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Summary. We infused growth hormone into normal subjects
in doses that raised circulating hormone to levels (30-35ng/
ml) similar to those seen during stress. Growth hormone
excess failed to alter fasting glucose and somatomedin con-
centrations. However, non-esterified fatty acids and ketones
increased by 50% (p < 0.05) and 120% (p < 0.01), respectively,
despite 35% higher plasma insulin concentrations. When oral
glucose was ingested 5 h after initiating the growth hormone
infusion, plasma glucose rose by 2-2.5 mmol/1 above control
(saline infusion) values and the area under the glucose curve
increased twofold (p<0.005). This occurred in the face of
twofold higher insulin levels and normal suppression of

glucagon. Growth hormone also did not affect the hypergly-
caemic response to a combined infusion of cortisol, glucagon
and adrenaline, but accentuated the rise in non-esterified fatty
acids, ketones, and insulin caused by these hormones. Our da-
ta suggest that growth hormone excess rapidly produces in-
sulin antagonistic effects that may contribute to stress-in-
duced glucose intolerance and lipolysis, even though fasting
glucose levels remain unchanged.

Key words: Growth hormone, insulin, glucose tolerance, lipo-
lysis, ketosis, amino acids, insulin resistance, stress.

It is well recognized that chronic growth hormone
excess, as in acromegaly, increases the risk of diabetes
mellitus [1] and causes glucose intolerance and hyper-
insulinaemia in patients with normal fasting glucose
levels [2-4]. A similar impairment of glucose disposal
and accelerated lipolysis has been reported after
administration of large pharmacological doses of
growth hormone to normal subjects [5-9]. However,
these insulin antagonistic effects of growth hormone are
characteristically preceded by a rapid-onset insulin-like
action on glucose and lipid metabolism [10-14].

Much less is known about the metabolic effects of
acute increments of growth hormone to within the
range commonly observed during severe illness [15-18].
Recently, Metcalfe et al. [19] reported that such growth
hormone elevations do not alter fasting glucose or non-
esterified fatty acid (NEFA) levels in normal subjects,
unless insulin secretion is suppressed by somatostatin.
They concluded that the hyperglycaemic and lipolytic
actions of growth hormone in the basal state are nor-
mally prevented by mild compensatory hyperinsulin-
aemia [19]. With respect to glucose tolerance, previous
studies have focused on the intravenous route of glu-
cose delivery. It has been shown that glucose tolerance
is impaired in normal subjects within 1-5h of raising

growth hormone to pathophysiological concentrations
[20, 21]. In those studies, however, growth hormone
either caused a decrease (rather than increase) in
glucosestimulated insulin release [20] or endogenous in-
sulin secretion was suppressed by somatostatin [21].
Consequently it is possible that insulin lack contributed
to the impairment of glucose disposal and that this ef-
fect would be less pronounced during oral glucose ad-
ministration, a more intense stimulus of insulin secre-
tion [22].

In this study we evaluated the influence of ‘stress-
like” increments of growth hormone on circulating fuels
(glucose, NEFA, ketone bodies and amino acids) in the
basal state and on the disposal of an oral glucose load in
normal subjects. In addition, we examined whether
growth hormone accentuated the metabolic effects of
other counter-regulatory hormones by infusing growth
hormone together with cortisol, glucagon and adrena-
line. These studies are of particular interest since (a)
counter-regulatory hormones (including growth hor-
mone) increase simultaneously during stress [15-18]
and (b) earlier studies have shown that counter-regula-
tory hormones (glucagon, adrenaline, and cortisol)
interact synergistically to promote hyperglycaemia in
normal subjects [23, 24].
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Fig.1. Plasma growth hormone concentrations during infusion of
growth hormone (O——O) and saline (@——@) in normal subjects
(n=8). The shaded area denotes the period after glucose ingestion

Subjects and Methods

Subjects

Twenty-four healthy volunteers (13males and 11females) aged
18-38 years were studied. All were within 20% of ideal body weight
(based on Metropolitan Life Insurance Tables, 1959). They consumed
weight-maintaining diets containing at least 200g of carbohydrate
and were taking no drugs. None had a family history of diabetes or an
elevated fasting plasma glucose concentration (> 5.5mmol/1). The
subjects were informed of the nature, purpose, and possible risks of
the study before their written, voluntary consent to participate was ob-
tained. The experimental protocol was approved by the Human In-
vestigations Committee of the Yale University School of Medicine.

Procedures

All studies were performed in the morning after a 12-16 h overnight
fast. A polyethylene catheter was inserted into an antecubital vein for
blood sampling and in the contralateral vein for growth hormone (or
saline) administration. Subjects then rested in the recumbent position
for at least 30min before obtaining baseline blood samples (at
—15 min and O min).

Two experimental protocols were used. In the first, human growth
hormone (2 U/mg) (obtained from the National Pituitary Agency,
Baltimore, Maryland) or saline was infused for 8 h into eight normal
subjects. After Sh, 100 g of glucose was ingested and the growth hor-
mone or saline (0.154 mol/1) infusion continued for the remaining 3 h
of the study. Each subject was studied on two occasions in random
order. Growth hormone was infused at a rate of 3ug-kg body
weight~!'-h~1, In four of the subjects, a blood sample was obtained
before and 300 min after growth hormone infusion for determination
of somatomedin-C concentration.

In the second serties of experiments, we infused either cortisol, glu-
cagon, and adrenaline in combination (n= 10) or growth hormone to-
gether with the triple hormone infusion (n=6). Cortisol was given asa
primed continuous infusion for 330 min. The priming dose was given
over the initial 150 min at twice continuous infusion rate (5 mg-m?
body surface area~!-min~?!). After the priming dose of cortisol was
completed (at 150 min), glucagon (3 ng-kg body weight~™!-min~")
and adrenaline (1.2 ug-m? body surface area™'-min~") were added
and all three hormones continued for an additional 3 h. Growth hor-
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mone was infused at a rate of 3 ug-kg body weight ~*-h~" for 330 min
commencing at the start of the cortisol infusion. Data from the triple
hormone infusion have been published in part in an earlier report [24].

Analyses

Plasma glucose concentration was determined by the glucose oxidase
method using a Beckman glucose analyzer (Beckman Instruments,
Fullerton, California). Plasma levels of insulin [25], glucagon (using
Unger antibody 30 K) [26], growth hormone [27] and somatomedin-C
[28] were quantitated by radioimmunoassay. The sensitivity (detection
limit for small concentrations of hormone) and coefficient of varia-
tion (determined by replicate analysis of quality control samples over
a 1-2 year period) for the insulin, glucagon and growth hormone as-
says are as follows: (1) insulin 3mU/1 and 10%; (2) glucagon
20 pg/ml and 8%; and (3) growth hormone 1 ng/ml and 16%. Plasma
adrenaline and noradrenaline were determined by a radio-enzymatic
technique [29] and plasma cortisol by a fluorometric method [30]. To-
tal blood ketones were quantitated using an enzymatic method [31]
and plasma NEFA were measured colorimetrically by the method of
Novak [32). Plasma alanine and branched chain amino acids were as-
sayed by ion-exchange chromatography [26].

Statistical analyses were performed using the Student’s t-test. The
paired t-test was used when comparing results from the paired growth
hormone and saline infusions. All data in the text and figures are pre-
sented as the mean +SEM.

Results

Growth Hormone Concentration

Changes in plasma growth hormone concentrations
during exogenous hormone infusion are shown in Fig-
ure 1. Plasma growth hormone increased rapidly, reach-
ing a plateau of 30-35ng/ml within 2h. In contrast,
growth hormone levels remained < S5ng/ml during in-
fusion of saline (p< 0.001 versus growth hormone infu-
sion). A transient 50% decline in growth hormone levels
was seen after glucose ingestion in saline controls (p <
0.05), but not in the growth hormone-infused subjects.

Basal Substrates

As shown in Table 1, the growth hormone infusion had
no significant effect on post-absorptive plasma glucose
concentration throughout the 5 h-period before glucose
ingestion. Basal insulin concentration tended to rise
during growth hormone infusion and fall during saline
administration, although these changes were not them-
selves statistically significant when compared with time
0 values. As a result, at 5h plasma insulin was signifi-
cantly greater after the growth hormone infusion when
compared with the saline control study (p< 0.005). Ba-
sal concentrations of glucagon and catecholamines
were comparable in growth hormone and saline infu-
sion studies.

The effect of the growth hormone on basal concen-
trations of NEFA and ketones is shown in Figure2.
Within 3 h growth hormone infusion produced a signifi-
cant elevation in both plasma NEFA and blood ketones
compared with the saline control study (p<0.05). Fast-



R.S.Sherwin et al.: Metabolic Effects of Growth Hormone in Man

157

Table 1. Effect of growth hormone infusion on plasma glucose, insulin, glucagon, and catecholamine concentrations before glucose ingestion in

eight normal subjects

Infusion Time (min)
0 30 60 180 285 300

Glucose Growth hormone 49+ 0.1 49+0.2 48+ 0.1 47+ 01 47+ 041 47+ 01
(mmol/1) Saline 5.0+ 0.1 51+0.2 49+ 0.1 48+ 0.1 47+ 0.1 48+ 0.1
Insulin Growth hormone 14 £ 1 15 +1 13 + 1 14 + 1 17 £ 12 16 + 1°
(mU/1) Saline 16 += 2 16 +1 13 = 1 13 £1 13 £ 1 12 £ 1
Glucagon Growth hormone 144 =*13 - 133 14 121 £17 134 £12
(pg/ml) Saline 140 =+15 - 118 *15 119 +£18 - 125 +12
Adrenaline Growth hormone 33 £ 6 - - 19 =6 19 + 6
(pg/ml) Saline 37 £ 9 - - 17 + 4 23 + 4
Noradrenaline Growth hormone 215 +15 - - 227 £26 250 x18
(pg/ml) Saline 232 +16 - - 224 +24 231 +24

Data presented as mean +SEM. Control values (0 min) represent the mean of two observations on each subject preceding growth hormone
infusion. p<0.05, *p<0.005 refer to significance of difference from saline control study (paired t-test). Only values which differ significantly

are indicated

ing NEFA and ketone levels were increased by 50%
(p<0.05) and 120% (p<0.01), respectively, before glu-
cose ingestion (at 5 h). As shown in Table 2, plasma ala-
nine fell from pre-infusion values during growth hor-
mone infusion, but remained unchanged in the saline
control study. The decline in plasma alanine exceeded
that observed in saline controls within 4h (—70+12
versus —29+=15umol/l; p<0.05). Branched chain
amino-acid concentrations, on the other hand, were not
altered by either growth hormone or saline administra-
tion. In the four subjects in whom plasma somato-
medin-C concentration was measured, there was no
significant change during growth hormone infusion
(1.7£0.4 basal versus 1.8 £0.5 U/ml at 5 h).

Effect on Oral Glucose Tolerance

Figure 3 demonstrates the plasma glucose and insulin
responses to the 100g oral glucose load. Although
growth hormone infusion had no significant effect on
basal glucose levels, a marked deterioration in glucose
tolerance was observed. Plasma glucose levels were
2.0-2.5 mmol/1 above the corresponding saline control
values from 90 min after oral glucose until the end of
the study (90min: 9.4+0.6 versus 7.1+0.6 mmol/I,
p<0.005; 120min: 9.0x0.7 versus 6.7+0.4 mmol/1,
p<0.01; 180min: 6.9+0.7 versus 4.7+0.3 mmol/l,
p<0.05). In addition, the incremental area under the
glucose response curve was increased by 85% in the
growth hormone-infused subjects compared with the
saline control group (0.62+0.09 versus 0.33+0.06
mol-1~'-min~1, p<0.005).

The impaired glucose tolerance produced by growth
hormone occurred in spite of an increase in circulating
insulin concentration. Plasma insulin in the growth hor-
mone-infused group was significantly elevated com-
pared with saline control group beyond 60 min (p < 0.02
~ p<0.005) and the incremental area under the insulin
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Fig.2. Effect of growth hormone infusion on plasma non-esterified
fatty acids (NEFA) and total blood ketones in the post-absorptive
state. * denotes a significant difference (p < 0.05) between growth hor-
mone (O——--0) and saline control values (@——@)

response curve was 82% greater after growth hormo-
ne administration (18.4+3.3 versus 10.1+23U-1"1.
min~' in saline control subjects, p< 0.005). There was
no significant correlation between the plasma glucose
and insulin response after glucose ingestion (r = —0.2,
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Table 2. Effect of 5-h infusion of growth hormone on the basal concentrations of plasma amino acids in eight normal subjects
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Infusion time (h)

Amino acid Infusion 0 1 2 3 4 5
Alanine Saline 324+29 320+19 319+24 309+21 294+22 302+28
(umol/1) Growth hormone 360£46 363+45 334+42 325+47 2924392 2794342
Valine Saline 23810 24112 235+12 23114 22711 235x15
(mol/1) Growth hormone 208+12 20911 19614 196412 195+ 8 198+ 8
Leucine Saline 98+10 95+ 8 101%12 95+ 9 98 £11 95+ 9
(umol/1) Growth hormone 9+ 7 101+ 8 99+£10 100+ 9 94+ 9 101+ 8
Isoleucine Saline 45+ 7 39+ 3 4+ 7 6+ 2 39+ 6 36+ 4
(umol/1) Growth hormone 43+ 5 47x 6 45+ 6 43+ 6 39+ 6 40x 6

Data presented as mean =SEM. Control values (0 min) represent the mean of two observations on each subject preceding growth hormone

administration. ® indicates p <0.005 versus pre-infusion values
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Fig. 3. Effect of growth hormone (O——C) and saline (@——®) in-
fusion on the plasma glucose (upper panel) and insulin (lower panel)
response to oral glucose ingestion (100g) in normal subjects. The
shaded area denotes the period after glucose ingestion

p>0.05) or between the concentration of growth hor-
mone achieved during the infusion and post-prandial
glucose levels (r = —0.07, p>0.05). Plasma glucagon
fell after glucose ingestion in both the growth hormone
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Fig.4. Changes in plasma glucose, insulin, non-esterified fatty acids
(NEFA) and total blood ketones during the combined infusion of
growth hormone, cortisol, glucagon and adrenaline (@——@) (n=6)
compared with changes when growth hormone was omitted
(O-----0) (n=10)

(from 135+11 to 9113 pg/ml, p<0.05) and saline-
infused subjects (from 125+20 to 108 +15pg/ml,
p<0.05). These differences were not statistically signi-
ficant between the groups.
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Effect of Growth Hormone on the Response to
Other Counter-Regulatory Hormones

When growth hormone was combined with infusion of
cortisol, glucagon, and adrenaline, plasma growth hor-
mone levels rose to 352 ng/ml (data not shown; NS
versus infusion of growth hormone alone). As shown in
Figure 4, the addition of growth hormone did not alter
the plasma glucose response to the other counter-regu-
latory hormones. At the completion of the infusions
plasma glucose concentration was 11.1+0.7 mmol/1
when all four hormones were given and 11.5+0.3
mmol/1 when growth hormone was omitted (p =NS).
In contrast, both the rise in plasma NEFA and blood
ketones were accentuated by growth hormone (Fig.4).
Growth hormone infusion increased plasma NEFA
concentration during the cortisol priming period
(1009 =120 versus 736 =66 umol/1 at 150 min, p < 0.05)
and resulted in a twofold greater rise in plasma NEFA
when cortisol, glucagon and adrenaline were infused si-
multaneously (1820+240 versus 859131 umol/1 at
330 min, p<0.001). Similarly, blood ketone levels were
twofold higher when growth hormone was added to the
other counter-regulatory hormones (p<0.05). In the
group receiving growth hormone, plasma insulin con-
centration was slightly increased in the basal state
(19+4 versus 111 mU/1 at 0 min, p < 0.05) and rose to
levels twofold above those observed during the triple
hormone infusion (58 +£6 versus 29+4mU/l at 330
min, p<0.001). Plasma cortisol (35-45 ug/dl) and glu-
cagon (335-375 pg/ml) were not significantly different
in the two treatment groups.

Discussion

We have shown that acute increments of growth hor-
mone do not alter basal glucose levels or the glycaemic
response to cortisol, glucagon and adrenaline in normal
subjects. Nevertheless, growth hormone impaired oral
glucose tolerance and increased the concentrations of
NEFA and ketones. These effects do not appear to be
mediated by changes in somatomedin-C or glucagon,
and occurred in the face of hyperinsulinaemia. The
magnitude of the elevations in growth hormone
achieved in this study were in the range of those com-
monly seen in major surgery [15, 16], severe trauma [17],
or diabetic ketoacidosis [18]. Furthermore, since growth
hormone hypersecretion is often sustained in these con-
ditions for many hours or several days [15~18], our find-
ings may be relevant to severe stress in man.

The early insulin-like effect seen with large phar-
macological doses of growth hormone [10-14] was not
detected in this study. Neither glucose, NEFA, ketones,
nor the insulin-sensitive branched chain group of amino
acids declined during growth hormone infusion. While
these results are in accord with those of Metcalfe et al.
[19], Adamson and Cerasi [33] and MacGorman et al.
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[21] reported a small (5 mg/dl, 0.28 mmol/1) reduction
in glucose levels 30-120 min after growth hormone ad-
ministration. The reasons for these modest discrepan-
cies remain uncertain, but it should be noted that the in-
fusion rates used previously [19, 21, 33] were approxi-
mately twofold greater than those used in this study.
Acute growth hormone administration also failed to
elevate basal glucose levels, even in the setting of com-
bined elevations of multiple counter-regulatory hor-
mones. The latter finding is particularly noteworthy
since the hyperglycaemic response to cortisol, glucagon
or adrenaline individually is enhanced by elevations in
other members of this group of hormones [23, 24]. These
data suggest that growth hormone plays an insignificant
role in the development of fasting hyperglycaemia dur-
ing stress in normal man and that the synergistic nature
of the interactions among other counter-regulatory hor-
mones with respect to glucose metabolism does not ex-
tend to growth hormone during short-term hormone ex-
posure.

In contrast, growth hormone increased circulating
NEFA and ketone levels in the fasting state and during
combined counter-regulatory hormone infusion. Al-
though earlier studies in man have reported increases in
NEFA after large doses of growth hormone [5-7], no
such changes have been reported when more physiolog-
ical doses of the hormone were infused into normal
subjects [19]. Our findings, thus, provide evidence that
growth hormone hypersecretion contributes to stress-
induced lipolysis and that this effect is not due to hy-
poinsulinaemia. Inasmuch as the ketone elevation ac-
companying growth hormone infusion closely paral-
leled the rise in NEFA, it is likely that increased NEFA
availability was largely responsible for this phenomen-
on. Nevertheless our data do not exclude a direct effect
of the hormone on the liver. Growth hormone has been
shown to increase blood ketones in normal subjects in
the absence of a rise in NEFA [19] and to increase ke-
tonaemia in diabetic patients independent of changes in
NEFA availability [34].

Despite the lack of effect on basal glucose levels,
growth hormone decreased oral glucose tolerance in
spite of an exaggerated insulin response. Whether the
hyperinsulinaemia is a direct effect of growth hormone,
or simply due to the higher glucose levels after growth
hormone administration, cannot be resolved by this
study. Previous studies, using physiological growth hor-
mone infusions, have also demonstrated an impairment
of intravenous glucose tolerance in normal subjects [20,
21]. However, in those studies the glucose intolerance
was associated with a diminution in glucose-stimulated
insulin levels [20] or occurred during suppression of en-
dogenous insulin with somatostatin [21]. The current
data indicate that this action of growth hormone is not
dependent on a deficient insulin response (as has also
been suggested by Adamson and Efendic [35]). Whether
the rapid development of insulin resistance is mediated
at the level of the insulin receptor or elsewhere remains
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undetermined. Recent studies are, however, most con-
sistent with a post-receptor mechanism. In the rat, Kahn
et al. [36] found only modest changes in insulin binding
to hepatocytes after pharmacological growth hormone
treatment. Furthermore, Maloff et al. [37] reported that
growth hormone has no effect on insulin binding to
adipocytes in vitro, despite having direct effects on adi-
pose tissue. It is also possible that the glucose intoler-
ance is, in part, a secondary consequence of the elevat-
ed NEFA levels. NEFA has been reported to decrease
glucose uptake in vitro [38] and interfere with insulin-
stimulated glucose metabolism in man [39].

Finally, our data demonstrate that acute elevation of
growth hormone does not alter levels of circulating
branched chain amino acids and has only a modest low-
ering effect on alanine levels. Studies using larger doses
of growth hormone have shown a more rapid and gene-
ralized reduction in plasma amino-acid levels in man
[40], which presumably represents a pharmacological
action of growth hormone. It remains undetermined
whether the slight decline in plasma alanine is caused
by growth hormone per se or is secondary to changes in
other substrates (e. g. ketones [41]) or hormones. Our fai-
lure to observe immediate changes in circulating soma-
tomedin-C (as reported by others with larger doses of
growth hormone [42]) make it unlikely that somatomed-
ins mediate this response. Nevertheless, this possibility
cannot be entirely excluded, because somatomedin-C
may exert its biological effects via local release of the
hormone [43].
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