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Abstract
Aims/hypothesis Growth hormone-deficient patients show
deterioration of insulin sensitivity and beta cell function.
High-dose growth hormone treatment often induces further
impairment of insulin sensitivity, leading to an increase in
insulin and glucose levels or even, in cases of preexisting
beta cell defect, to overt diabetes. However, low-dose
treatment may improve insulin sensitivity, although data in
humans with detailed metabolic phenotyping are as yet not

available. We postulated that long-term low-dose growth
hormone replacement, restoring IGF-1 to the low–normal
range, might beneficially affect glucose metabolism.
Methods We studied prospectively the metabolic responses
to 24 and 48 weeks of growth hormone treatment in a small
group of six adults with severe growth hormone deficiency
(four men, two women; age 40–59 years; BMI 30.2±1
kg/m2; mean growth hormone dose 0.3±0.04 mg/day).
All participants underwent an oral glucose tolerance test,
euglycaemic–hyperinsulinaemic clamp and hyperglycae-
mic–hyperinsulinaemic clamp plus i.v. L-arginine on three
occasions. Insulin sensitivity was measured by calculating
the M value during the steady state of the euglycaemic–
hyperinsulinaemic clamp. Insulin secretion and clearance
were estimated from AUCC-peptide, AUCinsulin and their ratio
at each phase of the hyperglycaemic–hyperinsulinaemic
clamp.
Results Growth hormone significantly improved insulin
sensitivity (M value 13.8±2.6 [baseline] vs 19.6±2.6
[24 weeks] and 23.7±1.9 [48 weeks] µmol kg−1 min−1; p<
0.01). Although the insulin response to glucose and arginine
decreased slightly, the disposition index, integrating insulin
sensitivity and secretion, significantly increased (p<0.01),
indicating an improvement in whole-body glucose metab-
olism. Insulin clearance was not affected during treatment
(p>0.05).
Conclusions/interpretation Our data indicate that long-term
low-dose growth hormone treatment may improve insulin
sensitivity and whole-body glucose metabolism in adults
with severe growth hormone-deficiency.
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Introduction

Similarities between untreated adult growth hormone defi-
ciency syndrome and the metabolic syndrome, including
central obesity and insulin resistance [1], are proposed to play
a major contributing role to the excess rate of cardiovascular
morbidity and mortality in these patients [2, 3].

In adult patients with growth hormone deficiency,
treatment with recombinant human growth hormone results
in a reduction of visceral fat mass and an increase in lean
body mass [4]. However, short- and long-term effects of
growth hormone replacement on glucose metabolism are
less consistent and have been proved to be dose-dependent.
Regardless of dose, the insulin antagonistic effect of growth
hormone during the initial phase of growth hormone
treatment often induces an insulin-resistant state leading to
increased insulin secretion or even, in cases with a preexisting
beta cell defect, to overt diabetes [5–8]. Long-term studies,
however, have reported discrepant findings. Thus long-term
standard-dose growth hormone replacement (i.e. growth
hormone doses titrated to normalise serum IGF-1 levels
according to sex and age) led to persistent impairment of
[7, 9] or no change in insulin sensitivity [10, 11]. However,
investigators using long-term low-dose growth hormone
treatment reported gradual but persistent improvement in
glucose metabolism in some [12, 13], but not all studies [14].

Growth hormone has been shown to stimulate pancreatic
beta cell proliferation directly or via IGF-1 [15], which is
considered to play an essential role in enhancing beta cell
function [15–18] and in protecting beta cells from apoptosis
[19] independently of growth hormone and most probably
via the IGF-1 receptor on the beta cell.

However, existing studies are limited in that they used
fasting insulin and glucose-based indices only, rather than
the so called ‘gold standard’ methods, to estimate insulin
sensitivity and secretion [4, 6]. Thus, results from these
studies do not necessarily reflect the precise phenotype,
which may, therefore, account for the somewhat discrepant
findings on changes in beta cell function in treated growth
hormone-deficient adults [4, 6]. Accurate estimation of beta

cell function requires the consideration of insulin sensitivity,
due to the well-known inverse relation between insulin
sensitivity and insulin secretion along a hyperbolic curve
[20]. Moreover, growth hormone has been postulated to
decrease the insulin clearance [21, 22]. Hence, a compre-
hensive analysis of whole-body glucose metabolism should
include a detailed and dynamic analysis of insulin secretion,
insulin sensitivity and insulin clearance. Finally, these
variables need to be integrated within one analytic model,
such as the disposition index.

Using highly standardised techniques, we therefore
performed detailed investigations of insulin sensitivity and
beta cell function after 24 and 48 weeks of low-dose growth
hormone therapy in a small group of adult patients with
severe growth hormone deficiency. Insulin sensitivity was
estimated using euglycaemic–hyperinsulinaemic clamps,
while insulin secretion and hepatic insulin clearance were
determined by changes in insulin and C-peptide levels
during and hyperglycaemic–hyperinsulinaemic clamps with
consecutive i.v. L-arginine stimulation tests. Finally, we
investigated changes in body composition, lipolysis and
cardiovascular risk markers.

Methods

Participants We prospectively investigated six consecutive-
ly recruited patients with severe growth hormone deficiency
and at least one other pituitary hormone deficiency (four
men, two women; age 40–59 years; BMI 30.2±1 kg/m2)
(Table 1). Four of these patients had clinically non-
functioning pituitary macroadenomas that were removed
via transsphenoidal surgery; the other two had traumatic
brain injury. All patients were on stable replacement therapy
with thyroid hormone, hydrocortisone, gonadal steroids or
desmopressin as appropriate. None of the patients had been
on growth hormone replacement therapy before the study
was started. Severe growth hormone deficiency was diag-
nosed by an inadequate growth hormone stimulation in three
tests (peak response <3 µg/l during insulin tolerance test,
<3 µg/l during glucagon test and <9 µg/l during growth
hormone-releasing hormone–arginine test).

The major exclusion criteria included: history of diabetes
mellitus, biochemical evidence of impaired hepatic or renal
function, history of cardiovascular disease, uncontrolled
hypertension, any current inflammatory or malignant
disease, and pregnancy.

The study protocol was approved by the Ethical Com-
mittee of Charité University Medicine Berlin and performed
according to the requirements of the Declaration of Helsinki.
Written informed consent was obtained from all participants.

The pre-defined primary endpoint was change of baseline
insulin sensitivity after 24 and 48 weeks of treatment with
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low growth hormone dose in severely growth hormone-
deficient patients. Secondary endpoints included changes in
insulin secretion and insulin clearance vs baseline, as well as
changes in body composition, lipolysis and cardiovascular
risk markers (also vs baseline).

Study procedures All participants attended clinical assess-
ments at baseline, and after 24 and 48 weeks of growth hor-
mone treatment. At each of the three visits, patients underwent
an oral glucose tolerance test, euglycaemic–hyperinsulinaemic
clamp and hyperglycaemic–hyperinsulinaemic clamp with
consecutive i.v. L-arginine stimulation test.

A full medical history was obtained at baseline, followed
by physical examination and recording of height, weight and
both waist and hip circumference for assessment of BMI and
WHR. Body composition was estimated in the supine position
by bioelectric impedance analysis (BIA101-S; RJL-Systems,
Detroit, MI, USA). A 50 kHz, 800 mA current was applied.

Patients were taught to self-administer recombinant human
growth hormone (1 mg is equivalent to 3 IU; Genotropin,
Pfizer Inc., New York, USA) in the abdominal subcutaneous
tissue using a Genotropin pen at 22:00 hours every day. All
patients were assigned to a maximal growth hormone dose of
0.003 mg kg−1 day−1 to avoid growth hormone-induced
lipolysis [23]. Growth hormone dose was down-titrated after
4 weeks to keep serum IGF-1 concentrations below the 50th
percentile for the respective age-related range. From months
1 to 12 the patients were maintained at a mean dose of 0.3±
0.004 mg/day. A study period of 12 months was chosen to
avoid transient changes in insulin resistance [24]. During the
study, patients were asked to maintain their usual diet and
physical activity, and to report if they were started on any
new medications.

To adjust for the influence of gonadal steroids on insulin
sensitivity [25, 26], study procedures were performed with
the same time interval after a given injection of testosterone
in men; in women procedures were performed in the same
phase of gonadal hormone substitution.

Following an overnight fast, OGTTwas performed at each
visit as previously described [27].

Participants were then investigated on separate days
for assessment of whole-body glucose disposal using
euglycaemic–hyperinsulinaemic clamps as detailed previ-
ously [28]. Clamps were performed for at least 2 h using
40 mIU m−2 min−1 human insulin (Actrapid; Novo
Nordisk, Bagsvaard, Denmark) and a variable infusion of
100 g/l glucose (Serag Wiessner, Naila, Germany).
Capillary glucose concentrations were monitored every
5 min and levels were maintained between 4.0 and
4.9 mmol/l. In the steady-state condition of the clamp (last
30 min) plasma glucose was adjusted to 4.4 mmol/l.
Glucose was measured in urine samples obtained at the end
of the clamp to exclude urinary losses. All infusions were
administered into an antecubital vein, while blood samples
for analysis were drawn from an antecubital vein at the
contralateral arm at baseline and during steady state of the
euglycaemic–hyperinsulinaemic clamp. Plasma potassium
concentrations were controlled before and during the
clamp to avoid insulin-induced hypokalaemia. Potassium
substitution was not necessary in this study.

On a third occasion, the patients underwent a hyper-
glycaemic–hyperinsulinaemic clamp with consecutive i.v.
L-arginine stimulation test for assessment of insulin
secretion and clearance [20, 29, 30]. In the morning, after
a 12 h fast, a distal forearm vein was punctured with a
Teflon cannula (Moskito 123, 18 g; Vygon, Aachen,
Germany) in a retrograde fashion for drawing of blood
samples. At the same time, an antecubital vein of the
contralateral arm was cannulated for infusions. Participants
were studied in the supine position with the hand warmed
to 60 to 70°C using a heating pad to obtain arterialised
venous blood. Both ear lobes were made hyperaemic using
Finalgon (4 mg/g nonivamid, 25 mg/g nicoboxil). After
baseline samples had been obtained, an intravenous bolus
of 200 g/l glucose was given over 2 min to instantaneously
raise capillary blood glucose to 8.9 mmol/l (glucose bolus
calculated as body weight in kg × 0.3 g glucose). Capillary
blood glucose concentrations (from a hyperaemic ear lobe)
were determined at bedside every 5 min. Subsequently, the
glucose infusion was adjusted to maintain capillary blood

Table 1 Primary diagnosis, primary therapy and hormone replacement therapy in the study population of six patients

Age (years) Sex Weight (kg) Waist (cm) Diagnosis Primary therapy HC T4 Sex steroids dDAVP

59.0 M 91 96 NFPA TSS + + + −
53.0 M 88.5 95 TBI TSS + − − −
55.0 F 82 102 NFPA − + + − −
55.0 M 124 124 NFPA TSS − − + −
40.0 M 113 121 TBI − − + + +

45.0 F 78 95 NFPA TSS − + + −

dDAVP, desmopressin; F, female; HC, hydrocortisone; M, male; NFPA, clinically non-functioning pituitary adenoma; T4, thyroid hormone; TBI,
traumatic brain injury; TSS, transphenoidal surgery
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glucose at 8.9 mmol/l (to avoid urinary excretion of glucose)
for 2 h. At 90 min, a 5 g bolus (12% of infusion dose) of
arginine (L-arginine hydrochloride 4.214 g in 20 ml water;
Braun, Melsungen, Germany) and a continuous infusion
(10 mg [kg body weight]−1 min−1) of arginine were
given for the next 30 min. Blood samples for insulin and
C-peptide measurement were taken at −10, −5, 0, 2, 3, 4, 5,
7.5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 92.5, 95,
97.5, 100, 105, 110, 115 and 120 min. Plasma and serum
were kept frozen until assayed.

Hormone assays Capillary blood glucose and serum insulin
concentrations were measured as described previously [27].

Serum C-peptide levels were measured by ELISA
(Mercodia, Uppsala, Sweden), with negligible cross-
reaction with insulin (<0.001%) and proinsulin (<1.8%).
Intra- and interassay coefficients of variation were 5%. The
sensitivity limit was 15 pmol/l.

Serum cholesterol, triacylglycerol, HDL-cholesterol,
LDL-cholesterol and C-reactive protein were measured by
standard procedures.

Nonesterified fatty acids were quantified in serum using
a commercially available assay (NEFA C; Wako, Neuss,
Germany) performed on Cobas Mira (Roche, Basel,
Switzerland). The intra- and interassay coefficients of
variation were <5% and 4.7% respectively.

Serum IGF-1 was measured as described previously
[27]. Normal IGF-1 range was 109 to 284 μg/l, 101 to
267 μg/l, 87 to 238 μg/l and 81 to 225 μg/l in 36- to 40-,
41- to 45-, 51- to 55- and 56- to 60-year-old participants
respectively [31].

Calculations Fasting measurements of glucose, insulin and
C-peptide were calculated as the mean of the 0, −5 and
−10 min values.

Insulin sensitivity was measured by calculating the
M value during the steady state of the euglycaemic–
hyperinsulinaemic clamp using the glucose infusion rate
during steady state (µmol/min) divided by body weight
(kg) [30].

The hyperglycaemic–hyperinsulinaemic clamp was divided
into the following phases: basal phase (−10, −5 and 0 min),
first-phase response to glucose (0–10 min), second-phase
response to glucose (30–60 min) and acute response to
arginine phase (90–100 min). Insulin secretion and clearance
were assessed by calculating [30] the following: (1) first-
phase insulin response to glucose and first-phase C-peptide
response to glucose: average of measured insulin or C-peptide
concentrations during first phase; (2) second-phase insulin
response to glucose and second-phase C-peptide response
to glucose: average of measured insulin or C-peptide con-
centrations during second phase; (3) acute insulin response
to arginine and acute C-peptide response to arginine:

maximal insulin or C-peptide concentrations during acute
response to arginine phase after subtracting baseline (90 min)
concentration; (4) insulin-AUCtime and C-peptide-AUCtime:
incremental area under the insulin or C-peptide curve that
was measured using the trapezoidal rule during each clamp
phase; (5) insulin secretion rate (ISR)-AUCtime: incremental
area under the curve of the pre-hepatic ISR that was
calculated using a two-compartment model of C-peptide
kinetics (deconvolution method) [32, 33] during each clamp
phase; (6) insulin metabolic clearance rate (MCRinsulin): ratio
of ISR-AUC:insulin-AUC during the basal phase [33]; (7)
insulin clearance index (ICI) over time: calculated from the
ratio of C-peptide-AUCtime:insulin-AUCtime during each
clamp phase [32, 34]; and (8) disposition index: calculated
as index that integrates insulin sensitivity and secretion [20,
34] by multiplying the M value and C-peptide-AUCtime

during each clamp phase.

Statistical analyses Statistical analyses were performed
using SPSS version 16 (SPSS, Chicago, IL, USA). All data
are expressed as means ± SEM, unless stated otherwise. We
used ANOVA for repeated measures to analyse the effect of
24 and 48 weeks of growth hormone treatment on variables
for anthropometry, body composition, insulin sensitivity,
insulin secretion, insulin clearance, cardiovascular risk factors
and other biochemical variables. Skewed data were log-
transformed to obtain normal distribution. The Shapiro–Wilk
test was used to test for normal distribution. When ANOVA
was significant, serial changes were compared with baseline
using Student’s t test for paired analysis in case of normally
distributed data. For skewed data, the non-parametric
Wilcoxon test was used. All significances are two-sided and
values of p<0.05 were regarded as statistically significant.
Associations between variables were assessed by calculating
Spearman correlation coefficients for skewed data and
Pearson correlation coefficients for normally distributed data.

Results

Baseline characteristics and anthropometric changes of
study participants Baseline characteristics of the study
participants are shown in Table 1. At baseline, all patients
had a subnormal serum IGF-1 concentration, which
increased significantly during growth hormone treatment
(Table 2). At the end of the study, serum IGF-1 levels were
below the 50th percentile for the respective age-related
range [31]. According to the new International Diabetes
Federation criteria for metabolic syndrome [35], all patients
had an increased waist circumference. No significant
changes in BMI, body composition, waist circumference
and WHR measurements were observed following 24 weeks
or 48 weeks of growth hormone treatment (Table 2).
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Changes in insulin sensitivity Growth hormone successively
and dramatically improved insulin sensitivity after 24 and
48 weeks of treatment (M value baseline 13.8±2.6 vs 19.6±
2.6 and 23.7±1.9 µmol kg−1 min−1 at 24 and 48 weeks,
respectively; p<0.01) (Fig. 1).

Insulin concentrations during steady state were compa-
rable between the baseline clamps (509.9±53.1 pmol/l) and
the follow-up clamps at 24 (525.98±34.2, p=0.75) and 48
(560.1±61.9, p=0.17) weeks of growth hormone treatment.

Relative changes in IGF-1 concentrations were positively
correlated with relative changes in insulin sensitivity

measurements (M values) obtained after 24 and 48 weeks
of growth hormone treatment (r=0.579, p=0.024).

Changes in insulin secretion and insulin clearance The
MCRinsulin and the ICI, which were estimated at each clamp
period, remained unchanged during growth hormone
treatment (p=0.4 to p=0.9) (Table 3).

However, the first and second insulin and C-peptide
responses to glucose as well as insulin responses to arginine
decreased during growth hormone treatment (Table 3) as
may be expected if these adapt metabolically to changes in
insulin sensitivity. Similarly, the incremental area under the
ISR curve during the first (ISR-AUC0–10) and second
responses (ISR-AUC30–90) to glucose as well as insulin
responses to arginine (ISR-AUC90–100) decreased after
growth hormone treatment (Table 3).

Basal C-peptide concentration, its first and second phase
response to glucose, as well as its response to arginine
stimulation, were inversely correlated with insulin sensitiv-
ity (Fig. 2), supporting the notion that reduced secretion is
likely to be compensatory in face of improved insulin
sensitivity.

The disposition index To integrate the alterations of insulin
sensitivity and secretion in a comprehensive model of
glucose metabolism, the disposition index was calculated

Variable Baseline 24 weeks 48 weeks p valuea

Anthropometry

BMI (kg/m2) 30.2±1.0 31.0±1.1 29.4±1.9 NS

Waist circumference (cm) 105.5±5.5 104.2±4.9 100.2±7.2 NS

WHR 0.99±0.04 0.97±0.02 0.95±0.04 NS

Body composition

Truncal fat mass (kg) 24.8±3.2 26.4±4.1 23.8±3.8 NS

Truncal lean mass (kg) 69.9±8.9 68.2±8.4 68.7±7.9 NS

Biochemical variables

Creatinine (µmol/l) 88.9±6.16 86.7±7.9 88.9±9.69 NS

Uric acid (µmol/l) 381±20.73 391.3±23.2 393.5±24.3 NS

Protein (g/l) 67.5±2.97 67.3±2.2 65.7±3.4 NS

IGF-1 (µg/l) 86.2±5.1 154.8±9.3 148.7±6.3 <0.05

Fasting glucose (mmol/l) 5.6±0.4 5.4±0.4 5.5±0.3 NS

Fasting insulin (pmol/l) 98.9±26.1 91.4±25 85.7±37.4 NS

Fasting C-peptide (pmol/l) 1,161±193 1,090±168 860±264 NS

120 min glucose (mmol/l)b 7.9±0.6 6.3±0.4 6.5±0.5 <0.05

NEFA (mmol/l) 0.55±0.11 0.46±0.07 0.30±0.03 NS

Cardiovascular risk markers

Total cholesterol (mmol/l) 5.56±0.43 5.80±0.68 6.27±0.66 NS

HDL-cholesterol (mmol/l) 1.14±0.20 1.20±0.24 1.29±0.19 <0.05

LDL-cholesterol (mmol/l) 3.07±0.32 3.51±0.38 3.74±0.47 NS

Triacylglycerol (mmol/l) 2.99±0.61 2.41±0.43 2.72±0.35 NS

C-reactive protein (mg/l) 2.75±1.65 1.72±0.78 2.10±1.13 NS

Table 2 Changes in
anthropometry, body composi-
tion, biochemical variables and
cardiovascular risk markers after
24 and 48 weeks of growth
hormone treatment in patients
with severe growth hormone
deficiency

Values are presented as mean ±
SEM
a p<0.05 was considered as
statistically significant;
b during OGTT

Fig. 1 Changes in insulin sensitivity (M value) after 24 and 48 weeks
of low-dose growth hormone treatment in patients with severe growth
hormone deficiency. **p<0.01
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for each of the clamp periods. As shown in Fig. 3, the dis-
position index increased significantly (p<0.01), indicating a
potential improvement in whole-body glucose metabolism
and at least preservation of beta cell function.

Relative changes in IGF-1 concentrations were posi-
tively correlated with relative changes in the disposition
index measurements obtained after 24 and 48 weeks of
growth hormone treatment (r=0.54 to r=0.611, p=0.017 to
p=0.035).

Changes in metabolic profile, NEFA levels and cardiovascular
risk markers NEFA did not change significantly after
growth hormone treatment (baseline 0.55±0.11 mmol/l vs
0.46±0.07 and 0.30±0.03 at 24 and 48 weeks, p=0.43 and
p=0.094, respectively). However, we did observe a trend
towards reduced baseline NEFA concentrations, albeit only
after 48 weeks of treatment; this may be explained by the
observed improvement in insulin sensitivity.

Similarly, low-dose growth hormone treatment did not
significantly modify fasting glucose, fasting insulin, fasting
C-peptide, total cholesterol, LDL-cholesterol, triacylglycerol
or C-reactive protein levels (Table 2). However, following
oral glucose intake, post-load glucose tolerance improved.
Blood glucose levels decreased at 120 min compared with

pre-treatment values (p<0.05) (Table 2). At baseline, two
patients had normal glucose tolerance and four had impaired
glucose tolerance. After 24 weeks of treatment all patients
had normal glucose tolerance. After 48 weeks, five patients
had normal and one had impaired glucose tolerance.
Similarly, HDL-cholesterol levels improved significantly
after 24 and 48 weeks of growth hormone treatment (Table 2).

Discussion

We present novel data showing that long-term, low-dose
growth hormone treatment (0.003 mg kg−1 day−1) improves
insulin sensitivity, preserves beta cell function and
improves whole-body glucose metabolism without affecting
body composition or inducing lipolysis in severely growth
hormone-deficient adults. We postulate that these effects are
mediated by the ability of low-dose growth hormone treat-
ment to increase IGF-1 bioavailability in the absence of
unfavourable lipolytic effects as observed in higher dose
growth hormone replacement [36, 37].

Potential diabetogenic properties of growth hormone
were first described in the 1930s, when Biasotti and Houssay
reported that hypophysectomy reduced hyperglycaemia in a

Table 3 Changes in insulin secretion and clearance after 24 and 48 weeks of growth hormone treatment in patients with severe growth hormone
deficiency

Variable Baseline 24 weeks 48 weeks

FIR (pmol/l) 463.8±152 288.3±78* 233.5±70*

SIR (pmol/l) 547.3±211 396.8±103* 319.5±88*

AIR (pmol/l) 3,234.9±841 2,826.1±723* 2,207.9±500*

FCPR (pmol/l) 2,238.4±389 1,714.9±252* 1,354.2±345*

SCPR (pmol/l) 3,082.1±491 2,542.2±334* 2,134.5±513*

ACPR (pmol/l) 6,762.8±785 5,607.1±661* 3,605.1±627*

Insulin-AUC0–10 min (pmol l−1 min−1) 5,606±1,982 3,554±1,039* 2,783±869*

Insulin-AUC30–90 min (pmol l−1 min−1) 33,059±12,828 22,930±6,306* 18,846±5,091*

Insulin-AUC90–100 min (pmol l−1 min−1) 21,666±6,895 14,561±3,884* 14,443±3,650*

C-peptide-AUC0–10 min (pmol l−1 min−1) 22,796±4,060 17,344±2,555* 9,765±2,890*

C-peptide-AUC30–90 min (pmol l−1 min−1) 192,634±28,387 151,604±19,295* 127,340±30,749*

C-peptide-AUC90–100 min (pmol l−1 min−1) 64,113±10,821 49,115±6,870* 43,071±9,007*

ISR-AUC0–10 min (pmol) 14,932±4,549 12,524±3,489* 9,992±2,920*

ISR-AUC30–90 min (pmol) 59,944±9,292 47,560±7,329* 46,487±11,440*

ISR-AUC90–100 min (pmol) 59,762±12,137 45,895±13,639* 35,297±10,564*

MCRinsulin (l/min) 3.96±1.2 4.1±0.8 4.5±0.9

ICIBasal 13.08±1.25 13.64±1.47 12.58±2.33

ICI0–10 min 5.58±1.3 6.83±1.8 6.46±1.78

ICI30–90 min 7.73±1.1 7.92±1.2 7.63±1.3

ICI90–100 min 3.50±0.4 3.85±0.5 3.19±0.35

Values are presented as mean ± SEM; *p<0.05

ACPR, acute C-peptide response to arginine; AIR, acute insulin response to arginine; FCPR, first-phase C-peptide response to glucose; FIR, first-
phase insulin response to glucose; SCPR, second-phase C-peptide response to glucose; SIR, second-phase insulin response to glucose
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dog model of experimental diabetes [38]. Further studies
demonstrated that the insulin-antagonistic effects of growth
hormone are characterised by an increase in hepatic
gluconeogenesis and glycogenolysis, and a decrease in
peripheral glucose utilisation [39]. Other studies demon-
strated that the predominant insulin antagonistic effect of
growth hormone replacement derives from its lipolytic
activity [36], since pharmacological inhibition of lipolytic
actions of growth hormone restored [40] or even enhanced
insulin sensitivity [41]. However, growth hormone-induced
lipolysis has been shown to be dose-dependent, with the
lowest growth hormone dose reported to induce lipolysis

being 3·3 μg kg−1 day−1 [12, 23, 37], a dose that is higher
than that chosen in our study. In agreement with this, the
preservation of NEFA levels and fat body mass in the
present study suggests that our low growth hormone dose
did not induce lipolysis. This is also supported by
previously published studies investigating low-dose growth
hormone treatment in growth hormone deficiency patients
and in healthy participants [12, 42]. By contrast, IGF-1,
which is primarily synthesised by the liver following
growth hormone stimulation, has been shown to demon-
strate insulin-like effects, probably via the insulin-IGF-1
hybrid receptor [7]. Moreover, treatment with recombinant
IGF-1 has consistently been shown to improve insulin
sensitivity [7]. In the present study, changes in IGF-1
concentrations were positively associated with changes in
measurements of insulin sensitivity. From these observa-
tions, it is tempting to speculate that the growth hormone-
induced improvement in insulin sensitivity is mediated
through an increase in IGF-1 bioavailability in the absence
of the opposing lipolytic and direct insulin-antagonistic
effects of higher growth hormone doses.

The important association of central adiposity with
insulin resistance is widely accepted. By contrast, we found
that low-dose growth hormone treatment enhanced insulin
sensitivity without modifying body composition, implying
that central adiposity may not be the sole contributory
factor to the development of insuln resistance in patients
with growth hormone disorders. This concept is further
supported by studies examining acromegaly patients, in
whom increased central adiposity is not a prominent
feature, despite the presence of insulin resistance [43].
Additionally, the administration of growth hormone recep-
tor antagonist to those patients improved insulin sensitivity
despite an increase in intra-abdominal fat [43].

Growth hormone exerts direct insulinotrophic effects on
the beta cell [44–46]. High-dose growth hormone treatment
increases insulin secretion associated with the early
development of insulin resistance [46, 47], whereas
prolonged administration of growth hormone in high doses
results in reduced insulin secretion despite increasing insulin
resistance, leading to deteriorating glucose tolerance [47].
These data indicate that chronic supraphysiological doses of
growth hormone accelerate insulin resistance, compensatory
hyperinsulinaemia and subsequent beta cell failure, a feature
resembling the long-term sequelae of altered glucose
homeostasis in untreated acromegalic patients.

By contrast, other studies have demonstrated the impor-
tance of IGF-1 in enhancing beta cell function [15, 16] and
protecting beta cells from apoptosis [19]. Indirect evidence
implicating IGF-1 in the enhancement of beta cell function
has also been reported from studies of knockout mice
lacking the beta cell IGF-1 receptor; these studies demon-
strate defective glucose-stimulated insulin secretion and

Fig. 2 The correlation between insulin sensitivity (M value) and
insulin secretion as estimated by measuring the C-peptide responses
at each phase of the hyperglycaemic–hyperinsulinaemic clamp.
a M value vs baseline C-peptide concentrations and (b) M value vs
C-peptideAUCbasal (r=−0.5, p<0.05). c M value vs first C-peptide
response to glucose (mean 0–10 min) and (d) M value vs
C-peptideAUC0–10 min (r=−0.5, p<0.05). e M value vs second
C-peptide response to glucose (mean 30–90 min) and (f) M value
vs C-peptideAUC30–90 min (r=−0.47, p<0.05). g M value vs C-peptide
response to arginine (maximum 90–100 min) and (h) M value vs
C-peptideAUC90–100 min (r=−0.6, p<0.05). All baseline and follow-up
clamps measurements are included in each correlation
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glucose intolerance [17, 18]. Considering that impaired beta
cell function in face of decreased insulin sensitivity plays a
crucial role in the pathogenesis of glucose intolerance [48],
it can be postulated that low IGF-1 in untreated growth
hormone deficiency is a major determinant of impaired beta
cell function and glucose intolerance in these patients. The
inverse curvilinear relation between insulin sensitivity and
insulin secretion implies not only that insulin secretion is
increased in insulin resistance, but also that increased insulin
sensitivity is compensated by reduced insulin secretion [20].
The main outcome in this study, however, was that despite an
adaptive reduction in insulin secretion, the improved insulin
sensitivity observed in our patients was associated with an
improvement in disposition index and, hence, in whole-body
glucose metabolism. Moreover, changes in IGF-1 concen-
trations in the present study were positively associated with
the changes in the disposition index. Taken together, this
suggests that the increase in bioavailability of IGF-1 after low-
dose growth hormone treatment accounts for the observed
preservation of beta cell function and for the improvement in
whole-body glucose metabolism. Nevertheless, the hyperbolic
assumption could not be verified in the present study due to
the small number of participants studied. Moreover, data
shown in Fig. 2 are more suggestive of a normal adaptive
response of insulin secretion to improved insulin sensitivity.
Hence, although an improvement occurred, our data are more
likely to be indicative of preservation of beta cell function.

In the present study, we also examined C-peptide, besides
insulin, to investigate whether compensatory changes in
insulin response in participants with increased insulin sensi-
tivity may be entirely explained by changes in insulin
secretion or whether altered clearance of endogenous insulin
also contributes to this process. C-peptide is not extracted by
the liver during its first passage, whereas insulin is extracted to
a considerable degree [20, 32]. Hence, the ratio of C-peptide
to insulin can give an estimation of insulin clearance. In our
study, insulin clearance measures (MCRinsulin and ICItime)
did not change significantly after growth hormone treatment.

Hence, the reduced insulin response following glucose and
arginine challenges can be entirely explained by the
compensatory reduction in insulin secretion.

Finally, along with previous studies [49], we observed
that low-dose growth hormone treatment induced a moderate
but significant increase in HDL-cholesterol levels without
affecting total and LDL-cholesterol, triacylglycerol and
C-reactive protein levels.

We previously showed that healthy women have
significantly higher baseline and post-OGTT nadir growth
hormone concentrations than men [27]. Hence, it can be
assumed that sex may have an impact on growth hormone-
induced changes in glucose metabolism. However, insulin
sensitivity and disposition index improved in all patients
and changes were comparable in both sexes (p>0.05).
Moreover, inclusion of sex as a covariate in the ANOVA
model revealed that it had no impact on treatment-induced
effects. Nevertheless, due to the small number of participants
included in our pilot study (two women, four men), an
impact of sex on growth hormone-induced changes in
glucose metabolism cannot be ruled out.

The present study has some noteworthy limitations. For
example, it was an unblinded single-centre trial without a
placebo-treated group and with a relatively low number of
participants. However, we are the first to provide long-term
data on the effects of low-dose growth hormone replace-
ment in such patients, derived from the investigation of
unselected patients and the use of accepted ‘gold standard’
methods for measurement of insulin sensitivity. Future,
randomised, controlled trials should investigate whether the
findings observed here can be replicated in larger cohorts.
However, the striking and statistically significant differences
between groups indicate that the effects of low-dose growth
hormone treatment on glucose metabolism are substantial
and clinically relevant.

Another limitation is that suppression of hepatic glucose
production during euglycaemic–hyperinsulinaemic clamps
can be overestimated and glucose rate of disappearance can

Fig. 3 Changes in disposition index (calculated by multiplying the
M value by the incremental area under the C-peptide curve measured
with respect to the pre-stimulus concentrations at each phase of the
hyperglycaemic–hyperinsulinaemic clamp). a First-phase response to

glucose (0–10 min). b Second-phase response to glucose (30–90 min).
c Acute response to arginine stimulation (90–100 min). Results are for
24 weeks and 48 weeks of low-dose growth hormone treatment in
patients with severe growth hormone deficiency. **p<0.01
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be underestimated in insulin resistance [50], as in our
growth hormone deficiency patients before growth hor-
mone treatment. However, growth hormone is a potent
stimulus of gluconeogenesis and an antagonist for hepatic
insulin actions. Hence, an increase in hepatic glucose
production and consequent underestimation of glucose rate
of disappearance might be expected to occur after, rather
than before growth hormone-treatment, so we have no
reason to believe that this issue biased our results.

In conclusion, we have shown that long-term, low-dose
growth hormone administration improves insulin sensitivity,
preserves beta cell function and improves post-load glucose
tolerance without modifying body composition, lipolysis
and insulin clearance. Our data imply that low-dose growth
hormone is possibly the optimal replacement dose to reduce
type 2 diabetes risk in adults with severe growth hormone
deficiency and concomitant glucose intolerance. However,
the mechanisms underlying these effects are still not fully
understood, so further investigation is necessary.
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