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I~-Cell function in growth hormone (GH)-deficient (GHD) adults is poorly documented. I~-Cell function was therefore studied in 
10 GHD adults (age, 40 -+ 3 years; weight, 79.3 _+ 4.8 kg; body mass index [BMI], 27.5 _+ 1.3 kg • m -z) before and after 6- and 
24-month recombinant human GH (rhGH) therapy (0.24 IU.  kg -1. wk -1) compared with 10 age-, sex-, weight-, and 
BMI-matched control subjects. With rhGH therapy, fat-free mass (FFM) increased (48.2 _+ 4.9, 52.5 -+ 4.8, and 59 -+ 6.8 kg, 
respectively) and fat mass (FM) decreased (33.8% __ 2.8%, 28.0% -4- 3.0%, and 29.4% -+ 2.5%, respectively), as did serum 
cholesterol. Oral glucose tolerance initially deteriorated at 6 months, but improved toward the control value by 24 months. 
Fasting insulin (FI) increased significantly, as did the acute insulin response to oral glucose (AAIRoGTT/AG) at 30 minutes (FI: 
pretreatment 9.8 --- 0.8, 6 months, 14.0 --- 1.8, 24 months 12.5 __. 1.6 v control 11.4 --- 1.9 mU.  L-l; AAIRoGTr/AG: pretreatment 
201 -+ 24, 6 months 356 -+ 41, 24 months 382 -+ 86 v control 280 -+ 47 mU.  mmol-1). However, the acute insulin response to 
intravenous (IV) glucose (AIRG) and IV glucagon at euglycemia and hyperglycemia did not change with rhGH therapy and were 
similar to the control group values. Importantly, the expected reciprocal relationships (as observed for the control group) 
between the various insulin secretory parameters and insulin sensitivity (SI) either were not present or were statistically weak 
in GHD subjects, despite the 35% decrease in SI by 24 months of rhGH therapy. In particular, over time, there was an 
attenuation of insulin secretion with respect to the ongoing insulin resistance with rhGH therapy, particularly for AIRG at 24 
months. After 5 days of rhGH withdrawal, insulin secretion decreased and SI improved in GHD subjects. It is concluded that the 
current long-term rhGH treatment regimens appear to impact on insulin secretion such that the normal relationships between 
insulin secretion and SI are altered despite the favorable impact on body composition and serum lipid profiles. 
Copyright © 1999 by W.B. Saunders Company 

T HE GLUCOSE TOLERANCE of an individual depends on 
the endogenous insulin action and the amount of circulat- 

ing insulin, ie, [3-cell function, between which there is a close 
reciprocal relationship.1 Growth hormone (GH)-deficient (GHD) 
subjects are known to be insulin-resistant 2-6 due to a major 
defect in the glucose storage-glycogen synthase activation 
pathway in muscle. 6 Glucose tolerance in GHD subjects is 
frequently impaired, and more so in female GHD subjects, 
although frank diabetes is uncommon. 7-9 However, only limited 
information is available on [3-cell function in GH deficiency, 
and it is mainly restricted to fasting insulin (FI) and to insulin 
levels after an oral glucose tolerance test (OGTT). 7-12 In these 
studies, FI has been reported as normaP -7 or elevated 1° com- 
pared with values in matched control subjects, as have post- 
OGTT insulin levels. 7 Importantly, insulin levels have not been 
examined with respect to insulin sensitivity.a 

Similarly, few data are available on the interrelated responses 
of glucose tolerance, insulin sensitivity, and [3-cell function in 
GHD adults treated with replacement doses of recombinant 
human GH (rhGH). Thus, in separate studies following rhGH 
therapy, glucose tolerance decreases somewhat, s,13 although the 
emergence of frankly impaired glucose tolerance by World 
Health Organization (WHO) criteria is uncommon, 8 insulin 
sensitivity is unaltered 2,~4 or, in longer-term studies, deteriorates 
significantly, 4,15-16 and fasting and oral glucose-stimulated 
insulin levels are usually elevated, s The increase in insulin 
levels after rhGH therapy may represent the body's response to 
the change in insulin sensitivity aimed at preserving glucose 
tolerance in such individuals. 8 It may also indicate a failure to 
significantly improve the hyperinsulinemia-insulin resistance- 
induced cardiac risk factors in rhGH-treated individuals, 4,1s,16 
despite the clear improvement in body composition param- 
eters. 17 

Two further unresolved issues are whether GH itself has a 

direct effect on the [3-cell and directly contributes to the ongoing 
insulin resistance in GH-treated subjects. First, an insulinotro- 
pic effect of GH on the [3 cell has been reported for both in 
vitro TM and in vivo 19 studies. However, a chronic "toxic" effect 
of GH on [3-cell function occurs in dogs following prolonged 
GH administration 2° and in chronically acromegalic patients. 21 
Second, in our recent detailed study on insulin action in 
rhGH-treated GHD subjects, a significant correlation between 
the rhGH-induced increase in insulin-like growth factor-1 
(IGF-1) and free fatty acid (FFA) levels versus the insulin 
resistance was noted, and we questioned whether the current 
doses of rhGH used in GHD subjects are excessive and 
contribute to the ongoing insulin resistance and fasting hyperin- 
sulinemia. 15 

Therefore, the present study examined [3-cell function in 
GHD adults before and after 6 and 24 months of rhGH therapy, 
and in age-, sex, and body mass index (BMI)-matched healthy 
control subjects using multiple tests for [3-cell function (oral 
and intravenous [IV] glucose loads and IV glucagon at euglyce- 
mia and hyperglycemia). Insulin sensitivity was measured in all 
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indiv iduals  dur ing  a eug lycemic -hype r in su l inemic  c l amp  to 

es tabl ish  whe the r  the  [3-cell r e sponse  was  appropriate  for each 

sub jec t ' s  insul in  sensi t iv i ty  or  whe the r  an  altered 13-cell " func -  

t ional s ta te"  arose relat ive to the ongo ing  insul in  res is tance  wi th  

r h G H  therapy in G H D  subjects .  Finally, the  tests  were repeated 

5 days  after r h G H  withdrawal ,  at a t ime  w h e n  r h G H  would  

d isappear  but  body  compos i t iona l  changes  remain .  

SUBJECTS AND METHODS 

Subjects 

Ten subjects (five post-pituitary surgery for pituitary tumor, two 
idiopathic GH deficiency, one pinealoma, one Sheehan's syndrome, and 
one head injury) were recruited for the study. GH deficiency was 
confirmed in all subjects by insulin-induced hypoglycemia using the 
insulin tolerance test (ITT), with peak serum GH less than 7 mU • L -1. 
All except one (isolated GH deficiency) were on stable standard 
hormone replacement for at least 6 months (glucocorticoids, thyroxine 
[T4], sex steroids, and/or desmopressin). All subjects had normal renal, 
liver, and cardiac status and no family history of diabetes. Ten healthy 
controls individually matched for age, sex, and BMI were also studied. 
Informed written consent was obtained, and the study was approved by 
the Human Research Ethics Committee of St. Vincent's Hospital in 
Melbourne. Ten subjects completed the 6-month study, and seven 
subjects completed the 24-month study. One subject unexpectedly 
committed suicide at 10 months, and two subjects withdrew for social 
reasons. 

Study Design 

The study was an open non-placebo-controlled trial with all GHD 
subjects receiving rhGH (Norditropin; Novo Nordisk, Copenhagen, 
Denmark) at a dose of 0.12 IU • kg -1 • wk ~ during the first 2 weeks, 
increasing to 0.24 IU.  kg -1 .  wk -t .  The weekly dose was equally 
divided into seven daily subcutaneous injections administered at 
bedtime, and no dose-response titrations were performed. The dosage 
was subsequently reduced in most patients due to minor side effects 
and/or elevated IGF-1 above the normal range. By 6 and 24 months, the 
mean doses were 0.22 ± 0.03 and 0.17 ± 0.03 I U . k g  1 .wk- t ,  
respectively (mean ± SD). At 24 months, GH was discontinued, and 
subjects were studied on the morning of day 6 after withdrawal of 
rhGH. 

Methods 

Anthropometric variables (weight, height, BMI, and waist to hip 
ratio) and fat-free mass (FFM) and fat mass (FM) assessed by 
dual-energy x-ray absorptiometry (DEXA) (DPX; Lunar Radiation, 
Madison, WI) and bioelectrical impedance methods (model BIM3; 
SEAC, Banlkham Hills, Australia) with Lukaski's equation 22 were 
measured in the control subjects and GIlD subjects at baseline, 6 
months, and 24 months. Abdominal fat (by DEXA) was determined 
using an abdominal region of interest consisting of all abdominal tissues 
between the intervertebral disc at the first and second lumbar vertebrae 
and the anterior superior iliac spine as modified from Svendsen et al23 
and Carey et al.24 The intraoperator (N.K.) coefficient of variation (CV) 
for the percent fat of the abdominal region was 1.9%. 

The experimental protocol was performed on 2 separate days at 0, 6, 
and 24 months post-rhGH therapy mad the day 2 protocol only for the 
5-day post-study (Fig 1). All GHD subjects on stable hormone 
replacement therapy received their usual morning dose of medication 1 
to 2 hours before the study. On study day 1 at 8:00 AM, after a 10-hour 
fast and a period of rest and arm-wanning, an IV cannula was inserted 
into an arm vein (Intima, 18-gauge; Becton Dickinson, Sandy, UT). 
After collection of baseline samples ( -  10 and 0 minutes) for glucose, 
insulin, and C-peptide, a 0.5-mg IV bolus of glucagon (GlucaGen; Novo 

Nordisk) diluted in normal saline (5 mL) was administered, followed by 
rapid venous sampling at 1, 2, 3, 4, 5, 7, 10, and 15 minutes for glucose, 
insulin, and C-peptide. This test was used to calculate the acute insulin 
secretion response above baseline (AIR) to glncagon at euglycemia 
(AIRG.coN). After a 60-minute rest period to allow the peripheral insulin 
concentration to return to the basal value (basal insulin v pre-OGTr 
insulin: 13 + 1.5 v 10.7 _+ 1.2 for GHD, 21.1 _+ 5.1 v 17.5 ± 2.4 for 
rhGH-treated, and 12.6 -+ 1.6 v 10.6 + 1.1 mU • L 1 for control), a 
75-g OGTT was performed. Blood samples for glucose, insulin, and 
C-peptide were taken at 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, 120, 150, 
and 180 minutes after the oral glucose load. This test established each 
subject's glucose tolerance by WHO criteria and enabled calculation of 
the early-phase insulin response to oral glucose (AAIRocTT). 25 In 
addition, the insulin secretion rate (ISR) was calculated from the 
C-peptide data. 26 On study day 2, 5 to 10 days later, a hyperinsulinemic- 
euglycemic clamp 6 was performed. Two IV lines were inserted in 
opposite arms (Intima, 18-gange); one arm was used for blood sampling 
and the other for infusion of glucose (10% dextrose) and insulin (60 
m U -  kg -1 . h - t ,  Actrapid HM; Novo Nordisk). 6 Bedside glucose levels 
were determined at 5-minute intervals during the clamp using an 
electronic strip glucometer (Medisense 2; Medisense, Balwyn, Austra- 
lia). Only subsequent laboratory biochemical values for blood glucose 
were used in the final calculations of insulin sensitivity and the glucose 
infusion rate (GINF). Steady state was defined when there was less than 
10% variation in the GINF over the last 30 minutes of the clamp, 
usually at about 120 to 150 minutes of the clamp. Blood samples for 
glucose, insulin, and C-peptide were collected at 15, 30, 45, 60, 80, 90, 
100, 110, 120, 130, and 140 minutes. The CV for the GINF at steady 
state was 3.1% _+ 0.8% (mean _+ SD) at baseline, 2.3% _+ 0.4% at 6 
months, 5.1% _+ 0.9% at 24 months, 5.9% ± 1.4% at day 5, and 4.4% ± 
0.9% in controls. The CV for serum insulin at steady state was 9.3% + 
1.5% at baseline, 6.9% -+ 1.6% at 6 months, 8.9% ± 1.5% at 24 months, 
10.5% ± 2.8% at day 5, and 8.8% _+ 1.2% in controls. The CV for 
plasma glucose at steady state was 4.3% _+ 0.8% at baseline, 6.4% ± 
1.5% at 6 months, 4.9% + 1.3% at 24 months, 5.5% ± 1.2% at day 5, 
and 7.1% ± 1.6% in controls. 

At cessation of the clamp, the insulin infusion was discontinued and 
the glucose infusion was tapered over 60 minutes while maintaining 
euglycemia. At the end of this rest period, the GINF was adjusted to the 
rate achieved at steady state and a 25-minute hyperglycemic clamp was 
commenced by injecting a rapid IV glucose bolus (9 g/m 2) over 60 to 90 
seconds, and then after 5 minutes, the GINF was increased 1.8-fold. 
From the bolus glucose data, the acute insulin response to 1V glucose 
(AIRo) was calculated. 27 At the 10-minute point of the hyperglycemic 
clamp, an IV glucagon bolus (0.5 mg) was injected (Fig 1). This enabled 
calculation of the acute insulin response to glucagon at hyperglycemia 

(All~HyperG.GON)- 

Assays 

All samples collected were immediately placed on ice and centri- 
fuged for 10 minutes at 4°C, and the plasma was stored at - 2 0 ° C  until 
assay. Bedside glucose, initially measured using Medisense 2 strips, 
was subsequently determined by the glucose oxidase method (Yellow 
Springs Instruments, Yellow Springs, OH). The interassay CV at 4.1 and 
14.7 mmol .  L - t  was 1.36% and 1.69%, respectively. Plasma insulin 
was determined by radioimmunoassay (RIA) as described previously? s 
The sensitivity of the insulin assay was less than 1.0 m U .  L - t ,  with an 
interassay CV at 8.0 and 35 m U .  L 1 of 7.7% and 6.8%, respectively, 
and an intraassay CV of 6% over the range of 5 to 35 mU • L -1. Plasma 
C-peptide was determined by an in-house RIA 15 using a secondary 
antibody separation procedure. The assay sensitivity was 0.01 
pmol - mL -1, with an interassay CV at 0.32 and 1.0 pmol • mL -1 of 
4.5% and 11.5%, respectively. Serum IGF-1 was determined by RIA 
using acid/ethanol extraction followed by a double-antibody RIA 
(Bioclone Australia, Marrackville, Australia). The interassay CV at 0.6 
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DAY 1 

| . . . . . . . . . . . . . . . .  

-10 '  O' 15' O' 30' 

IV Glucagon (0.5 mg) 

AIRG.GON AIRoGTT 

OGTT 

ISR 

180' 

DAY 2 

-20' 0' 140' 
Euglycaemic Hyperinsulinaemic 
clamp (40 mU kg -1 hr "1) 

INSULIN SENSITIVITY [SI] 

~' 1~' 25' 

IV Glucose IV Glucagon (0.5 mg) 
AIRG IRHyperG.GON 

Fig 1. Study design for measurements of insulin secretion and insulin sensitivity. Day 1: IV glucagon bolus was followed by frequent venous 
sampling and a 1-hour rest period. OGTT was performed over the next 180 minutes for measurement of early-phase insulin response and ISR. 
Day 2: Hyperinsulinemic-euglycemic clamp was performed to measure insulin sensitivity, followed by a 1-hour rest period. Hyperglycemic clamp 
initiated by an IV glucose bolus with frequent venous sampling over 10 minutes was finally followed by IV glucagon bolus during the ongoing 
hyperglycemia. 

and 2.2 U - m L  -1 was 8.6% and 6.8%, respectively. Plasma total 
cholesterol (TC) and triglyceride (TG) levels were measured automati- 
cally using an Olympus AU800 (Integrated Sciences, Sydney, Australia) 
assay. High-density lipoprotein cholesterol (HDL-C) was determined 
by precipitation of f3 lipoproteins with polyethylene glycol 6000 
followed by the analysis already described. Hemoglobin A~c (HBAlc) 
was determined using an in-house chromatographic method (normal 
range, 3.5% to 6.9%). Free T4 was determined by competitive immuno- 
assay (Ciba Coming Diagnostics, Medfield, MA). 

Calculations and Statistical Analysis 

The mean fasting serum glucose, insulin, and C-peptide concentla- 
tions shown in Table 1 were taken as the mean of values obtained on day 
1 ( -  10 and - 1 minutes) and day 2 ( -20 ,  - 10, and - 1 minutes). 

AAIRo~TT/AG is the incremental elevation of insulin above basal 
(area under the curve) standardized for the change in the glucose 
concentration from baseline to 30 minutes of the OGTT. AIR~ is 
calculated as the time-averaged incremental elevation of insulin above 
basal from 0 to 10 minutes after IV glucose. AIR~.aON is the 
time-averaged incremental elevation of insulin above basal over 10 
minutes after the IV glucagon bolus at euglycemia. IRnyperG,GON is the 
time-averaged incremental elevation of insulin after IV glucagon at 
hyperglycemia, above the prevailing insulin level from 0 to 10 minutes. 
The ISR basally and during the OGTT was calculated using the 
deconvolution method of Polonsky et a129 based on peripheral C-peptide 
values. This method uses the standard kinetic parameters for C-peptide 
clearance adjusted for age, sex, height, and weight as implemented by 
the ISEC (Insulin Secretion) computer program of Hovorka and Jones.26 
AISR0_30 is the incremental sum of the ISR above basal (area under the 
curve) over the first 30 minutes of the OGTT, given as picomoles per 
kilogram per minute. Insulin sensitivity (SI) was calculated from the 

average GINF at steady state per unit change of insulin, normalized for 
the glucose concentration at steady state.a 

The data are presented as the mean +_ SEM. Differences within 
matched groups were determined using the Wilcoxon matehed-pairs 
signed-rank test and between groups using the Mann-Whitney U test. 
Correlations were performed using Spearman rank correlation analysis. 
A P level of .05 or less was considered significant. Statistical analyses 
were performed with the Minitab program (Minitab, State College, PA). 

RESULTS 

GHD Group Versus Controls 

Baseline body composition and biochemistry. Despi te  

matching the control and GHD groups for weight  and BMI,  the 
total-body F F M  was lower  in GHD subjects versus control  
subjects and total FM and abdominal  FM were higher in the 

GHD group, al though this did not  reach statistical significance. 
The mean IGF-1 level was similar in both groups despite the 
proven GH deficiency by the ITT, with eight o f  10 subjects 
having a GH level less than 5 m U -  L -1 and one subject less 

than 7 m U .  L -1 in the GHD group. Interestingly, al though 
fasting glucose (P < .003) and HbAlc (P < .002) were within 
the normal  range, they were significantly lower than the control  
group values. The 2-hour glucose levels were similar. GHD 
subjects had higher  TC than control  subjects (P < .02), but TG 
and HDL-C were similar in the two groups. The TC/HDL-C 

ratio was higher  in GHD subjects but did not reach statistical 
significance (Table 1). 

Insulin secretion--OGT-£ FI and fasting C-peptide levels 
were similar in the GHD and control groups. Fol lowing the oral 
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Table 1. Body Composition and Biochemical Profile of GHB Subjects and Matched Control Subjects (mean -+ SEM) 

GHD Subjects Control Subjects 

Parameter Baseline (n = 10) 6 Month rhGH (n = 10) 24 Month rhGH (n = 7) (n = 10) 

Age (yr) 40,i _+ 2.9 43.0 ± 3.4 40.7 _+ 3.1 

Sex (male/female) 7/3 5/2 7/3 

Weight (kg) 79.3 _+ 4.8 80.6 _+ 4.6 74 _+ 5.5 78.5 _+ 5.1 

WHR 0.89 +_ 0.03 0.88 _+ 0.02 0.87 _+ 0.03 0.87 _+ 0.02 

BMI (kg/m -2) 27.5 ± 1.3 28.1 _+ 1.3 26.0 _+ 1.2 26.7 _+ 1.2 

FFM (kg) 50.5 +_ 3.9 54.3 _+ 3.8t 59.0 _+ 6.8¶ 53.8 _+ 3.2 

FM (kg) 26.9 _+ 2.6 24.5 ± 3.1t 21.1 _+ 1.5¶ 25.0 + 2.8 

FM % 35.0 ± 2.6 31.0 _+ 3.0t 29.4 _+ 2.5¶ 31.4 +_ 2.1 

Abdominal  FM % 42.6 _+ 2.3 35.9 _+ 3.0~ 33.5 _+ 2.2¶ 36.3 ± 2.4 

IGF-1 (U.  mL -1) 0.5 -+ 0.1 1.4 -+ 0.2~: 1.20 ± 0.19¶ 0.6 +- 0.1# 

FreeT4 (pmol .  L 1) 16 _+ 3 13 _+ 2 16.1 + 1.6 13 _+ 0.4# 

Cholesterol (mmol • L 1) 5.9 _+ 0.3 5.2 + 0.2~: 5.3 _+ 0.3 5.0 -- 0.2§ 

TG (mmol • L 1) 1.8 _+ 0.3 1.4 + 0.2* 1.5 _+ 0.2 1.6 -- 0.3 

H D L ( m m o l .  L -1) 1.15 ± 0.07 1.19 _+ 0.05 1.17 _+ 0.10 1.11 _+ 0,10 

TC/HDL ratio 5.34 -+ 0.48 4.45 -+ 0.25t 4,65 -+ 0.33 4.85 -- 0.57 

HbAlc (%) 4.5 -+ 0.1 4.9 -+ 0.2 5.55 -+ 0.19¶ 5.2 -+ 0.11] 

Fasting glucose (mmo l .  L -1) 4.5 -+ 0.1 5.1 -+ 0.2t 5.2 +- 0.3 5.1 ± 0.1l] 

2-h glucose (mmol  • L 1) 6.6 ± 0.5 7.7 -+ 0.61" 7.4 ± 0.4 6.8 -+ 0.4 

* P <  .1 > .05 ,  t P -  < . 0 5 , t P - < . 0 1 , 0  v6  month rhGH. 

§P-< .02, lIP-< .003, 0 month vcontro l .  

¶ P <  .05, 0 v24 month rhGH. 

# P <  .05, control v24 month rhGH. 

glucose load, GHD subjects had a lower glucose response than 
the control group over the initial 60 minutes, but after 90 
minutes the glucose profiles were similar. The insulin and 
C-peptide profiles were flatter in GHD subjects, although over 
the final 90 minutes the responses were similar in the GHD and 
control groups. The mean peak insulin concentration during the 
OGTT in the control and GHD subjects was observed by 30 to 
40 minutes and appeared lower in GHD subjects (not signifi- 
cant), but was prolonged in GHD subjects. In the control group, 
the mean peak C-peptide was observed at 60 minutes and 
appeared higher (not significant), but was delayed to 90 minutes 
in GHD subjects. When the ISR was calculated, the fasting ISR 
tended to be lower in GHD subjects, as did the post-oral 
glucose ISR profile over the initial 90 minutes of the OGTT (Fig 
2 and Table 2). 

Acute insulin responses. The acute insulin response to oral 
glucose expressed either as AAIRo~rr/AG or as AISR0_30 was 
similar in both groups. The acute insulin responses to IV 
glucose (AIRG) and to glucagon at euglycemia (AIRG.ooN) and 
hyperglycemia (IRHyperG.GON) were also similar for the GHD 
subjects at baseline and the control group (Table 2). 

Effects of rhGH Therapy 

Body composition and biochemistry. A nonsignificant in- 
crease in weight was observed at 6 and 24 months of rhGH 
therapy, with no significant change in the BMI. Total FM, FM%, 
and abdominal FM were significantly decreased and FFM was 
significantly increased by rhGH therapy. These variables now 
more closely resembled those present in the control group. 
Serum IGF-1 increased almost threefold at 6 months (P < .01), 
and decreased slightly by 24 months with rhGH dose adjust- 
ment. Fasting glucose increased significantly (P < .01) at 6 
months and thereafter remained stable and similar to the control 

group values. HbAlc also increased slightly at 6 months and 
somewhat further at 24 months, but remained similar to the 
control values. TC decreased at 6 months (P < .05) and 24 
months, whereas TG and HDL-C were unchanged over 24 
months. There was a transient decrease in the TC/HDL-C ratio 
at 6 months, which then stabilized, similar to the value in 
control subjects (Table 1). 

Insulin secretion--OGTZ. Fasting insulin and C-peptide 
and the ISR increased significantly at 6 months in rhGH-treated 
GHD subjects but not at 24 months, although the 24-month 
levels were still elevated by approximately 35% compared with 
the baseline. Following the oral glucose load, there was a small 
significant delay in the glucose profile in GH-treated subjects at 
6 months (Fig 2A), which was less evident by 24 months. The 
early insulin profiles also increased post-rhGH therapy, and 
these profiles (ie, 0 to 30 minutes) now more closely resembled 
the control values. Thereafter, the profiles were somewhat 
greater versus pre-rhGH but flatter than those of the control 
group. The C-peptide post-glucose load response profile was 
greatest at 6 months, particularly after 90 minutes, but de- 
creased by 24 months, being closer to the C-peptide profile 
pre-rhGH. The ISR profile after rhGH therapy mirrored that 
found for C-peptide, with the greatest increases observed at 6 
months. At no time did insulin, C-peptide, or ISR profiles 
exceed those obtained in the control subjects, apart from a trend 
for somewhat higher levels at 180 minutes (Table 2 and Fig 2). 

Acute insulin responses. Early-phase insulin release follow- 
ing the oral glucose load (AAIRoGTT/AG) and AISR0.30 in- 
creased in the 6-month and 24-month treated groups. The acute 
insulin responses after IV glucose (AIRG) and IV glucagon 
(AIRG.oON and IRHyperG.GON) were also somewhat higher follow- 
ing rhGH therapy at 6 months, but decreased at 24 months, apart 
from AIRo.GON, which remained elevated at 24 months. All 
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Fig 2. OGTT plasma glucose (A), insulin (B), and C-peptide (C) concentrations and ISR (D) measured over 180 minutes post-oral glucose load. 
Data are the mean values for all groups: ([5]) GHD at baseline, (~]) GHD at 6 months, (11) GHD at 24 months, and (©) control group. For the sake of 
clarity, SEMs are not shown. 

secretory parameters in the rhGH-treated groups did not differ 
significantly from the values in the control group (Table 2). 

Relationships between insulin sensitivity and insulin secre- 
tion. In the control group, SI was strongly related to adiposity 
expressed as weight, FM, and abdominal FM (r = - . 7 8 ,  

r = - .71 ,  r = - .90 ,  P < .01, respectively). In contrast, SI was 
not related to the absolute degree of obesity in GHD subjects 
before and after rhGH replacement. Age was a factor for S[ only 
in GHD subjects before therapy (r = - .75 ,  P-< .05). Post-  
rhGH therapy IGF-1 levels at 6 and 24 months negatively 

Table 2. Basal and Acute Insulin Secretory Responses and SI at O, 6, and 24 Months of rhGH in GHD and Matched 
Control Subjects (mean -+ SEM) 

GHD Subjects 

Baseline 6 Month rhGH 24 Month rhGH Control Subjects 
Parameter (n - 10) (n - 10) (n = 7) (n = 10) 

FI ( m U .  L -1) 12.7 -+ 1.9 20.4 + 4.1:~ 12,5 -- 1.6 14,0 _+ 2.2 

Fasting C-peptide (pmol  • L -1) 540 -+ 60 840 + 110t  625 -- 115 620 _+ 080 

Basal ISR 1.49 -+ 0.12 2.42 -+ 0.24t 1.85 -- 0.40 1.80 _+ 0,16 

z%AIRoGTT/AG 318.4 _+ 67.7 407.3 --+ 58.5* 382 _+ 86 353.9 + 71.2 

~&lSRo_3o 12.1 _+ 1•4 13.4 _+ 1.7 11•2 _+ 2.3 13.8 _+ 1.8 

AIRG 58.1 + 22.8 62.5 _+ 15.7 27.6 _+ 3.9 59.0 + 12.3 

AIRc,GO N 48,4 -+ 9.3 98.3 + 28.9t  65.5 -+ 11.6 56.7 -+ 8.0 

IRHyper.G.GO N 197,3 _+ 59.6 227.9 -+ 43.3 170.1 -+ 25,9 194.4 -- 31.3 

SI 12•5 _+ 1•8 7.8 -+ 1.1f 10.2 _+ 2.4 12.0 _+ 2,7 

NOTE• z~AIRoG~/Z%G in mU . m m o l  1, AISRo3o in pmol  
FFM 1 ] × 1 0 5 .  

* P < . 0 1  > .05, t P -  < .05,:~P-< .01,0 v 6  month  rhGH. 

• kg -1 • min -1, AIRG, AIRG.GON, and IRHyper, G.GO N in m U .  L -1, SI in [L.  min -1 per m U .  L -1 • kg 
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influenced SI (r = - . 7 9  and - .83 ,  P < .05, respectively), as 
did the incremental increase in IGF-1 following therapy 
(r = - . 7 6  and - .85 ,  P < .05, respectively) (Fig 3). 

Early-phase insulin release (AAIRoarr/AG and AIRG) was 
related to adiposity (weight, total FM, and/or abdominal FM, 
r = .67, P < .05) and SI (r = - .65 ,  P < .05) in control sub- 
jects. However, in GHD subjects pretreatment, AAIRo~rr/AG 
was related to weight and total FM (r = .60, P < .05 for both), 
and for AIRG, weight (r = .61, P < .05) mad SI (r = - .64 ,  
P < .05). Only IGF-1 levels, whether expressed as absolute or 
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Fig 3. Relationships between SI versus FI (A), ~AIRoGTT/AG (B}, 
and AIRG (C) before ([]) and after 6 months ([~) and 24 months (n) of 
rhGH treatment in GHD adults. Curved lines represent the mean for 
the relationship between insulin secretory parameters and insulin 
sensitivity for the control group. 

incremental changes following rhGH therapy, did not influence 
early-phase insulin secretion, but age influenced AIRo in 
6-month rhGH-treated subjects (r = - . 6 1 ,  P < .05). There 
were no relationships between early-phase insulin release and 
any of these variables by 24 months. 

SI in GHD subjects was similar to that in the matched control 
subjects. Following the 6-month rhGH therapy, SI was signifi- 
cantly reduced, but it increased slightly by 24 months, although 
remaining about 35% below the level in the matched control 
subjects (Table 2). There were the expected curvilinear relation- 
ships between H (r = - .90 ,  P < .01), AAIRoGrr/AG (r = - .75,  
P < .01), and AIRc (r = - .55 ,  P < .05) and SI for the control 
group. In contrast, at month 0 in GHD subjects, the relationship 
between insulin secretion and SI was statistically poor, there 
being no relationship between FI or AAIRoGrr/AG versus SI, 
although it was present for AIRc versus SI (r = - .64 ,  P < .05). 
For H before and after 6 months of treatment, the majority of 
points were around the mean curvilinear control line for FI, but 
by 24 months of therapy, there was a downward and flatter trend 
for the FI-SI relationship compared with the control group, 
although H was still related to SI (r = - .75 ,  P < .05). During 
the OGTT, AA1Ro~TT/zXG did not correlate with SI at 6 or 24 
months, and the majority of points were below the mean control 
line at 0 and 6 months but increased somewhat by 24 months 
(Fig 3). For AIRo, there was a clear shift of individual points 
away from and below the mean of the control group at 0, 6, and 
24 months of rhGH treatment, indicating a relatively inadequate 
response to IV glucose with respect to each individual's insulin 
sensitivity. This was most evident by 24 months. 

Effect of 5-day rhGH withdrawal. As expected, there were 
no changes in body weight or body composition, particularly 
FM, or in serum lipids with 5-day withdrawal. IGF-1 decreased 
significantly but was still in the normal range for adults. FI, 
C-peptide, and the basal ISR decreased significantly in six of 
seven subjects following rhGH withdrawal, with a smaller 
decrease (--20%) in acute insulin secretion (AIRo and [RHyperG- 
.CON), again in six of seven subjects. SI increased significantly 
with acute rhGH withdrawal, whether expressed as the GINF or 
the SI index (Table 3). 

D I S C U S S I O N  

The present data demonstrate that in GHD subjects prior to 
treatment with rhGH, insulin secretion, whether expressed in 
absolute terms as FI or the acute response to oral and IV glucose 
or glucagon at euglycemia and hyperglycemia, was similar to 
that in matched control subjects. However, there was a subtle 
delay and prolongation of insulin and C-peptide secretion 
during the OGTT in the normal glucose-tolerant GHD group 
before rhGH therapy. Following exposure to rhGH for 6 
months, glucose tolerance deteriorated and an apparent enhance- 
ment of basal insulin and insulin secretion during the OGTT 
occurred in association with the further significant worsening of 
insulin resistance. 15 Early-phase insulin release following IV 
glucose and glucagon also increased, although these latter 
increases were not significant. At 24 months, glucose tolerance 
improved slightly with no change in insulin secretion. However, 
in contrast to the control subjects, the expected relationships 
between the acute insulin secretion parameters and insulin 
sensitivity were poor or statistically nonsignificant both before 
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Table 3, Effects of Stopping rhGH for 5 Days in rhGH-Treated GHD 
Adults on Body Composition, Insulin Secretion, and SI 

(mean +- SEM) 

24 Month rhGH 5 Day Cessation 
Parameter (n - 7) (n = 7) 

Weight (kg) 74.0 _+ 5.5 73.9 +_ 5.5 

BMI (kg - m 2) 25.96 +_ 1.22 25.68 _+ 1 

FM (kg) 20.05 _+ 2.26 20.73 +- 2.12 

FM % 26.98 _+ 2.16 27.00 -- 2.28 

IGF-1 (U .  L 1) 1.20 _+ 0.19 0.72 ± 0.10§ 

Cholesterol (mmo l  • L -1) 5.30 _+ 0,30 5.35 ± 0.22 

TG (mmo l  • L 1) 1.5 _+ 0.2 1.2 _+ 0.3 

H D L - C ( m m o l .  L -~) 1.17 _+ 0.10 1.20 +_ 0.11 

Fasting glucose ( m m o l .  L 1) 5.2 ± 0.3 5.0 -+ 0.2 

FI (mU • L -1) 12.54 ± 1.53 8.09 -+ 1.15§ 

Fasting C-peptide (pmo l .  L -~) 625 ± 115 442 -+ 885 

AIRG (mU • L -1) 27.56 _+ 3.94 21.23 _+ 5.12 

IRHvperG.GON (mU • L -1) 170.1 ± 25.9 141.4 _+ 21.5 

GINF* 34.23 ± 3.85 47.44 _+ 4.23§ 

S i t  10.21 ± 2.43 12.45 _+ 2,39 

* l Jmo l .  min -1 • kg FFM 1. 

tSI  units as in Table 2. 

S P <  .1 > .05, §P<- .05, 24 month  rhGH v5  day cessation. 

and after rhGH treatment in the GHD groups, with a downward 
shift in the insulin secretory parameters versus SI curves, 
particularly for AIRc by 24 months (Fig 3). However, despite 
the favorable changes in body composition (FFM and FM) and 
in serum lipids induced by 6 and 24 months of rhGH therapy, I5 
SI was the main determinant of AIRs before treatment with 
rhGH, whereas after rhGH therapy, there were no relationships 
between early-phase insulin release and SI and/or obesity. 
These data support the notion that the altered in vivo metabolic 
environment induced by rhGH therapy (ie, changes in body 
composition and SI) impacts [~-cell function. Finally, following 
acute withdrawal of rhGH therapy, insulin sensitivity improved 
and insulin secretion decreased, while body composition was 
maintained. 

To date, there have been only a few studies detailing [3-cell 
function in GHD subjects before and after rhGH therapy. These 
studies used oral 7,a or IV 2,4 glucose but either did not determine 
concurrent insulin sensitivity for each individual 7,8 or failed to 
include matched control subjects. 2,4 Given the presence of 
severe insulin resistance and significant dyslipidemia 2,6,3° in 
GHD subjects and their relationship to the metabolic insulin 
resistance syndrome, 2,6,7 an accurate assessment of [3-cell 
function and hyperinsulinemia in such subjects is important, 
particularly in view of the higher prevalence of atheromatous 
disease and premature atherosclerosis in young GHD subjects. 31 
Thus, Beshyah et al,7 in a large series of GHD subjects, reported 
normal insulin levels post-oral glucose but significant glucose 
intolerance in 40% of the subjects, particularly women, com- 
pared with an age-, sex-, and BMI-matched control group. In a 
subsequent report, these investigators demonstrated that follow- 
ing 6 to 18 months of rhGH therapy, their GHD subjects 
developed significant hyperinsulinemia during an OGTT but 
with a minor deterioration in overall glucose tolerance. 8 Similar 
post-glucose hyperinsulinemia was noted in 3- to 6-month 
rhGH-treated GHD subjects when IV glucose was used, 2,4 with 
the 25% to 40% glucose-induced increase in insulin being just 

significant. Only minor or no changes in glucose tolerance 
occurred. 2,4 In contrast, in the present study in which GHD 
subjects were a decade younger than Beshyah's patients (--40 
years), 7,8 glucose tolerance was normal in all GHD subjects 
both before and after GH therapy, as were the absolute acute 
insulin responses to oral and IV glucose and IV glucagon. In 
fact, pre-rhGH treatment, fasting glucose and HbAlc were 
significantly lower than in the matched controls. Taken together, 
the present data and previous data from OGTT, IV glucose, and 
IV ghicagon studies indicate that [3-cell function is probably 
adequate in pre- and post-rhGH-treated GHD subjects to 
ensure normal glucose tolerance in younger (-< fourth decade) 
patients, despite the presence of insulin resistance and the 
disturbed relationship to insulin sensitivity but perhaps reflect- 
ing the improvement in body composition following rhGH 
treatment. 

The importance of the fasting insulin data as a test of [3-cell 
function is more controversial 32,33 since it may better reflect the 
subjects' insulin sensitivity status. 32 Fasting insulin in the 
pretreated GHD subjects was similar to that in the matched 
controls in the present study and previous studies, 2,3,6,7 and in 
fact was reported as reduced in GHD subjects when using a 
highly specific insulin immunoassay that distinguishes between 
true insulin, proinsulin, and proinsulin split products. 34 How- 
ever, C-peptide levels were not measured in that study, and 
when C-peptide was measured, the levels have been similar to 
matched controls. 2,6 Following 3- to 6-month rhGH treatment, 
fasting basal insulin, C-peptide, and the ISR were initially 
increased, as noted here and in other studies, 2,4,8,15,34 which 
could be interpreted as indicating "normal" [3-cell function, ie, 
an appropriate response to the documented diminished insulin 
sensitivity. 4,15 However, by 24 months, there was a downward 
and leftward shift of FI versus SI, consistent with an abnormal- 
ity of basal [3-cell function (Fig 3). Beshyah et a134 showed that 
fasting pre- and post-rhGH therapy proinsulin and proinsulin 
split products comprised a greater proportion of net plasma 
insulin immunoreactivity ( -  11% and -- 18.5%, respectively) 
than observed in the matched controls (--7.2%) using their 
specific insulin assay, which confirmed the findings of Weaver 
et al.4 They argued that this signaled disordered [3-cell func- 
tion. 34 However, the relative proportion of proinsulin and 
proinsulin split products probably does not reflect a defect in 
[3-cell function, given the considerable differences in the 
half-life of the circulating peptidesY What is important is that 
there is an apparent attenuation of basal and stimulated [3-cell 
function in long-term rhGH-treated subjects. 

Although in the present study SI in GHD subjects was not 
statistically different from our matched controls, SI was in the 
lower tertile compared with a normal population, 1,36,37 and this 
decreased significantly with rhGH therapy. 4,15 However, SI in 
the GHD subjects was identical to that reported in our prior 
GHD study (when expressed in the same units) in which 
similarly aged but leaner (BMI, 24.6 + 1.1 kg/m 2) subjects 
were investigated. 6 Thus, it seems that the effect of obesity 
(27.5 + 1.3 kg/m 2, present study) on SI is evident only in the 
healthy control subjects, not in GHD subjects. This confirms our 
original observation that the degree of obesity is only a minor 
factor in the pathogenesis of the insulin resistance of GHD. 6 
Given the effect of obesity on SI in the control subjects, the 
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predicted inverse relationships between the various parameters 
of insulin secretion (FI, AIRo, and AAIRoarr/AG) and S136,37 
were present for the control group. These relationships either 
were not present or were poor in GHD subjects both before and 
particularly after rhGH therapy. The reason is not evident from 
the current study, but may be due to differences in insulin 
clearance (although insulin clearance is normal in rhGH-treated 
subjects 2,15) or direct effects of rhGH on B-cell function, a8,2° 

GH has been reported to have acute positive trophic effects 
on in vivo and in vitro B-cell function, including specific 
receptor binding of GH to the [3 cell, increased insulin 
biosynthesis and secretion, and enhanced [3-cell DNA synthesis 
and [3-cell growth, particularly for neonatal [3 cells, a8 This has 
led to the postulate that GH is essential for normal growth and 
maturation of neonatal [3 cells, a8 This trophic effect includes 
increased insulin and proinsulin production following short- 
term (--1 week) exposure to GH in normal dogs, 2° with 
processing of proinsulin to insulin probably being normal, a8 In 
contrast, chronic exposure ( - 1  month) of dogs to GH reduces 
insulin secretion despite the coexisting reduction of insulin 
sensitivity. 2° A similar situation occurs in acromegalic patients, 
who, early in the natural history of the disease, display 
enhanced basal and glucose-stimulated insulin secretion but 
later develop progressive [3-cell failure. 21 These data are 
consistent with the present observation of attenuation of [3-cell 
function over time in rhGH-treated subjects. An alternate 
explanation for the attenuation of insulin secretion could be that 
the chronic GH-induced increase in IGF-1 permanently influ- 
ences [3-cell function in an adverse manner, 18 although acute 
increases in IGF-1 are known to decrease insulin secretion in a 
reversible manner. 3s Interestingly, the [3-cell responses ob- 
served here to chronic GH exposure are similar to the responses 
noted for the [3 cell following chronic exposure to excessive 
FFA and/or increased intracellular long-chain FFA, 39 ie, en- 
hanced basal insulin levels accompanied by a blunted acute 
response of the 13 cell to various secretagogues. 39 Thus, it may 
be postulated that before treatment, the [3 cell is exposed to 
enhanced FFA flux from the excessive central fat deposits in the 
presence of low GH and low IGF-1 levels. In contrast, after 
treatment with GH, the enhanced availability of FFA on the [3 
cells occurs with the increase in GH-induced lipolysis. These 
differences in the in vivo metabolic environment of the [3 cell 
may account for the apparent detrimental effect of long-term 
excessive GH exposure on [3-cell function 2°,2a and the loss of 
the expected relationship between [3-cell function and insulin 
sensitivity.a,36 Moreover, the importance of FFA metabolism to 
the ongoing insulin resistance observed in rhGH-treated GHD 
adults has been recently stressed, as and may suggest a common 

FFA mechanism for changes in insulin secretion and insulin 
action in rhGH-treated subjects. 

As previously discussed for untreated and rhGH-treated 
subjects, other replacement hormones such as T4, cortisol, and 
sex steroids may have influenced the degree of insulin resis- 
tance in these subjects, although the influence of these hor- 
mones is probably minor. 2,6,15 Whether these hormones directly 
influence B-cell function separate from the indirect effect of the 
rhGH-induced change in insulin sensitivity is uncertain. The 
cortisone replacement doses used are unlikely to directly affect 
[3-cell function. 4°,41 In established thyrotoxic patients, first- and 
second-phase insulin release are increased, but not to greater 
degree than expected for the accompanying insulin resistance. 42 
It is also unlikely that replacement doses of sex steroids directly 
impact B-cell function or insulin action in these GHD adults 43,44 

Following 5 days of rhGH withdrawal, there was a clear 
improvement in insulin sensitivity (expressed as FI, SI, or 
GINF) and a decrease in insulin secretion (expressed as fasting 
C-peptide, AIRG, or AIRHyperG.GON). Since body composition, 
particularly FM, and serum lipids did not change, these 
responses most likely represent a release from the tonic effects 
of rhGH and/or "elevated" IGF-1, the latter now being in the 
mid- to high-normal range for adults. Three other studies have 
found similar results but used pharmacologic short-term doses 
of  rhGH. 45"47 The present study is the first to demonstrate that 
even after 2 years of "replacement" GH therapy, the acute 
metabolic impact of daily rhGH administration adversely 
affects insulin action and promotes tonic basal hyperinsulin- 
emia in GHD-treated adults. These data also imply that the 
currently used doses of rhGH may be too high. 15,48 

In conclusion, the present data demonstrate that chronic 
rhGH therapy enhances fasting and glucose-induced insulin 
secretion in GHD subjects over the short-term but with probable 
attenuation of [3-cell function in time. These changes occur 
despite the favorable effects on body composition and serum 
lipid status. Whether these changes induced by GH therapy in 
glucose and insulin secretion will lead to some "exhaustion" of 
the [3 cell following long-term exposure to rhGH is unclear. 
Also, determining whether these results arise from the dose or 
manner in which rhGH is currently administered deserves 
further study, as does determining whether the changes in the 
insulin sensitivity-[3-cell relationship are directly attributable to 
the rhGH therapy and/or the ongoing insulin-resistant state. 
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