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The effect of growth hormone (GH) on intramyocellular (IMCL), intrahepatocellular lipids (IHCL) and visceral fat mass in relation to insulin resistance

1. [bookmark: _Toc155774732][bookmark: _Toc155775221][bookmark: _Toc156286843]Background and rationale

[bookmark: _Toc155774733][bookmark: _Toc155775222][bookmark: _Toc156286844]1.1 	Introduction
Insulin resistance is central to obesity, type 2 diabetes, dyslipidaemia and cardiovascular disease. Epidemiological studies indicate that visceral adiposity is a better predictor for insulin sensitivity as assessed by the euglycaemic hyperinsulinaemic clamp than body mass index (BMI) in different ethnic groups (1, 2) suggesting that location of fat deposition - not only the amount of fat - is critical for insulin resistance. Besides intraabdominal fat deposition and increase in lipid content in non adipose tissue (“ectopic”) such as in myocytes  (intramyocellular lipids; IMCL) and hepatocytes (intrahepatocellular lipids; IHCL) has been implicated in impaired insulin action (3-7).
IMCL are important fuel stores in skeletal muscle (8, 9). The association between IMCL and insulin resistance has not been fully elucidated. Theoretically, IMCL depend on (i) the amount of free fatty acids (FFA) which is taken up into the skeletal muscle (ii) the capacity of the skeletal muscle to synthesise or, (iii) to degrade IMCL and (iiii) the ability to oxidise FFA. Recent evidence suggest that mainly a reduced capacity to oxidise IMCL contributes to impaired insulin signalling and, therefore, to peripheral insulin resistance (10). The decreased oxidative capacity, in turn, may be related to a decreased number of mitochondria, which may explain the increase in insulin  resistance with age (4), or to a dysregulation of IMCL metabolism, which may be caused by an inherited defect in mitochondrial oxidative phosphorylation as shown in healthy young offsprings of parents with type 2 diabetes (3),(11, 12). 
An increased hepatic fat content is a common feature in insulin resistance which can ultimately lead to non-alcoholic steatohepatitis (NASH) and cirrhosis (13). However, the underlying pathophysiology is not completely understood. Possible mechanisms include (i) an increase in FFA flux from endogenous stores, especially adipose tissue (subcutaneous and visceral) and their deposition in the liver (14), (ii) an increase in nutritional fat intake (15), (iii) de novo hepatic lipogenesis and (iiii) a reduced hepatic fatty acid oxidation (16). Importantly, recent evidence suggests that the hepatic fat content (IHCL) may be an important determinant of hepatic insulin resistance (i.e. suppression of gluconeogenesis) (17, 18) and can be influenced by weight loss (19) and insulin sensitising agents (6).
Quantitative assessment of IMCL and IHCL using chemical analysis of biopsies was fraught with a large variability (20, 21). Indirect measurements of fat metabolism using indirect calorimetry and tracer methodology was often based on assumptions (22). The non-invasive assessment of IMCL and IHCL using 1H-Magnetic resonance spectroscopy (1H-MRS) allows to reliably determine IHCL and IMCL quantitatively (20, 21, 23-26). In addition, whole fat distribution including visceral fat tissue distribution can been assessed using MRI-scan (18))
Diet and physical activity impact on insulin action. Insulin, in turn, can be considered as a key hormone regulating lipid metabolism: It promotes hydrolysis of dietary chylomicrones by stimulating lipoprotein lipase activity (27) and inhibiting hormone sensitive lipase in adipose tissue thereby decreasing FFA availability in the circulation (27). Insulin-antagonistic hormones such as GH modulate these actions directly and indirectly and may, therefore, also regulate fat tissue distribution, IMCL and IHCL (28).
Adult patients with GH-deficiency present with features of insulin resistance (29) and hypopituitarism is associated with increased cardiovascular risk (30). Adult GH-deficiency, usually a consequence of a pituitary tumor and its treatment, is a unique clinical condition that allows to study metabolic effects of GH in adult patients. 
By administrating GH to GH-deficient patients the impact of GH on fat tissue distribution fat mass, IHCL and IMCL as well as peripheral and hepatic insulin resistance can be assessed. The current knowledge of diet and exercise on fat deposition as well as the impact of GH and insulin on fat mass, IMCL and IHCL is summarized below.

[bookmark: _Toc155774734][bookmark: _Toc155775223][bookmark: _Toc156286845]1.2 	Diet and fat deposition
There is a rapidly growing epidemic of overweight people in the Western world in parallel with insulin resistance and type 2 diabetes (31). Besides physical inactivity high calorie intake contributes to this epidemic (32). On the other hand it is well established that hypocaloric diet results in a reduction of subcutaneous and visceral fast mass (33, 34) in parallel with an improvement of insulin sensitivity (33). 
IMCL can be considered as plastic and dynamic fuel reserve within the skeletal muscle that responds to different physiological demands. For example, IMCL stores in physically active subjects are enlarged, rapidly repleted following high fat diet and positively correlated with peripheral insulin sensitivity (35-39). In contrast, sedentary patients with features of insulin resistance (i.e. obesity, type 2 diabetes) exhibit an IMCL content which is increased (like in  athletes), but negatively correlated with peripheral insulin sensitivity (40-45). These findings further substantiate the hypothesis that not the amount of IMCL impact on insulin sensitivity but rather the capacity to utilize (i.e. oxidise) IMCL is critical in mediating insulin resistance (16) (46), (47). Importantly, a similar intake of total energy/day, but with a low fat content (15% of energy intake) does not result in an increase in IMCL whereas a high fat diet (i.e. 55% of energy intake) leads to a replenishment of IMCL in healthy volunteers (35) indicating that quality of the diet affects IMCL. In addition, starving for 72 hours (48) resulted in an increase in IMCL in healthy lean volunteers further corroborating the hypothesis that IMCL are rapidly disposable fuel stores which adapt to different physiological situations. 
In middle-aged healthy men IHCL has been shown to be tightly correlated with hepatic insulin sensitivity independent of visceral adiposity (49). In women with previous gestational diabetes, recent data indicate that the amount of IHCL is related to total and saturated fat intake suggesting that not only endogenous fat availability but also exogenous fat intake may impact on IHCL (15). These findings are further substantiated by the observation that a hypocaloric diet results in a reduction in subcutaneous and visceral fat mass but also in a substantial decrease in IHCL (19).

[bookmark: _Toc155774735][bookmark: _Toc155775224][bookmark: _Toc156286846]1.3	Exercise and fat deposition
Physical activity has an important role in the therapy of overweight patients and is a key factor for the prevention of type 2 diabetes (50, 51). If exercise (aerobic or anaerobic) leads to a reduction in weight, the associated fat loss is usually generalised and not confined to visceral adipose tissue (52). Nevertheless, the improved metabolic parameters (i.e. insulin resistance) seen in exercising obese subjects, independent of weight loss, suggest other beneficial actions (52). Possible mechanisms include an effect of exercise on IMCL (47) or IHCL without affecting total weight. Alternatively, modulating hormones, such as GH are known to be secreted during exercise (53) and may, by their metabolic action, impact on lipid stores (54).
IMCL stores are rapidly depleted during aerobic exercise in physically active subjects (35) and moderately active healthy subjects (55). In contrast, in sedentary subjects and patients with characteristic features of insulin resistance the depletion of IMCL with exercise is much less pronounced (56), probably by a decreased capacity to degrade and/or oxidise IMCL. In addition, regular exercise resulted in unchanged (56) or even increased (57) IMCL content. This further substantiates the hypothesis that IMCL are skeletal muscle fuel stores that adapt to different physiological needs.
The impact of physical activity on IHCL in relation to insulin resistance has not been investigated yet. 

[bookmark: _Toc155774736][bookmark: _Toc155775225][bookmark: _Toc156286847]1.4	GH-deficiency, GHRT, metabolism and nutrition
GH has potent metabolic actions. On the other hand, nutrition impacts on GH secretion. GH-deficient patients are usually not diabetic but show clinical and biochemical features of insulin resistance (58, 59). In addition, protein synthesis is impaired (60) and lipolysis is reduced (61). GHRT  reverses these abnormalities but further increases insulin resistance, at least after short–term treatment (29). 
Conversely, GH secretion is augmented in conditions with low insulin levels (i.e. fasting, anorexia nervosa) whereas in obesity, hyperinsulinaemia is present with an increase in FFA and glucose resulting in a suppression of GH secretion. It is hypothesised that in condition of low energy intake (i.e. fasting) GH shifts energy consumption to lipid oxidation in order to preserve protein mass (62).  

[bookmark: _Toc155774737][bookmark: _Toc155775226][bookmark: _Toc156286848]1.5	GH-deficiency, GH-replacement therapy (GHRT) and physical activity
GH-deficient patient usually present with a reduced exercise capacity and are, therefore, less physically active (63). The reduced lean body mass (29), the reduced performance of the cardiovascular system (64), the reduced oxygen transport capacity (64) and decreased intramyocellular fuel stores (65) may explain these findings.
GHRT has consistently been shown to improve exercise performance (63) mainly by increasing lean body mass (29), improving the performance of the cardiovascular system and oxygen transport capacity (64). Whether the trend for an increase in IMCL following GHRT contribute to the improvement in exercise performance remains to be established (65). 
Importantly, exercise is a potent stimulus of pituitary GH secretion in healthy subjects over a broad range of age (53). In addition, GH secretion during exercise is positively correlated with exercise capacity suggesting that GH secretion can be considered as surrogate marker of physical fitness (53).

1.6 [bookmark: _Toc155774738][bookmark: _Toc155775227][bookmark: _Toc156286849]GH-deficiency, GH-replacement therapy (GHRT) and whole body lipid depots(incl. visceral adiposity) 

Numerous studies have shown that GH-deficient adults have an increased visceral fat mass and, in keeping with this finding, tend to be insulin resistant (29). Interestingly, GH-excess (i.e. patients with GH-secreting pituitary adenoma) is also associated with insulin resistance (66). It is thought that the metabolic action or/and a direct effect of GH is the leading mechanism to induce insulin resistance in acromegalic patients (67) while the increase in visceral fat mass is the main reason for the insulin resistant condition of GH-deficient patients (29). The exact mechanisms, however, are not sufficiently elucidated yet. 
[bookmark: _Toc155774739][bookmark: _Toc155775228][bookmark: _Toc155775281][bookmark: _Toc156031866]Using different techniques (CT scan, MRI) GH replacement therapy (GHRT) has consistently shown to decrease fat mass, in particular visceral fat mass (29, 68). However, although insulin resistance is already slightly increased in the GH-deficient patients it usually increases further with GHRT after short-term treatment (6 weeks) and returns to baseline values following 12-16 weeks therapy (69).

[bookmark: _Toc155774740][bookmark: _Toc155775229][bookmark: _Toc156286850]1.7	GH-deficiency, GHRT and IMCL (Fig. 1)
So far, there is no published data available on IMCL in relation to GH-deficiency or GHRT. The  preliminary results of the previous SNF grant (No 3200BO-100146) with 13 patients before and after GHRT suggest that IMCL tend to be low after negative energy balance (exercise and low fat diet) and are rapidly repleted following high fat diet and physical inactivity (Fig. 2). The changes in IMCL content between the depleted and repleted condition are significantly increased in GH-deficient patients compared to normal matched controls (Fig. 3). This is in contrast to findings in overweight patients with insulin resistance without pituitary disease (42). 
GHRT tended to increase IMCL content following exercise and low fat diet whereas repletion of IMCL was similar before and after GHRT. In parallel, postprandial metabolic measurements (glucose, triglycerides, insulin) suggest an increase in insulin resistance following GHRT in keeping with an earlier observation (70). Theoretically, an increased uptake of FFA and/or IMCL synthesis or a decrease in IMCL-utilisation could explain these results. Taken together these results confirm the actual concept that IMCL does not mediate insulin resistance per se and imply that besides exercise and diet GH may modulate IMCL content.  

[bookmark: _Toc155774741][bookmark: _Toc155775230][bookmark: _Toc156286851]1.8	GH-deficiency, GHRT and IHCL 
Indirect evidence using tracer methodology and the two-step hyperinsulinaemic euglycaemic clamp technique indicates that hepatic insulin resistance is impaired in GH-deficient patients (54). IHCL has been shown to be associated with serum triglycerides (TG) in obese women with previous gestational diabetes (15). GH-deficient patients often present with a dyslipidaemia characterised by an increase in TG and LDL-cholesterol (LDL-C) concentrations (29). In addition, turnover data indicate that hepatic VLDL apolipoprotein B100 (VLDL apoB) production is increased in GH-deficiency (71), consistent with findings in insulin resistant patients with type 2 diabetes (72). Since VLDL apoB secretion depends on intrahepatocellular lipid availability (73) these data indicate that IHCL may be increased in GH-deficiency. Finally, an increase in FFA flux from the enhanced visceral fat stores to the liver may contribute to the increase in hepatic lipid availability (68). Taken together, dyslipidaemia, turnover data and enhanced visceral fat stores suggest that IHCL may be increased in GH-deficiency. Reliable data on IHCL, however, are currently still lacking.
Short-term GHRT usually results in an increase in hepatic insulin resistance (54) in parallel with unchanged or slightly elevated TG levels whereas LDL-C usually decreases (29).  VLDL apoB turnover data show a further increase in VLDL apoB production in parallel with an increase in VLDL apoB catabolism resulting in an unchanged VLDL apoB pool (74). Whether GHRT affects IHCL remains to be established.  
[bookmark: _Toc155774742][bookmark: _Toc155775231][bookmark: _Toc155775284]Interestingly, recent observational data indicate a high prevalence of non-alcoholic fatty liver disease ultimately leading to cirrhosis and transplantation among patients with pituitary or hypothalamic disease (75). This underlines the importance of assessing IHCL and hepatic insulin resistance in patients with pituitary disease.

Figure 1
Changes in intramyocellular lipid content (repleted – depleted) in 13 GH-deficient patients before and after GH-replacement therapy and in matched control subjects
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GHD delta = IMCL repleted - IMCL depleted in GH-deficient patients 


[bookmark: _Toc155774743][bookmark: _Toc155775232][bookmark: _Toc156286852]2. 	Hypothesis and endpoints (Fig 1) 
Visceral fat mass and “ectopic” fat deposition (IMCL, IHCL) interferes with insulin action. Physical activity and nutrition impact on lipid stores. The GH/IGF-I axis is a modulator of lipid stores, thereby regulating insulin sensitivity.

[bookmark: _Toc155774744][bookmark: _Toc155775233][bookmark: _Toc155775286]Patients with GH-deficiency have normal beta-cell function but an increase in visceral obesity. Due to the augmented availability of FFA within the portal system IHCL will be increased compared to control subjects. In contrast, due to the lack of the GH-induced lipolytic action on adipose tissue with a concomitant decrease in FFA availability within the peripheral circulation, IMCL will be reduced. Accordingly, hepatic insulin resistance will be mainly impaired. GH replacement therapy will reverse these changes.
[bookmark: _Toc155774745][bookmark: _Toc155775234][bookmark: _Toc155775287]
Figure 2

[bookmark: _Toc155774746][bookmark: _Toc155775235][bookmark: _Toc155775288]Working hypothesis
[bookmark: _Toc155774747][bookmark: _Toc155775236][bookmark: _Toc155775289]Growth hormone, possible impact of “ectopic” fat accumulation and insulin resistance
[bookmark: _Toc155774748][bookmark: _Toc155775158][bookmark: _Toc155775237][bookmark: _Toc155775290][bookmark: _Toc156031802][bookmark: _Toc156031875][bookmark: _Toc156032011][bookmark: _Toc156033647][bookmark: _Toc156034226][bookmark: _Toc156034677][bookmark: _Toc156034886][bookmark: _Toc156035063][bookmark: _Toc156035113][bookmark: _Toc156182648][bookmark: _Toc156182759][bookmark: _Toc156187741][bookmark: _Toc156187902][bookmark: _Toc156286853]Physical activity
Diet
Body fat stores
· Visceral fat mass
· Intramyocellular lipids (IMCL)
· Intrahepatocellular lipids (IHCL)

Hepatic and peripheral insulin resistance
GH status



Physical activity and quality of diet impact on visceral fat mass, intramyocellular lipids (IMCL) and intrahepatocellular lipids (IHCL). These fat stores are associated with hepatic and peripheral (skeletal muscle, adipose tissue) insulin resistance. Hormones impact on energy homeostasis by affecting exercise performance and/or regulating fuel metabolism, thereby adapting the subject to changing exogenous challenges. GH affects physical activity by improving cardiovascular performance. Metabolic effects of GH are anabolic relating to protein metabolism (increase in lean body mass), catabolic regarding fat metabolism (decrease in fat mass) and inducing insulin resistance in connection with carbohydrate metabolism. In contrast, hypoglycaemia, falling free fatty acids and increased amino acids stimulate pituitary GH release. 
GH-deficient patients present with an increase in visceral fat mass and a tendency for reduced IMCL. GH-replacement therapy (GHRT) results in a decrease in visceral fat mass and a trend for an increase in IMCL. The effect of GH-deficiency and GHRT on IHCL is unknown. 




























































































































[bookmark: _Toc155774749][bookmark: _Toc155775238][bookmark: _Toc156286854]2.1	Primary endpoints of the study are:
1) To define visceral fat mass and “ectopic” fat deposition in patients with GH-deficiency in response to exercise and diet compared to control subjects and physically active subjects. 
2) To investigate the association between “ectopic” fat deposition and measurements of  peripheral and hepatic insulin resistance in patients with GH-deficiency compared to control subjects and physically active subjects. 
3) To determine the effect of GHRT in GH-deficient patients on “ectopic” fat stores in response to exercise and diet.
4) To examine the association between changes in “ectopic” fat stores following GHRT and changes in systemic measurement of peripheral and hepatic insulin resistance.

[bookmark: _Toc155774750][bookmark: _Toc155775239][bookmark: _Toc156286855]2.2	Secondary endpoints:
1) to assess the physical activity in GH-deficient patients compared to sedentary control subjects and physically active subjects
2)	to measure the effect of GHRT on exercise capacity in GH-deficient patients
[bookmark: _Toc121907864][bookmark: _Toc155774751][bookmark: _Toc155775240][bookmark: _Toc156286856]
3.	Study design
This is a prospective single-centre open case-control study. The study will be performed according to the declaration of Helsinki, the guidelines of good clinical practice (GCP), the Swiss health law (HMG dated 15 December 2000 and 27 November 2001) as well as the ordinance on clinical research (dated 17 October 2001). The study will be performed at the University Hospital of Bern. Investigations are located in the rooms of the Division of  Endocrinology, Diabetes and Clinical Nutrition (located in the Children’s Hospital, U1) and in the MRI-Centre

[bookmark: _Toc155774752][bookmark: _Toc155775241][bookmark: _Toc156286857][bookmark: _Toc121907865]4. 	Study population
[bookmark: _Toc155774753][bookmark: _Toc155775242][bookmark: _Toc156286858]4.1 	Patients
Patients with hypopituitarism of the outpatient clinic of the division of Endocrinology and Diabetes of the University of Berne, Inselspital, will be tested for GH-deficiency according to the recommendations of the growth hormone research society (76). A total of 18 patients with adult GH-deficiency will be recruited.

[bookmark: _Toc155774754][bookmark: _Toc155775243][bookmark: _Toc156286859]4.2 	Inclusion criteria
· Male and female patients with proven GH-deficiency defined as a peak GH of less than 3mU/l during an insulin provocation test with nadir plasma glucose less than 2.2 mmol/l and additionally, stable conventional replacement therapy including corticoids, thyroxin and gonadale hormones as needed.
· Ability to perform an exercise test on a treadmill or a walking band.
· Willingness to participate in the study and to give written informed consent.
[bookmark: _Toc155774755]
[bookmark: _Toc155775244][bookmark: _Toc156286860]4.3 	Exclusion criteria
· Active neoplasia 
· Severe cardiovascular disease (unstable coronary heart disease, heart failure NYHA III-IV)
· Type 2 Diabetes mellitus
· Haemophilia or other coagulation disorder
· Inability to exercise
· Contraindications to exposure to a 3-T magnetic field (Pace-Makers, osteosynthetic material)
· Pregnant women
· Women in childbearing age unless on a continuous contraceptive therapy or surgically sterilised.  
· Abnormal liver or renal function (Creatinine >130mol/L, normal reference 45-93mol/L; ASAT and ALAT > 3 times the upper reference limit).
· Major depression, psychosis and other severe personality disorders
· Excessive alcohol consumption (>60g/d) or drug-abuse
· Refusal to give written consent
· Patients, who are not suitable for the study according to the study physician

[bookmark: _Toc155774756][bookmark: _Toc155775245][bookmark: _Toc156286861]4.4 	Control population
Twenty age, gender and BMI matched sedentary (without regular sports activity) subjects will be recruited.  
Twenty physically active healthy volunteers will be studied. Criteria for inclusion are: minimum 30’ of exercise 3 times per week and VO2 max > 50 ml O2/kg/min for males and >40 O2/kg/min for females.

[bookmark: _Toc121907870][bookmark: _Toc155774757][bookmark: _Toc155775246][bookmark: _Toc156286862]5. 	Intervention
Therapeutical intervention include GHRT in GH-deficient adults. This indication is accepted by Swissmedic. In addition a dietary intervention (additional fat snacks) and a controlled physical activity (determination of VO2max and cycling at 50% VO2max ) will be performed. 

[bookmark: _Toc155774758][bookmark: _Toc155775247][bookmark: _Toc156286863][bookmark: _Toc121907872]
6. 	Schedule, investigation methods and data acquisition 

[bookmark: _Toc155774759][bookmark: _Toc155775248][bookmark: _Toc156286864]6. 1 	General overview (Figure 3)
Figure 3  Clinical Protocol
= equilibrated weight maintaining diet 
= minimum 7 days between V1 and V2. no physical activity, equilibrated weight maintaining diet
= minimum 7 days between V2 and V3. High fat diet three days before V3; No exercise, food diary. 
= usual clinical care: 6 months hypopituitary patients: monthly visits (IGF-I and Bioimpedance measurements)


V1 = Visit 1:   determination of VO2max (Spiroergometry). Nutritional advice. Food diary, Familiarization with study protocol (i.e. treadmill)
V2 = Visit 2	Two-step hyperinsulinaemic euglycaemic clamp with stable isotopes (D-[U-13C]glucose and D-[6-6-2H2]glucose)
V3 = Visit 3	MRS/MRI (IMCL, IHCL, visceral fat mass), repleted. 
1.5 hour physical activity (bicycle) at VO2max 50-55%, GH secretion profile
MRS/MRI (IMCL, IHCL), depleted
V4 	identical to V1 without familiarization
V5 	identical to V2
V6  	identical to V3
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V3
V4
V5
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Identical investigations will be performed before and after an intervention. GH-deficient patients will be studied at baseline and after 6 months GH replacement therapy. Sedentary matched control subjects and physically active subjects (road or cross-country cyclists, duathletes, and triathletes; VO2max > 50mL/O2/kg) will be tested once.
Investigations include a) determination of exercise capacity (VO2max), b) measurements of  “ectopic” fat deposition (IMCL, IHLC) and visceral fat mass using MRS and MRI, respectively, in repleted (no physical activity, high fat diet) and depleted (after physical activity) condition. GH secretion profile will be obtained during a standardised exercise. c) hyperinsulinaemic euglycaemic clamp in combination with stable isotope technique and indirect calorimetry to measure hepatic and skeletal muscle insulin resistance and fuel oxidation (77). 

[bookmark: _Toc155774760][bookmark: _Toc155775249][bookmark: _Toc156286865]6.1.1 	Inclusion, determination of max. exercise capacity and familiarization with study protocol (V1)
The purpose of the study will be explained to the patient and informed consent will be obtained. Information on personal details and sport related history will be collected (especially relevant to inclusion criteria). A physical examination which includes basic anthropometric (height, weight, and waist circumference) measurements will be carried out.
Afterwards the maximal physical capacity (VO2max)  will be determined. The usual therapy will be administered prior to exercise, where appropriate. Subjects will have fasted for at least 6 hours and restrained from strenuous activity for at least 72 hours. VO2max will be determined during an incremental workload test to exhaustion with a brake bicycle Ergometer (CARDIOVIT AT-104 PC Ergo-Spirometrie, Schiller, Baar, Switzerland). The fitness test will be combined with continuous analysis of expired oxygen, carbon dioxide content and minute ventilation using a breath by breath analysis (Oxycon alpha, Jaeger, Würzburg, Germany) and under continuous ECG control.
The patients and sedentary control subjects will begin at a workload of 20 watts, which will be gradually increased by 10-20 watts every minute until exhaustion. The increase in workload is chosen in order to obtain an exercise time of 10-12 minutes in these sedentary subjects. The physically active subjects will begin at a workload of 80 watts.
Afterwards the patients and the sedentary and physically active subjects controls will have a light standardised breakfast before cycling on a treadmill at 50%-55% of  VO2max for 90 minutes (= familiarization with the study protocol). 

[bookmark: _Toc155774762][bookmark: _Toc155775251][bookmark: _Toc156286866]6.1.2 	Determination of hepatic and skeletal muscle (peripheral) insulin resistance (V2 and V5)
After a fasting blood sampling (GH, IGF-I, cortisol, sex steroids, thyroid hormones, insulin, FFA, glycerol, lipid profile, glucose), a two step hyperinsulinaemic, euglycaemic (5 mmol/L) clamp will be performed (Human Actrapid, Novo Nordisk, Copenhagen, Denmark; low dose insulin: 0.4 mU/kg/min; high dose insulin: 1mU/kg/min) for total 4 hours (each insulin dose 2h). Glucose will be measured every five minutes. Insulin and FFA levels every 15 minutes. Samples for enrichment (glucose) will be taken during the last 30 minutes of each insulin step. The glucose infusion requirements to maintain euglycaemia  are recorded. Plasma glucose concentrations are then maintained with an infusion of 20% glucose derived from potato starch, which is recognized to have low 13C enrichment. The glucose infusion is spiked with D-[U-13C]glucose and D-[6-6-2H2]glucose to maintain steady enrichment values (hot infusate technique) to avoid dilution of tracer by the glucose infusion (78). Indirect calorimetry will be carried out to assess oxidation rate at baseline and every 30 minutes. 
Instructions for a high fat diet will be given at the end of visit 2. This consists of the usual food intake with a supplementary fat intake of 0.75g fat/kg BW, administered as 3 additional snacks per day for three days. A list of suitable fat enriched snacks will be given to the patient. This protocol has previously been shown to efficiently replete IMCL stores (35, 65). A food diary will be kept. The patient will be asked to restrain from physical activity. This will be monitored by a pedometer (Digi-Walker) throughout the whole period (aim < 5000 paths/24 hours).


[bookmark: _Toc155774761][bookmark: _Toc155775250]
Figure 4.  Determination of hepatic and skeletal muscle (peripheral) insulin resistance. Tracer and blood sampling schedule Plasma Insulin, FFA and glycerol concentrations every 15 minutes
Estimated blood volume/clamp: 175 ml
Background enrichment  (3x) samples
(air and plasma glucose)
enrichment samples (4x)
(air and plasma glucose)
indirect calorimetry


Plasma glucose measurements every 5-10 minutes
· Tracer Infusion (during clamp with hot infusion technique)
·  D-[U-13C]glucose 0.8µmol·kg-1·h-1, primed with 0.6 µmol NaH13CO3 and 1.2µmol/kg D-[U-13C]glucose 
· D-[6-6-2H2]glucose 0.13 µmol/kg/min, primed with 12 µmol/kg 

Baseline period (90 min.)
Low dose insulin
(0.4mU/kg/min) (120min.)
High dose insulin 
(1mU/kg/min) (120 min)
0	60	90	180	210	300	330 min	

[bookmark: _Toc156286867]
6.1.3 	Determination of visceral fat mass, repleted and depleted ”ectopic” fat stores,  GH-secretion profile (V3 and V6)
The patients will attend the hospital after an overnight fast. After a fasting blood sampling (GH, IGF-I, cortisol, thyroid hormones, insulin, FFA, glycerol, lipid profile, glucose), measurements of total body composition (bioimpedance) and indirect calorimetry, patients and control subjects will receive a conventional standardised breakfast (carbohydrates 50%, Protein 20%, Fat 30%) according to 30% of the necessary energy intake (based on indirect calorimetry). Usual medication will be administered, where appropriate. “Ectopic” fat stores (IMCL, IHCL and whole body fat distribution incl. visceral fat mass will be measured by MRS and MRI, respectively (repleted condition). 
Subsequently, patients and control subjects will exercise at 50 % of VO2max for 1.5 hour. Our data (36) and results of the literature (55) suggest that IMCL are already reduced after 1 hour aerobic exercise in sedentary subjects. During the exercise test samples are taken for GH secretion profile (every 15 minutes). IMCL, IHCL and whole body fat distribution will be re-assessed following exercise, (“ectopic” fat stores depleted). 
Patients will be instructed in self-administration of GH. 
The control subjects will be investigated once.
[bookmark: _Toc155774763][bookmark: _Toc155775252][bookmark: _Toc156286868]6.1.4 	Visits following GHRT (V4-V6)
Usual clinical care will be provided (monthly visit with measurements of body composition (bioimpedance), plasma IGF-I and glucose levels to adjust GH doses in GH-deficient patients. GH dose will be gradually increased in order to obtain IGF-I concentrations in the upper half of the age-adjusted normal range as suggested by the growth hormone research society (76). After six months of GH replacement therapy with a concomitant weight maintaining diet and usual physical activity identical studies will be performed (diet and physical activity matching the first study). V4 corresponds to V1 without familiarization of the study protocol. V5 and V6 matches V2 and V3, respectively.

[bookmark: _Toc155774764][bookmark: _Toc155775253][bookmark: _Toc156286869][bookmark: _Toc121907879][bookmark: _Toc121907882][bookmark: _Toc121907880]6.2 	Details on main experiments 
[bookmark: _Toc155774765][bookmark: _Toc155775254][bookmark: _Toc156286870]6.2.1 	Pre-test standardisation and diaries
To control for confounding by external factors relevant to the de- and repletion of lipid stores (such as diet and exercise) detailed diaries will be filled out by patients beginning 1 week in advance of V1 and will be continued until V3. The diaries cover the following items:
· Food ingestion (time, quantity of (at least) carbohydrates, and composition)
· Exercise bouts (Quality, duration, grade, time), pedometer readings
Patients are instructed to eat an isocaloric diet (35-40 kcal/kg body weight; 50-55%  carbohydrate, 20% protein, and 20-25% fat). Ingested calories (separated for carbohydrates and lipids) will be calculated from nutrition tables. Strenuous exercise is not allowed 72 h before the test days V1 and V4. Similar activity levels will be monitored by a pedometer (Digi-Walker®) throughout the same period (aim < 5000 paths/24 hours). 
[bookmark: _Toc155774766][bookmark: _Toc155775255][bookmark: _Toc156286871]6.2.2 	Resting energy expenditure and body impedance analysis (V2 and V5)
After an overnight fast resting energy expenditure (REE), respiratory exchange ratio (RER), oxygen consumption (VO2) and carbon dioxide production (VCO2) will be assessed by indirect calorimetry during 20 minutes (DeltatracTM II, AVL Medical Systems AG, Schaffhausen, Switzerland). Rates of substrate oxidation will be calculated using standard equation (79). 
Body composition will be estimated by body impedance analysis (BIA 1001/S, RJL systems, Detroit, U.S.A.) after voiding of urine.
[bookmark: _Toc121907883][bookmark: _Toc155774767][bookmark: _Toc155775256][bookmark: _Toc156286872]6.2.3 	Exercise test (V1 and V3; V4 and V6)
Each patient will cycle during 90 min at a power which corresponds to 50-55% of VO2max on a cycle ergometer (CARDIOVIT AT-104 PC Ergo-Spirometrie, Schiller, Baar, Switzerland). Patients are asked to pedal with a frequency of 70-90 rpm. Cooling will be performed by fan; the room temperature is kept constant at 20-22°C. There will be no warming up and no encouragement. 
· On indirect calorimetry RER, VO2, and VCO2 are measured continuously. Heart Rate is measured continuously with peripheral ECG-leads. At the beginning and at the end of the exercise the patient is asked to empty his bladder. Every 15 minutes RPE is assessed by the Borg scale (by the same investigator). 
All procedures will be repeated at the same time of the day and on the same days of the week. 
6.2.4 [bookmark: _Toc121907885][bookmark: _Toc155774768][bookmark: _Toc155775257][bookmark: _Toc156286873]Clamping (V2 and V5) 
The cannula for blood sampling will be placed into a thermo-stabilized box heated at 60°C to achieve partial arterialisation of venous blood. The glucose infusion requirements to maintain euglycaemia (or hyperglycaemia) are recorded. Plasma glucose concentrations are then maintained with an infusion of 20% glucose derived from potato starch, which is recognized to have low 13C enrichment. The glucose infusion is with D-[U-13C]glucose and D-[6-6-2H2]glucose to maintain steady enrichment values (hot infusate technique). Glucose will be measured every five minutes (arterialised blood, centrifugated for 3 min at 10.000 rpm, glucose oxidase method in 2300 STAT plus, YSI, Yellow Springs Instruments, Yellow Springs, Ohio, OH).
Regular insulin (Actrapid, Novo Industries, Copenhagen, Denkmark) in isotonic saline is infused in a constant manner with a calibrated volumetric pump (MCM 500, MC Medizintechnik, Alzenau, Germany) at two doses (low dose insulin: 0.4 mU/kg/min; high dose insulin: 1mU/kg/min)  The targets for blood glucose levels are set to 5 mmol/L 
[bookmark: _Toc155774769][bookmark: _Toc155775258][bookmark: _Toc156286874]6.2.5	Tracer procedures (V2 and V5)
The following tracers will be administered via calibrated volumetric pumps (MCM 500, MC Medizintechnik, Alzenau, Germany; Harvard 22, Harvard Apparatus, South Natick, MA, USA; Perfusor secura FT, Braun, Sempach, Switzerland) beginning at 8.00 am together with clamping:
· D-[U-13C]glucose at a rate of 0.8µmol·kg-1·h-1, primed with 0.6 µmol NaH13CO3 and 1.2µmol/kg D-[U-13C]glucose (80) to target an enrichment of 0.05%;
· D-[6-6-2H2]glucose at a rate of 0.13 µmol/kg/min, primed with 12 µmol/kg to target an enrichment of 1.25%;
Baseline blood and breath samples will be taken prior to infusion for measurement of background enrichment. After a 60-min equilibration period to reach steady-state tracer enrichment, the basal steady state will be sampled prior to exercise (-30 to 0 min). The hot infusate technique is used to avoid dilution of tracer by the glucose infusion (81) as described under 6.2.6.  All tracers are kindly provided by Prof. L. Tappy, CHUV, Lausanne. Isotopes are manufactured by Cambridge Isotope Laboratories, Innerberg, Switzerland.
6.2.6 [bookmark: _Toc121907887][bookmark: _Toc155774770][bookmark: _Toc155775259][bookmark: _Toc156286875]Biochemical analysis 
Glucose concentrations in plasma will be determined by glucose analyser (Yellow Spring Instruments, Yellow Springs, OH, U.S.A). Plasma FFA and fasting lipid profile will be determined using commercially available kits (FFA: Wako Chemicals, Germany, TG, total cholesterol: enzymatic method Boehringer, Mannheim, Mannheim, Germany; HDL-cholesterol: Wako Chemicals, Germany). These analysis will be performed in the laboratory of Prof. L. Tappy, CHUV, Lausanne. Plasma insulin, GH and IGF-I concentrations will be measured by chemiluminescent methods (Immulite). Sex steroids will be determined by solid phase RIA and thyroid hormones will be determined by competitive immunoassay using direct chemiluminescent technology (Chiron Diagnostics, East Walpole, MA, U.S.A). All hormone analysis will be performed in the central chemical laboratory of the Teaching Hospital of Berne (Inselspital) or in the laboratory of Prof. PE Mullis, Children’s University Hospital of Berne (Inselspital). Serum glucose and lactate is measured by an immobilised glucose-oxidase method (YSI 2300, Yellow Springs Instruments, Yellow Springs, OH, U.S.A.). 
[bookmark: _Toc121907888] 
[bookmark: _Toc155774771][bookmark: _Toc155775260][bookmark: _Toc156286876]6.2.7	Mass spectrometry analysis
All isotopic enrichments of glucose and CO2 will be determined by gas-chromatography mass-spectrometry (GC 5890/MS 5971, Hewlett-Packard, Palo Alto, CA, U.S.A) in collaboration with the laboratory of Prof. L. Tappy, CHUV, Lausanne. 
6.2.8 [bookmark: _Toc121907889][bookmark: _Toc155774772][bookmark: _Toc155775261][bookmark: _Toc156286877]MRI-Methodology
Magnetic resonance examinations will take place at the MR centre of the Inselspital and University of Bern, performed by the MR section of the Department of Clinical Research (AMSM). MR exams include hepatic (IHCL) and intramyocellular (IMCL) lipid concentrations measured by 1H magnetic resonance spectroscopy (1H-MRS) and liver volume and whole body fat distribution will be determined by means of magnetic resonance imaging (MRI). 
1H-MRS before (repleted) and after (depleted) exercise (V2 and V5) will be performed on a clinical 3 T whole body scanner (Magnetom, Trio, Siemens, Germany) equipped with a 13C/1H double tuned flexible coil (1H: Helmholtz design, Medical Advance). The right leg of a patient will be placed in a specially designed cast to guarantee a reproducible position and shape of vastus intermedius muscle. Positioning of the muscle, fixation of the surface coil, and placement of the 1H-voxel will be monitored by two series of localizer images. The same images will be used to calculate total muscle volume. MRS data will be acquired using an optimised press sequence (repetition time = 3 s, echo time = 20 ms, 128 acquisitions, water presaturation, outer volume suppression) and quantified using the unsuppressed fully relaxed MR signal as internal standard. Absolute IMCL levels in mmoles/kg muscle wet weight will be calculated as reported earlier (82). A reproducibility study revealed a typical CV of 6% for repeated measurements (83).
In order to detect potential changes of the liver size and subsequent variations of the total amount of IHCL, liver volume will be determined in end-expiratory breath hold by established MRI sequences that have already been successfully applied by the AMSM (84). In muscle, liver and whole body studies, Cavalieri principles with point counting have been used (84), (85), (86) to determine organ volumes reliably.
Whole body fat distribution incl. visceral fat mass will be determined using the methodology described by Machann J. et al (2005). Briefly, an axial T1-weighted fast spin echo technique with an echo train length of 7 will be applied. Measurements parameters: TE/TR 12 msce/490 msec, slice thickness 10 mm, 5 slices per sequence, 10 mm gap between the slices. The field of view will be 450 mm to 530 depending on the size of the volunteer. A 256 x 178 matrix will be recorded in a measuring time of 12 seconds, allowing breath-hold examinations in abdominal regions. Table shift will be set at 10 cm. Volunteers are in prone position with the arms extended and data are collected from fingers to toes. In total, 100 to 130 images will be obtained depending on the size of the volunteer. 
 
6.2.9 [bookmark: _Toc121907890][bookmark: _Toc155774773][bookmark: _Toc155775262][bookmark: _Toc156286878]Calculations
[bookmark: _Toc155774774][bookmark: _Toc155775263][bookmark: _Toc155775316]Glucose appearance and disappearance rate will be calculated from D-[6-6-2H2]glucose, D-[U-13C]glucose (internal control) isotopic enrichments, respectively, using Steele’s equations (87) at baseline, after low and high dose of insulin. Glucose oxidation will be calculated from labelled 13CO2 and labelled D-[U-13C]glucose. The volumes of distribution of glucose is assumed to be 100 ml/kg. The bicarbonate pool is assumed to be 14.2 mmol/kg body weight. 

6.3 [bookmark: _Toc155774775][bookmark: _Toc155775264][bookmark: _Toc156286879]Risk assessment
In this population exercise at the proposed level can be considered safe. The tracer technology using stable isotopes is considered safe with the proposed concentrations. MRI is a non-invasive technology.

6.4 [bookmark: _Toc121907893][bookmark: _Toc155774776][bookmark: _Toc155775265][bookmark: _Toc156286880]Data management
[bookmark: _Toc121907892]All subjects’ personal data will be treated confidentially. Only anonymised results will be published or passed on to third parties. Ethics Committee members or Swiss Regulatory Authorities may require to have access to the medical notes of the patients. In this case, these persons will respect the confidentiality of the private data of the study subjects

7 [bookmark: _Toc121907894][bookmark: _Toc155774777][bookmark: _Toc155775266][bookmark: _Toc156286881]Statistical analyses
7.1 [bookmark: _Toc121907895][bookmark: _Toc155774778][bookmark: _Toc155775267][bookmark: _Toc156286882]Power calculation
There is no data available about IHCL and GH-deficiency. In our previous study (14 GH-deficient patients, 11 control subjects) waist circumference was significantly increased in patients compared to control subjects and significantly decreased (by 2-3 cm) after GHRT suggesting that abdominal fat tissue significantly changes. By including 18 patients we shall have enough power to detect a difference in intraabdominal fat mass.  With regard to IHCL the power calculation is,based on IHCL data  obtained from patients with type 2 diabetes, which is also an insulin resistant condition  (5). . In these patients changes in IHCL were observed after  therapy with Rosiglitazone (an insulin sensitizer). It can be estimated that with the paired study design a similar reduction of IHCL (3.6 percent liver mass; SD 4.41, conservatively calculated from p-value) would be detected following GHRT with a power of 90% in a sample size of 18 subjects. 

7.2 [bookmark: _Toc121907896][bookmark: _Toc155774779][bookmark: _Toc155775268][bookmark: _Toc156286883]Calculations of the expected effect
Data will be presented as the mean  SD. Paired t-test will be performed in patients to assess  the effect of therapeutical intervention (GHRT). Unpaired t-test will be performed between GH-deficient patients before and after GHRT and control subjects (Atheltes and sedentary controls). In particular ectopic fat depots (i.e. IHCL; IMCL, delta IMCL and visceral fat mass) will be compared before and after GHRT. Unpaired t-test will be used to analyse differences in ectopic fat depots between GH-deficient patients, sedentary control subjects and physically active subjects.  Parameters, which are not normally distributed will be log transformed prior to analysis.  Alternatively non-parametric tests will be used. Correlation analysis between Ectopic fat depots and measurements of insulin resistance (clamp data) will be performed using Spearman’s rank correlation coefficients. P<0.05 will be considered significant. Statistical analyses will be performed on Stata 9.1 (Stata Corporation, College Station, TX, USA), and Microsoft Excel (Microsoft Corporation, USA).

[bookmark: _Toc156286884]8. 	Drug involved in the study
GHRT will be performed with Genotropin (Pfizer, Oerlikon, Switzerland) using a special pen device.  The indication for GHRT ind GH-deficient patients is accepted by Swissmedic and the health insurance companies (no off label use). Genotropin will be provided by Pfizer and will be stored in the refrigerator (permanent temperature control) of the department of Endocrinology , Diabetology and Clinical Nutrition, Inselspital Bern. Instruction to utilize and store Genotropin will be provided to the patients as in usual clinical care. 

[bookmark: _Toc155774780][bookmark: _Toc155775269][bookmark: _Toc156286885]9. 	Time table
Recruitment (including controls)	March 2007 – September 2009	
Number of GH-deficient patients:	18
Number of controls:	20 sedentary volunteers, 20 physically active healthy subjects
Number of Visits GH-deficient patients: 18x6 = 108
Number of visits sedentary controls: 20x3 = 60
Number of visits physically active subjects: 20x3 = 60
 
[bookmark: _Toc155774781][bookmark: _Toc155775270][bookmark: _Toc156286886]10. 	Ethical and legal aspects, insurance
The study protocol will be presented to “Kantonale Ethikkommission des Kantons Bern”. The study is in accordance with the respective ethical standards for human investigation and with the Helsinki Declaration of 1975, as revised in 1983.
The usual clinical visits (not study investigations) will be covered by the health insurance companies. All the other investigations are covered by study funding.

The insurance company of the University Hospital of Bern, Inselspital, is responsible for all problems with possible side effects of the study.

[bookmark: _Toc155774782][bookmark: _Toc155775271][bookmark: _Toc156286887]11.	 Responsibilities
Study-physicians of the Division of Endocrinology and Diabetology, Inselspital, Bern.
Main investigator: PD Dr. med. Emanuel Christ
Research fellow: Dr. med. Andrea Egger



12. [bookmark: _Toc121907898][bookmark: _Toc156286888][bookmark: _Toc121907899]
Appendix
[bookmark: _Toc156286889]12.1 	Abbreviations
	V
GH 
IGF-1
	Visit
Growth hormone 
Insulin-like growth factor-1

	GHD
	Growth hormone deficiency

	GHRT
IMCL
	Growth hormone replacement therapy
Intramyocellular lipids

	IHCL
	Intrahepatocellular lipids 

	VO2max
REE
	maximal Oxygen uptake
resting energy expenditure 

	RER 
V O2 
VCO2
1H-MRS
MRI
FFA
LDL-C
TG

	respiratory exchange ratio 
oxygen consumption
carbon dioxide production 
1H-Magnetic resonance spectroscopy
Magnetic resonance imaging
Free fatty acids
LDL-cholesterol
Triglycerides
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