not increase after 8-week of GH treatment (8). GH administration in 

16 healthy men combined with resistance exercise did not further enhance muscle strength more 

than exercise alone after 3 months (69). Studies in healthy elderly subjects have also failed to 

observe any increase in muscle strength following 6 months of GH therapy (70, 71). These studies 

suggest that short-term GH therapy does not enhance muscle strength in healthy adults; however, 

the effects of long-term GH treatment are yet to be evaluated in this population. 

 

In summary, GH increases muscle strength by increasing muscle mass in adults with GHD, an 

effect that is IGFI mediated. At present, there is no evidence to support a role of GH in the 

enhancement of contractile function of skeletal muscle. 
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1.3! GH regulation of functional muscle proteins and muscle fibre type distribution 

 

Skeletal muscle is composed of fibres that are made up of different proteins with distinct properties. 

Actin and myosin are functional proteins that are responsible for the contractile function of muscle, 

whereas tropomyosin and troponin are structural proteins that keep the contractile proteins in proper 

alignment, and give muscle fibres elasticity and extensibility. Myosin protein consists of 2 heavy 

chains and 4 light chains. Muscle fibres are classified by myosin heavy chain (MHC) isoforms 

mainly into 2 types (72). Type I fibres, also known as slow twitch fibres, contain an abundance of 

mitochondria and rely on aerobic or oxidative pathways for energy production. These fibres 

determine the endurance capacity of muscle. In contrast, type II fibres, also known as fast twitch 

fibres, generate energy from anaerobic or glycolytic pathways due to their low mitochondrial 

content. These fibres have high contractile force, but easy fatigability. They subserve high intensity 

activities such as sprinting and weight lifting.  

 

MHC isoforms are distinguished by various methods including myofibrillar adenosine 

triphosphatase staining (73), immunohistochemistry with specific MHC isoform antibodies (74) and 

electrophoretic isoform separation (75). Several factors determine fibre type distribution in skeletal 

muscle. These include age, exercise, functional usage, neural input and hormones (76). For 

example, ageing is associated with a reduction in type II fibres (77), whereas thyroid hormone 

excess leads to a reduction in type I fibres (78). The effects of GH on contractile muscle proteins 

have been investigated in rodents and humans by studying the consequences of GHD and GH 

treatment.  
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1.3.1! Animal Studies 

 

Yamaguchi et al. reported a significant increase in type I fibres and decrease in type II fibres in 

rodents after hypophysectomy (79). These findings were supported by Roy et al., who observed a 

significant increase in fibres expressing MHC type I in hypophysectomized rats (80). A study 

investigating the long-term effects of hypophysectomy in rats reported a complete loss of type II 

fibres after 33 months (81). In contrast to these findings, Ayling et al. reported 50% reduction in 

type I fibres after hypophysectomy (82). Loughna et al. also observed a significant reduction of type 

I and an increase in type II MHC mRNA expression in hypophysectomized rats (83). In these 

studies, GH replacement almost completely reversed the changes observed after hypophysectomy 

(82, 83). However, some studies have reported no change in the composition of type I or type II 

fibres after GH replacement in hypophysectomized rats (80, 84). The reasons for these 

discrepancies are unclear. Possible explanations include the variable duration of GHD, which 

ranged between 21 days to 50 days, and the duration of GH therapy, which ranged from 7 days to 

33 months.  Most studies did not account for the effects of other pituitary hormone deficiencies on 

muscle fibre types, in particular thyroid hormone. When investigating the effects of GH in normal 

rats, Florini et al. observed no significant change in the number of type I or type II fibres after six 

months (85). These results in normal rats have been confirmed by other groups (86-88).  

 

1.3.2! Human Studies 

 

There are few human studies investigating GH regulation of muscle fibre composition, and most of 

these entail small numbers. Most studies in adult subjects with GHD have reported no significant 

difference in fibre type distribution from matched normal subjects (89-91). A time-dependent 

relationship between the duration of GHD and fibre type composition is unlikely from a comparison 

of findings between patients with childhood-onset and adult-onset GHD (89-91). Daugaard et al. 
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found no relationship between IGFI levels and MHC composition, suggesting that the severity of 

GHD does not influence MHC composition (92). Studies of GH replacement up to 6 months have 

reported no significant change in muscle fibre composition in adults with GHD (90-92). One of 

these studies reported an increase in muscle size and improvement in endurance capacity, but 

observed no change in the number of type I or II fibres (90). It is unclear from this study whether 

the relationship between the improvement in endurance and in type I fibre size is associative or 

causal. This study did not test muscle function reflective of type II fibre type that subserve high 

intensity contractile activity. There is insufficient evidence to support a role of GH in regulating 

type I or II fibres in human skeletal muscle, and more studies with larger numbers are required to 

determine whether GH regulates skeletal muscle fibre composition.  

 

1.4! GH effects on protein metabolism 

 

Protein turnover is defined as the continuing breakdown and synthesis of proteins, with recycling of 

amino acids. At a steady state, the rate of protein breakdown equals the rate of protein synthesis, 

and there is no net gain or loss of proteins. Amino acids released from protein breakdown are either 

reutilized in protein synthesis or irreversibly lost via oxidation. Over the last 2 decades, isotope 

tracer methods such as leucine turnover technique have made it possible to accurately measure 

these components of whole body protein metabolism by tracking the metabolic fate of a labeled 

amino acid (93).  

 

LBM and muscle mass are reduced in adults with GHD suggesting that there is an underlying 

perturbation of protein metabolism (6). Hoffman et al. compared protein metabolism in 10 patients 

with GHD and healthy controls using labeled leucine and found that the rate of protein synthesis 

and breakdown were significantly reduced in GHD subjects (94). These results corroborate previous 
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findings of Beshyah et al. and suggest that the whole body protein turnover is reduced in adults with 

GHD (95). 

 

GH replacement in adults with GHD improves protein balance by partitioning amino acids away 

from oxidative towards synthetic pathways (96-100). Russell-Jones et al. observed an increase in 

protein synthesis and a reduction in protein oxidation without any change in protein breakdown 

after 2 months of GH in subjects with GHD (99). The same findings were obtained by Shi et al. 

following 2 weeks, and by Binnerts et al. after 1 month of GH therapy in adults with GHD (27, 

100). These anabolic effects of GH are also observed in healthy adults supplemented with GH. In 

healthy subjects, Copeland and Nair et al. observed an acute reduction in whole body protein 

oxidation following GH administration (101). Similar effects were reported by Horber and 

Haymond et al. in a study undertaken in a fasting and fed state following 7 days of GH treatment in 

healthy volunteers (102). 

 

Long-term studies in adults with GHD have observed attenuation in anabolic effects after prolonged 

therapy (95, 100). Binnerts et al. observed that GH-induced reduction in protein oxidation was 

diminished after 6 months of GH therapy (27). In another study, the reduction of protein oxidation 

seen at 2 weeks of GH therapy had returned to baseline at 12 weeks, indicating a waning GH effect 

with time (103). Studies have shown that the reduction in protein oxidation is a predictor of a later 

increase in LBM, which occurs over the first few months (95, 103). Thus, GH causes a time-

dependent change in whole body protein metabolism. In the early weeks, GH reduces the rate of 

protein oxidation, leading to an accrual of protein mass. However, as the increase in LBM begins to 

plateau, there is a gradual return in the rate of protein oxidation to baseline, protein balance reaches 

a new steady state. The metabolic mechanisms accounting for this adaptation are unknown. 
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Whole body protein turnover studies do not provide information regarding the site of protein 

synthesis although it is widely assumed that this is muscle. To address the direct effects of GH on 

skeletal muscle protein turnover, investigators have measured the arterio-venous difference of 

labeled and unlabeled amino acids across the forearm or leg (93). Using this technique, Fryburg et 

al. reported that GH induced an increase in protein synthesis without affecting the rate of protein 

breakdown in forearm muscles (104, 105). However, Copeland et al. found no significant 

stimulation of protein synthesis in the leg during GH infusion, despite observing a concomitant 

stimulation of whole body protein synthesis (101). The latter findings were corroborated by 

Yarasheski et al. who also failed to observe any effect on protein synthesis of quadriceps muscle 

following GH therapy (106). These observations suggest a greater proportion of whole body protein 

anabolism occurs in tissues and organs than in skeletal muscle. This could explain why the 

improvement by GH in muscle strength in GHD is slow, and the paucity of evidence supporting a 

beneficial effect in GH replete subjects. 

 

According to the somatomedin hypothesis, the anabolic action of GH is mediated by circulating 

IGFI, which is mainly derived from the liver (107, 108). However, it is recognized that IGFI, 

produced locally in tissues under GH stimulation, mediate some of the growth promoting actions of 

GH. (62, 108). The extent to which circulating and local IGFI contributes to tissue growth has been 

the subject of great interest in the field and remains controversial.  Human studies employing 

recombinant IGFI provide the strongest evidence that circulating IGFI is anabolic. IGFI enhances 

protein anabolism by reducing the rate of proteolysis, an action similar to that of insulin (109-111). 

When IGFI is infused in rats, it leads to a reduction in protein breakdown without any change in 

protein synthesis (110). Thus, the protein anabolic effects of systemic IGFI are similar to insulin 

and different from GH, which regulates the metabolic fate of amino acids from oxidative to 

synthesis pathways. These observations indicate that the effects of GH on amino acid fluxes are 

mediated by mechanisms in addition to those mediated by IGFI.  
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In summary, GH regulates protein anabolism via IGFI-dependent endocrine and paracrine 

mechanisms as well as IGFI independent pathways. The net effect of GH on whole body protein 

metabolism is the metabolic partitioning of amino acids towards synthesis and away from 

irreversible oxidative loss, but with tissue effects that differ between muscle and extra-muscular 

tissues. 

 

1.5! GH and substrate metabolism in skeletal muscle 

 

1.5.1! Bioenergetics in skeletal muscle 

 

1.5.1.1! The Energy Continuum 

 

The contractile function of skeletal muscle relies on a constant supply of chemical energy. During 

muscle contraction, chemical energy is converted to mechanical energy that leads to movement. In 

humans, chemical energy is available in the form of ATP, which is generated by two energy 

systems: aerobic and anaerobic (4). The aerobic energy system relies on oxygen whereas the AES 

does not. Although, both systems function as a continuum, physical activity/exercise is described in 

terms of aerobic or anaerobic, depending on which system predominates. Figure 1.1 illustrates the 

metabolic processes involved in energy production in a muscle cell and the concept of energy 

continuum during physical activity. 
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Figure 1.1 Anaerobic and aerobic energy systems.  
AA, amino acid; FA, fatty acid; TCA, tricarboxylic acid cycle 

 

 

 

 

1.5.1.1.1! Glycolysis  

 

Glycolysis, or glucose breakdown, is an essential pathway of energy metabolism in all tissues. 

Glycolysis leads to the formation of either pyruvate or lactate depending on the oxidative status of 

the cell (Figure 1.1). Pyruvate is the end product of glycolysis in cells with mitochondria and 

adequate oxygen supply. This series of reactions is called aerobic glycolysis because oxygen is 

required to reoxidize NADH (reduced nicotinamide adenine dinucleotide), an energy-rich 

coenzyme formed during the process. Pyruvate is then converted into Acetyl CoA by an enzyme 

located in mitochondrial matrix called pyruvate dehydrogenase (PDH). Acetyl CoA is a major 

source of fuel for oxidative energy production in mitochondria. In tissues with inadequate oxygen 

supply (for example, skeletal muscle during intense exercise) or cells that lack mitochondria (for 
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example, red blood cells), pyruvate is reduced by NADH in the presence of lactate dehydrogenase 

(LDH) to form lactate. This conversion of glucose to lactate is called anaerobic glycolysis because 

there is no net gain of NADH. Lactate is then released into the blood and converted back to glucose 

via gluconeogenesis in the liver. 

 

Aerobic or anaerobic glycolysis to pyruvate or lactate yields 2 ATP. The subsequent metabolism of 

the 2 pyruvate molecules yields 34 ATP on complete oxidation via the tricarboxylic acid (TCA) 

cycle and oxidative phosphorylation in the mitochondrial respiratory chain. 

 

Stoichiometry of glucose metabolism 

 

Anaerobic glycolysis: 

Glucose + 2 Pi + 2 ADP                   2 Lactate + 2 ATP + 2 H2O 

 

Aerobic glycolysis: 

Glucose + 2 Pi + 2 NAD+ + 2 ADP   2 Pyruvate + 2 ATP + 2 NADH + 2 H+ + H2O 

 

Complete oxidation of glucose: 

Glucose + 6 O2 + 36 Pi + 36 ADP    36 ATP + 6 CO2 + 42 H2O  

 

1.5.1.1.2! The aerobic energy system 

 

The aerobic energy system relies on the generation of ATP from oxidation of Acetyl CoA in the 

mitochondria. Acetyl CoA is derived from the metabolism of substrates such as carbohydrates, 

lipids and protein. It undergoes a series of reactions in the TCA cycle where four pairs of electrons 
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via energy-rich coenzymes are transported to the mitochondrial respiratory chain, generating 12 

ATP from each molecule of Acetyl CoA oxidized. 

 

The aerobic energy system provides energy at rest, as well as that required for sustaining long 

duration of physical activity such as prolonged walking at a comfortable pace. During the transition 

from rest to physical activity, oxygen consumption is increased to meet the increased energy 

demands. After a few minutes, the rate of oxygen consumption reaches a new steady state and 

oxidative energy production matches energy consumption. However, the body relies predominantly 

on anaerobic energy at the start of any physical activity, until aerobic energy metabolism increases 

to supply the new energy needs. 

 

1.5.1.1.3! The anaerobic energy system 

 

The AES is comprised of an alactic system and a lactic acid system (5). The alactic system (Figure 

1.2) consists of preformed ATP and phosphocreatine (PCr), which donates a phosphate group to 

ADP (adenosine diphosphate) to form ATP instantaneously. The lactic acid system provides energy 

from anaerobic glycolysis. The alactic system provides energy for the first few seconds (~ 10 

seconds) of physical activity; thereafter anaerobic glycolysis provides energy for the next 30-40 

seconds, when aerobic metabolism begins to take over and provides energy for prolonged sustained 

activity (112). 
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Figure 1.2 Alactic anaerobic system.  
ADP, adenosine diphosphate; ATP, adenosine triphosphate 

 

 

 

 

 

1.5.2! GH effects on substrate metabolism in skeletal muscle 

 

Muscle function is dependent on the availability of metabolic fuels and its capacity to synthesize 

ATP. The energy synthesis from substrate utilization in exercising muscle is regulated by 

nutritional, genetic, and hormonal factors as well as physical training.  GH stimulates lipolysis at 

rest (113-115) and during exercise (116, 117), leading to an increase in plasma fatty acid (FA) 

levels. GH also increases plasma glucose concentration by various mechanisms including 

augmentation of glycogenolysis (118) and gluconeogenesis (119). Thus, GH may enhance muscle 

function by increasing availability of FA and glucose as metabolic fuels for energy production.  

 

GH stimulates whole body lipid oxidation and reduces carbohydrate utilization in healthy adults 

(113, 120, 121) and in adults with GHD (122-124). Given that LBM accounts for the majority of 

substrate metabolism in the body (125), and muscle comprises almost 50% of total LBM, it is 

widely assumed that an increase in whole body lipid oxidation is a reflection of its action on 

skeletal muscle, however, very limited evidence is available to support this assumption. This 

traditional thinking was recently challenged by studies in rodents as well as humans, indicating that 
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GH action is rather tissue specific. These studies used DNA microarray technology as a platform to 

study GH effects on global changes in metabolic gene expression in the target tissues. 

 

 

Tollet-Egnell et al. studied effects of GH on liver and skeletal muscle of rats (126). In the liver, GH 

reduced expression of genes for lipid synthesis, such as fatty acid synthase and stearyl-CoA 

desaturase, but increased genes for fat oxidation including carnitine palmitoyl transferase I (CPT I), 

a key enzyme for the transfer of FA from cytosol into the mitochondrial matrix. Whereas in skeletal 

muscle, genes for FA uptake were reduced, and glycolysis were increased upon GH treatment. 

These data indicate that GH action on substrate metabolism is tissue specific.  

 

 

Sjogren et al. studied effects of GH replacement on metabolic gene expression in skeletal muscle of 

adults with GHD (7). These authors found a striking difference between the whole body and 

skeletal muscle substrate metabolism following GH treatment. GH stimulated whole body resting 

energy expenditure, lipid oxidation and reduced carbohydrate oxidation. In skeletal muscle, 

however, GH downregulated key genes governing lipid oxidation, TCA cycle activity and 

mitochondrial respiration as well as genes that suppress glucose utilization (Figure 1.3). Expression 

of genes involved in FA transport such as fatty acid binding protein-3 (FABP-3) and CTP-I fell by 

50%. Genes for several enzymes that mediate β-oxidation of FA and ATP synthesis via oxidative 

pathway in the mitochondria were also suppressed in skeletal muscle following GH therapy. For 

example, the expression of oxoglutarate dehydrogenase and succinate dehydrogenase complex B in 

the TCA cycle and ATP synthase and NADH dehydrogenase in the mitochondrial respiratory chain 

were reduced by up to 40%. GH also reduced the transcripts levels of pyruvate dehydrogenase 

kinase-4 (PDK-4) and glycogen synthase-I in muscle. The latter has been shown in previous studies 

in healthy (127) as well as adults with GHD (128). PDK-4 is an inhibitor PDH, the key enzyme that 
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converts pyruvate to Acetyl CoA for oxidation in mitochondria (129). These findings indicate that 

GH favours glucose as a metabolic fuel over lipid in skeletal muscle. 

 

 
Figure 1.3 GH effects on metabolic gene expression in skeletal muscle.  
Schematic diagram of changes in the expression of key genes in skeletal muscle governing the 
oxidative metabolism of fatty acids and glucose after GH therapy [adapted from the study by 
Sjogren et al. (7)]. Metabolic genes that were down regulated by GH in skeletal muscle are boxed in 
green with the abbreviated names are expanded below. FA, Fatty acid; TCA, tricarboxylic acid 
cycle; ADP, adenosine diphosphate; ATP, adenosine triphosphate. Lipid metabolism: FABP3, Fatty 
acid-binding protein-3; ACSL, Acyl-CoA synthetase, long chain; CPTI, 
Carnitinepalmitoyltransferase I; ACAD8, Acyl-CoA dehydrogenase, family member 8; HADHA, 
Hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase; TCA cycle: OGHD, Oxoglutarate 
dehydrogenase; SDHB, Succinate dehydrogenase complex B; Mitochondrial chain: OXA, Oxidase; 
NDU, NADH dehydrogenase; ATPS, ATP synthase 

 

 

 

Assuming that the transcriptional changes reflect effects on protein expression, these findings 

suggest that GH inhibits oxidative metabolism of substrates and may favour non-oxidative 

(anaerobic) pathways for ATP synthesis in skeletal muscle. This was a small uncontrolled study 

conducted in only 5 subjects with GHD administered GH for two weeks. However the findings are 

supported by a study in trained cyclists, in whom GH administration increased plasma lactate levels 
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during intense exercise compared to placebo, consistent with an increased rate of anaerobic disposal 

of pyruvate (130).  

 

In summary, the effects of GH on substrate metabolism are tissue specific. GH may promote non-

oxidative or anaerobic substrate metabolism in skeletal muscle for ATP synthesis, findings contrary 

to its effects on whole body metabolism. Further work is required to confirm gene expression 

findings in a larger cohort in a placebo-controlled design. 

 

1.6! GH effects on muscle power 

 

Muscle power is defined as work performed per unit of time and is expressed in joules per second 

or watts. It is described in terms of aerobic and anaerobic power, depending on which energy source 

is predominantly utilized to do the work. Thus, muscle power can be assessed by measuring aerobic 

exercise capacity and anaerobic exercise capacity.  

 

1.6.1! Aerobic exercise capacity 

 

Aerobic exercise capacity is a measure of endurance i.e. the muscle’s ability to sustain work for a 

prolonged period with energy provided principally from oxidation of carbohydrates or lipids in the 

mitochondria. In the athletic world, it determines performance in sports such as distance running 

and swimming, while in day-to-day life, it supports activities such as walking. Aerobic exercise 

capacity is a stronger predictor of mortality in men than any other established risk factors for 

cardiovascular disease such as hypertension, smoking, and diabetes (131). It is determined by the 

measurement of maximal oxygen uptake (VO2max) in L/min or ml/kg/min or maximal aerobic 

power output in watts or kilojoules during an incremental exercise test on a cycle ergometer or a 

treadmill (132). 
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Studies in subjects with GHD have provided strong evidence that GH is a significant positive 

regulator of aerobic exercise capacity. Cuneo et al. reported a mean reduction of 28% in VO2max in 

adults with GHD compared to their maximum predicted value based on age, weight and height 

(133). Many studies have reported a similar degree of impairment in aerobic exercise capacity in 

these individuals (28, 134, 135).  

 

Numerous double blind placebo controlled trials have investigated GH effects on aerobic exercise 

capacity in adults with GHD (Table 1.4). In a study of 22 adults with GHD, aerobic exercise 

capacity increased significantly after 4 months of GH therapy and was sustained for up to 38 

months of GH treatment (20, 37). Cuneo et al. observed a near normalization of VO2max over a 

period of 6 months with GH replacement in a study involving 24 adults with GHD (133). Most of 

these studies show an improvement in VO2max and/or maximal aerobic power output following GH 

therapy for 4 to 12 months (20, 21, 28, 37, 53, 60, 133, 134). A few studies failed to show a positive 

effect of GH on aerobic exercise capacity in comparison to placebo (43, 52, 59). This is likely due 

to a type II statistical error arising from the small number of participants in these trials. 
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Table 1.4 The effects of GH on aerobic exercise capacity in adults with GHD: Summary of Placebo-Controlled trials 
 
Study GHD 

Patients 
Age Diagnosis of GHD Study Design  GH Dose Method Effects of GH compared to placebo 

(20) n=22, CO 
M:F 14:8 

23.8±1.2 
years 

Peak GH < 5µg/L 
after clonidine 
stimulation test 

4 months DBPC 
crossover 

2IU/m² Cycle 
Ergometer 

Increase in exercise capacity  

(133) n=24, AO 
M:F 16:8 

39±2 
years 

Peak GH <3.0mU/L 
during insulin 
induced 
hypoglycaemia 

6 months DBPC 0.07U/kg/day Cycle 
Ergometer 

Increase in VO2max and maximal power output  

(21) n=29, AO 
M:F 19:10 

45.5±2 
years 

Peak GH <10.0µg/L 
during insulin 
induced 
hypoglycaemia 

12 months 
DBPC 

2IU/m² Cycle 
Ergometer 

Increase in exercise capacity  

(135) n=20, AO 
M:F 15:5 

~45 
years 

Peak GH < 2ng/ml 
during insulin 
induced 
hypoglycaemia  

6 months DBPC 12.5µg/kg/day Cycle 
Ergometer 

No change in VO2max 
Increase in maximal power output 

(43) n=10, AO 
M:F 9:1 

47 years Peak GH <5.0mU/L 
during insulin 
induced 
hypoglycaemia 

6 months DBPC 
crossover 

0.5U/kg/week Cycle 
Ergometer 

No change in maximal power output  

(28) n=14, AO 
M:F 9:5 

29.4±2.7 
years 

Peak GH <7.0mU/L 
during insulin 
induced 
hypoglycaemia 

6 months DBPC 
crossover with 1 
month washout 

0.5U/kg/week Cycle 
Ergometer 

Increase in exercise capacity and VO2max 

(55) n=35, mixed 
M:F 18:17 

39.8 
years 

Peak GH 
<10.0mU/L after 
glucagon or insulin 
induced 
hypoglycaemia 

6 months DBPC 0.125IU/kg/week 
for first 4 weeks; 
thereafter 
0.25IU/kg/week 

Treadmill No change in VO2max 

 

(60) n=55, AO 
M:F 31:24 

49 years Peak GH < 3µg/L to 
insulin 
hypoglycaemia 
(<2.2mmol/L) 

9 months DBPC 
crossover, 4 
months washout 

1.2IU/day for 
men 
1.8IU/day for 
women 

Treadmill Increase in VO2max 

(59) n=28, AO 
M:F 15:13 

18-68 
years 

Peak GH <3.0µg/L 
during insulin 

3 months DBPC 
crossover, 1 

6.25µg/kg LBM 
for first month; 

Treadmill No change in VO2max 
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Study GHD 
Patients 

Age Diagnosis of GHD Study Design  GH Dose Method Effects of GH compared to placebo 

induced 
hypoglycaemia 

month washout  12.5µg/kg LBM 
thereafter 
 
 

(34) n=40, mixed 
M:F 19:21 

19-67 
years 

Peak GH <6.0mU/L 
during insulin 
induced 
hypoglycaemia or 
oral clonidine 

6 months DBPC 0.02 to 
0.05IU/kg   
 

Treadmill No change in exercise capacity 

 

DBPC, double blind placebo controlled; VO2max, maximal oxygen uptake; CO, childhood onset; AO, adult onset; GH, growth hormone, GHD, growth hormone deficiency; LBM, lean body mass; W, watts; kJ, kilojoules 
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The underlying mechanisms responsible for the improvement in aerobic performance during GH 

replacement are multifactorial. Oxygen delivery to exercising muscles depends on cardiac function, 

lung capacity and oxygen carrying capacity of the blood (136). Adults with GHD have impaired 

cardiac function (137), diminished lung capacity (138) and reduced red cell mass (139). These 

deficits are restored with GH replacement. In adults with GHD, GH replacement increases i) 

cardiac output, which arises from enhancement of heart rate and stroke volume (20, 133, 135, 140); 

ii) lung capacity by increasing respiratory muscle strength and lung volumes (135, 138); and iii) red 

cell mass, which determines oxygen carrying capacity of the blood (139, 141, 142). As discussed 

previously, biopsy data in humans do not provide evidence that GH increases the number of 

oxidative type I muscle fibres. However, studies uniformly show that the increase in muscle mass is 

associated with an increase in oxygen consumption during GH replacement (28, 135).  These 

observations are consistent with the delivery of a greater amount of oxygen to an increased muscle 

mass as a result of GH replacement in adults with GHD, leading to an increase in aerobic capacity 

of exercising muscles. 

 

Several studies have failed to show any significant effects of GH on VO2max in healthy adults 

(143). Berggren et al. observed no significant increase in VO2max following 28 days of low dose 

(0.033 mg/kg/day) and high dose (0.067 mg/kg/day) GH in a double blind placebo controlled trial 

of 30 healthy adults (144). These findings were supported by the lack of improvement in VO2max 

of 96 recreational athletes following 8 weeks of GH administration (2mg/kg/day) (8). Thus, GH 

does not enhance aerobic exercise capacity in healthy adults. 

 

Collectively, these results indicate that GH enhances aerobic exercise capacity in subjects with 

GHD, but not in healthy adults. The improvement can be explained by effects on muscle mass, 

cardiorespiratory function and haematological parameters. 
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1.6.2! Anaerobic exercise capacity 

 

Anaerobic exercise capacity is defined as the total amount of work during a maximal exhausting 

exercise of a short duration, which is underpinned by anaerobic ATP supply (145). This work is 

executed by fast twitch type II muscle fibres. Various exercise tests have been used to assess 

anaerobic exercise capacity (146). In sporting activities that involve short-term high intensity 

physical activity, such as sprinting, baseball, gymnastics etc., the main energy source is anaerobic 

ATP. All physical activities including activities of daily living also depend on anaerobic energy 

upon initiation, for the first few seconds, before aerobic metabolism becomes the predominant 

energy source (5, 147). Thus, it is conceivable that a suboptimal AES impairs muscle function 

leading to easy fatigue in patients and diminished performance in athletes.  

 

Factors other than physical training that regulate anaerobic exercise capacity are largely unknown 

(5). So far only one study has investigated the effects of GH on anaerobic exercise capacity (8). 

This double blind placebo controlled study in a large group of recreational athletes reported a 

significant improvement in anaerobic exercise capacity after GH therapy for 8 weeks, as assessed 

by the Wingate test. GH did not increase body cell mass, the functional compartment of LBM that 

is predominantly composed of muscle, nor standard measures of muscle strength (dynamometry) 

and power (jump height) (Figure 1.4). These findings suggest that muscle anabolism is unlikely to 

explain the improvement in the Wingate test. Jump height represents instantaneous work whereas 

the Wingate test involves all-out intensive exercise on a cycle ergometer for 30 seconds. Although 

both tests measure anaerobic power, the energy required for jumping is drawn from PCr stores 

while that for the longer Wingate test, from PCr stores and that derived from glycolysis.  A likely 

explanation is a GH effect on energy supply stimulating ATP production from glycolysis, leading to 

an increase in anaerobic exercise capacity in skeletal muscle. As the effects were assessed in GH-
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replete individuals treated with a supraphysiological dose of GH, the physiological and functional 

relevance of these findings remain unknown. 

 

 

Figure 1.4 GH effects on physical performance in recreational athletes.  
[Adapted from Meinhardt et al. (8)]. This figure illustrates the percent change after 
GH or placebo treatments in four measures of physical performance: VO2max, 
strength (dynamometry), jump height and Wingate test. 
 

 

 

 

In summary, the AES provides energy for initiation of all biological activities including activities of 

daily living and powers short-term high intensity physical activity (5, 147). Hence, the finding that 

GH may regulate the AES has potential therapeutic implications not only in the GH deficient 

population but also possibly in accelerating physical rehabilitation and improving physical function 

in the frail elderly. It also provides further justification of GH prohibition in sports. 
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1.7! GH effects on quality of life 

 

Many investigators have assessed QoL in adults with GHD. There is good evidence to suggest that 

GHD leads to impaired QoL (148-150).(151) Amongst the various domains of QoL, energy and 

vitality are the most affected areas in adults with GHD with easy fatigue a prominent symptom 

(152, 153).  

 

The question as to whether GH replacement improves QoL in adults with GHD has been 

investigated in many double-blind placebo-controlled and open label trials. Table 1.5 summarizes 

the findings of placebo-controlled trials investigating the effects of GH replacement on QoL in 

adults with GHD. The majority of these trials report a significant improvement (56, 149, 154-161). 

In a double-blind placebo-controlled trial involving 21 patients with GHD, a significant 

improvement in QoL occurred following 9 months of GH replacement; the domains that showed the 

great improvement were energy, emotions and cognitive function (148). The spouses who were also 

blinded to the intervention, observed a marked improvement in energy, mood and behavior in the 

subjects during GH therapy. Improvement of QoL is observed within first few months of starting 

the GH therapy. Some studies have reported an improvement as early as 3 months (151, 153, 162) 

although most occurs within the first year of GH replacement (6, 42). These benefits are sustained 

several years after starting the GH therapy (163, 164) and lost as early as 3 months after the 

withdrawal of GH replacement (157). The response to GH therapy is proportional to the baseline 

QoL deficit in patients with GHD (153, 165). This means that patients with a low QoL at the outset 

are likely to benefit most from GH replacement. 

 

The mechanisms that lead to impairment of QoL and restoration after GH replacement are unclear. 

Although, it seems reasonable to assume anabolic effects of GH on body composition, muscle 

strength and aerobic exercise capacity may play a role in restoration of QoL in adults with GHD, no 
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relationship has been found between QoL and these parameters (6, 165, 166). It is not known 

whether improvement in these anabolic performance measures lead to an improvement in physical 

function, which is likely to have a significant bearing on their QoL. Many studies have failed to 

detect a relationship between QoL and serum IGFI levels (164, 167). Also, aerobic exercise 

capacity and muscle strength improve only after long-term therapy (> 12 months), in contrast to 

improvement in QoL, which is seen within a few months, raising a possibility of GH effects other 

than muscle anabolism affects QoL in adults with GHD such as energy metabolism. Short term GH 

therapy improves anaerobic exercise capacity in healthy adults (8). If a similar effect occurs in GH 

deficient population, the stimulation of the AES could explain the early improvement in QoL of 

adults with GHD by increasing the availability of energy and reducing fatigue. 

 

In summary, adults with GHD experience impaired QoL, which improves within first few months 

after initiation of GH replacement and sustained long-term with continuation of GH therapy. 

Despite extensive research in this field, the mechanisms of QoL impairment in GHD and its 

restoration with GH replacement are not well understood.  
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Table 1.5 The effects of GH on quality of life in adults with GHD: Summary of Placebo-Controlled trials 
 
 

Study GHD patients Study 
Design 

GH dose QoL measure Effects of GH 

(149) N=24 
Age 18-55 
years 

6-month 
DBPC 

0.07 U/kg NHP 
 
PGWB 
GHQ 

Improvement in overall score compared to baseline and in energy compared to 
placebo 
Improvement in only mood subsection compared to baseline 
Improvement in overall scores compared to baseline 

(148) N= 36 
M:F 27:36 
Age 34.9 years 

21-month 
cross-over 
DBPC 

0.25IU/kg/week NHP 
HSCL 
 
PGWB 

Improvement in overall score compared to baseline 
Total score improved in both, placebo and GH groups. Cognitive impairment 
improved significantly in GH group compared to placebo. 
Improvement in overall score compared to baseline 

(154) N=40 males 18-month 
DBPC 

4 ± 2 mcg/kg NHP 
PGWD 
GHQ 
MMPI-2 

No difference 
No difference 
No difference 
No difference, On the Hysteria scale, a small increase in report of adverse 
symptoms in the GH group when compared with the placebo group  

(156) N=26 
M:F 12:14 
Age 51 years 

6-month 
DBPC 

3.7mcg/kg KSQ 
HDS 

No difference 
Improvement in GH group compared to baseline 

(15) N=166 
M:F 86:80 

12-month 
DBPC 

0.0125mg/kg BDI 
NHP 
PGWB 
PQ 
NHIS 
TMT 

No difference  
No difference 
No difference 
No difference 
No difference 
No difference 

(56) N=30 
M:F 10:20 

6-month 
DBPC 

0.25U/kg/week NHP 
 
HAS 
Self-esteem 
MFQ 
Impact scale 
Life fulfilment 

Improvement in Energy score in GH group compared to baseline 
 
No difference 
Improvement in placebo group  
No difference 
Improvement in GH group compared to baseline 
No difference  
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Study GHD patients Study 
Design 

GH dose QoL measure Effects of GH 

      
(168) N=50 males 6-month 

DBPC 
1.7 ± 0.8 IU/m2 HSCL 

POMS 
STAI 

No difference 
No difference 
No difference 

(160) N=9 
M:F 6:3 

6-month 
DBPC 

0.25 IU/kg/week HDS 
BDI 

Improvement in GH group compared to placebo 
Improvement in GH group compared to placebo 

(169) N=19 
M:F 13:6 

12-month 
DBPC 

3.6 IU/day GHQ No difference 

(158) N=165 
M:F 99:66 

6-month 
DBPC 

0.25 IU/kg/week NHP 
 
QoL-AGHDA 

Improvement in energy and emotional reaction in both groups and in social 
isolation in placebo group 
Improvement in GH group compared to baseline 

(155) N=38 
M:F 21:17 

6-month 
DBPC 

0.025mg/kg and 
0.012mg/kg 

NHP 
PGWB 

Improvement in GH group compared to baseline 
Improvement in both groups 

(170) N=166 
M:F 91:72 

6-month 
DBPC 

0.25 IU/kg/week NHP 
GHDQ 

No difference 
No difference 

(161) N=203 
M:F 100:103 

6-month 
DBPC 

0.07 IU/kg NHP 
PGWB 
GHQ 

Improvement in GH group compared to placebo 
Improvement in mood only in GH group compared to baseline 
Improvement in psychological distress in GH group compared to baseline 

(60) N=55 
M:F 31:24 

9-month 
DBPC 

1.8 IU in females, 
1.2 IU in males 

HSCL-58 
SF-36 

No difference 
No difference 

(157) N=21 
M:F 10:11 

3-month 
DBPC 

0.125-0.25 
IU/kg/week 

HDQoL 
GWBI 
W-BQ12 
SF-36 
NHP 
GHQ 

Deterioration in physical activity in placebo group 
No difference 
Deterioration in energy in placebo group 
Deterioration in general health in placebo group 
No difference 
No difference 

DBPC, double-blind placebo-controlled; QoL, quality of life; HSCL-58, Hopkins symptom checklist 58; SF-36, short form 36; AGHDA, adult GH deficiency assessment; NHP, 
Nottingham health profile; PGWB, psychological general well-being index; GHQ, general health questionnaire; MMPI-2, Minnesota Multiphasic Personality Inventory-2; POMS, 
profile of mood scales; STAI, state trait anxiety inventory; KSQ, Kellner symptom questionnaire; HDS, Hamilton depression scale; BDI, Beck depression inventory; HAS, hospital 
anxiety and depression scale; SE, self esteem scale; MFQ, mental fatigue questionnaire; PQ, Paffenbarger Questionnaire; NHIS, National Health Interview Survey; TMT, Trail 
Making Tests; HDQoL, Hormone Deficiency-Dependent quality of life questionnaire; GWBI, general well-being questionnaire; W-BQ 12, the well-being questionnaire  
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1.8! Statement of aims 

 

This chapter provides an overview of the consequences of GHD in adults and the effects of GH 

replacement in ameliorating these changes via its metabolic and anabolic properties. GHD leads to 

detrimental changes in body composition causing diminished muscle strength and endurance 

capacity (6). Strength and endurance are measures of muscle function that depend on muscle size, 

muscle fibre composition and the availability of energy to support the exercising muscle. This 

energy is available as ATP which is produced by two complementary energy systems: anaerobic 

and aerobic (4).  

 

The aerobic energy system supports endurance exercise whereas the AES powers intensive activity 

of short-term duration. The AES underpins the initiation of all physical activities including 

activities of daily living (5). Thus it is conceivable that impairment of anaerobic capacity increases 

fatigue, impairing the activities of daily living, a symptom commonly observed in adults with GHD 

(152).  

 

Muscle strength and aerobic capacity are impaired in GHD and restored by GH replacement over a 

period of few months (3, 6). Whether anaerobic capacity is impaired in GHD and improved with 

GH replacement has not been studied. A recent study reported that GH improves anaerobic capacity 

in healthy adults within few weeks of treatment, indicating an effect mediated via energy 

metabolism, rather anabolism (8). Sjogren et al. reported that GH suppressed genes in skeletal 

muscle governing lipid oxidation and stimulated genes promoting glycolysis in skeletal muscle. 

Although this gene expression study provides evidence supporting a role of GH in stimulating the 

AES, the results were derived from a small uncontrolled study (7, 8). The relationship between 
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anaerobic capacity, physical function and health-related QoL in adults with GHD, and the impact of 

GH replacement have not been investigated. 

 

The major aims of this thesis are to investigate whether:  

1.! anaerobic capacity is impaired in adults with GHD and is improved with GH replacement  

2.! there is a relationship between anaerobic capacity, and physical function and QoL 

3.! GH alters the expression profiles of skeletal muscle genes in favour of anaerobic 

metabolism  

 

The hypotheses to be tested are: 

1.! Anaerobic capacity is impaired in adults with GHD and improved with GH replacement. 

2.! Anaerobic capacity positively regulates physical function and QoL. 

3.! GH represses genes regulating oxidative metabolism in skeletal muscle  
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2! METHODS 

 

The major procedures undertaken for this body of work were: 

i)! Physical performance tests 

ii)! Physical function tests 

iii)! QoL assessment 

iv)! Body composition assessment 

v)! Gene expression profiling of skeletal muscle 

 

All protocols were approved by the Metro South Human Research Ethics Committee, Brisbane 

(HREC Reference number: HREC/12/QPAH/126)� and carried out in accordance with Good 

Clinical Practice guidelines. This study is registered in The Australian New Zealand Clinical Trials 

Registry (number: ACTRN12615000046505). 

 

All procedures were performed in the Endocrine Testing Area of Princess Alexandra Hospital, with 

assistance of research nurses Kevin Carter and Tracy Grierson. I completed a clinical Bone 

Densitometry course to satisfy the requirements of radiation safety legislation for undertaking and 

analyzing DXA for body composition assessment. I performed the RNA extraction from muscle 

tissues under guidance of Dr. Johanna Barclay and Dr. Chris Morais at the School of Medicine, 

University of Queensland. Gene expression profiling of the muscle biopsy samples was undertaken 

at the Australian Genome Research Facility (AGRF), Melbourne and the University of Queensland 

Diamantina Institute, Brisbane. I performed statistical analysis of the data under guidance of Dr 

Anne Bernard and the analysis of gene expression data under guidance of Dr Stephen Rudd, 

Queensland Facility for Advanced Bioinformatics. I performed qRT-PCR experiments under 

guidance of Dr. Caroline Nelson at the School of Medicine, University of Queensland. 
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2.1! Subjects 

 

19 adults with GHD were recruited from Endocrine clinics at the Princess Alexandra Hospital, 

Brisbane. GHD was established by a peak GH response < 3µg/L to insulin-induced hypoglycemia 

or 3 or more pituitary hormone deficiencies with a subnormal IGF-I level (171). Subjects with 

severe cardio-respiratory, liver or renal impairment, or malignancy were excluded. The majority of 

patients had coexisting anterior pituitary hormone deficiencies and they were placed on stable 

replacement therapies for at least 6 months prior to enrollment in the study. 13 healthy controls 

matched for age-, gender-, and body mass index (BMI) to the first 13 adults with GHD were 

recruited through advertisement in the hospital and university newsletter. 

 

2.2! Clinical trial material and randomization 

 

Recombinant human GH (Norditropin) and placebo were provided by Novo Nordisk, Australia. The 

random allocation sequences were computer-generated and concealed until the time of allocation. 

Novo Nordisk generated the allocation sequences for GH and placebo in identical matched 

packaging labeled with the allocation number. Dr. Johanna Barclay, who was not involved in 

measuring study outcomes or analyzing data, randomized participants to GH or placebo. 

Participants and trial staff were blinded to the interventions all times. 

 

2.3! Assessments 

 

The following assessments were undertaken over two consecutive days. After an overnight fast, 

subjects arrived at the test venue at 0800h. After arrival, height, weight, pulse and blood pressure 

were measured. Blood was collected for urea and electrolytes, full blood count, thyroid function 
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test, oestradiol or testosterone. 5mL blood was centrifuged and plasma was stored at -20°C for later 

measurement of IGF-I after unblinding. The reproducibility of Wingate, VO2max, Stair climb and 

Chair stand tests, and pedometry were assessed by measuring the CV and ICC in 5 healthy 

volunteers who undertook these tests on two separate occasions (see below). 

 

2.3.1! Physical performance tests 

 

2.3.1.1! Wingate Test 

 

The Wingate anaerobic test was used to assess anaerobic capacity. It is one of the most widely used 

tests and has been validated in various groups ranging from athletes to individuals with chronic 

disease (172). The test-retest reliability values (r) for the Wingate test have ranged between 0.89 

and 0.99 (173). It requires pedaling for 30 seconds at maximal speed against a constant force based 

on body weight. Figure 2.1 illustrates the power output profile over 30 seconds. Two variables are 

calculated: peak anaerobic power and mean anaerobic power. Peak anaerobic power is the highest 

mechanical power elicited during the test, and typically occurs within the first few seconds. Mean 

anaerobic power is defined as the average power sustained throughout the 30-second period. Peak 

anaerobic power is thought to reflect alactic process and mean anaerobic power, anaerobic 

glycolysis. 

 

For this thesis, the Wingate test was performed after an overnight fast as described by Bar-Or et al. 

(172) using a Monark ergometer (Monark Exercise AB, Vansbro, Sweden). The force was 

calculated as 0.075 kp per kg body weight. A 3-minute warm-up followed by a 5-minute rest period 

preceded the actual test. The actual testing consisted of subject performing a 15-second countdown 

phase, a 30-second all-out pedaling phase and a 2-minute active cooldown phase.  
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Setup 

 

Seat height is adjusted so that no more than 5 degree of knee flexion present when the leg is fully 

extended to ensure optimal riding condition. Stirrups are applied so that a pushing or pulling force 

can be exerted on the pedal throughout the full cycle. A polar heart rate monitor is placed around 

subject’s chest for heart rate recording.  

 

Warm up 

 

Each subject is given a 3-minute warm-up period on the Monark ergometer against light resistance 

interspersed with two 5-second ‘all-out sprints’ for the subjects to get a feel for the actual test.  

 

 

The actual test 

 

The conduct of the full test is controlled by the Monark software, with a 15-second countdown prior 

to test initiation and subsequent data collection. The participants pedal as fast as possible to achieve 

maximum cadence three seconds before the resistance is applied. All subjects are verbally 

encouraged to continue to pedal as fast as possible for the entire 30 seconds.  

 

Cool down phase 

 

This involves a 2-minute of pedaling (cooldown phase) against light resistance immediately after 

the test.  
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Data collection and analysis 

 

Power output per second is recorded by the Monark software. Peak anaerobic power and anaerobic 

capacity (mean anaerobic power) are calculated and recorded in watts (W). 

 

 

 

Figure 2.1 Power output over 30 seconds during the Wingate test 
 

 

 

 

 

The reproducibility of the Wingate test was assessed in 5 healthy volunteers. The data are shown in 

table 2.1. 
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Table 2.1 Reproducibility of measures of the Wingate test. 
 

Subject 1 2 3 4 5 
Peak anaerobic power 

(Watts)      

Week 1 792 460 463 591 652 
Week 2 817 486 480 629 696 
Mean 805 473 472 610 674 
SD 18 18 12 27 31 

CV (%) 2 4 3 4 5 
Mean CV (%) 4 

ICC 0.99 
Mean anaerobic power 

(Watts)      

Week 1 551 308.7 327.7 423 375 
Week 2 573 328 315 428 394 
Mean 562 318 321 426 385 
SD 16 14 9.0 3.5 13 

CV (%) 3 4 3 1 3 
Mean CV (%) 3 

ICC 0.99 
 

2.3.1.2! VO2max test 

 

The VO2max test measures aerobic capacity. VO2max or maximal oxygen consumption is an 

objective measure of endurance (174). It measures the body’s maximum capacity to transport and 

utilize oxygen during exercise for energy production (175). In the laboratory, aerobic capacity is 

assessed by measuring the peak oxygen uptake during an incremental exercise test. This test can be 

performed on a treadmill or cycle ergometer and oxygen uptake is measured by a metabolic 

monitor. 

 

Exercise testing guidelines (176, 177) recommend adapting a protocol to the study participants and 

adjusting the work increment so that the total duration of exercise test is maintained between 8-12 

minutes. 
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For this thesis, VO2max was determined using a Monark ergometer. Oxygen consumption (VO2), 

carbon dioxide production (VCO2) and ventilatory volumes are measured continuously by a 

metabolic monitor (ParvoMedics, UT, USA). This machine uses infrared CO2 and paramagnetic O2 

analyzers and a pneumotachograph. Calibration against standard gases (16% O2 and 4% CO2), 

volume (3 litre), operating temperature, humidity and barometric pressure is performed immediately 

before each test.  

 

Toe stirrups are fitted and seat height is adjusted as described in the section ‘Wingate test’. Polar 

heart rate monitor is placed around the chest of the subject. A work rate is set at 40W and increased 

by 10W every minute until exhaustion. Subjects are encouraged verbally to maximize effort. VO2 

values are averaged for each 15-second period and highest value is recorded as VO2max. It is 

expressed in absolute values (L/min) and also in ml/min/kg. 

 

The reproducibility of the VO2max test in 5 healthy volunteers is shown in table 2.2. 

 

Table 2.2 Reproducibility of VO2max Test.  
 

Subject 1 2 3 4 5 
Week 1 (ml/kg/min) 47 32 33 43 29 
Week 2 (ml/kg/min) 50 30 36 42 29 

Mean 48 31 34 42 29 
SD 2.6 1.6 2 0.3 0.4 

CV (%) 5 5 6 1 1 
Mean CV (%) 4 

ICC 0.96 
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2.3.2! Physical function tests 

 

The functional significance of anaerobic capacity was evaluated by the stair climb test, chair stand 

test and aerobic capacity by 7-day pedometry.  

 

 

 

2.3.2.1! Stair climb test 

 

The stair climb test is widely used for the assessment of physical function and leg muscle power 

(178-180). Various protocols have been developed for different populations, to measure the time to 

ascend a set number of stairs or the step count for a set period of time (179).  

 

The stair climb test in this study measures the time to ascend 4 flights of stairs totaling 48 steps 

(step height 17cm). The time is recorded to the nearest 0.001 second, using a switch mat timing 

system (TAG Heuer HL440 Minitimer, TAGHeuer Professional Timing, La Chaux-De-Fonds, 

Switzerland). The participants are instructed to climb the stairs as fast as possible one step at a time. 

The test is performed three times with each occasion separated by a rest period of 5 minutes. The 

best of three readings is included for data analysis. 

 

The reproducibility of the stair climb test in 5 healthy volunteers is shown in table 2.3. 
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Table 2.3 Reproducibility of the stair climb test.  
 

Subjects 1 2 3 4 5 
Week 1 (sec) 13 13 18 13 16 
Week 2 (sec) 12 13 18 13 15 

Mean 12 13 18 13 15 
SD 0.5 0.4 0.6 0.4 0.9 

CV (%) 4 3 4 3 6 
Mean CV (%) 4 

ICC 0.97 
 

 

2.3.2.2! Chair stand test 

 

The chair stand test is a validated test to assess functional performance (181). It measures the 

number of times one can stand up and sit down in 30 seconds from a fully seated position in a chair. 

 

 

Participants are seated in the middle of chair with their arms crossed and held against the chest. The 

chair dimensions are 43cm height and 47.5 cm depth, with a fixed 4-legged base. It is placed 

against the wall to restrict movement during the test. The time is recorded by a stopwatch and 

repetitions are counted by an electronic counter. The participants are instructed to rise to a full stand 

with knees fully extended and then return back to a fully seated position as many times as possible 

within 30-second period. The total number of stands executed correctly within 30-second period is 

recorded (more than halfway up at the end of 30 second is counted as a full stand). The test is 

repeated three times separated by a 5-min rest period and the best reading out of three is used for 

data analysis. 

 

The reproducibility of the chair stand test in 5 healthy volunteers is shown in table 2.4. 
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Table 2.4 Reproducibility of the chair stand test.  
 

Subject 1 2 3 4 5 
      

Week 1 (Repetitions) 32 39 17 22 18 
Week 2 (Repetitions) 39 42 22 27 19 

Mean 36 41 20 25 19 
SD 4.6 2.1 3.5 3.5 0.7 

CV (%) 14 5 18 14 4 
Mean CV (%) 11 

ICC 0.95 
 

 

2.3.2.3! Pedometry 

 

Pedometry is a simple, inexpensive and user-friendly research tool, for the objective assessment of 

habitual physical activity in healthy and in patients with chronic disease (182). It measures the 

number of steps per day (183). In this project Kenz activity monitor (Kenz Lifecorder, Suzuken Co., 

Ltd., Nagoya, Aichi, Japan) was used to measure daily step count for 7 consecutive days. It has an 

intramodel reliability of 0.998 and absolute accuracy of +/- 3% (184). Participants are instructed to 

wear the Kenz activity monitor on their waist belt continuously for 7 days, which is sufficient to 

provide a reliable estimate of monthly activity in adults (185). The total daily physical activity (i.e. 

steps) data are downloaded to a computer using the Kenz Lifecorder software and the average is 

reported as the daily step count. 

 

The reproducibility of 7-day pedometry in 5 healthy volunteers is shown in table 2.5. 
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Table 2.5 Reproducibility of 7-day pedometry.  
 

Subject 1 2 3 4 5 
      

Week 1 (Steps) 68429 74369 39718 21998 70069 

Week 2 (Steps) 62975 67702 46556 23506 70820 

Mean 65702 71035.5 43137 22752 70444.5 

SD 3857 4714 4835 1066 531 

CV (%) 6% 7% 11% 5% 1% 

Mean CV (%) 6 

ICC 0.98 
 

 

2.3.3! Quality of life assessment 

 

QoL was assessed by QoL-AGHDA (Quality of Life Assessment of GH Deficiency in Adults) 

questionnaire, a research tool specifically validated in adults with GHD, to determine whether there 

was an association between anaerobic capacity and QoL in adults with GHD (186, 187). The QoL-

AGHDA questionnaire contains 25 items with a ‘yes/no’ response format. Each positive (yes) 

response is given a score of 1, allowing scores to range from 0 to 25. High scores indicate poor 

QoL. Out of 25 questions in the AGHDA questionnaire, 8 questions directed at energy and vitality 

domains are used in a sub-analysis to assess GH effects on energy metabolism. The remaining 17 

questions directed at QoL-domains such as social isolation, memory and concentration, emotional 

reactions and sleep are grouped together as non-energy and vitality domain and analyzed separately.  
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2.3.4! Body composition assessment 

 

Body composition was assessed by DXA using a Hologic absorptiometer (Model QDR 4500A, S/N 

45432, Software version 12.6) before and after GH therapy to allow correction of anaerobic power 

and VO2max for increases in LBM that were expected to occur.  

 

2.3.5! Muscle biopsy in GHD group 

 

Muscle biopsies were undertaken in adults with GHD using 5mm Bergstrom needle. The biopsy is 

obtained from vastus lateralis 12cm above the upper border of patella. The skin and subcutaneous 

tissue is infiltrated with 1% lignocaine without adrenaline. The depth of fascia overlying muscle is 

defined using a 25-gauge needle tip. A size 11 scalpel is used to puncture the skin, subcutaneous 

tissue and muscle fascia. Using a suction technique, Bergstrom needle is used to yield 100-150mg 

of muscle. Muscle tissue is immediately frozen in liquid nitrogen and stored at -80°C.  

 

2.3.6! RNA extraction  

 

During the 1-month placebo controlled trial, total RNA was isolated from snap-frozen muscle 

biopsies using the TRIzol Reagent (Life Technologies Inc., Gaithersburg, Maryland 20884, USA) 

according to the manufacturer’s instructions as follows:  

 

1.! Homogenizing samples and phase separation 

1ml of TRIzol reagent is added to 50-80mg of muscle tissue and the sample is homogenized with a 

rotor stator. Homogenized sample is incubated for 5 min at room temperature to permit complete 

dissociation of the nucleoprotein complex. 0.2mL of chloroform is added and the sample is 

centrifuged at 12000x g for 15 minutes. The mixture separates into a lower red phenol-chloroform 
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phase, an interphase, and a colorless upper aqueous phase, which contains RNA. The upper aqueous 

is removed and placed in a separate tube for RNA precipitation. 

2.! RNA precipitation 

0.5mL of 100% isopropanol is added to the aqueous phase. The mixture is incubated at room 

temperature for 10 minutes followed by centrifugation at 12000x g for 10 minutes. The RNA forms 

a pellet on the side and bottom of the tube. 

3.! RNA wash 

The supernatant from the tube is removed, leaving only the RNA pellet. The pellet is washed with 

1mL 75% ethanol and centrifuged at 7500x g for 5 minutes. The wash is discarded and the RNA 

pellet is air dried for 5-10 minutes. 

4.! RNA resuspension 

The RNA pellet is resuspended in 30µL of RNase-free water and incubated in a heat block set at 

55°C for 10 minutes. The RNA is stored at -80°C. 

5.! RNA quality assessment 

The quality of the RNA samples is determined using the Agilent RNA 6000 Nano Kit on the 2100 

Bioanalyzer (Agilent, Amstelveen, The Netherlands). Only total RNA samples with a RNA 

integrity number higher than seven are included for further analysis. 

 

During the open label study, total RNA was isolated from snap-frozen muscle biopsies using 

RNeasy fibrous tissue extraction kit (Qiagen, Valencia, USA) according to the manufacturer’s 

instructions as follows:  

1.! 30mg muscle is disrupted and homogenized with rotor-stator in the presence of 300µl of 

Buffer RLT. 

2.! 590µl RNase-free water is added to the lysate. Then 10µl of proteinase K solution is added 

and mixed thoroughly. 

3.! Lysate is incubated at 55°C for 10 minutes and then centrifuged for 3 minutes at 10,000xg. 
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4.! The supernatant is transferred into a new microcentrifuge tube. 

5.! 0.5 volume of 100% ethanol (usually 450µl) is added to the cleared lysate and mixed well 

by pipetting. 

6.! 700µl of the sample is transferred to an RNeasy Mini spin column placed in a 2ml collection 

tube and centrifuged for 15 s at ≥ 8000xg. The flow-through is discarded. This step is 

repeated using the remainder of the sample. 

7.! 350µl Buffer RW1 is added to the RNeasy Spin column and centrifuged for 15 s ≥8000xg to 

wash the membrane. The flow-through is discarded. 

8.! 10µl DNase I stock solution is added to 70µl Buffer RDD, mixed by gently inverting the 

tube, and centrifuged briefly to collect residual liquid from the sides of the tube. �  

9.! The DNase I incubation mix (80µl) is added directly to the RNeasy spin column membrane, 

and placed on the benchtop for 15 min. �  

10.! 350µl Buffer RW1 is added to the RNeasy spin column and centrifuged for 15 s at ≥8000xg 

at 20–25°C. The flow-through is discarded. 

11.!500µl Buffer RPE is added to the RNeasy spin column and centrifuged at 20–25°C for 15 s 

at ≥8000xg to wash the membrane. The flow-through is discarded. 

12.!500 µl Buffer RPE is added to the RNeasy spin column and centrifuged at 20–25°C for 2 

min at ≥8000xg to wash the membrane. �  

13.!The RNeasy spin column is placed in a new 1.5 ml collection tube. 30µl RNase-free water is 

added directly to the RNeasy spin column membrane and centrifuged for 1 min at ≥8000xg 

to elute the RNA. The RNA is stored at -80°C. 

14.!The quality of the RNA samples is determined using the Agilent RNA 6000 Nano Kit on the 

2100 Bioanalyzer (Agilent, Amstelveen, The Netherlands). Only total RNA samples with a 

RNA integrity number higher than seven are included for further analysis. 
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2.3.7! Gene expression analysis 

 

Microarray experiments were undertaken separately for the 1 month and 6 month studies. Samples 

for the 1-month study were processed at the Australian Genome Research Facility (Melbourne, 

Australia) and for the 6-month study at the University of Queensland Diamantina Institute 

(Brisbane, Australia). For both experiments, the RNA samples were biotinylated and amplified 

using the Illumina® TotalPrep™ RNA Amplification Kit (Ambion, Austin, TX, USA) according to 

the manufacturer’s instructions with a standardized input amount of 500ng. 
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3! ANAEROBIC CAPACITY IN ADULTS WITH GROWTH 

HORMONE DEFICIENCY 

 

3.1! Introduction 

 

 

Energy derived from the aerobic energy system is used at rest and during endurance exercise. 

Whereas the AES powers intensive activity of short-term duration and it is also important for the 

initiation of all biological activities including activities of daily living such as rising from a chair, 

climbing stairs, rushing for a bus (5). Thus it is conceivable that impairment of anaerobic capacity 

leads to the perception of increased fatigue during the execution of ordinary activities of daily 

living, a symptom commonly observed in adults with GHD (152). 

 

 

There is strong evidence from studies in adults with GHD that muscle strength and aerobic capacity 

are impaired in GHD and restored to near normal with GH replacement over a period of few months 

(3, 6). Whether anaerobic capacity is impaired in GHD or GH regulates the AES has not been 

studied. There is emerging evidence that GH may have a regulatory role in anaerobic metabolism 

(7, 8). In a gene expression study involving adults with GHD, GH therapy led to changes that may 

favour non-oxidative glycolysis for ATP production in skeletal muscle (7). In a study involving 

recreational athletes, short duration GH therapy significantly improved anaerobic capacity (8). 

However, this study was undertaken in GH sufficient healthy adults using a supraphysiological dose 

of GH and the physiological significance of these findings is unclear. 
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The aims of this section of work were to assess whether anaerobic exercise capacity is impaired in 

adults with GHD and to evaluate its functional relevance. 

 

 

3.2! Methods 

 

3.2.1! Subjects 

 

13 hypopituitary adults with GHD and 13 age-, gender-, and BMI-matched normal adults were 

recruited. The causes of pituitary deficiencies and hormone replacements are summarized in the 

Table 3.1. None of the hypopituitary patients had been previously replaced with GH except for two 

subjects. In these patients, GH therapy was stopped at least 3 months before recruitment.  

 

3.2.2! Study design 

 

This was a cross-sectional comparison of anaerobic capacity, aerobic capacity, physical function, 

body composition and QoL. Subjects attended the test venue on 2 consecutive days for the 

assessments after an overnight fast.  
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Table 3.1 Causes of pituitary deficiency and pituitary hormone replacement therapies in 13 
subjects with GHD.  
H, hydrocortisone; C, cortisone acetate; P, prednisone; T4, thyroxine; E2, estradiol; T, testosterone; 
D, desmopressin 
 

Patient 
No. 

Age Gender Diagnosis Hormone 
Replacement 

1 38 F Cushing’s disease H, T4, E2, D 

2 24 F Septo-optic dysplasia H, T4, E2 

3 38 F Macroprolactinoma C, T4, E2, D 

4 46 F Silent corticotroph 
macroadenoma 

H, T4 

5 60 F Panhypopituitarism, Empty 
sella 

C, T4 

6 57 F Non-functioning 
macroadenoma 

T4 

7 52 F Cushing’s disease C, T4, E2 

8 58 M Cushing’s disease C, T, T4 

9 49 F Macroprolactinoma H, T4, E2, D 

10 39 F Glioma P, T4, E2 

11 46 F Cushing’s disease P, T4, E2, D 

12 48 F Non-functioning 
macroadenoma 

H 

13 58 F Rathke’s cleft cyst C, T4 
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3.2.3! Assessments 

 

 

The detailed protocols of assessments are described in the Chapter 2. Anaerobic and aerobic 

capacities were assessed by the Wingate test and VO2max test respectively. The stair climb test and 

chair stand test were used as the functional assessments of anaerobic capacity, and 7-day pedometry 

as of aerobic capacity. DXA scan was performed to measure LBM and fat mass. QoL was assessed 

by QoL-AGHDA questionnaire. 

 

 

 

 

3.3! Statistical analysis 

 

Statistical analysis was performed with IBM SPSS statistics software (Version 22, Chicago, IL, 

USA). Results are reported as mean ± SEM. Comparisons between normal and GH deficient groups 

were performed with unpaired t test. Associations were explored with simple linear regressions. 

Multiple linear regression analyses were used to determine the independent predictors among age, 

gender, LBM and GHD of peak and mean anaerobic power, and VO2max; and independent 

predictors among peak and mean anaerobic power, VO2max, age, gender, LBM and GHD of 

functional measures. A p value of less than 0.05 was considered statistically significant. 
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3.4! Results 

 

 

Age, gender and the BMI of 13 normal and 13 adults with GHD are shown in Table 3.2. There were 

no significant differences in age and BMI between the two groups. Mean fat mass tended to be 

higher and LBM lower in adults with GHD but the differences were not statistically significant. 

 

 

LBM significantly correlated with peak and mean anaerobic power, and VO2max in the combined 

groups of normal and adults with GHD (Figure 3.1). For data analysis, peak and mean anaerobic 

power, and VO2max are corrected for LBM and expressed as watts.kgLBM-1 and ml.kgLBM-1.min-1 

respectively.  

 

 

3.4.1! Physical Performance (Table 3.2) 

 

 

Mean anaerobic power (p<0.05) and VO2max (<0.01) were lower in adults with GHD compared to 

normal adults. These measures remained significantly lower when corrected for LBM in adults with 

GHD (p<0.05 and p<0.01 respectively). The mean anaerobic power and VO2max were 18% and 

20% lower in GH deficient adults respectively.  
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Table 3.2 Baseline characteristics, performance tests, functional measures and quality of life 
in 13 adults with GHD and 13 normal subjects.  
All values are shown as the mean ± SEM. NS, Not significant. 

 GHD Normal p value 

M:F 1:12 1:12  

Age (years) 45.3 ± 3.2 43.7 ± 3.1 NS 

BMI (kg.m-2) 27.0 ± 1.4 26.0 ± 1.1 NS 

LBM (kg) 41.8 ± 1.9 44.1 ± 1.5 NS 

Fat mass (kg) 26.8 ± 2.3 21.9 ± 2.1 NS 

Peak anaerobic power (W) 424 ± 33 473 ± 22 NS 
Peak anaerobic power 
(W.kgLBM-1) 10.0 ± 0.4 10.7 ± 0.3 NS 

Mean anaerobic power (W) 246 ± 22 312 ± 17 <0.05 
Mean anaerobic power 
(W.kgLBM-1) 5.8 ± 0.4 7.1 ± 0.3 <0.05 

VO2max (L.min-1) 1.6 ± 0.1 2.1 ± 0.1 <0.01 
VO2max                   
(ml.min-1.kgLBM-1) 37.2 ± 1.5 46.7 ± 2.9 <0.01 

Stair climb test      
(Seconds) 19.4 ± 0.7 16.5 ± 0.7 <0.01 

Chair stand test 
(Repetitions) 19.2 ± 1.2 25.5 ± 2.1 <0.01 

Pedometry                   
(Steps per day) 6655 ± 634 9565 ± 668 <0.01 

QoL-AGHDA score  16.6 ± 1.6 2.1 ± 0.8 <0.0001 
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Figure 3.1 Relationship between LBM and peak anaerobic power (Panel A), mean anaerobic 
power (Panel B) and VO2max (Panel C) in the combined groups of 13 adults with GHD (!) 
and matched normal subjects ("). 
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3.4.2! Physical function (Table 3.2) 

 

 

The functional relevance of anaerobic capacity was assessed by tasks that were completed over 15 

to 30 seconds, the time course of physical activity that is mainly subserved by the AES. In the stair 

climb test, adults with GHD took a significantly longer time (p<0.01) to complete the task of 

climbing 4-flights of stairs than normal adults. In the chair stand test, number of repetitions 

performed in 30 seconds was approximately 30% lower (p<0.01) in adults with GHD. In order to 

assess the functional relevance of aerobic capacity, 7-day pedometry was performed. The average 

daily step count was in adults with GHD was approximately 30% lower (p<0.01) compared to 

normal subjects. 

 

 

3.4.3! Quality of life (Table 3.2) 

 

 

Mean QoL-AGHDA scores were significantly higher in GH-deficient adults, indicating a worse 

QoL (p<0.0001).  

 

 

 

 

 

 



 79 

3.4.4! Relationship between physical performance measures, functional measures and quality 

of life (Figure 3.2) 

 

 

 

Relationships between performance measures, functional measures and QoL were analyzed by 

simple linear regression. Mean anaerobic power significantly correlated with the stair climb 

performance (R2= 0.7, p<0.0001, Figure 3.2 Panel A) and pedometry (R2= 0.3, p<0.01, Figure 3.2 

Panel C). VO2max correlated significantly with the stair climb performance (R2= 0.3, p<0.01, 

Figure 3.2 Panel B) and pedometry (R2= 0.5, p<0.0001, Figure 3.2 Panel D). The relationship 

between stair climb performance and mean anaerobic power was stronger than with VO2max. Mean 

anaerobic power accounted for 70% while the VO2max only 30% of variation in the stair climb 

performance.  

 

 

 

The relationship between pedometry and VO2max was stronger than with mean anaerobic power. 

VO2max accounted for 50% while the mean anaerobic power only 30% of variation in pedometry. 

The relationship between mean anaerobic power and chair stand performance was not significant as 

was the case for VO2max. Both mean anaerobic power (R2= 0.3, p<0.01) and VO2max (R2= 0.2, 

p<0.05) were inversely related with QoL-AGHDA score. 
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Figure 3.2 Relationship between stair climb performance and anaerobic power (Panel A) and 
VO2max (Panel B), and between daily step counts quantified by pedometry and anaerobic 
power (Panel C) and VO2max (Panel D) in the combined groups of 13 adults with GHD (!) 
and matched normal subjects ("). 
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3.4.5! Predictors of physical performance measures, functional measures and quality of life 

 

Multiple regression analyses were performed to determine significant predictors of physical 

performance measures, functional measures and QoL. For mean anaerobic power, GH status, age, 

gender and LBM were significant independent determinants (p<0.05) while only LBM significantly 

and independently predicted peak anaerobic power (p<0.05) (Table 3.3 and 3.4). These four 

variables were also significant determinants of VO2max (p<0.05) (Table 3.5).  

 

 

For stair climbing, with peak and mean anaerobic power, VO2max, GH status, age, gender and 

LBM as independent variables, only mean anaerobic power (p<0.01) emerged as the significant 

determinant (Table 3.6). For chair stand performance, GH status (p<0.05) was an independent 

predictor (Table 3.7); while for pedometry, only VO2max (p=0.05) was an independent predictor at 

a borderline level of significance (Table 3.8).  

 

 

For QoL, with peak and mean anaerobic power, VO2max, GH status, age, gender and LBM as 

independent variables, GH status (p<0.001) and mean anaerobic power (p<0.05) emerged as 

significant determinants (Table 3.9). 
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Table 3.3 Linear regression model of predictors of mean anaerobic power 

 
 

Table 3.4 Linear regression model of predictors of peak anaerobic power 

 
 

Table 3.5 Linear regression model of predictors of VO2max 
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Table 3.6 Linear regression model of predictors of stair climb test 

 
 
 
 
 
 

Table 3.7 Linear regression model of predictors of chair stand test 
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Table 3.8 Linear regression model of predictors of pedometry 

 
 
 

Table 3.9 Linear regression model of predictors of quality of life 
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3.5! Discussion 

 

This study compared physical performance measures, functional measures and QoL between adults 

with GHD and age-, gender-, and BMI-matched normal adults. GH-deficient adults had lower 

anaerobic and aerobic capacities, functional capacities and QoL compared to normal adults. Mean 

anaerobic power and VO2max significantly correlated with stair climb performance, daily step 

count and QoL. GH status was an independent predictor of mean anaerobic power, VO2max and 

QoL. Mean anaerobic power independently predicted stair climb performance and QoL, while 

VO2max predicted daily step count. 

 

Adults with GHD had a lower LBM and higher fat mass. Although these findings did not reach 

statistical significance, they are consistent with the current literature (188) and likely to reflect the 

relatively small sample size. LBM was a positive determinant of peak and mean anaerobic power, 

and VO2max; hence these measures were corrected for LBM and expressed as watts.kgLBM-1 and 

ml.min-1.kgLBM-1 respectively. In this study, anaerobic and aerobic capacities were reduced in 

adults with GHD even after correcting for LBM. These findings indicate that the quantity and 

quality of skeletal muscle are reduced in GHD. 

 

This study provides the first evidence that anaerobic capacity of adults with GHD is subnormal. The 

observation that GH status is an independent predictor of anaerobic capacity suggests that GH 

regulates the AES. This finding supports a finding in recreational athletes that anaerobic sprint 

capacity improves after 8 weeks of GH therapy (8). Anaerobic capacity is dependent on strength 

and energy required for work performance. The improvement of anaerobic sprint capacity in 

athletes occurred without an increase in muscle strength (8) suggesting mediation by metabolic 

rather than anabolic mechanisms.  The metabolic energy requirement during a 30-second Wingate 

test is predominantly met by the phosphocreatine stores (pre-formed ATP) for the first 10 seconds 
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and by anaerobic glycolysis thereafter (189). The authors did not report a sub-analysis of the 

Wingate profile. It is therefore unclear whether the improvement in sprint capacity occurred by an 

increase in the power output throughout the 30-second period or the peak component. In the present 

cross-sectional study, adults with GHD exhibited lower mean anaerobic power, but not the peak 

anaerobic power. These findings suggest that the improvement in anaerobic capacity observed in 

athletes following GH treatment was related to the stimulation of anaerobic glycolysis.  

 

GH stimulates whole body lipid oxidation and resting energy expenditure in healthy subjects (113, 

120, 121) and in adults with GHD (122-124). It has been assumed that these whole body effects 

reflect the actions of GH in skeletal muscle. However, there is emerging evidence that metabolic 

actions of GH are tissue specific and whole body changes may not reflect those in skeletal muscle. 

Tollet-Egnell et al. reported down regulation of genes governing lipid oxidation in skeletal muscle 

of rats following GH treatment (126). Sjogren et al. found that GH down regulated genes in skeletal 

muscle involved in lipid metabolism, the TCA cycle activity and the mitochondrial respiration (7). 

These findings suggest that GH inhibits aerobic metabolism in favor of non-oxidative (anaerobic) 

pathways for ATP synthesis. These findings provide a plausible explanation for the loss of 

anaerobic capacity and function in GH deficiency. 

 

The present study confirms previous findings that aerobic capacity is impaired in adults with GHD 

(6, 28, 133-135). The underlying mechanisms responsible for the impaired aerobic capacity are 

multifactorial. Oxygen delivery to muscles depends on cardiac function, lung capacity and oxygen 

carrying capacity of blood. Adults with GHD have impaired cardiac function (137), diminished 

lung capacity (138) and reduced red cell mass (139), factors that collectively reduce oxygen 

delivery to exercising muscles. These deficits lead to a decrease in oxygen supply to a reduced 

muscle mass explaining impaired aerobic capacity in adults with GHD. 
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A novel aspect of this study is the investigation of functional relevance of anaerobic and aerobic 

capacities in adults with GHD. There are no previous studies investigating the relationship between 

physical performance and functional assessment nor their relationships to QoL in GHD.  Because 

anaerobic energy initiates all movement and powers short burst of intense activities, it was 

postulated that its physical functional relevance could be reflected in the stair climb test and chair 

stand test performed over a brief duration. In contrast, the functional relevance of aerobic energy 

system, which supports low intensity prolonged activities, would be reflected in daily pedometry. 

Adults with GHD on average took 18% longer to climb 4 flights of stairs, performed 30% less 

number of chair stand repetitions and had 30% lower daily step count. In a multiple regression 

analysis, mean anaerobic power independently predicted the stair climb performance supporting the 

hypothesis that stair climbing relies predominantly on the AES. There was no significant 

relationship observed between chair stand performance and mean anaerobic power or VO2max.  In 

contrast VO2max was the major predictor of weekly pedometry, suggesting that daily walking is 

dependent on the aerobic energy system. These data support results by Izawa et al., who reported a 

positive correlation between daily walking activity and aerobic capacity in patients with chronic 

heart failure (190). Thus the anaerobic and aerobic energy systems subserve distinct aspects of 

physical function of daily living that are regulated by the GH. 

 

QoL-AGHDA scores were significantly higher in adults with GHD compared to normal adults, 

indicating a worse QoL, in agreement with previous studies (150, 152, 153, 191).  Both anaerobic 

power and VO2max were inversely related with QoL-AGHDA score. However, in a multivariate 

analysis, only GH status and anaerobic power independently predicted QoL. Although these 

findings do not prove causality, they suggest a significant role of the AES in maintaining a normal 

QoL in adults with GHD. 

 This study has a number of limitations. It was undertaken in a group of subjects who were 

predominantly women. It is likely that the finding of impaired anaerobic capacity in GHD apply to 
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both men and women. Thyroid and adrenal hormones are among several hormones that influence 

the AES in addition to GH (192-194). In this study, most of the subjects with GHD harbored 

coexisting anterior pituitary hormone deficiencies with four subjects having a history of Cushing’s 

disease. These subjects were replaced with thyroid, adrenal and gonadal hormones in accordance 

with standard endocrine practice. Although the groups were matched for gender, age and BMI, a 

possibility that impairment of anaerobic capacity arose from suboptimal replacement therapies, the 

consequences of chronic hypercortisolism or non-hormone related factors can not be ruled out. One 

such confounder is the impact of a chronic suboptimal level of health on the performance variables. 

A prospective GH intervention study is required to confirm whether GH improves anaerobic 

capacity in adults with GHD. 

 

In summary, anaerobic capacity, aerobic capacity, stair climb and chair stand performance, weekly 

pedometry and QoL are reduced in adults with GHD. GH status is an independent determinant of 

anaerobic and aerobic capacity. Anaerobic capacity independently predicts stair climb performance 

but not daily step count, which is determined by aerobic capacity. GH status and anaerobic capacity 

are independent determinants of QoL.  

 

In conclusion, GH regulates the AES. Stair climb is a functional measure of anaerobic capacity.  

The AES is a significant contributor to QoL in patients with GHD. 

  



 89 

4! EFFECTS OF GH ON ANAEROBIC CAPACITY AND 

PHYSICAL FUNCTION 

 

4.1! Introduction 

 

There is emerging evidence that GH plays a role in the regulation of the AES. In adults with GH 

deficiency, Sjogren et al. found that short-term GH replacement repressed genes regulating aerobic 

metabolic pathways in skeletal muscle, favoring anaerobic energy production (7). In recreational 

athletes, Meinhardt et al. reported that GH treatment improved sprint capacity without affecting 

muscle strength suggesting facilitation by energy metabolism rather by muscle anabolism (8). This 

study however, was undertaken in GH-sufficient subjects treated with a supraphysiological dose of 

GH. As reported in Chapter 3, anaerobic capacity is reduced in adults with GHD compared to age, 

gender and BMI matched control subjects. As the GHD group comprised of subjects with organic 

hypopituitarism, subnormal anaerobic capacity may have arisen from suboptimal replacement of 

other pituitary hormone therapies such as thyroid or adrenal hormone or concurrent chronic 

suboptimal health rather than GHD alone. This study investigated whether physiological 

replacement of GH improves anaerobic capacity and physical function dependent on the AES in 

adults with GHD.  
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4.2! Material and Methods 

 

4.2.1! Subjects 

 

19 hypopituitary adults (15 females and 4 males, mean ± SD age: 46.2 ± 10.3 (range 24-60)) with 

GHD were recruited. The causes of pituitary deficiencies and hormone replacements are 

summarized in Table 4.1. None of the hypopituitary patients had been previously replaced with GH 

except for three subjects. In one patient, GH therapy was stopped 3 months before the recruitment. 

The other two patients had not received GH for five years.  

 

Table 4.1 Causes of pituitary deficiency and pituitary hormone replacement therapies in 19 
subjects with GHD.  
F, female; M, male; H, hydrocortisone; C, cortisone acetate; P, prednisone; T4, thyroxine; E2, 
estradiol; T, testosterone; D, desmopressin 
 

Patient 

No. 

Age Gender Diagnosis Surgery/ 

Irradiation 

Hormone 

Replacement 

1 38 F Cushing’s disease Yes/No H, T4, E2, D 

2 24 F Septo-optic dysplasia No/No H, T4, E2 

3 38 F Macroprolactinoma Yes/No C, T4, E2, D 

4 46 F Silent corticotroph 

macroadenoma 

Yes/No H, T4 

5 60 F Panhypopituitarism, 

Empty sella 

No/No C, T4 

6 57 F Non-functioning Yes/No T4 
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macroadenoma 

7 59 M Non-functioning 

macroadenoma 

Yes/Yes C, T4, T, D 

8 58 M Cushing’s disease Yes/Yes C, T, T4 

9 49 F Macroprolactinoma Yes/No H, T4, E2, D 

10 39 F Glioma Yes/Yes P, T4, E2 

11 46 F Cushing’s disease Yes/Yes P, T4, E2, D 

12 48 F Non-functioning 

macroadenoma 

Yes/No H 

13 58 F Rathke’s cleft cyst Yes/No C, T4 

14 38 F Non-functioning 

macroadenoma 

Yes/No T4 

15 41 F Craniopharyngioma Yes/No H, T4, E2 

16 32 M Non-functioning 

macroadenoma 

Yes/No H, T4, T, D 

17 44 M Non-functioning 

macroadenoma 

Yes/No H, T4, T 

18 58 F Macroprolactinoma Yes/Yes P, T4 

19 52 F Cushing’s disease Yes/Yes C, T4, E2 
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4.2.2! Study design 

 

This is a two-phase design involving (a) a 2-month double-blind placebo-controlled GH with a 

crossover at 1-month, followed by (b) an open-label active treatment phase of 6 months (Figure 

4.1).  GH effects on energy metabolism in skeletal muscle are detected as early as 2 weeks (7), 

however, an increase in muscle mass is seen only after several months of treatment (3). The 

rationale for the 1-month and 6-month GH treatment is to separate the early effects of GH on the 

AES from the later anabolic effects on muscle mass and strength.  

 

 

 

Figure 4.1 Study design: 2-month double blind placebo controlled GH study with a crossover 
at 1-month, followed by an open label active treatment for 6 months. 
Assessments of aerobic capacity, anaerobic capacity, physical function, body composition and 
quality of life are undertaken at time points indicated by arrows. GHD, growth hormone deficiency; 
GH, growth hormone; PL, placebo 
 

 

 

During the placebo-controlled study, GH (Norditropin; NovoNordisk, Denmark) replacement was 

initiated at a dose of 0.2mg/day for the first week, increased to 0.4 mg for the second week and to 

0.5 mg, the target dose for the last two weeks. The gradual stepwise regimen was implemented to 
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reduce side effects. During the open-label study, the GH dose was titrated individually to maintain 

serum IGFI concentrations in the adult normal reference range (9 to 33 nmol/L). Assessments for 

anaerobic capacity, aerobic capacity, physical function, body composition and QoL were 

undertaken at baseline and at the end of each treatment phase. Subjects attended the test venue on 

two consecutive days on each occasion after an overnight fast.  

 

4.2.3! Assessments 

 

The detailed protocols of assessments are described in the section 2. Anaerobic and aerobic 

capacities were assessed by the Wingate test and VO2max test respectively. The stair climb test and 

chair stand test were used as the functional assessments of anaerobic capacity, and 7-day pedometry 

as of aerobic capacity. DXA scan was performed to measure LBM and fat mass. QoL was assessed 

by QoL-AGHDA questionnaire. 

 

4.3! Statistical analysis 

 

This study was powered to detect a significant change in anaerobic and aerobic capacity. The 

sample size was based on anaerobic capacity data from previous study in recreational athletes (8) 

and aerobic performance data from Cuneo et al. in adults with GHD (133). A sample of 15 is 

required to show a 5% improvement in Wingate power and 18 for a 15% improvement in VO2max 

at a 0.05 significance level with 80% power. Statistical analysis was performed with IBM SPSS 

Statistics Software (Version 22, Chicago, IL, USA). Results are reported as mean ± SEM. In the 2-

month placebo controlled study, comparison between GH and placebo groups were performed with 

analysis of variance for repeated measures (ANOVA). The data were analysed for carryover effects 

using a linear mixed model analysis by studying the effect of interaction between the treatment 

order (GH/Placebo or Placebo/GH) and treatment itself on outcome measures. In the 6-month open 
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label study, the effects of GH on outcome measures were compared with the baseline measurements 

and 1-month placebo treatment using a paired t test based on a review of controlled GH trials that 

contain a placebo arm in which functional (physical function and QoL) outcomes were measured on 

more than two occasions. These trials showed that a placebo effect if present at the first evaluation 

does not change significantly on repeat evaluation (8, 148, 195). Based on the results of the cross-

section study described in Chapter 3 (196) and directional hypothesis of this trial, one-tailed t-test 

was used to assess the effects of GH. Multiple regression analysis was performed to assess 

independent predictors of QoL amongst age, gender, LBM, measures of physical performance and 

physical function. A p value of less than 0.05 was considered statistically significant. 

 

4.4! Results 

 

Of the 19 subjects enrolled, one withdrew during the open-label study due to GH related side effects 

(see below). One patient lost significant weight of 13kg during the study from lifestyle change. By 

contrast the mean change in body weight for the remaining study cohort (n=18) during the trial was 

1.3 ± 0.5 kg. This patient was not included in the analysis, which comprised 18 of the subjects 

recruited into the study. 

 

4.4.1! IGFI concentration (Table 4.2) 

 

Mean IGFI concentration rose significantly (p<0.0001) in response to GH administration during the 

placebo-controlled and open phase. During the open phase, the GH dose was titrated to maintain the 

IGF-I concentration in the adult normal range and in accordance with side effects (see below), 

resulting in a fall of the mean GH dose from 0.5 to 0.37 mg/day. 
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Table 4.2 Effects of 1-month and 6-month GH replacement on IGFI concentrations, body composition, physical performance, physical 
function and QoL.  
LBM, lean body mass; VO2max, maximal oxygen consumption; QoL, quality of life, NS, not significant. All values are shown as the mean ± SEM. 
aGH vs. Placebo during placebo-controlled study, bGH vs. Baseline during open label study. 
 
 

 1-month placebo-controlled study 6-month open label study 

 Baseline Placebo GH pa GH pb 

IGF1 (nmol/L) 

(Reference range 7-32) 
11.5 ± 1.7 11.4 ± 1.3 32.9 ± 2.9 <0.0001 28.3 ± 2.0 <0.0001 

Body Composition 

LBM (kg) 

Fat mass (kg) 

 

44.6 ± 1.9 

29.5 ± 2.2 

 

44.4 ± 1.9 

29.8 ± 2.2 

 

45.3 ± 1.8 

29.2 ± 2.1 

 

NS 

NS 

 

45.2 ± 2.0 

28.0 ± 2.2 

 

0.06 

NS 

Physical performance 

Anaerobic Power (W) 

Anaerobic Power (W/kg LBM)  

VO2max (L/min) 

VO2max (mL/min/kg LBM) 

 

263 ± 17 

5.9 ± 0.2 

1.58 ± 0.1 

35.8 ± 1.4 

 

265 ± 16 

6.0 ± 0.3 

1.63 ± 0.1 

37.4 ± 1.8 

 

266 ± 17 

5.9 ± 0.2 

1.65 ± 0.1 

36.7 ± 1.5 

 

NS 

NS 

NS 

NS 

 

278 ± 16 

6.1 ± 0.2 

1.63 ± 0.1 

36.2 ± 1.5 

 

<0.05 

NS 

NS 

NS 
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Physical function 

Stair climb test (seconds) 

Chair stand test  
(Repetitions) 
 
Pedometry (Steps/day) 

 
 

20.0 ± 0.8 
 

19.5 ± 1.2 
 
 

6593 ± 563 

 
 

19.1 ± 0.7 
 

21.4 ± 1.2 
 
 

6295 ± 493 

 
 

18.8 ± 0.6 
 

21.7 ± 1.1 
 
 

6323 ± 595 

 
 

NS 
 

NS 
 
 

NS 

 
 

18.9 ± 0.7 
 

24.8 ± 1.2 
 
 

7780 ± 1044 

 
 

<0.01 
 
<0.0001 

 
 

<0.05 
 

Quality of life 

QoL-AGHDA score  
(out of 25) 
 
Energy and vitality score  
(out of 8) 
 
Non-energy and vitality score 
(out of 17) 

 
 
 
 

16.1 ± 1.6 
 
 

5.8 ± 0.6 
 
 

10.5 ± 1.1 
 

 
 
 
 

12.7 ± 1.8 
 
 

4.3 ± 0.7 
 
 

8.6 ± 1.2 
 

 
 
 
 

13.2 ± 1.6 
 
 

4.7 ± 0.7 
 
 

8.4 ± 1.1 
 

 
 
 
 

NS 
 
 

NS 
 
 

NS 

 
 
 
 

8.8 ± 1.4 
 
 

2.7 ± 0.6 
 
 

6.2 ± 1.0 
 

 
 
 
 

<0.001 
 
 

<0.001 
 
 

<0.01 
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4.4.2! Side effects 

 

There were no significant side effects observed during the placebo-controlled study that warranted 

any blinded-dose adjustment. 10 subjects reported side effects related to fluid retention including 

peripheral edema, joint stiffness, arthralgia and myalgia during the open label GH trial. These 

symptoms improved or resolved with a reduction in GH dose. One patient experienced significant 

peripheral edema and exacerbation of a preexisting carpal tunnel syndrome leading to withdrawal 

from the trial. 

 

 

4.4.3! 2-month placebo-controlled crossover study 

 

The data were analysed for carryover effects using a linear mixed model analysis. No significant 

carryover effects were identified in any outcome measures.  

 

 

4.4.3.1! Body composition (Table 4.2) 

 

There was no significant change in LBM or fat mass during placebo or GH treatment. (Figure 4.2, 

panel A and B).  

 

 

 

 



 98 

Figure 4.2 Percent change from baseline in LBM (Panel A), fat mass (Panel B), anaerobic 
power (Panel C) and VO2max (Panel D) following 1 month of placebo and 1 month of GH 
(randomized controlled study), and 6 months of GH (open label study).  
LBM, lean body mass; VO2max, maximal oxygen consumption. ‘a’ indicates p < 0.05 vs. baseline; 
‘b’ indicates p < 0.05 vs. 1-month placebo treatment. 

 

 

4.4.3.2! Physical performance (Table 4.2) 

 

There was no significant change in anaerobic power during placebo or GH treatment (Figure 4.2, 

panel C). Similarly, no significant change in VO2max occurred during placebo or GH treatment 

(Figure 4.2, panel D). 

 

4.4.3.3! Physical function (Table 4.2) 

 

There was an equivalent mean reduction in stair climb duration during GH (p=0.03) and placebo 

(p=0.02) treatments (Figure 4.3, panel A). The number of chair stand repetitions increased 

significantly during GH (p=0.03) and placebo (p<0.05) treatments. However, the increase in chair 
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stand repetitions was not significantly different between GH and placebo treatments (Figure 4.3, 

panel B). Daily step count did not change significantly during placebo or GH treatments (Figure 

4.3, panel C). In summary, placebo effects were observed for stair climb and chair stand 

performance, which were similar to those observed during GH treatment. 

 

4.4.3.4! Quality of Life (Table 4.2) 

 

QoL-AGHDA score (Figure 4.3, panel D), energy and vitality score or non-energy and vitality 

score did not change significantly during placebo or GH treatment. 

 

 

Figure 4.3 Percent change from baseline in stair climb duration (Panel A), chair stand 
repetitions (Panel B), pedometry (Panel C), and QoL-AGHDA score (Panel D) following 1 
month of placebo and 1 month of GH (randomized controlled study), and 6 months of GH 
(open label study).  
‘a’ indicates p < 0.05 vs. baseline; ‘b’ indicates p < 0.05 vs. 1-month placebo treatment 
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4.4.4! 6-month open label GH study 

 

Because significant placebo effects occurred with some of the outcome measures (stair climb and 

chair stand performance), the effects of 6 months of GH therapy were compared with the change 

observed with placebo therapy during the double-blind phase. These effects were also compared 

with the baseline measurements. The results were similar except for stair climb duration, which 

improved significantly if a placebo effect was not accounted for.   

 

4.4.4.1! Body composition (Table 4.2) 

 

The mean LBM increased during 6 months of GH treatment with the change significantly greater 

than that observed after 1-month of placebo treatment (p=0.007) (Figure 4.2, panel A). FM fell 

during GH treatment, but the change did not reach statistical significance compared to that after 1-

month of placebo treatment (p=0.05) (Figure 4.2, panel B).  

 

4.4.4.2! Physical performance (Table 4.2) 

 

Mean anaerobic power increased at the end of 6 months of GH replacement (p<0.05). This increase 

was significantly greater than that observed after placebo treatment (p=0.04) (Figure 4.2, panel C).  

Increase in anaerobic power lost significance when corrected for changes in LBM (W/kg LBM). In 

contrast, the change in VO2max in absolute values (L/min) or corrected for LBM (mL/min/kg 

LBM) during 6 months of GH replacement was not significantly different from baseline or that 

observed after placebo treatment during the blinded phase (Figure 4.2, panel D). 
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4.4.4.3! Physical function (Table 4.2) 

 

The time to complete the stair climb test fell after 6 months of GH replacement (p<0.01). However, 

the reduction in stair climb duration was not significantly different from that observed after placebo 

treatment during the blinded phase (Figure 4.3, panel A). In the chair stand test, the number of 

repetitions performed in 30 seconds increased during 6 months of GH, a change that was 

significantly greater than that observed after placebo treatment (p<0.0001) (Figure 4.3, panel B). 

The average daily step count increased significantly after 6 months of GH replacement compared to 

that observed after placebo treatment (p=0.04) (Figure 4.3, panel C).  

 

4.4.4.4! Quality of Life (Table 4.2) 

 

Total QoL-AGHDA scores fell after 6 months of GH when compared to changes observed after 

placebo treatment during the blinded phase (p=0.04) (Figure 4.3, panel D). A sub-analysis revealed 

that scores for energy and vitality domains and for the non-energy and vitality related domains fell 

significantly (p<0.05) during GH treatment. 

 

4.4.5! Predictors of QoL  

 

 

The factors that significantly improved QoL during 6 months of GH replacement were identified 

using multiple regression analysis. This included age, gender, and improvements in LBM, 

anaerobic power, chair stand and stair climb performance, and daily step count as independent 

variables, the improvement in anaerobic power emerged as a significant predictor of the 

improvement in QoL energy and vitality scores (p=0.03) (table 4.3). However, none of the variables 
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including anaerobic power was a significant independent predictor for overall QoL and non-energy 

and vitality related QoL domains. 

 

Table 4.3 Linear regression model of predictors of energy and vitality domains of QoL 

Model 
Unstandardized Coefficients 

Standardized 
Coefficients 

t Sig. B Std. Error Beta 
 (Constant) 5.7 6.0  .95 .37 
Delta_LBM -.05 .31 -.05 -.17 .87 
Delta_anaerobic 
power -.07 .03 -.78 -2.7 .03 

Age -.01 .08 -.03 -.11 .92 
Gender  -4.6 2.5 -.63 -1.9 .09 
Delta_chair stand 
repetitions -.09 .18 -.13 -.51 .62 

Delta_daily steps .00 .00 -.23 -.94 .37 
a. Dependent Variable: Delta_energy and vitality scores 

 

 

4.5! Discussion 

 

This study investigated whether GH replacement improves anaerobic capacity, physical function 

and QoL in adults with GHD in a two-phase study comprising a 1-month double-blind placebo-

controlled phase followed by a 6-month open-label phase. During the blinded phase, GH did not 

improve any of the outcome measures compared to placebo, which induced significant 

improvements in stair climb and chair stand performance. In the open-label 6-month study, GH 

therapy significantly improved anaerobic power, chair stand performance, daily step count and QoL 

compared to placebo changes observed during the blinded phase. GH therapy did not improve 
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aerobic capacity. The increase in anaerobic capacity was significantly associated with improvement 

in energy and vitality QoL domains. 

 

A major aim was to determine whether GH improves anaerobic performance, which was assessed 

by the Wingate test. Anaerobic capacity is determined by energy availability and by contractile 

strength of muscle. To distinguish between these two mechanisms, the study was designed to assess 

the effects of GH treatment after 1 and 6 months. It was postulated that a mechanism enhancing 

energy provision would manifest early whereas that improving muscle strength through protein 

anabolism would take several months of therapy (197). This study found that anaerobic capacity did 

not change after 1 month but improved after 6 months of GH treatment. The loss of statistical 

significance in anaerobic capacity when corrected for changes in LBM, suggests that the improved 

anaerobic performance was in part due to increased LBM and muscle mass. These findings suggest 

that improvement in anaerobic capacity by GH may occur via an anabolic rather than a metabolic 

mechanism. 

 

The present finding that short-term GH treatment failed to improve anaerobic capacity in adults 

with GHD stand in contrast to a study in recreational athletes (8). In the latter study, short-term GH 

treatment significantly increased sprint capacity, which returned to baseline after cessation of 

treatment. The reasons for conflicting findings between the two studies are unclear but could arise 

from difference in dose, duration and subjects. The latter study was undertaken in GH replete 

recreational athletes who were administered a supraphysiological dose of 2 mg/day for 8 weeks. In 

contrast, the current study employed a daily dose of only 0.5mg for 4 weeks in subjects who were 

GH deficient. It is possible that the difference reflects the physiological and pharmacological effect 

of GH on the AES. 
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A second study aim was to determine the functional relevance of the anaerobic and aerobic energy 

systems. This was addressed by investigating whether a relationship is present between these 

energy systems and selected measures of daily activity. Activities such as rising from a chair or 

climbing stairs are supported mainly by the AES. Walking is a regular component of daily habitual 

activity. As walking consists of an initiation phase and a maintenance phase, both anaerobic and 

aerobic systems likely to contribute to daily walking capacity, which was estimated from weekly 

pedometry measurement. After 6 months of GH therapy, an improvement in anaerobic capacity was 

observed along with an improvement in chair stand performance and daily step counts.   There was 

no change observed in aerobic capacity with or without LBM correction. A likely reason that limits 

walking in patients with GHD is fatigue that develops quickly on initiation of physical activity 

because of subnormal anaerobic capacity. In real life, early fatigue may discourage the patient to 

continue further even though the physical activity of walking is far below the VO2max. There is a 

positive relationship between regular physical activity and health (198). Regular physical activity, 

including walking in healthy adults is associated with a reduction in coronary events (199), 

cerebrovascular events (200), cognitive dysfunction (201), and an improvement in health related 

QoL (202). Adults with hypopituitarism and GHD are an increased risk of premature cardiovascular 

mortality (6, 42). Thus, an improvement in daily habitual activity such as walking from GH 

replacement may have a beneficial long term impact on metabolic and cardiovascular health of 

adults with GHD. 

 

There was no significant improvement observed in aerobic capacity or body composition after GH 

replacement for up to 6 months. These findings stand in contrast with previous studies reporting an 

improvement in aerobic capacity (20, 21, 28, 37, 53, 133, 134, 197) and body composition (12, 20, 

32-34) in GHD after GH therapy. However, these studies employed much higher doses of GH 

compared to the current study dose. In a metaanalysis, Widdowson et al. observed that studies 

showing an improvement in aerobic capacity used a GH dose ranging between 0.86 and 2.2 mg per 
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day compared to 0.37mg per day in this study (203). Similarly, a separate metaanalysis of placebo-

controlled randomized trials found a clear dose response relationship for changes in LBM and fat 

mass (45). Hence, the modest changes in aerobic capacity and body composition are likely due to 

the lower doses of GH used in this study compared to the previous studies. 

 

A significant improvement in QoL was observed after 6 months of GH treatment in agreement with 

previous placebo-controlled studies (148, 149, 154, 157, 158). Further analysis revealed an 

improvement in the energy and vitality domain, which is the worst affected in GHD and exhibits the 

greatest improvement during GH replacement (153). The mechanisms explaining the impairment of 

QoL and its improvement after GH replacement are unclear. Although it seems reasonable to 

assume that anabolic effects of GH on muscle mass, and improvement in aerobic capacity may play 

a role in restoring QoL in adults with GHD, no correlation has been found between QoL and these 

parameters (6, 165, 166). It is conceivable that energy systems required to drive physical activity 

and function are likely factors influencing QoL. This study showed that during GH replacement, 

QoL improved in parallel with an improvement in anaerobic capacity, chair stand and daily walking 

capacity and in the absence of any improvement in aerobic capacity. Furthermore, within this global 

change, the improvement in the energy and vitality domains was independently influenced by 

anaerobic capacity. These results suggest that an improvement in the anaerobic but not the aerobic 

energy system underlies the improvement in energy and vitality during GH replacement, in turn 

facilitating physical activities such as rising from a chair and walking. 

 

This study has a number of limitations. The 6-month GH replacement study was not placebo-

controlled. This was address by comparing the outcome measures to those observed in response to 

placebo therapy in the 1-month blinded phase. It was a carefully planned study in the face of the 

feasibility and ethics of conducting a 6-month placebo-controlled trial for GH, already an approved 

replacement therapy for adults with GH deficiency involving daily injections. In planning this 
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study, a review of placebo-controlled GH trials was undertaken, in which functional (physical 

function and QoL) outcomes were measured on more than two occasions during the placebo arm. 

These trials showed that a placebo effect if present at the first evaluation does not change 

significantly on repeat evaluation (8, 148, 195). In these trials, the magnitude of change from the 

first evaluation during placebo phase to a later time point, usually after 3 to 6 months, was less than 

1.5%. The inclusion of a 1-month placebo controlled phase in this study allowed for the 

quantification of a placebo effect. Based on this evidence, the comparison of 6-month GH treatment 

outcomes with 1-month placebo measurements is valid and it was interpreted accordingly, but with 

some caution. This study was undertaken in a group of subjects who were predominantly women, 

who are less responsive to GH than men (13, 41). The higher female preponderance may have 

contributed to the modest changes observed in the outcome measures.  Because this study addresses 

the energy systems, it was investigated whether change in the energy system is accompanied by 

change in a health-related QoL domain that assesses energy-related symptoms. However, the use of 

subsections of the AGHDA questionnaire in this way requires further validation. 

 

This is the first study investigating the functional relevance of the AES in adults with GHD. 6 

months of GH replacement in adults with GHD increased anaerobic capacity, chair-stand 

performance, daily step counts and QoL but not aerobic capacity. Improvement in QoL occurred 

without an improvement in aerobic capacity during GH replacement. The improvement in anaerobic 

capacity independently predicted the improvement in energy and vitality of patients with GHD 

during GH replacement.  

 

In conclusion, GH replacement improves anaerobic capacity in a time-dependent manner. Chair 

stand and daily walking capacity are likely functional measures of the AES. Improvement in the 

anaerobic but not aerobic energy system explains in part the improvement in physical function and 

QoL in adults with GHD during GH replacement.  
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! EFFECTS OF GH ON METABOLIC GENE EXPRESSION IN 

SKELETAL MUSCLE 	 

 

5.1! Introduction 

 

The AES powers intense physical activity of brief duration as well as the initiation of all physical 

movement including activities of daily living (5). Thus, the AES plays a vital role in daily life. 

Impairment to the AES leads to early fatigue and loss of vitality, symptoms commonly experienced 

by adults with GHD (153).  

 

Early work from this thesis revealed that anaerobic capacity, the measure of AES, is impaired in 

adults with GHD compared to age, gender and BMI matched healthy adults (196). An intervention 

trial showed that GH replacement improves anaerobic capacity of adults with GHD in a time 

dependent manner (204). The mechanisms underlying the increase in anaerobic capacity following 

GH remain unclear. Anaerobic capacity depends on muscle mass and availability of energy to 

skeletal muscle. GH increases muscle mass in adults with GHD, but its effects on anaerobic energy 

metabolism in skeletal muscle are not known. 

 

GH is a major regulator of substrate metabolism and energy production. It increases plasma 

concentration of free FA by stimulating lipolysis (113-117), and glucose by stimulating 

gluconeogenesis and glycogenolysis (118, 119). GH effects on metabolism of these energy fuels 

have been extensively studied at a whole body level. The studies have shown that GH stimulates 

whole body FA oxidation and reduces glucose utilization in healthy adults (113, 120, 121) as well 

as adults with GHD (122-124). Because LBM accounts for the majority of substrate metabolism, it 
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is widely assumed that these effects reflect its action on skeletal muscle, however, the evidence to 

support this assumption is lacking.  

 

There is emerging evidence that GH action on substrate metabolism is tissue specific. Tollet-Egnell 

et al. reported that the effects of GH on liver and skeletal muscle in rodents may be disparate (126).  

In the liver, GH reduced expression of genes governing FA synthesis with an increase in genes for 

FA oxidation; where in muscle, genes for FA uptake were reduced and glycolysis were increased 

upon GH treatment. Similarly, in a small study of four adults with GHD, Sjogren at el. found that 

GH downregulated key genes governing lipid oxidation, TCA cycle activity and mitochondrial 

respiration as well as genes that suppress glucose utilization in skeletal muscle (7). These findings 

suggest that GH inhibits oxidative metabolism of substrates favoring non-oxidative glycolytic 

pathways for energy synthesis in skeletal muscle, opposite to that is seen at the whole body level. 

 

The aim of this study was to investigate whether GH alters the expression profiles of skeletal 

muscle genes in favour of anaerobic metabolism. This study was undertaken to identify 

differentially expressed genes involved in substrate metabolism in skeletal muscle following GH 

replacement in adults with GHD employing microarray technology. 

 

 

5.2! Material and Method 

 

5.2.1! Subjects 

 

10 out of 19 adults with GHD from the intervention trial described in chapter 4 participated in this 

study. The baseline characteristics, pituitary deficiencies and hormone replacements are 

summarized in chapter 4, Table 4.1 (Patient No. 2, 3, 4, 5, 6, 9, 10, 11, 13 and 19).    
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5.2.2! Study design 

 

10 adults with GHD underwent a 1-month double blind placebo controlled crossover study followed 

by 6-month open phase (Chapter 4). To understand the biochemical mechanisms underlying the 

improvement in anaerobic capacity, microarray experiments were performed to identify the 

differentially expressed genes in skeletal muscle after 1-month. These experiments were repeated 

after 6-month of GH treatment to investigate whether the short-term GH effects on metabolic gene 

expression are sustained with the continuation of GH treatment. 

 

Subjects attended the test venue after an overnight fast for a muscle biopsy of vastus lateralis after 

1-month of placebo and 1-month of GH treatment (placebo controlled phase), and at the end of 6-

month open label treatment with GH. Muscle samples collected during placebo treatment were 

considered as control samples. During the placebo-controlled study, GH (Norditropin; 

NovoNordisk, Denmark) replacement was initiated at a dose of 0.2mg/day for the first week, 

increased to 0.4 mg for the second week and to 0.5 mg, the target dose for the last two weeks. The 

gradual stepwise regimen was implemented to reduce side effects. During the open-label study, the 

GH dose was titrated individually to maintain serum IGFI concentrations in the age-adjusted adult 

normal reference range.  

 

Microarray experiments were performed and analyzed in two parts. The first part compared the 

gene expression in skeletal muscle in 6-subjects after 1-month of GH and placebo treatments 

(Patient No. 2, 3, 4, 5, 6 and 11; Chapter 4, Table 4.1). The second part compared gene expression 

in skeletal muscle after 1-month placebo with that after 6-month GH replacement in 9 subjects 

(Patient No. 2, 3, 4, 5, 9, 10, 11, 13 and 19; five out of nine patients participated in the 1-month 

study). The study was carried out in accordance with Good Clinical Practice guidelines, approved 
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by the Metro South Human Research Ethics Committee, and signed informed consent was obtained 

from all subjects. This study is registered in The Australian New Zealand Clinical Trials Registry 

(number: ACTRN12615000046505).  

 

 

5.2.3! Muscle biopsy 

 

Muscle biopsies were obtained using 5mm Bergstrom needle from vastus lateralis muscle as 

described in the Chapter 2. Using a suction technique, Bergstrom needle was used to yield 100-

150mg of muscle. Muscle tissue was immediately frozen in liquid nitrogen and stored at -80°C.  

 

 

5.2.4! RNA isolation 

 

Total RNA was isolated from snap-frozen muscle biopsies using the TRIzol Reagent (Life 

Technologies Inc., Gaithersburg, Maryland 20884, USA) during the placebo controlled study and 

RNeasy fibrous tissue extraction kit (Qiagen, Valencia, USA) during the open label study according 

to the manufacturer’s instructions as described in chapter 2 and stored at -80°C. The concentration 

of the RNA was assessed by NanoDrop spectrophotometer and the quality was determined using 

the Agilent RNA 6000 Nano Kit on the 2100 Bioanalyzer (Agilent, Amstelveen, The Netherlands). 

Only total RNA samples with a RNA integrity number (RIN) higher than seven were included for 

further analysis. 
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5.2.5! Microarray hybridization 

 

Microarray experiments were undertaken separately for the 1 month and 6 month studies. Samples 

for the 1-month study were processed at the Australian Genome Research Facility (Melbourne, 

Australia) and for the 6-month study at the University of Queensland Diamantina Institute 

(Brisbane, Australia). For both experiments, the RNA samples were biotinylated and amplified 

using the Illumina® TotalPrep™ RNA Amplification Kit (Ambion, Austin, TX, USA) according to 

the manufacturer’s instructions with a standardized input amount of 500ng. 

 

Briefly, the procedure consists of reverse transcription of total RNA to first strand cDNA, which 

then undergoes second strand synthesis and purification to become a template for transcription. In 

vitro transcription of dsDNA was used to synthesize cRNA labelled with biotin-16-uridine-5-

triphosphate (UTP). The labelled probes were hybridized to Illumina HumanHT-12 v4 microarrays 

(San Diego, CA) including approximately 47,000 probes as per manufacturer’s instructions and 

whole-genome transcriptional profiling was performed. The beadchips were scanned using Illumina 

BeadStation, and the signal was extracted by using Illumina BeadStudio software. 

 

5.2.6! qRT-PCR verification 

 

Reverse transcription PCR was performed to validate the microarray findings using SuperScript III 

First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA). Synthesized cDNA was used for 

real-time quantitative PCR, which  was performed in triplicate on a ViiATM Real Time PCR System 

(Applied Biosystems, Foster City, CA) using TaqMan Gene Expression assays (Applied 

Biosystems), with the assay IDs as follows: Fatty acid synthase (FASN) (Hs01005622_ml), 

Stearoyl-CoA desaturase 1 (SCD) (Hs01682761_ml), Dual specificity phosphatase 1 (DUSP1) 

(Hs00610256_ml), G0/G1 switch 2 (G0S2) (Hs00274783_ml), 3-hydroxy-3-methylglutaryl-CoA 
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synthase 2 (HMGCS2) (Hs00985427_ml)), Uncoupling protein 3 (UCP3) (Hs01106052_ml), Beta-

2-microglobulin (B2M) (Hs00187842_ml). Relative mRNA levels were calculated by the 

comparative threshold cycle method using B2M as the housekeeping gene.  

 

5.3! Bioinformatics and statistical analysis 

 

The data were analyzed using statistical programming language R and quality control steps were 

performed using Bioconductor packages lumi (205) and limma (206). To correct the variation 

between the Genechips, Microarray data of .idat files of Illumina beadchips were log2 transformed 

and normalized using quantile normalization. The unsupervised technique principal component 

analysis (PCA) multilevel was used to explore the data and identify a potential natural separation 

between patients before and after treatment as well as potential confounder effects. After 

logarithmic transformation, the results for baseline samples and GH treated samples (1-month and 

6-month) were analyzed using paired t-test. The P value was adjusted for multiple testing, using the 

Benjamini and Hochberg method (207) set at a  false discovery rate (FDR) of 5%. A gene was 

considered regulated if there was a fold change of ≥1.4 or ≤0.7 in response to GH, criteria similar to 

those previously published (7). Because the GHD patients were treated with a physiological 

replacement dose of GH, only a modest effect on gene expression was expected. qRT-PCR method 

was used to validate the microarray results. 
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5.4! Results 

 

5.4.1! IGFI concentration  

 

Mean IGFI concentration rose significantly in response to GH administration during the placebo-

controlled (p<0.01) and open phase (p<0.0001) (Figure 5.1). During the open phase, the GH dose 

was titrated to maintain the IGF-I concentration in the adult normal range (9 to 33 nmol/L), 

resulting in a reduction of the mean GH dose from 0.5 to 0.43 mg/day. 

 

 

 

Figure 5.1 Mean IGF concentration during 1-month placebo controlled study (Panel A) and 6-
month open label study (Panel B) in six and nine adults with GHD respectively.  
‘a’ indicates p < 0.01 vs. placebo, ‘b’ indicates p < 0.01 vs. baseline; ‘c’ indicates p < 0.0001 vs. 
baseline. 
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5.4.2! Effect of GH on gene expression 

 

 

5.4.2.1! Effect of 1-month of GH 

 

 

1-month GH replacement did not induce any significant changes in gene expression in skeletal 

muscle of adults with GHD at an FDR of 5%. When data were reanalyzed using an unadjusted P 

value without setting an FDR threshold, no differentially expressed genes were identified compared 

to the control samples. As described in Chapter 4, no significant changes in aerobic or anaerobic 

capacity were observed between GH and placebo treatments. 

 

5.4.2.2! Effect of 6-month of GH 

 

 

A significant improvement occurred in anaerobic capacity after six months of GH replacement. No 

significant changes in gene expression of skeletal muscle were detected at an FDR of 5%. However, 

when an unadjusted P value was used, 14 differentially expressed genes were identified. Amongst 

these genes, 10 were upregulated and 4 downregulated (Table 5.1). The relationship between P 

value and log fold change for all probes is represented by a volcano plot in figure 5.2, showing the 

14 differentially expressed genes using an unadjusted P value of 0.05 (horizontal orange line) and 

the fold change of 0.7 and 1.4 by vertical green and red lines respectively.  
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Table 5.1 GH responsive genes in skeletal muscle 
 

Gene title Gene symbol Fold change* p value 

Upregulated genes    

Fatty acid synthase  FASN 1.5 0.04 

Stearoyl-CoA desaturase 1 (delta-9-

desaturase)  

SCD1 1.8 0.04 

Dual specificity phosphatase 1  DUSP1 1.5 0.01 

G0/G1 switch 2 G0S2 1.9 0.0002 

Interleukin 32 IL32 1.5 0.0001 

Early growth response 1 EGR1 1.9 0.0005 

FBJ murine osteosarcoma viral oncogene 

homolog 

 

FOS 2.0 0.002 

Cysteine-rich, angiogenic inducer 61 CYR61 1.4 0.008 

Regulator of calcineurin 1 RCAN1 1.6 0.01 

Transferrin receptor TFRC 1.4 0.01 

Downregulated genes    

3-hydroxy-3-methylglutaryl-CoA synthase 

2 (mitochondrial)  

HMGCS2  0.7 0.03 

Uncoupling protein 3 (mitochondrial) UCP3 0.7 0.002 

Metallothionein 2A  MT2A 0.7 0.004 

Tetraspanin 8 TSPAN8 0.7 <0.0001 

*6-month GH-treated relative to baseline samples 
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Figure 5.2 Relationship between p value and log fold change for all probes on microarray in 9 
GH treated subjects at 6 months.  
The horizontal line represents threshold p value of <0.05, whereas vertical lines indicate log2 fold 
change of 0.45. 
 

 

 

 

5.4.3! Verification of Microarray results 

 

To verify the microarray data, the transcript levels of six genes that play a major role in substrate 

metabolism (FASN, SCD1, DUSP1, G0S2, HMGCS2 and UCP3) were quantified by qRT-PCR. 

Analysis was performed on individual samples, with B2M included as an internal control. As 

shown in Figure 5.3, none of the transcripts quantified by qRT-PCR changed significantly during 

GH treatment.  
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Figure 5.3 qRT-PCR verification of six GH responsive genes.  
Results are relative mRNA expression adjusted for the expression of B2M of baseline and 6-month 
GH treated samples. There was no significant change observed in the expression of any of these six 
genes after 6-month of GH treatment. 
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These results stand in contrast with previous studies in rodents as well as in human adults with 

GHD, which provided evidence that GH suppresses oxidative metabolism in muscle and favours 

non-oxidative energy production via glycolysis (7, 126). Tollet-Egnell et al. reported that GH 

increased expression of 4 genes promoting glycolysis and reduced 2 transcripts involved in FA 

Baseline GH
0.00

0.05

0.10

0.15

0.20

0.25

R
el

at
iv

e 
ex

pr
es

si
on

FASN

Baseline GH
0

1

2

3

R
el

at
iv

e 
ex

pr
es

si
on

G0S2

Baseline GH
0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e 
ex

pr
es

si
on

SCD

Baseline GH
0.00

0.02

0.04

0.06

0.08

0.10

R
el

at
iv

e 
ex

pr
es

si
on

HMGCS2

Baseline GH
0

1

2

3

4

5

R
el

at
iv

e 
ex

pr
es

si
on

DUSP1

Baseline GH
0.0

0.5

1.0

1.5

R
el

at
iv

e 
ex

pr
es

si
on

UCP3



 118 

uptake in skeletal muscle of rats (126). Sjogren et al. reported that GH suppressed genes governing 

lipid oxidation, TCA cycle activity and mitochondrial respiration as well as genes that suppress 

glucose utilization in skeletal muscle of adults with GHD (7). Expression of genes involved in FA 

transport such as fatty acid binding protein-3 (FABP-3) and CTP-I fell by 50%. Genes for several 

enzymes that mediate β-oxidation of FA and ATP synthesis via oxidative pathway in the 

mitochondria were also suppressed in skeletal muscle following GH therapy. For example, the 

expression of oxoglutarate dehydrogenase and succinate dehydrogenase complex B in the TCA 

cycle and ATP synthase and NADH dehydrogenase in the mitochondrial respiratory chain were 

reduced by up to 40%. GH also reduced the transcripts levels of pyruvate dehydrogenase kinase-4 

(PDK-4) and glycogen synthase-I in muscle. The latter has been reported in previous studies in 

healthy (127) as well as adults with GHD (128). PDK-4 is an inhibitor PDH, the key enzyme that 

converts pyruvate to Acetyl CoA for oxidation in mitochondria (129). These findings validated by 

qRT-PCR indicate that GH favours glucose as a metabolic fuel over lipid in skeletal muscle. 

 

The reasons for discrepant findings between the current study and that of Sjogren et al. are unclear. 

The current study used a dose of GH (0.5mg/ day) similar to the Sjogren study. A key difference 

between the two studies is the gender of subjects. The study by Sjogren et al. was undertaken in 4 

men with GHD, as compared to women in the current study. Women with GHD are less responsive 

to GH  as compared to men and require a higher replacement dose of GH than men (208-210). 

Testosterone enhances the anabolic responses to GH. Testosterone co administered with GH result 

in a significantly higher IGFI levels and rate of whole body protein synthesis compared with GH 

alone (8, 122). Thus, GH effects in the Sjogren study may have been more pronounced due to the 

concomitant administration of testosterone, and a higher dose of GH may be required to achieve 

similar effects in women. 
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Other explanation for the lack of significant change in gene expression to GH may be technical. 

Methodological issues may stem from quality of RNA, the amount of RNA included in the RNA 

labeling reaction, differences in efficiency of the biochemical transformations, and steps within the 

RNA labelling itself including reverse transcription, dye incorporation and fluorescent label 

detection. However, each sample was carefully assessed by a Bioanalyser and only the samples 

with a RIN above 7 were included in the experiments to ensure good quality of RNA. Robust 

quality control analyses were undertaken for the normalization of raw microarray data using the 

appropriate statistical software to control for other non-biological variations. 

 

Subjects received a small physiological replacement dose of GH and hence only a modest change in 

gene expression was expected. In constraining false positives, setting a FDR at 5% may have been 

too stringent for detecting small effect of GH. When a FDR was not set at all, 14 differentially 

expressed genes were identified based on the ranking by fold change. Eight of these genes 

(RCAN1, EGR1, FOS, TFRC, CYR61, IL32, MT2A, TSPAN8) are involved in growth, cell 

proliferation and differentiation, apoptosis and inflammation, but their role in skeletal muscle 

substrate metabolism is unknown. The remaining six genes are known to play a significant role in 

substrate metabolism, 4 of which were upregulated (FASN, SCD1, DUSP1 and G0S2) and 2 

downregulated (HMGCS2 and UCP3). 

 

Among the upregulated genes, FASN is a GH-regulated gene that stimulates FA synthesis in 

adipose tissue and liver. Reduction in FASN expression in adipose tissue and liver leads to 

increased lipid oxidation (211, 212). Increased FASN expression in adipose tissue increases 

lipogenesis (213). Hence, it is conceivable that increased expression of FASN in muscle is also 

likely to increase lipogenesis and reduce lipid oxidation. SCD1 catalyzes the final rate-limiting step 

in de novo lipogenesis. SCD1 knock out mice manifest an increase in FA oxidation in liver, muscle 

and brown adipose tissue and a reduction in de novo lipid synthesis (214, 215), suggesting GH 
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induced increase in SCD1 expression is likely to inhibit lipid oxidation in muscle. DUSP1 is a key 

regulator of PGC1α. PGC1α drives mitochondrial biogenesis and function in skeletal muscle and 

maintains oxidative fibre type distribution (216, 217). DUSP1 overexpression leads to reduction in 

mitochondrial phosphorylation, lipid oxidation and proportion of oxidative fires in skeletal muscle 

(216, 218). G0S2 inhibits adipose triglyceride lipase, a rate-limiting enzyme in lipolysis, and causes 

reduction in lipid oxidation and increase in glucose uptake in skeletal muscle (219). Among the 

downregulated genes, HMGCS2 is an important enzyme in ketone body formation and reduction of 

this enzyme leads to an increase in glucose utilization for ATP synthesis (220, 221). Suppression of 

UCP3 expression causes a reduction in lipid oxidation in skeletal muscle (222). Collectively these 

results indicate that GH reduces lipid oxidation and mitochondrial function, and increases glucose 

utilization for ATP synthesis in skeletal muscle. However, these results could not be validated by 

qRT-PCR. 

 

Apart from the availability of anaerobic energy, anaerobic capacity also depends on anabolic 

properties of skeletal muscle including muscle mass, strength and the proportion of fast twitch type 

II muscle fibres that determines the contractile force of muscle (5, 223). In this study, GH treatment 

did not significantly change the expression of genes involved in the regulation of muscle anabolism 

or fibre type distribution such as muscle IGFI receptor (IGFIR), myogenic differentiation 1 

(MYOD1), myostatin (MSTN) and myosin heavy chain isoforms (MYH1, MYH 2).  

 

In summary, GH replacement in a group of predominantly female patients with GHD was 

associated with minor changes in metabolic gene expression that failed to reach statistical 

significance and validation by qRT-PCR. In conclusion, studies with a larger sample size with a 

balanced gender distribution are required to identify the GH-responsive genes that underlie the 

regulation of anaerobic energy metabolism in skeletal muscle. 
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6! SUMMARY AND CONCLUSIONS 

 

6.1! Introduction 

  

This thesis investigated the role of GH in the regulation of the AES. The first aim was to investigate 

whether anaerobic capacity is impaired in adults with GHD and if so, its functional significance. 

This was assessed in a cross-sectional comparison of anaerobic capacity, physical function and QoL 

between adults with GHD and matched healthy controls, and reported in Chapter 3. 

 

The second aim was to investigate whether GH replacement improves anaerobic capacity in adults 

with GHD and whether this is associated with changes in physical function and in QoL. Described 

in Chapter 4, this was addressed by a 1-month double-blind placebo controlled crossover study, 

followed by a 6-month open-label active treatment phase. 

 

The third aim was to evaluate the effects of GH on anaerobic substrate metabolism in skeletal 

muscle of adults with GHD. Reported in the chapter 5, this was assessed by studying the changes in 

metabolic gene expression in muscle biopsy tissue obtained after 1-month and 6-month of GH 

treatment. 

 

The methods used for this body of work, described in Chapter 2 included physical performance 

tests, physical function tests, body composition measurement, QoL assessment, RNA isolation, 

gene expression profiling using microarray technology and qRT-PCR. Anaerobic capacity was 

assessed by the Wingate test, and aerobic capacity by the VO2max test. Physical function was 

assessed by the stair-climb test, chair-stand test, and 7-day pedometry. QoL was assessed by a 

GHD-specific questionnaire. The reproducibility of the physical performance and function tests 

were established by studying 5 healthy volunteers on two separate occasions. The microarray 
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experiments were performed at AGRF, Melbourne, Australia (1-month placebo controlled study) 

and UQ Diamantina Institute, Brisbane, Australia (6-month open-label study). 

 

6.2! Summary and conclusions 

 

The cross-sectional study showed that anaerobic power was nearly 20% lower in adults with GHD 

compared to control subjects, a deficit similar to that observed for VO2max. Stair climb capability, 

chair stand performance and daily step counts, measures of physical performance were significantly 

impaired as was QoL. GH status of the subjects was an independent determinant of anaerobic 

capacity. Anaerobic capacity independently predicted stair climb performance and QoL. 

 

One-month of GH replacement did not improve any of the outcome measures compared to placebo 

treatment. Six months of GH replacement increased anaerobic capacity, LBM, chair-stand 

performance, daily step count and QoL, but not aerobic capacity compared to baseline and to 

changes observed during placebo treatment for 1-month. QoL improved without a corresponding 

improvement in aerobic capacity. The improvement in anaerobic capacity independently predicted 

the improvement in energy and vitality domains of QoL in adults with GHD.  

 

GH replacement was associated with minor changes in some metabolic genes in skeletal muscle 

that did not reach statistical significance and failed validation by qRT-PCR. 

 

In conclusion, GH regulates the AES. In adults, a lack of GH impairs anaerobic capacity, adversely 

affecting physical function and QoL. GH replacement improves anaerobic capacity in a time-

dependent manner. Chair stand and daily walking capacity are likely functional indicators of the 

anaerobic energy system. Improvement in the anaerobic but not aerobic energy system explains in 

part the improvement in physical function and QoL in adults with GHD during GH replacement. 
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The molecular and cellular mechanisms underlying GH mediated stimulation of the AES in skeletal 

muscle remain unclear. 

 

6.3! Future directions 

 

This body of work provides the first evidence for a regulatory role of GH on muscle function 

dependent on the AES and its functional relevance to daily living by studying adults with GHD. 

The work tested the hypothesis that GH replacement improves anaerobic capacity within a few 

weeks and this effect is sustained. However, GH improved anaerobic capacity only after six months 

of treatment without significant changes in metabolic gene expression in skeletal muscle. These 

findings stand in contract to a previous study in recreational athletes showing an enhancement of 

anaerobic capacity after 8 weeks (8) and a study in a small group of GH-deficient males reporting a 

significant change in metabolic gene expression in muscle after only 2 weeks of GH treatment (7). 

The reason for discrepant findings between the current and latter study (7) despite using the same 

dose and similar treatment duration is likely the gender of participants who were entirely women in 

the current study and men in the latter study. The preponderance of females in the current study 

arose by chance and the difficulty encountered in recruiting equal numbers of male participants 

with GHD. Women with GHD are less responsive to GH and require a higher replacement dose of 

GH than men (208-210). Hence, a larger sample size may be required to show a similar effect in a 

study involving only women. Although Meinhardt et al. (8) reported an improvement in anaerobic 

capacity in a pooled group of normal women and men after eight weeks of GH treatment, no 

significant effect occurred in women alone despite a 4 times higher GH dose used in this trial, again 

emphasizing gender-specific differences in GH sensitivity. The improvement in anaerobic capacity 

at 6 months in the current study likely arose from an anabolic effect on muscle mass and strength 

that occurs after long-term GH therapy (32, 49, 50, 61). To minimize sample size, future studies to 
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identify GH-regulated metabolic genes in skeletal muscle that improve anaerobic capacity should 

be undertaken using a similar replacement dose in men with GHD. 

 

Microarray is a powerful research method that allows the study of expression patterns of tens of 

thousands of genes in a tissue sample. However, the results are based on an assumption that 

transcriptional changes reflect the effects on protein expression. Future studies investigating GH 

effects on substrate metabolism in skeletal muscle should also assess the changes in enzyme 

activities governing anaerobic and aerobic metabolism by analyzing protein expression by Western 

Blot or quantify biochemical pathway changes of glycolysis. The feasibility of such studies in 

humans is difficult due to the invasive procedure and large amount of tissue sample requirement. 

Such studies investigating tissue enzyme and biochemical changes should be conducted in animals.  

 

The mechanisms underlying the impairment in QoL and its improvement after GH replacement in 

adults with GHD are poorly understood. Previous studies have not found any relationship between 

QoL and changes in aerobic capacity or other anabolic parameters during GH replacement therapy. 

Future studies should explore further the role the AES in influencing QoL in adults with GHD using 

validated research tools specifically designed to assess energy and vitality domains of QoL, such as 

Nottingham Health Profile questionnaire and Well-being Questionnaire 12 (224, 225). 

 

The age-related decline in physical and function capacity has been attributed to a progressive fall in 

GH secretion with advancing age. Several well conducted GH trials have not observed any 

beneficial physical outcomes leading to considerable doubt as to the value in GH supplementation 

for older people (70, 71, 195, 226-228). However, these trials have focused on GH effects on 

muscle strength and aerobic capacity. None has assessed effects on the AES and related functional 

measures. A study investigating the effects of capromorelin a GH secretagogue, reported an 

improvement in tandem walk test and power stair climb test (195); both these tests assess  the first 
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10-30 seconds of physical exertion, that is predominantly powered by the AES. The authors did not 

link this improvement in physical function to the AES or assessed its impact on QoL or on 

functional aspects of daily living. The current study provided strong evidence that daily walking 

capacity is a function of the AES, which improved after GH treatment. Daily walking capacity is 

associated with better cardiovascular outcomes, cognitive function and health related QoL in older 

adults (200-202). The findings of the current study call for a reassessment of GH supplementation 

on physical function relevant to the AES in older adults. This can be assessed by pedometry, Timed 

Up and Go test and Gait Speed measurement, and correlating these with the changes in their energy 

and vitality domains of QoL (179, 229). The Timed Up and Go test is a useful predictor of risk of 

falls in frail elderly (230), a cause of significant morbidity in this population. An improvement in 

gait speed predicts a significant reduction morbidity such as disability, institutionalization, falls, and 

mortality in older people (231, 232). A similar approach should be used to investigate whether GH 

accelerates physical mobilization and rehabilitation after major surgery or trauma by stimulating 

anaerobic capacity 

 

The AES is an ignored area of fitness research, which has focused heavily on aerobic capacity. This 

body of work provides the first evidence for the hormonal regulation of the AES and its relevance 

in daily life. This information can be exploited in designing future research trials combating frailty 

associated with chronic diseases and ageing. 

  



 126 

7! REFERENCES 

 

1. Moller N, Jorgensen JO. Effects of growth hormone on glucose, lipid, and protein 

metabolism in human subjects. Endocr Rev. 2009;30(2):152-77. 

2. Ho K. Growth Hormone Deficiency in Adults. In: DeGroot LJ JJ, editor. DeGroot's 

Textbook of Endocrinology. 5th ed. Philadelphia: W B Saunders Company; 2004. p. 550-8. 

3. Carroll PV, Christ ER, Bengtsson BA, Carlsson L, Christiansen JS, Clemmons D, et al. 

Growth hormone deficiency in adulthood and the effects of growth hormone replacement: a review. 

Growth Hormone Research Society Scientific Committee. J Clin Endocrinol Metab. 

1998;83(2):382-95. 

4. Bonora M, Patergnani S, Rimessi A, De Marchi E, Suski JM, Bononi A, et al. ATP 

synthesis and storage. Purinergic Signal. 2012;8(3):343-57. 

5. Cahill BR, Misner JE, Boileau RA. The clinical importance of the anaerobic energy system 

and its assessment in human performance. The American journal of sports medicine. 

1997;25(6):863-72. 

6. Woodhouse LJ, Mukherjee A, Shalet SM, Ezzat S. The influence of growth hormone status 

on physical impairments, functional limitations, and health-related quality of life in adults. Endocr 

Rev. 2006;27(3):287-317. 

7. Sjogren K, Leung KC, Kaplan W, Gardiner-Garden M, Gibney J, Ho KK. Growth hormone 

regulation of metabolic gene expression in muscle: a microarray study in hypopituitary men. Am J 

Physiol Endocrinol Metab. 2007;293(1):E364-71. 

8. Meinhardt U, Nelson AE, Hansen JL, Birzniece V, Clifford D, Leung KC, et al. The effects 

of growth hormone on body composition and physical performance in recreational athletes: a 

randomized trial. Ann Intern Med. 2010;152(9):568-77. 

9. Binnerts A, Deurenberg P, Swart GR, Wilson JH, Lamberts SW. Body composition in 

growth hormone-deficient adults. Am J Clin Nutr. 1992;55(5):918-23. 



 127 

10. Rosen T, Bosaeus I, Tolli J, Lindstedt G, Bengtsson BA. Increased body fat mass and 

decreased extracellular fluid volume in adults with growth hormone deficiency. Clin Endocrinol 

(Oxf). 1993;38(1):63-71. 

11. Gibney J, Wallace JD, Spinks T, Schnorr L, Ranicar A, Cuneo RC, et al. The effects of 10 

years of recombinant human growth hormone (GH) in adult GH-deficient patients. J Clin 

Endocrinol Metab. 1999;84(8):2596-602. 

12. Salomon F, Cuneo RC, Hesp R, Sonksen PH. The effects of treatment with recombinant 

human growth hormone on body composition and metabolism in adults with growth hormone 

deficiency. N Engl J Med. 1989;321(26):1797-803. 

13. Ezzat S, Fear S, Gaillard RC, Gayle C, Landy H, Marcovitz S, et al. Gender-specific 

responses of lean body composition and non-gender-specific cardiac function improvement after 

GH replacement in GH-deficient adults. J Clin Endocrinol Metab. 2002;87(6):2725-33. 

14. Gotherstrom G, Svensson J, Koranyi J, Alpsten M, Bosaeus I, Bengtsson B, et al. A 

prospective study of 5 years of GH replacement therapy in GH-deficient adults: sustained effects on 

body composition, bone mass, and metabolic indices. J Clin Endocrinol Metab. 2001;86(10):4657-

65. 

15. Hoffman AR, Kuntze JE, Baptista J, Baum HB, Baumann GP, Biller BM, et al. Growth 

hormone (GH) replacement therapy in adult-onset gh deficiency: effects on body composition in 

men and women in a double-blind, randomized, placebo-controlled trial. J Clin Endocrinol Metab. 

2004;89(5):2048-56. 

16. Hoffman DM, O'Sullivan AJ, Freund J, Ho KK. Adults with growth hormone deficiency 

have abnormal body composition but normal energy metabolism. J Clin Endocrinol Metab. 

1995;80(1):72-7. 

17. Jorgensen AP, Fougner KJ, Ueland T, Gudmundsen O, Burman P, Schreiner T, et al. 

Favorable long-term effects of growth hormone replacement therapy on quality of life, bone 



 128 

metabolism, body composition and lipid levels in patients with adult-onset growth hormone 

deficiency. Growth Horm IGF Res. 2011;21(2):69-75. 

18. Franco C, Koranyi J, Brandberg J, Lonn L, Bengtsson BK, Svensson J, et al. The reduction 

in visceral fat mass in response to growth hormone is more marked in men than in oestrogen-

deficient women. Growth Horm IGF Res. 2009;19(2):112-20. 

19. Johannsson G, Marin P, Lonn L, Ottosson M, Stenlof K, Bjorntorp P, et al. Growth hormone 

treatment of abdominally obese men reduces abdominal fat mass, improves glucose and lipoprotein 

metabolism, and reduces diastolic blood pressure. J Clin Endocrinol Metab. 1997;82(3):727-34. 

20. Jorgensen JO, Pedersen SA, Thuesen L, Jorgensen J, Ingemann-Hansen T, Skakkebaek NE, 

et al. Beneficial effects of growth hormone treatment in GH-deficient adults. Lancet. 

1989;1(8649):1221-5. 

21. Jorgensen JO, Vahl N, Hansen TB, Thuesen L, Hagen C, Christiansen JS. Growth hormone 

versus placebo treatment for one year in growth hormone deficient adults: increase in exercise 

capacity and normalization of body composition. Clin Endocrinol (Oxf). 1996;45(6):681-8. 

22. Egger A, Buehler T, Boesch C, Diem P, Stettler C, Christ ER. The effect of GH replacement 

therapy on different fat compartments: a whole-body magnetic resonance imaging study. Eur J 

Endocrinol. 2011;164(1):23-9. 

23. Snel YE, Brummer RJ, Doerga ME, Zelissen PM, Bakker CJ, Hendriks MJ, et al. Adipose 

tissue assessed by magnetic resonance imaging in growth hormone-deficient adults: the effect of 

growth hormone replacement and a comparison with control subjects. Am J Clin Nutr. 

1995;61(6):1290-4. 

24. De Boer H, Blok GJ, Voerman HJ, De Vries PM, van der Veen EA. Body composition in 

adult growth hormone-deficient men, assessed by anthropometry and bioimpedance analysis. J Clin 

Endocrinol Metab. 1992;75(3):833-7. 



 129 

25. Beshyah SA, Freemantle C, Thomas E, Rutherford O, Page B, Murphy M, et al. Abnormal 

body composition and reduced bone mass in growth hormone deficient hypopituitary adults. Clin 

Endocrinol (Oxf). 1995;42(2):179-89. 

26. Snel YE, Doerga ME, Brummer RJ, Zelissen PM, Zonderland ML, Koppeschaar HP. 

Resting metabolic rate, body composition and related hormonal parameters in growth hormone-

deficient adults before and after growth hormone replacement therapy. Eur J Endocrinol. 

1995;133(4):445-50. 

27. Binnerts A, Swart GR, Wilson JH, Hoogerbrugge N, Pols HA, Birkenhager JC, et al. The 

effect of growth hormone administration in growth hormone deficient adults on bone, protein, 

carbohydrate and lipid homeostasis, as well as on body composition. Clin Endocrinol (Oxf). 

1992;37(1):79-87. 

28. Whitehead HM, Boreham C, McIlrath EM, Sheridan B, Kennedy L, Atkinson AB, et al. 

Growth hormone treatment of adults with growth hormone deficiency: results of a 13-month 

placebo controlled cross-over study. Clin Endocrinol (Oxf). 1992;36(1):45-52. 

29. Bengtsson BA, Eden S, Lonn L, Kvist H, Stokland A, Lindstedt G, et al. Treatment of adults 

with growth hormone (GH) deficiency with recombinant human GH. J Clin Endocrinol Metab. 

1993;76(2):309-17. 

30. Chong PK, Jung RT, Scrimgeour CM, Rennie MJ, Paterson CR. Energy expenditure and 

body composition in growth hormone deficient adults on exogenous growth hormone. Clin 

Endocrinol (Oxf). 1994;40(1):103-10. 

31. Amato G, Carella C, Fazio S, La Montagna G, Cittadini A, Sabatini D, et al. Body 

composition, bone metabolism, and heart structure and function in growth hormone (GH)-deficient 

adults before and after GH replacement therapy at low doses. J Clin Endocrinol Metab. 

1993;77(6):1671-6. 

32. Sartorio A, Narici MV. Growth hormone (GH) treatment in GH-deficient adults: effects on 

muscle size, strength and neural activation. Clin Physiol. 1994;14(5):527-37. 



 130 

33. Baum HB, Biller BM, Finkelstein JS, Cannistraro KB, Oppenhein DS, Schoenfeld DA, et al. 

Effects of physiologic growth hormone therapy on bone density and body composition in patients 

with adult-onset growth hormone deficiency. A randomized, placebo-controlled trial. Ann Intern 

Med. 1996;125(11):883-90. 

34. Beshyah SA, Freemantle C, Shahi M, Anyaoku V, Merson S, Lynch S, et al. Replacement 

treatment with biosynthetic human growth hormone in growth hormone-deficient hypopituitary 

adults. Clin Endocrinol (Oxf). 1995;42(1):73-84. 

35. Hansen TB, Vahl N, Jorgensen JO, Christiansen JS, Hagen C. Whole body and regional soft 

tissue changes in growth hormone deficient adults after one year of growth hormone treatment: a 

double-blind, randomized, placebo-controlled study. Clin Endocrinol (Oxf). 1995;43(6):689-96. 

36. Johannsson G, Rosen T, Bosaeus I, Sjostrom L, Bengtsson BA. Two years of growth 

hormone (GH) treatment increases bone mineral content and density in hypopituitary patients with 

adult-onset GH deficiency. J Clin Endocrinol Metab. 1996;81(8):2865-73. 

37. Jorgensen JO, Thuesen L, Muller J, Ovesen P, Skakkebaek NE, Christiansen JS. Three years 

of growth hormone treatment in growth hormone-deficient adults: near normalization of body 

composition and physical performance. Eur J Endocrinol. 1994;130(3):224-8. 

38. Lonn L, Johansson G, Sjostrom L, Kvist H, Oden A, Bengtsson BA. Body composition and 

tissue distributions in growth hormone deficient adults before and after growth hormone treatment. 

Obes Res. 1996;4(1):45-54. 

39. Orme SM, Sebastian JP, Oldroyd B, Stewart SP, Grant PJ, Stickland MH, et al. Comparison 

of measures of body composition in a trial of low dose growth hormone replacement therapy. Clin 

Endocrinol (Oxf). 1992;37(5):453-9. 

40. Chrisoulidou A, Beshyah SA, Rutherford O, Spinks TJ, Mayet J, Kyd P, et al. Effects of 7 

years of growth hormone replacement therapy in hypopituitary adults. J Clin Endocrinol Metab. 

2000;85(10):3762-9. 



 131 

41. Leung KC, Johannsson G, Leong GM, Ho KK. Estrogen regulation of growth hormone 

action. Endocr Rev. 2004;25(5):693-721. 

42. Molitch ME, Clemmons DR, Malozowski S, Merriam GR, Vance ML. Evaluation and 

treatment of adult growth hormone deficiency: an Endocrine Society clinical practice guideline. J 

Clin Endocrinol Metab. 2011;96(6):1587-609. 

43. Caidahl K, Eden S, Bengtsson BA. Cardiovascular and renal effects of growth hormone. 

Clin Endocrinol (Oxf). 1994;40(3):393-400. 

44. Valcavi R, Gaddi O, Zini M, Iavicoli M, Mellino U, Portioli I. Cardiac performance and 

mass in adults with hypopituitarism: effects of one year of growth hormone treatment. J Clin 

Endocrinol Metab. 1995;80(2):659-66. 

45. Newman CB, Carmichael JD, Kleinberg DL. Effects of low dose versus high dose human 

growth hormone on body composition and lipids in adults with GH deficiency: a meta-analysis of 

placebo-controlled randomized trials. Pituitary. 2014. 

46. Abernethy P, Wilson G, Logan P. Strength and power assessment. Issues, controversies and 

challenges. Sports Med. 1995;19(6):401-17. 

47. Wells GD, Selvadurai H, Tein I. Bioenergetic provision of energy for muscular activity. 

Paediatr Respir Rev. 2009;10(3):83-90. 

48. Johannsson G, Grimby G, Sunnerhagen KS, Bengtsson BA. Two years of growth hormone 

(GH) treatment increase isometric and isokinetic muscle strength in GH-deficient adults. J Clin 

Endocrinol Metab. 1997;82(9):2877-84. 

49. Rutherford OM, Beshyah SA, Schott J, Watkins Y, Johnston DG. Contractile properties of 

the quadriceps muscle in growth hormone-deficient hypopituitary adults. Clin Sci (Lond). 

1995;88(1):67-71. 

50. Janssen YJ, Doornbos J, Roelfsema F. Changes in muscle volume, strength, and 

bioenergetics during recombinant human growth hormone (GH) therapy in adults with GH 

deficiency. J Clin Endocrinol Metab. 1999;84(1):279-84. 



 132 

51. Cuneo RC, Salomon F, Wiles CM, Sonksen PH. Skeletal muscle performance in adults with 

growth hormone deficiency. Horm Res. 1990;33 Suppl 4:55-60. 

52. Degerblad M, Almkvist O, Grunditz R, Hall K, Kaijser L, Knutsson E, et al. Physical and 

psychological capabilities during substitution therapy with recombinant growth hormone in adults 

with growth hormone deficiency. Acta Endocrinol (Copenh). 1990;123(2):185-93. 

53. Jorgensen JO, Pedersen SA, Thuesen L, Jorgensen J, Moller J, Muller J, et al. Long-term 

growth hormone treatment in growth hormone deficient adults. Acta Endocrinol (Copenh). 

1991;125(5):449-53. 

54. Bell W, Davies JS, Evans WD, Scanlon MF. Strength and its relationship to changes in fat-

free mass, total body potassium, total body water and IGF-1 in adults with growth hormone 

deficiency: effect of treatment with growth hormone. Ann Hum Biol. 1999;26(1):63-78. 

55. Rodriguez-Arnao J, Jabbar A, Fulcher K, Besser GM, Ross RJ. Effects of growth hormone 

replacement on physical performance and body composition in GH deficient adults. Clin 

Endocrinol (Oxf). 1999;51(1):53-60. 

56. Wallymahmed ME, Foy P, Shaw D, Hutcheon R, Edwards RH, MacFarlane IA. Quality of 

life, body composition and muscle strength in adult growth hormone deficiency: the influence of 

growth hormone replacement therapy for up to 3 years. Clin Endocrinol (Oxf). 1997;47(4):439-46. 

57. Gotherstrom G, Elbornsson M, Stibrant-Sunnerhagen K, Bengtsson BA, Johannsson G, 

Svensson J. Ten years of growth hormone (GH) replacement normalizes muscle strength in GH-

deficient adults. J Clin Endocrinol Metab. 2009;94(3):809-16. 

58. Svensson J, Sunnerhagen KS, Johannsson G. Five years of growth hormone replacement 

therapy in adults: age- and gender-related changes in isometric and isokinetic muscle strength. J 

Clin Endocrinol Metab. 2003;88(5):2061-9. 

59. Woodhouse LJ, Asa SL, Thomas SG, Ezzat S. Measures of submaximal aerobic 

performance evaluate and predict functional response to growth hormone (GH) treatment in GH-

deficient adults. J Clin Endocrinol Metab. 1999;84(12):4570-7. 



 133 

60. Bollerslev J, Hallen J, Fougner KJ, Jorgensen AP, Kristo C, Fagertun H, et al. Low-dose GH 

improves exercise capacity in adults with GH deficiency: effects of a 22-month placebo-controlled, 

crossover trial. Eur J Endocrinol. 2005;153(3):379-87. 

61. Cuneo RC, Salomon F, Wiles CM, Hesp R, Sonksen PH. Growth hormone treatment in 

growth hormone-deficient adults. I. Effects on muscle mass and strength. J Appl Physiol. 

1991;70(2):688-94. 

62. Adams GR. Autocrine and/or paracrine insulin-like growth factor-I activity in skeletal 

muscle. Clin Orthop Relat Res. 2002(403 Suppl):S188-96. 

63. Florini JR, Ewton DZ, Coolican SA. Growth hormone and the insulin-like growth factor 

system in myogenesis. Endocr Rev. 1996;17(5):481-517. 

64. Liu JP, Baker J, Perkins AS, Robertson EJ, Efstratiadis A. Mice carrying null mutations of 

the genes encoding insulin-like growth factor I (Igf-1) and type 1 IGF receptor (Igf1r). Cell. 

1993;75(1):59-72. 

65. Coleman ME, DeMayo F, Yin KC, Lee HM, Geske R, Montgomery C, et al. Myogenic 

vector expression of insulin-like growth factor I stimulates muscle cell differentiation and myofiber 

hypertrophy in transgenic mice. J Biol Chem. 1995;270(20):12109-16. 

66. Ye F, Mathur S, Liu M, Borst SE, Walter GA, Sweeney HL, et al. Overexpression of 

insulin-like growth factor-1 attenuates skeletal muscle damage and accelerates muscle regeneration 

and functional recovery after disuse. Exp Physiol. 2013;98(5):1038-52. 

67. Kim H, Barton E, Muja N, Yakar S, Pennisi P, Leroith D. Intact insulin and insulin-like 

growth factor-I receptor signaling is required for growth hormone effects on skeletal muscle growth 

and function in vivo. Endocrinology. 2005;146(4):1772-9. 

68. Deyssig R, Frisch H, Blum WF, Waldhor T. Effect of growth hormone treatment on 

hormonal parameters, body composition and strength in athletes. Acta Endocrinol (Copenh). 

1993;128(4):313-8. 



 134 

69. Yarasheski KE, Campbell JA, Smith K, Rennie MJ, Holloszy JO, Bier DM. Effect of 

growth hormone and resistance exercise on muscle growth in young men. Am J Physiol. 

1992;262(3 Pt 1):E261-7. 

70. Blackman MR, Sorkin JD, Munzer T, Bellantoni MF, Busby-Whitehead J, Stevens TE, et al. 

Growth hormone and sex steroid administration in healthy aged women and men: a randomized 

controlled trial. JAMA. 2002;288(18):2282-92. 

71. Papadakis MA, Grady D, Black D, Tierney MJ, Gooding GA, Schambelan M, et al. Growth 

hormone replacement in healthy older men improves body composition but not functional ability. 

Ann Intern Med. 1996;124(8):708-16. 

72. Dubowitz V, Pearse AG. A comparative histochemical study of oxidative enzyme and 

phosphorylase activity in skeletal muscle. Z Zellforch Microsk Anat Histochem. 1960;2:105-17. 

73. Brooke MH, Kaiser KK. Muscle fiber types: how many and what kind? Arch Neurol. 

1970;23(4):369-79. 

74. Bottinelli R, Schiaffino S, Reggiani C. Force-velocity relations and myosin heavy chain 

isoform compositions of skinned fibres from rat skeletal muscle. J Physiol. 1991;437:655-72. 

75. Danieli Betto D, Zerbato E, Betto R. Type 1, 2A, and 2B myosin heavy chain 

electrophoretic analysis of rat muscle fibers. Biochem Biophys Res Commun. 1986;138(2):981-7. 

76. Staron RS, Johnson P. Myosin polymorphism and differential expression in adult human 

skeletal muscle. Comp Biochem Physiol B. 1993;106(3):463-75. 

77. Porter MM, Vandervoort AA, Lexell J. Aging of human muscle: structure, function and 

adaptability. Scand J Med Sci Sports. 1995;5(3):129-42. 

78. Larsson L, Li X, Teresi A, Salviati G. Effects of thyroid hormone on fast- and slow-twitch 

skeletal muscles in young and old rats. J Physiol. 1994;481 ( Pt 1):149-61. 

79. Yamaguchi A, Sakuma K, Morita I, Soya H, Takeda H, Katsuta S. Changes in fibre types in 

rat soleus and plantaris muscles following hypophysectomy and compensatory overload. Acta 

Physiol Scand. 1996;158(1):89-95. 



 135 

80. Roy RR, Tri C, Grossman EJ, Talmadge RJ, Grindeland RE, Mukku VR, et al. IGF-I, 

growth hormone, and/or exercise effects on non-weight-bearing soleus of hypophysectomized rats. 

J Appl Physiol. 1996;81(1):302-11. 

81. Shorey CD, Everitt AV, Armstrong RA, Manning LA. Morphometric analysis of the muscle 

fibres of the soleus muscle of the ageing rat: long-term effect of hypophysectomy and food 

restriction. Gerontology. 1993;39(2):80-92. 

82. Ayling CM, Moreland BH, Zanelli JM, Schulster D. Human growth hormone treatment of 

hypophysectomized rats increases the proportion of type-1 fibres in skeletal muscle. J Endocrinol. 

1989;123(3):429-35. 

83. Loughna PT, Bates PC. Interactions between growth hormone and nutrition in 

hypophysectomised rats: skeletal muscle myosin heavy chain mRNA levels. Biochem Biophys Res 

Commun. 1994;198(1):97-102. 

84. Everitt AV, Terry V, Phillips MJ, Kerry HM, Shorey CD. Morphometric analysis of 

gastrocnemius muscle fiber size and fiber proportions in the hypophysectomized rat after prolonged 

administration of growth hormone or thyroxine. Growth Dev Aging. 1996;60(2):85-93. 

85. Florini JR, Ewton DZ. Skeletal muscle fiber types and myosin ATPase activity do not 

change with age or growth hormone administration. J Gerontol. 1989;44(5):B110-7. 

86. Aroniadou-Anderjaska V, Lemon PW, Gilloteaux J. Effects of exogenous growth hormone 

on skeletal muscle of young female rats. Tissue Cell. 1996;28(6):719-24. 

87. Bigard AX, Lienhard F, Merino D, Serrurier B, Guezennec CY. Effects of growth hormone 

on rat skeletal muscle after hindlimb suspension. Eur J Appl Physiol Occup Physiol. 

1994;69(4):337-43. 

88. Ullman M, Oldfors A. Effects of growth hormone on skeletal muscle. I. Studies on normal 

adult rats. Acta Physiol Scand. 1989;135(4):531-6. 



 136 

89. Bottinelli R, Narici M, Pellegrino MA, Kayser B, Canepari M, Faglia G, et al. Contractile 

properties and fiber type distribution of quadriceps muscles in adults with childhood-onset growth 

hormone deficiency. J Clin Endocrinol Metab. 1997;82(12):4133-8. 

90. Cuneo RC, Salomon F, Wiles CM, Round JM, Jones D, Hesp R, et al. Histology of skeletal 

muscle in adults with GH deficiency: comparison with normal muscle and response to GH 

treatment. Horm Res. 1992;37(1-2):23-8. 

91. Whitehead HM, Gilliland JS, Allen IV, Hadden DR. Growth hormone treatment in adults 

with growth hormone deficiency: effect on muscle fibre size and proportions. Acta Paediatr Scand 

Suppl. 1989;356:65-7; discussion 8, 73-4. 

92. Daugaard JR, Bramnert M, Manhem P, Endre T, Groop LC, Lofman M, et al. Effect of 6 

months of GH treatment on myosin heavy chain composition in GH-deficient patients. Eur J 

Endocrinol. 1999;141(4):342-9. 

93. Wagenmakers AJ. Tracers to investigate protein and amino acid metabolism in human 

subjects. Proc Nutr Soc. 1999;58(4):987-1000. 

94. Hoffman DM, Pallasser R, Duncan M, Nguyen TV, Ho KK. How is whole body protein 

turnover perturbed in growth hormone-deficient adults? J Clin Endocrinol Metab. 

1998;83(12):4344-9. 

95. Beshyah SA, Sharp PS, Gelding SV, Halliday D, Johnston DG. Whole-body leucine 

turnover in adults on conventional treatment for hypopituitarism. Acta Endocrinol (Copenh). 

1993;129(2):158-64. 

96. Lucidi P, Laureti S, Santoni S, Lauteri M, Busciantella-Ricci N, Angeletti G, et al. 

Administration of recombinant human growth hormone on alternate days is sufficient to increase 

whole body protein synthesis and lipolysis in growth hormone deficient adults. Clin Endocrinol 

(Oxf). 2000;52(2):173-9. 



 137 

97. Mauras N, O'Brien KO, Welch S, Rini A, Helgeson K, Vieira NE, et al. Insulin-like growth 

factor I and growth hormone (GH) treatment in GH-deficient humans: differential effects on 

protein, glucose, lipid, and calcium metabolism. J Clin Endocrinol Metab. 2000;85(4):1686-94. 

98. Russell-Jones DL, Bowes SB, Rees SE, Jackson NC, Weissberger AJ, Hovorka R, et al. 

Effect of growth hormone treatment on postprandial protein metabolism in growth hormone-

deficient adults. Am J Physiol. 1998;274(6 Pt 1):E1050-6. 

99. Russell-Jones DL, Weissberger AJ, Bowes SB, Kelly JM, Thomason M, Umpleby AM, et 

al. Protein metabolism in growth hormone deficiency, and effects of growth hormone replacement 

therapy. Acta Endocrinol (Copenh). 1993;128 Suppl 2:44-7. 

100. Shi J, Sekhar RV, Balasubramanyam A, Ellis K, Reeds PJ, Jahoor F, et al. Short- and long-

term effects of growth hormone (GH) replacement on protein metabolism in GH-deficient adults. J 

Clin Endocrinol Metab. 2003;88(12):5827-33. 

101. Copeland KC, Nair KS. Acute growth hormone effects on amino acid and lipid metabolism. 

J Clin Endocrinol Metab. 1994;78(5):1040-7. 

102. Horber FF, Haymond MW. Human growth hormone prevents the protein catabolic side 

effects of prednisone in humans. J Clin Invest. 1990;86(1):265-72. 

103. Burt MG, Gibney J, Hoffman DM, Umpleby AM, Ho KK. Relationship between GH-

induced metabolic changes and changes in body composition: a dose and time course study in GH-

deficient adults. Growth Horm IGF Res. 2008;18(1):55-64. 

104. Fryburg DA, Barrett EJ. Growth hormone acutely stimulates skeletal muscle but not whole-

body protein synthesis in humans. Metabolism. 1993;42(9):1223-7. 

105. Fryburg DA, Gelfand RA, Barrett EJ. Growth hormone acutely stimulates forearm muscle 

protein synthesis in normal humans. Am J Physiol. 1991;260(3 Pt 1):E499-504. 

106. Yarasheski KE, Zachweija JJ, Angelopoulos TJ, Bier DM. Short-term growth hormone 

treatment does not increase muscle protein synthesis in experienced weight lifters. J Appl Physiol. 

1993;74(6):3073-6. 



 138 

107. Daughaday WH, Hall K, Raben MS, Salmon WD, Jr., van den Brande JL, van Wyk JJ. 

Somatomedin: proposed designation for sulphation factor. Nature. 1972;235(5333):107. 

108. Le Roith D, Bondy C, Yakar S, Liu JL, Butler A. The somatomedin hypothesis: 2001. 

Endocr Rev. 2001;22(1):53-74. 

109. Fukagawa NK, Minaker KL, Rowe JW, Goodman MN, Matthews DE, Bier DM, et al. 

Insulin-mediated reduction of whole body protein breakdown. Dose-response effects on leucine 

metabolism in postabsorptive men. J Clin Invest. 1985;76(6):2306-11. 

110. Jacob R, Barrett E, Plewe G, Fagin KD, Sherwin RS. Acute effects of insulin-like growth 

factor I on glucose and amino acid metabolism in the awake fasted rat. Comparison with insulin. J 

Clin Invest. 1989;83(5):1717-23. 

111. Tessari P, Trevisan R, Inchiostro S, Biolo G, Nosadini R, De Kreutzenberg SV, et al. Dose-

response curves of effects of insulin on leucine kinetics in humans. Am J Physiol. 1986;251(3 Pt 

1):E334-42. 

112. Baker JS, McCormick MC, Robergs RA. Interaction among Skeletal Muscle Metabolic 

Energy Systems during Intense Exercise. Journal of nutrition and metabolism. 2010;2010:905612. 

113. Moller N, Schmitz O, Porksen N, Moller J, Jorgensen JO. Dose-response studies on the 

metabolic effects of a growth hormone pulse in humans. Metabolism. 1992;41(2):172-5. 

114. Hansen TK, Gravholt CH, H OR, Rasmussen MH, Christiansen JS, Jorgensen JO. Dose 

dependency of the pharmacokinetics and acute lipolytic actions of growth hormone. J Clin 

Endocrinol Metab. 2002;87(10):4691-8. 

115. Gravholt CH, Schmitz O, Simonsen L, Bulow J, Christiansen JS, Moller N. Effects of a 

physiological GH pulse on interstitial glycerol in abdominal and femoral adipose tissue. Am J 

Physiol. 1999;277(5 Pt 1):E848-54. 

116. Healy ML, Gibney J, Pentecost C, Croos P, Russell-Jones DL, Sonksen PH, et al. Effects of 

high-dose growth hormone on glucose and glycerol metabolism at rest and during exercise in 

endurance-trained athletes. J Clin Endocrinol Metab. 2006;91(1):320-7. 



 139 

117. Healy ML, Gibney J, Russell-Jones DL, Pentecost C, Croos P, Sonksen PH, et al. High dose 

growth hormone exerts an anabolic effect at rest and during exercise in endurance-trained athletes. J 

Clin Endocrinol Metab. 2003;88(11):5221-6. 

118. Ghanaat F, Tayek JA. Growth hormone administration increases glucose production by 

preventing the expected decrease in glycogenolysis seen with fasting in healthy volunteers. 

Metabolism. 2005;54(5):604-9. 

119. Moller N, Jorgensen JO, Abildgard N, Orskov L, Schmitz O, Christiansen JS. Effects of 

growth hormone on glucose metabolism. Horm Res. 1991;36 Suppl 1:32-5. 

120. Krag MB, Gormsen LC, Guo Z, Christiansen JS, Jensen MD, Nielsen S, et al. Growth 

hormone-induced insulin resistance is associated with increased intramyocellular triglyceride 

content but unaltered VLDL-triglyceride kinetics. Am J Physiol Endocrinol Metab. 

2007;292(3):E920-7. 

121. Moller N, Jorgensen JO, Alberti KG, Flyvbjerg A, Schmitz O. Short-term effects of growth 

hormone on fuel oxidation and regional substrate metabolism in normal man. J Clin Endocrinol 

Metab. 1990;70(4):1179-86. 

122. Gibney J, Wolthers T, Johannsson G, Umpleby AM, Ho KK. Growth hormone and 

testosterone interact positively to enhance protein and energy metabolism in hypopituitary men. Am 

J Physiol Endocrinol Metab. 2005;289(2):E266-71. 

123. Jorgensen JO, Moller J, Alberti KG, Schmitz O, Christiansen JS, Orskov H, et al. Marked 

effects of sustained low growth hormone (GH) levels on day-to-day fuel metabolism: studies in 

GH-deficient patients and healthy untreated subjects. J Clin Endocrinol Metab. 1993;77(6):1589-96. 

124. Wolthers T, Hoffman DM, Nugent AG, Duncan MW, Umpleby M, Ho KK. Oral estrogen 

antagonizes the metabolic actions of growth hormone in growth hormone-deficient women. Am J 

Physiol Endocrinol Metab. 2001;281(6):E1191-6. 

125. Ravussin E, Bogardus C. Relationship of genetics, age, and physical fitness to daily energy 

expenditure and fuel utilization. Am J Clin Nutr. 1989;49(5 Suppl):968-75. 



 140 

126. Tollet-Egnell P, Parini P, Stahlberg N, Lonnstedt I, Lee NH, Rudling M, et al. Growth 

hormone-mediated alteration of fuel metabolism in the aged rat as determined from transcript 

profiles. Physiol Genomics. 2004;16(2):261-7. 

127. Bak JF, Moller N, Schmitz O. Effects of growth hormone on fuel utilization and muscle 

glycogen synthase activity in normal humans. Am J Physiol. 1991;260(5 Pt 1):E736-42. 

128. Christopher M, Hew FL, Oakley M, Rantzau C, Alford F. Defects of insulin action and 

skeletal muscle glucose metabolism in growth hormone-deficient adults persist after 24 months of 

recombinant human growth hormone therapy. J Clin Endocrinol Metab. 1998;83(5):1668-81. 

129. Sugden MC, Holness MJ. Recent advances in mechanisms regulating glucose oxidation at 

the level of the pyruvate dehydrogenase complex by PDKs. Am J Physiol Endocrinol Metab. 

2003;284(5):E855-62. 

130. Lange KH, Larsson B, Flyvbjerg A, Dall R, Bennekou M, Rasmussen MH, et al. Acute 

growth hormone administration causes exaggerated increases in plasma lactate and glycerol during 

moderate to high intensity bicycling in trained young men. J Clin Endocrinol Metab. 

2002;87(11):4966-75. 

131. Myers J, Prakash M, Froelicher V, Do D, Partington S, Atwood JE. Exercise capacity and 

mortality among men referred for exercise testing. N Engl J Med. 2002;346(11):793-801. 

132. Astrand PO RK. Text book of Work Physiology. 3rd ed. New York: McGraw Hill; 1986. 

133. Cuneo RC, Salomon F, Wiles CM, Hesp R, Sonksen PH. Growth hormone treatment in 

growth hormone-deficient adults. II. Effects on exercise performance. J Appl Physiol. 

1991;70(2):695-700. 

134. Gullestad L, Birkeland K, Bjonerheim R, Djoseland O, Trygstad O, Simonsen S. Exercise 

capacity and hormonal response in adults with childhood onset growth hormone deficiency during 

long-term somatropin treatment. Growth Horm IGF Res. 1998;8(5):377-84. 

135. Nass R, Huber RM, Klauss V, Muller OA, Schopohl J, Strasburger CJ. Effect of growth 

hormone (hGH) replacement therapy on physical work capacity and cardiac and pulmonary 



 141 

function in patients with hGH deficiency acquired in adulthood. J Clin Endocrinol Metab. 

1995;80(2):552-7. 

136. Saltin B, Strange S. Maximal oxygen uptake: "old" and "new" arguments for a 

cardiovascular limitation. Med Sci Sports Exerc. 1992;24(1):30-7. 

137. Colao A, Marzullo P, Di Somma C, Lombardi G. Growth hormone and the heart. Clin 

Endocrinol (Oxf). 2001;54(2):137-54. 

138. Merola B, Longobardi S, Sofia M, Pivonello R, Micco A, Di Rella F, et al. Lung volumes 

and respiratory muscle strength in adult patients with childhood- or adult-onset growth hormone 

deficiency: effect of 12 months' growth hormone replacement therapy. Eur J Endocrinol. 

1996;135(5):553-8. 

139. Christ ER, Cummings MH, Westwood NB, Sawyer BM, Pearson TC, Sonksen PH, et al. 

The importance of growth hormone in the regulation of erythropoiesis, red cell mass, and plasma 

volume in adults with growth hormone deficiency. J Clin Endocrinol Metab. 1997;82(9):2985-90. 

140. Maison P, Chanson P. Cardiac effects of growth hormone in adults with growth hormone 

deficiency: a meta-analysis. Circulation. 2003;108(21):2648-52. 

141. Claustres M, Chatelain P, Sultan C. Insulin-like growth factor I stimulates human erythroid 

colony formation in vitro. J Clin Endocrinol Metab. 1987;65(1):78-82. 

142. Vihervuori E, Virtanen M, Koistinen H, Koistinen R, Seppala M, Siimes MA. Hemoglobin 

level is linked to growth hormone-dependent proteins in short children. Blood. 1996;87(5):2075-81. 

143. Liu H, Bravata DM, Olkin I, Friedlander A, Liu V, Roberts B, et al. Systematic review: the 

effects of growth hormone on athletic performance. Ann Intern Med. 2008;148(10):747-58. 

144. Berggren A, Ehrnborg C, Rosen T, Ellegard L, Bengtsson BA, Caidahl K. Short-term 

administration of supraphysiological recombinant human growth hormone (GH) does not increase 

maximum endurance exercise capacity in healthy, active young men and women with normal GH-

insulin-like growth factor I axes. J Clin Endocrinol Metab. 2005;90(6):3268-73. 



 142 

145. Green S. A definition and systems view of anaerobic capacity. Eur J Appl Physiol Occup 

Physiol. 1994;69(2):168-73. 

146. Vandewalle H, Peres G, Monod H. Standard anaerobic exercise tests. Sports Med. 

1987;4(4):268-89. 

147. Van Praagh E. Anaerobic fitness tests: what are we measuring? Med Sport Sci. 2007;50:26-

45. 

148. Burman P, Broman JE, Hetta J, Wiklund I, Erfurth EM, Hagg E, et al. Quality of life in 

adults with growth hormone (GH) deficiency: response to treatment with recombinant human GH in 

a placebo-controlled 21-month trial. J Clin Endocrinol Metab. 1995;80(12):3585-90. 

149. McGauley GA, Cuneo RC, Salomon F, Sonksen PH. Psychological well-being before and 

after growth hormone treatment in adults with growth hormone deficiency. Horm Res. 1990;33 

Suppl 4:52-4. 

150. Rosen T, Wiren L, Wilhelmsen L, Wiklund I, Bengtsson BA. Decreased psychological well-

being in adult patients with growth hormone deficiency. Clin Endocrinol (Oxf). 1994;40(1):111-6. 

151. Holmes SJ, Shalet SM. Factors influencing the desire for long-term growth hormone 

replacement in adults. Clin Endocrinol (Oxf). 1995;43(2):151-7. 

152. Koltowska-Haggstrom M, Mattsson AF, Shalet SM. Assessment of quality of life in adult 

patients with GH deficiency: KIMS contribution to clinical practice and pharmacoeconomic 

evaluations. Eur J Endocrinol. 2009;161 Suppl 1:S51-64. 

153. Murray RD, Skillicorn CJ, Howell SJ, Lissett CA, Rahim A, Smethurst LE, et al. Influences 

on quality of life in GH deficient adults and their effect on response to treatment. Clin Endocrinol 

(Oxf). 1999;51(5):565-73. 

154. Baum HB, Katznelson L, Sherman JC, Biller BM, Hayden DL, Schoenfeld DA, et al. 

Effects of physiological growth hormone (GH) therapy on cognition and quality of life in patients 

with adult-onset GH deficiency. J Clin Endocrinol Metab. 1998;83(9):3184-9. 



 143 

155. Carroll PV, Littlewood R, Weissberger AJ, Bogalho P, McGauley G, Sonksen PH, et al. The 

effects of two doses of replacement growth hormone on the biochemical, body composition and 

psychological profiles of growth hormone-deficient adults. Eur J Endocrinol. 1997;137(2):146-53. 

156. Giusti M, Meineri I, Malagamba D, Cuttica CM, Fattacciu G, Menichini U, et al. Impact of 

recombinant human growth hormone treatment on psychological profiles in hypopituitary patients 

with adult-onset growth hormone deficiency. Eur J Clin Invest. 1998;28(1):13-9. 

157. McMillan CV, Bradley C, Gibney J, Healy ML, Russell-Jones DL, Sonksen PH. 

Psychological effects of withdrawal of growth hormone therapy from adults with growth hormone 

deficiency. Clin Endocrinol (Oxf). 2003;59(4):467-75. 

158. Mesa J, Gomez JM, Hernandez C, Pico A, Ulied A. [Growth hormone deficiency in adults: 

effects of replacement therapy on body composition and health-related quality of life]. Med Clin 

(Barc). 2003;120(2):41-6. 

159. Miller KK, Wexler T, Fazeli P, Gunnell L, Graham GJ, Beauregard C, et al. Growth 

hormone deficiency after treatment of acromegaly: a randomized, placebo-controlled study of 

growth hormone replacement. J Clin Endocrinol Metab. 2010;95(2):567-77. 

160. Soares CN, Musolino NR, Cunha Neto M, Caires MA, Rosenthal MC, Camargo CP, et al. 

Impact of recombinant human growth hormone (RH-GH) treatment on psychiatric, 

neuropsychological and clinical profiles of GH deficient adults. A placebo-controlled trial. Arq 

Neuropsiquiatr. 1999;57(2A):182-9. 

161. Sonksen PH, Cuneo RC, Salomon F, McGauley G, Wiles CM, Wilmshurst P, et al. Growth 

hormone therapy in adults with growth hormone deficiency. Acta Paediatr Scand Suppl. 

1991;379:139-46; discussion 47. 

162. Drake WM, Coyte D, Camacho-Hubner C, Jivanji NM, Kaltsas G, Wood DF, et al. 

Optimizing growth hormone replacement therapy by dose titration in hypopituitary adults. J Clin 

Endocrinol Metab. 1998;83(11):3913-9. 



 144 

163. Gilchrist FJ, Murray RD, Shalet SM. The effect of long-term untreated growth hormone 

deficiency (GHD) and 9 years of GH replacement on the quality of life (QoL) of GH-deficient 

adults. Clin Endocrinol (Oxf). 2002;57(3):363-70. 

164. Rosilio M, Blum WF, Edwards DJ, Shavrikova EP, Valle D, Lamberts SW, et al. Long-term 

improvement of quality of life during growth hormone (GH) replacement therapy in adults with GH 

deficiency, as measured by questions on life satisfaction-hypopituitarism (QLS-H). J Clin 

Endocrinol Metab. 2004;89(4):1684-93. 

165. Murray RD, Shalet SM. Adult growth hormone replacement: lessons learned and future 

direction. J Clin Endocrinol Metab. 2002;87(10):4427-8. 

166. Chrisoulidou A, Kousta E, Beshyah SA, Robinson S, Johnston DG. How much, and by what 

mechanisms, does growth hormone replacement improve the quality of life in GH-deficient adults? 

Baillieres Clin Endocrinol Metab. 1998;12(2):261-79. 

167. Moock J, Albrecht C, Friedrich N, Volzke H, Nauck M, Koltowska-Haggstrom M, et al. 

Health-related quality of life and IGF-1 in GH-deficient adult patients on GH replacement therapy: 

analysis of the German KIMS data and the Study of Health in Pomerania. Eur J Endocrinol. 

2009;160(1):17-24. 

168. Deijen JB, de Boer H, van der Veen EA. Cognitive changes during growth hormone 

replacement in adult men. Psychoneuroendocrinology. 1998;23(1):45-55. 

169. Vahl N, Juul A, Jorgensen JO, Orskov H, Skakkebaek NE, Christiansen JS. Continuation of 

growth hormone (GH) replacement in GH-deficient patients during transition from childhood to 

adulthood: a two-year placebo-controlled study. J Clin Endocrinol Metab. 2000;85(5):1874-81. 

170. Cuneo RC, Judd S, Wallace JD, Perry-Keene D, Burger H, Lim-Tio S, et al. The Australian 

Multicenter Trial of Growth Hormone (GH) Treatment in GH-Deficient Adults. J Clin Endocrinol 

Metab. 1998;83(1):107-16. 

171. Ho KK. Consensus guidelines for the diagnosis and treatment of adults with GH deficiency 

II: a statement of the GH Research Society in association with the European Society for Pediatric 



 145 

Endocrinology, Lawson Wilkins Society, European Society of Endocrinology, Japan Endocrine 

Society, and Endocrine Society of Australia. Eur J Endocrinol. 2007;157(6):695-700. 

172. Bar-Or O. The Wingate anaerobic test. An update on methodology, reliability and validity. 

Sports Med. 1987;4(6):381-94. 

173. Inbar O, Bar-Or O, Skinner J. The Wingate Anaerobic Test. Champaign, IL: Human 

Kinetics; 1996. 

174. Taylor HL, Buskirk E, Henschel A. Maximal oxygen intake as an objective measure of 

cardio-respiratory performance. J Appl Physiol. 1955;8(1):73-80. 

175. Astrand PO. Quantification of exercise capability and evaluation of physical capacity in 

man. Prog Cardiovasc Dis. 1976;19(1):51-67. 

176. American College of Sports Medicine (ACSM). ACSM’s Guidelines for exercise testing 

and prescription. Philadelphia: Lippincott Williams & Wilkins; 2000. 

177. Recommendations for exercise testing in chronic heart failure patients. Eur Heart J. 

2001;22(1):37-45. 

178. Bean JF, Kiely DK, LaRose S, Alian J, Frontera WR. Is stair climb power a clinically 

relevant measure of leg power impairments in at-risk older adults? Arch Phys Med Rehabil. 

2007;88(5):604-9. 

179. Bennell K, Dobson F, Hinman R. Measures of physical performance assessments: Self-

Paced Walk Test (SPWT), Stair Climb Test (SCT), Six-Minute Walk Test (6MWT), Chair Stand 

Test (CST), Timed Up & Go (TUG), Sock Test, Lift and Carry Test (LCT), and Car Task. Arthritis 

Care Res (Hoboken). 2011;63 Suppl 11:S350-70. 

180. LeBrasseur NK, Bhasin S, Miciek R, Storer TW. Tests of muscle strength and physical 

function: reliability and discrimination of performance in younger and older men and older men 

with mobility limitations. J Am Geriatr Soc. 2008;56(11):2118-23. 

181. Jones CJ, Rikli RE, Beam WC. A 30-s chair-stand test as a measure of lower body strength 

in community-residing older adults. Res Q Exerc Sport. 1999;70(2):113-9. 



 146 

182. Tudor-Locke C, Williams JE, Reis JP, Pluto D. Utility of pedometers for assessing physical 

activity: construct validity. Sports Med. 2004;34(5):281-91. 

183. Mathie MJ, Coster AC, Lovell NH, Celler BG. Accelerometry: providing an integrated, 

practical method for long-term, ambulatory monitoring of human movement. Physiol Meas. 

2004;25(2):R1-20. 

184. Aoyagi Y, Shephard RJ. Habitual physical activity and health in the elderly: the Nakanojo 

Study. Geriatr Gerontol Int. 2010;10 Suppl 1:S236-43. 

185. Clemes SA, Griffiths PL. How many days of pedometer monitoring predict monthly 

ambulatory activity in adults? Med Sci Sports Exerc. 2008;40(9):1589-95. 

186. McKenna SP, Doward LC, Alonso J, Kohlmann T, Niero M, Prieto L, et al. The QoL-

AGHDA: an instrument for the assessment of quality of life in adults with growth hormone 

deficiency. Qual Life Res. 1999;8(4):373-83. 

187. Wiren L, Whalley D, McKenna S, Wilhelmsen L. Application of a disease-specific, quality-

of-life measure (QoL-AGHDA) in growth hormone-deficient adults and a random population 

sample in Sweden: validation of the measure by rasch analysis. Clin Endocrinol (Oxf). 

2000;52(2):143-52. 

188. de Boer H, Blok GJ, Van der Veen EA. Clinical aspects of growth hormone deficiency in 

adults. Endocr Rev. 1995;16(1):63-86. 

189. Serresse O, Lortie G, Bouchard C, Boulay MR. Estimation of the contribution of the various 

energy systems during maximal work of short duration. Int J Sports Med. 1988;9(6):456-60. 

190. Izawa KP, Watanabe S, Oka K, Hiraki K, Morio Y, Kasahara Y, et al. Relation between 

physical activity and exercise capacity of >/=5 metabolic equivalents in middle- and older-aged 

patients with chronic heart failure. Disabil Rehabil. 2012;34(23):2018-24. 

191. Koltowska-Haggstrom M, Hennessy S, Mattsson AF, Monson JP, Kind P. Quality of life 

assessment of growth hormone deficiency in adults (QoL-AGHDA): comparison of normative 



 147 

reference data for the general population of England and Wales with results for adult hypopituitary 

patients with growth hormone deficiency. Horm Res. 2005;64(1):46-54. 

192. Salvatore D, Simonides WS, Dentice M, Zavacki AM, Larsen PR. Thyroid hormones and 

skeletal muscle-new insights and potential implications. Nat Rev Endocrinol. 2014;10(4):206-14. 

193. Schakman O, Gilson H, Thissen JP. Mechanisms of glucocorticoid-induced myopathy. J 

Endocrinol. 2008;197(1):1-10. 

194. Simonides WS, van Hardeveld C. Thyroid hormone as a determinant of metabolic and 

contractile phenotype of skeletal muscle. Thyroid. 2008;18(2):205-16. 

195. White HK, Petrie CD, Landschulz W, MacLean D, Taylor A, Lyles K, et al. Effects of an 

oral growth hormone secretagogue in older adults. J Clin Endocrinol Metab. 2009;94(4):1198-206. 

196. Chikani V, Cuneo RC, Hickman I, Ho KK. Impairment of anaerobic capacity in adults with 

growth hormone deficiency. J Clin Endocrinol Metab. 2015;100(5):1811-8. 

197. Chikani V, Ho KK. Action of GH on skeletal muscle function: molecular and metabolic 

mechanisms. J Mol Endocrinol. 2014;52(1):R107-23. 

198. Haskell WL, Lee IM, Pate RR, Powell KE, Blair SN, Franklin BA, et al. Physical activity 

and public health: updated recommendation for adults from the American College of Sports 

Medicine and the American Heart Association. Med Sci Sports Exerc. 2007;39(8):1423-34. 

199. Manson JE, Greenland P, LaCroix AZ, Stefanick ML, Mouton CP, Oberman A, et al. 

Walking compared with vigorous exercise for the prevention of cardiovascular events in women. N 

Engl J Med. 2002;347(10):716-25. 

200. Wendel-Vos GC, Schuit AJ, Feskens EJ, Boshuizen HC, Verschuren WM, Saris WH, et al. 

Physical activity and stroke. A meta-analysis of observational data. Int J Epidemiol. 

2004;33(4):787-98. 

201. Weuve J, Kang JH, Manson JE, Breteler MM, Ware JH, Grodstein F. Physical activity, 

including walking, and cognitive function in older women. JAMA. 2004;292(12):1454-61. 



 148 

202. Yasunaga A, Togo F, Watanabe E, Park H, Shephard RJ, Aoyagi Y. Yearlong physical 

activity and health-related quality of life in older Japanese adults: the Nakanojo Study. J Aging 

Phys Act. 2006;14(3):288-301. 

203. Widdowson WM, Gibney J. The effect of growth hormone replacement on exercise capacity 

in patients with GH deficiency: a metaanalysis. J Clin Endocrinol Metab. 2008;93(11):4413-7. 

204. Chikani V, Cuneo RC, Hickman I, Ho KK. GH enhances anaerobic capacity: Impact on 

physical function and quality of life in adults with GH deficiency. Clin Endocrinol (Oxf). 2016. 

205. Du P, Kibbe WA, Lin SM. lumi: a pipeline for processing Illumina microarray. 

Bioinformatics. 2008;24(13):1547-8. 

206. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential 

expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 

2015;43(7):e47. 

207. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful 

Approach to Multiple Testing. J R Stat Soc Ser A Stat Soc. 1995;57(1):289-300. 

208. Jorgensen JO, Vahl N, Hansen TB, Skjaerbaek C, Fisker S, Orskov H, et al. Determinants of 

serum insulin-like growth factor I in growth hormone deficient adults as compared to healthy 

subjects. Clin Endocrinol (Oxf). 1998;48(4):479-86. 

209. Meinhardt UJ, Ho KK. Modulation of growth hormone action by sex steroids. Clin 

Endocrinol (Oxf). 2006;65(4):413-22. 

210. Span JP, Pieters GF, Sweep CG, Hermus AR, Smals AG. Gender difference in insulin-like 

growth factor I response to growth hormone (GH) treatment in GH-deficient adults: role of sex 

hormone replacement. J Clin Endocrinol Metab. 2000;85(3):1121-5. 

211. Donkin SS, McNall AD, Swencki BS, Peters JL, Etherton TD. The growth hormone-

dependent decrease in hepatic fatty acid synthase mRNA is the result of a decrease in gene 

transcription. J Mol Endocrinol. 1996;16(2):151-8. 



 149 

212. José AA, Alvares L, Delgado EF, Coutinho LL, Lanna DP. Effect of growth hormone on 

fatty acid synthase gene expression in porcine adipose tissue cultures. Genet Mol Biol. 

2006;29(1):180-6. 

213. Berndt J, Kovacs P, Ruschke K, Kloting N, Fasshauer M, Schon MR, et al. Fatty acid 

synthase gene expression in human adipose tissue: association with obesity and type 2 diabetes. 

Diabetologia. 2007;50(7):1472-80. 

214. Poudyal H, Brown L. Stearoyl-CoA desaturase: a vital checkpoint in the development and 

progression of obesity. Endocr Metab Immune Disord Drug Targets. 2011;11(3):217-31. 

215. Stamatikos AD, Paton CM. Role of stearoyl-CoA desaturase-1 in skeletal muscle function 

and metabolism. Am J Physiol Endocrinol Metab. 2013;305(7):E767-75. 

216. Roth RJ, Le AM, Zhang L, Kahn M, Samuel VT, Shulman GI, et al. MAPK phosphatase-1 

facilitates the loss of oxidative myofibers associated with obesity in mice. J Clin Invest. 

2009;119(12):3817-29. 

217. Arany Z, Foo S-Y, Ma Y, Ruas JL, Bommi-Reddy A, Girnun G, et al. HIF-independent 

regulation of VEGF and angiogenesis by the transcriptional coactivator PGC-1[agr]. Nature. 

2008;451(7181):1008-12. 

218. Flach RJ, Bennett AM. MAP kinase phosphatase-1--a new player at the nexus between 

sarcopenia and metabolic disease. Aging. 2010;2(3):170-6. 

219. Haemmerle G, Lass A, Zimmermann R, Gorkiewicz G, Meyer C, Rozman J, et al. Defective 

lipolysis and altered energy metabolism in mice lacking adipose triglyceride lipase. Science. 

2006;312(5774):734-7. 

220. Zschocke J, Penzien JM, Bielen R, Casals N, Aledo R, Pie J, et al. The diagnosis of 

mitochondrial HMG-CoA synthase deficiency. J Pediatr. 2002;140(6):778-80. 

221. Hegardt FG. Mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase: a control enzyme in 

ketogenesis. Biochem J. 1999;338 ( Pt 3):569-82. 



 150 

222. Nabben M, Hoeks J. Mitochondrial uncoupling protein 3 and its role in cardiac- and skeletal 

muscle metabolism. Physiol Behav. 2008;94(2):259-69. 

223. Cahill BR. The anaerobic energy system in human performance. Instr Course Lect. 

1994;43:5-9. 

224. Bradley C. The 12-Item Well-Being Questionnaire: origins, current stage of development, 

and availability. Diabetes Care. 2000;23(6):875. 

225. Hunt SM, McKenna SP, McEwen J, Williams J, Papp E. The Nottingham Health Profile: 

subjective health status and medical consultations. Soc Sci Med A. 1981;15(3 Pt 1):221-9. 

226. Nass R, Pezzoli SS, Oliveri MC, Patrie JT, Harrell FE, Jr., Clasey JL, et al. Effects of an 

oral ghrelin mimetic on body composition and clinical outcomes in healthy older adults: a 

randomized trial. Ann Intern Med. 2008;149(9):601-11. 

227. Taaffe DR, Pruitt L, Reim J, Hintz RL, Butterfield G, Hoffman AR, et al. Effect of 

recombinant human growth hormone on the muscle strength response to resistance exercise in 

elderly men. J Clin Endocrinol Metab. 1994;79(5):1361-6. 

228. Liu H, Bravata DM, Olkin I, Nayak S, Roberts B, Garber AM, et al. Systematic review: the 

safety and efficacy of growth hormone in the healthy elderly. Ann Intern Med. 2007;146(2):104-15. 

229. Verghese J, Wang C, Holtzer R. Relationship of clinic-based gait speed measurement to 

limitations in community-based activities in older adults. Arch Phys Med Rehabil. 2011;92(5):844-

6. 

230. Schoene D, Wu SM, Mikolaizak AS, Menant JC, Smith ST, Delbaere K, et al. 

Discriminative ability and predictive validity of the timed up and go test in identifying older people 

who fall: systematic review and meta-analysis. J Am Geriatr Soc. 2013;61(2):202-8. 

231. Abellan van Kan G, Rolland Y, Andrieu S, Bauer J, Beauchet O, Bonnefoy M, et al. Gait 

speed at usual pace as a predictor of adverse outcomes in community-dwelling older people an 

International Academy on Nutrition and Aging (IANA) Task Force. J Nutr Health Aging. 

2009;13(10):881-9. 



 151 

232. Hardy SE, Perera S, Roumani YF, Chandler JM, Studenski SA. Improvement in usual gait 

speed predicts better survival in older adults. J Am Geriatr Soc. 2007;55(11):1727-34. 

 


