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Abstract

Short-term GH administration increases lipid breakdown and oxidation (lipidox) and reduces glucose uptake and carbohydrate oxidation (CHOox). It is not clear whether similar shifts in substrate utilization occur in acromegaly and our aim was to investigate this. Using indirect calorimetry, we compared energy expenditure, CHOox and lipidox in 20 acromegalic patients and 20 normal subjects pair-matched for sex, age, height and weight. Investigations were performed in the basal state (12 h fast) and during a 75 g OGTT. 


Acromegalic patients had significantly higher fasting glucose, and greater glucose and insulin responses during an OGTT than normal subjects. Fasting non-esterified free fatty acid (NEFA) and insulin-like growth factor (IGF) binding protein-1 (IGFBP-1) levels were similar in the 2 groups and both were acutely suppressed by oral glucose to the same degree. Basal energy expenditure was significantly greater in the acromegalic patients (1682 ± 49 vs 1540 ± 45 Cal/24 h; P < 0.05) who showed a trend towards higher basal CHOox. Oral glucose resulted in a significantly higher rise in energy expenditure in the normal compared to the acromegalic subjects. During the OGTT, CHOox significantly increased in both groups but rose to a higher level in the acromegalic patients (177 ± 10 vs 138 ± 9 mg/min, P = 0.004). Oral glucose significantly reduced lipidox in both groups but lipidox was reduced to a significantly lower level in the acromegalic patients (32 ± 4 vs 46 ± 3 mg/min; P = 0.004). In acromegaly, basal CHOox (r = 0.56; P = 0.01) and post-glucose CHOox (r = 0.79; P = 0.0001) were both positively correlated to IGF-I but not to insulin or glucose. In normal subjects, post-glucose CHOox was positively correlated to IGF-I.


In summary, hyperinsulinemia in acromegaly was associated with higher glucose levels, blunted thermogenic response to glucose and displayed no relationship to the pattern of substrate utilization. CHOox was increased and lipidox was reduced in acromegaly and the extent of IGF-I elevation was related to CHOox in the basal and post-glucose states. We conclude that (i) the chronic effects of GH excess on substrate utilization differ from the short term effects of GH administration, (ii) impaired insulin action in acromegaly extends to effects on energy expenditure and (iii) IGF-I may be an important regulator of substrate utilization in acromegaly.

Introduction

Short-term GH administration increases lipolysis and lipid oxidation (1-3) and decreases glucose disposal (4) and carbohydrate oxidation. The consequences of chronic GH excess on substrate utilization are unclear. If the short-term effects are sustained, then substrate utilization in chronic states of GH excess might be predicted to display enhanced lipid oxidation and suppressed carbohydrate oxidation. Theoretically, the effects of GH administration on substrate utilization may change with time because chronic GH administration (5) will increase the levels of insulin-like growth factor-I (IGF-I) whose insulin-like effects on carbohydrate and lipid utilization are diametrically opposite to those of GH (6, 7). Data on substrate utilization in acromegaly are limited and conflicting. Ikkos et al in 1956 found no significant difference in basal substrate oxidation between acromegalic and normal subjects (8), while more recently Moller et al reported increased basal lipid oxidation in patients with acromegaly (9). To clarify whether substrate utilization is altered in acromegaly, we have undertaken a cross-sectional comparison of energy expenditure and substrate oxidation in the basal and post-glucose states in acromegalic patients and normal subjects pair-matched for age, sex, weight and height. 

Methods
Subjects

Twenty patients with active acromegaly and 20 normal subjects were studied as part of a large program addressing body composition and energy metabolism in acromegaly. The data pertaining to body composition and basal energy expenditure have been published (10). 13 of the 20 acromegalic patients had not been previously treated. Seven patients had had previous pituitary surgery, 4 of whom received additional radiotherapy; all 7 had residual active disease as defined by an elevated IGF-I. Of these 7 patients, 4 patients were on stable pituitary replacement therapy which consisted of cortisone acetate and parenteral testosterone in 2 patients, 1 of whom required additional thyroxine. The 2 remaining patients received prednisone and thyroxine. The control group comprised of 20 healthy age, sex, height and weight matched volunteers (see Table 1) on no medications who were recruited from the general population. The study was approved by the Research Ethics Committee of St. Vincent's Hospital and all subjects gave informed consent. 

Study Design

Indirect calorimetry, was performed in both groups in the post-absorptive state and during an oral glucose tolerance test (OGTT). All subjects also underwent assessment of GH secretory status by hourly blood sampling for 24 h (10). On the morning of completion of the study, a pool sample was obtained by taking 200 µL aliquots from each of the single hourly serum samples and stored at -20 oC. Preparation and storage of samples was identical in every study. Fifteen acromegalic patients and 17 normal subjects underwent 24 h blood sampling and the remainder had a single fasting blood sample taken for GH measurement. 


Subjects were admitted to the Clinical Investigation Unit, St. Vincent's Hospital at 0800 h following a 12 h overnight fast. An intravenous cannula was inserted under local anesthetic into a forearm vein. Subjects were then rested comfortably in the recumbent position for at least 40 min in preparation for measurement of basal energy expenditure and substrate oxidation which was performed over the next 30 min period (Deltatrac Metabolic Monitor; Datex Instrumentarium Corp, Helsinki, Finland). A standard 75 g glucose drink was then administered over 5 min and indirect calorimetry was performed during the 30 - 60, 90 - 120 and 150 - 180 min time intervals  after glucose. Separate urine samples were collected during the basal and post-glucose periods from which urine urea nitrogen excretion was measured. Substrate oxidation rates were calculated from the following equations (11): 





carbohydrate oxidation = 4.55 VCO2 - 3.21 VO2 - 2.87 Nu



lipid oxidation = 1.67 VO2 - 1.67 VCO2 - 1.92 Nu

where VO2 is oxygen consumption in liters per min, VCO2 is carbon dioxide production in liters per min and Nu is urinary urea nitrogen excretion in g per min. As previously described (10), the monitor was calibrated against standardized gases before each study. The coefficient of variation for substrate oxidation obtained from 5 subjects studied on 3 separate occasions was 4 %. Blood samples were taken during the OGTT at 0, 30, 60, 90, 120, 150 and 180 min for glucose, insulin, non-esterified free fatty acid (NEFA) and IGF binding protein-1 (IGFBP-1) measurement. IGF-I and IGFBP-3 were measured from a fasting serum sample. 

Assays

GH and insulin were measured by double-antibody radioimmunoassay (RIA) as previously described (12, 13). IGF-I was measured by RIA after acid ethanol extraction using a recombinant human IGF-I standard (14). Glucose concentrations were analysed on a glucose analyser (Model 23AM, Yellow Springs Instrument Co., Yellow Springs, Ohio, USA). NEFA were determined by an acyl CoA oxidase based colorimetric method (Wako, Osaka, Japan) and the inter- and intra-coefficients of variation were 5% and 5% at 500 µmol/L. IGFBP-1 (15) and IGFBP-3 (16) were measured by RIA as previously described. Urinary urea nitrogen was measured by an enzymatic UV method (Boehringer Mannheim, Mannheim, Germany) and the inter- and intra-coefficients of variation were 13% and 6%. 

Data analysis

Statistical analysis was performed using the Students' t test for paired data and ANOVA (StatView SE + Graphics, Abacus Concepts, Inc, Berkeley, USA) for unpaired data. Relationships between variables were determined using simple and multiple regression analysis. Results are expressed as the mean and SEM. 

Results

Oral glucose tolerance test (OGTT)

Mean fasting glucose levels were significantly higher in acromegalic (5.1 ± 0.2 vs 4.6 ± 0.1 mmol/L; P = 0.04, ANOVA repeated-measures) compared with the normal subjects (see Fig. 1). Mean fasting insulin levels were slightly higher in acromegaly (80 ± 15 vs 50 ± 10 pmol/L), although the difference did not reach statistical significance (P = 0.09). Both glucose (P = 0.04) and insulin (P = 0.04) responses during the OGTT were significantly higher in acromegaly. 9 of the 20 acromegalic patients had abnormal glucose tolerance (17). The peak insulin responses and area under the insulin curves during the OGTT were similar in these two subgroups. 


No significant difference in mean fasting NEFA levels were found between the acromegalic and normal subjects (630 ± 40 vs 730 ± 50 µmol/L). During the OGTT, NEFA levels were acutely suppressed to the same level in both study groups (see Fig. 1). Mean fasting IGFBP-1 levels were not different between the 2 study groups (34.5 ± 6.2 vs 32.6 ± 8.1 ng/mL) and were also suppressed during the OGTT to the same extent (see Fig. 1). Mean IGFBP-1 levels during the OGTT were negatively correlated with log mean insulin levels (r = -0.44; P = 0.02). Mean IGFBP-3 levels were significantly higher (5.21 ± 0.25 vs 2.79 ± 0.17 mg/L; P = 0.0001) in acromegaly and were positively correlated with GH (r = 0.66; P = 0.0002) and IGF-I levels (r = 0.89; P = 0.0001). 

Indirect calorimetry

Basal energy expenditure was significantly greater in the acromegalic patients (1682 ± 49 vs 1540 ± 45 Cal/24 h; P < 0.05) as previously reported (10). A trend towards higher mean basal carbohydrate oxidation (109 ± 12 vs 83 ± 10 mg/min; P = 0.10) was seen in acromegaly but mean basal lipid oxidation rates (64 ± 5 vs 68 ± 3 mg/min; P = 0.45) were similar in acromegalic and normal subjects.


Oral glucose resulted in a significant increase in energy expenditure compared to the respective basal energy expenditure at 30 - 60 and 90 - 120 min in the normal subjects, and at 30 - 60 min in the acromegalic patients (see Fig. 2). However, the mean percent increase in energy expenditure throughout the 180 min study period was significantly higher in the normal subjects (5.8 ± 1.3 %; P = 0.03) when compared to the acromegalic patients (1.4 ± 1.4 %). During the OGTT, mean carbohydrate oxidation significantly increased in both groups but rose to a greater degree in the acromegalic patients (177 ± 10 vs 138 ± 9 mg/min; P = 0.004; see Fig. 2). The basal and mean post-glucose carbohydrate oxidation rate was not different between the 11 acromegalic patients with normal glucose tolerance and the 9 with abnormal glucose tolerance (data not shown). 


Oral glucose significantly reduced mean lipid oxidation in acromegalic and normal subjects. Lipid oxidation was suppressed to a significantly lower level in the acromegalic patients (32 ± 4 vs 46 ± 3 mg/min; P = 0.004) than in the normal subjects (see Fig. 2). Mean urinary urea excretion during fasting was significantly greater in acromegalic patients (7.2 ± 0.7 vs 5.6 ± 0.5 mg/min; P = 0.04) whereas excretion (12.9 ± 0.9 vs 11.5 ± 0.8 mg/min) during the post-glucose period was not different from that of the normal subjects.


In acromegaly, basal carbohydrate oxidation rates were significantly and positively related to IGF-I levels (r = 0.56; P = 0.01; see Fig. 3) but not insulin or glucose levels. During the OGTT, carbohydrate oxidation remained positively correlated to IGF-I (r = 0.79; P = 0.0001), but not to insulin or glucose levels throughout the total 180 min period or during each of the 3 time intervals; 30 - 60 min (r = 0.7; P = 0.0008), 90 - 120 min (r = 0.66; P = 0.002) or 150 - 180 min (r = 0.48; P = 0.04). In normal subjects, carbohydrate oxidation rates were positively correlated to IGF-I but not insulin or glucose levels (see Fig. 4), throughout the 180 min period (r = 0.46; P = 0.04) and during the 30 - 60 min (r = 0.46; P = 0.04) and 90 - 120 min (r = 0.67; P = 0.001) time intervals. Basal and post-glucose lipid oxidation was not significantly related to GH, NEFA or insulin levels in acromegaly or in normal subjects.

Discussion


This study was designed to investigate the effects of chronic GH excess on energy expenditure and substrate utilization using acromegaly as a model. As expected patients with acromegaly displayed insulin resistance as reflected by higher glucose and insulin levels in the basal and post-glucose states. While basal energy expenditure was increased in acromegaly as previously reported (10), we found the thermogenic response to a standard glucose load to be blunted. In acromegaly, energy metabolism in the basal state was characterised by a trend towards higher carbohydrate oxidation and a greater rate of carbohydrate oxidation following oral glucose. Conversely, lipid oxidation was suppressed by oral glucose to a significantly greater degree in acromegaly. IGF-I but not insulin was significantly related to basal and post-glucose carbohydrate oxidation. The findings of increased carbohydrate utilization and decreased lipid utilization were unexpected and opposite to that observed after short-term GH administration.


Our data on carbohydrate and lipid oxidation in acromegaly are in close agreement with those of Ikkos et al who studied 15 acromegalic patients (8). The respiratory quotient, which represents the ratio of carbon dioxide production to oxygen consumption and from which carbohydrate and lipid oxidation are derived, was virtually identical in our acromegalic patients (0.817) and those of Ikkos et al (0.819) in the basal state. The latter investigators also found no significant difference in basal respiratory quotient between acromegalic and non-acromegalic subjects inferring no difference in carbohydrate and lipid oxidation in the basal state. However, the control subjects of Ikkos et al were not matched for age, sex, height and weight nor did they appear to be healthy normal subjects since they comprised subjects with "minor disorders". Our data differ from those of Foss et al who used a forearm technique to study substrate utilization (18), and reported no significant difference in muscle glucose oxidation between acromegalic and normal subjects in the basal state and during an OGTT. However, regional forearm substrate oxidation may not reflect that of the whole body since contributions from the liver are not measured and this may be an important consideration since hepatic carbohydrate metabolism has been reported to be abnormal in acromegaly (13, 19).


In contrast to the findings in the present study, Moller et al reported reduced carbohydrate oxidation and increased lipid oxidation in 6 acromegalic patients in the basal state and during a hyperinsulinemic euglycemic clamp (9). The disparate findings are intriguing and may be explained by the difference in study design. Studies of glucose metabolism in man have shown glucose and insulin to be significant and independent determinants of glucose uptake and oxidation (20). Increases in glucose and insulin levels enhance glucose metabolism and reciprocally suppress lipid oxidation. It is possible that in the present study higher glucose and insulin concentrations observed basally and during the OGTT in acromegaly augmented rates of glucose utilization, in spite of some degree of insulin resistance, as has been reported in obese subjects with impaired glucose tolerance (21). In contrast, during a hyperinsulinemic euglycemic clamp study, glucose and insulin levels are fixed at a constant level which constrains glucose metabolism to a single point on the respective concentration-response curve (22, 23). Thus, the different observations on carbohydrate and lipid oxidation between our study and that of Moller et al, may be due to the very different glucose-insulin kinetics inherent in the two study designs.


While the above considerations provide an explanation for the conflicting findings between our study and that of Moller et al, the factors contributing to the greater than normal carbohydrate oxidation uncovered in acromegaly are unclear. There was no relationship between the higher glucose levels in acromegaly and the greater rate of carbohydrate oxidation. While the greater insulin response in acromegaly might contribute to enhanced glucose utilization and oxidation, insulin may not have a dominant role for the following reasons. Because the thermogenic response to nutrient intake is largely dependent on insulin action (21), the marked blunting of diet-induced thermogenesis observed in the acromegalic patients is indicative of the presence of considerable insulin resistance. As such, a parallel reduction in the rate of carbohydrate oxidation in acromegaly should have occurred but an increase in carbohydrate oxidation was observed. This observation cannot be readily explained as an insulin-mediated phenomenon. Additionally, had insulin been a major mediator, carbohydrate oxidation should have been greater in the subgroup of acromegalic patients with normal glucose tolerance who were more insulin sensitive than the glucose intolerant subgroups. This was not observed in the setting of similar insulin response to glucose in both subgroups. 


We detected a strong and significant relationship between IGF-I and the rate of carbohydrate oxidation in the basal state in acromegaly and after glucose in both the acromegalic and normal subjects. These observations strongly suggest a role of IGF-I in glucose metabolism and this notion is supported by recent experimental work. Studies with recombinant IGF-I in man have shown that this growth factor stimulates glucose disposal, even in the presence of severe insulin resistance (24), and increases carbohydrate oxidation (7). Lewitt et al have provided strong evidence in-vivo that IGF-I and its related binding proteins play a significant role in glucose homeostasis (25). It is believed that the IGF binding proteins, IGFBP-1 and IGFBP-3 largely attenuate the action of IGF-I (26). The acute variations in binding protein levels could act to modulate insulin-like activity due to uncomplexed IGF-I particularly when IGFBP-1 is acutely suppressed after nutrient loading as was found in the present study.


Although studies using short-term GH administration have reported increased lipid oxidation (1-3), IGF-I levels do not rise to a peak until 5 days of GH therapy (27). It is possible that time dependent changes in the pattern of fuel utilization could occur with the progressive rise in IGF-I. Evidence is provided by a recent study in which co-administration of GH and IGF-I resulted in a lesser rise in serum glucose compared to that observed with GH alone (28). Thus, the insulin-like effect of IGF-I that stimulates carbohydrate oxidation may evolve slowly with time, in the setting of chronic GH excess, to increase carbohydrate oxidation even in the presence of elevated GH levels. The reason why IGF-I effects on substrate utilization predominate over GH is unclear, but could be explained in part by recent in-vitro data demonstrating that IGF-I can decrease GH receptor expression in peripheral tissues and in doing so may reduce peripheral tissue responsiveness to GH (29).


In summary, hyperinsulinemia in acromegaly was associated with higher glucose levels, blunted thermogenic response and displayed no relationship to the pattern of substrate utilization. Carbohydrate oxidation was increased and lipid oxidation was reduced in acromegaly and the extent of IGF-I elevation was significantly related to carbohydrate oxidation in the basal and post-glucose states. We conclude that (i) the chronic effects of GH excess on substrate utilization differ from the short term effects of GH administration, (ii) impaired insulin action in acromegaly extends to effects on energy expenditure and (iii) IGF-I may be an important regulator of substrate utilization in acromegaly.
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