
In non-diabetic humans, glucose concentrations gen-
erally average 4±5.5 mmol/l following an overnight
fast and rarely exceed 7±8 mmol/l after eating [1±4].
This regulation of plasma glucose concentration oc-
curs because glucose production is equal to glucose
utilization in the fasting state and after eating endog-
enous glucose production rapidly falls while glucose
uptake, by both hepatic and extrahepatic tissues,
rapidly increases [1±4]. These responses are depen-
dent on coordinated and appropriate interactions be-
tween insulin and counter insulin hormones. Growth
hormone is a counter insulin hormone. An excess of
growth hormone antagonizes insulin induced sup-

pression of endogenous glucose production and in-
sulin induced stimulation of glucose uptake [5±11].
It also impairs glucose tolerance by increasing post-
prandial rates of glucose production, gluconeogene-
sis, and by decreasing postprandial rates of glucose
uptake [12, 13]. These anti-insulin effects are dose
dependent and require several hours to develop af-
ter an increase in growth hormone concentration
[5±11].

In contrast to the well established effects of an ex-
cess of growth hormone, little is known about the im-
pact (if any) of the physiologic changes in plasma
growth hormone concentration in daily living.
Growth hormone concentrations vary considerably
throughout the day in normal humans [12, 14±21].
Growth hormone concentrations fall when glucose
concentrations rise and rise when glucose concentra-
tions fall [12, 14]. Increases are observed also in re-
sponse to stress or exercise [22, 23] but perhaps the
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most consistent and pronounced increase occurs dur-
ing the night [15±21]. Growth hormone generally in-
creases to concentrations of about 5±15 mg/l 1 h after
the onset of sleep with a second peak occurring com-
monly 1±2 h later [15±21]. It is well established that a
persistent increase of growth hormone to concentra-
tions within this range impairs insulin action [6, 7]. It
is not known whether the transient increases in
growth hormone that occur typically during the night
influence carbohydrate metabolism the following
morning. Our studies were undertaken to answer
this question.

Subjects and methods

Subjects. After approval by the Mayo Institutional Review
Board, 16 healthy volunteers gave written informed consent
to participate in the study. Volunteers were divided into two
groups (Table 1), each group consisted of four men and four
women matched for age and body mass index. None of the vol-
unteers was on medication; all had normal fasting plasma glu-
cose concentrations and none had a family history of diabetes
mellitus. Subjects were studied on two occasions separated by
at least one week with the exception of one subject in the sec-
ond group who was unable to return for the saline alone study.

Experimental design. Volunteers were admitted to the Mayo
General Clinical Research Center at 1700 hours on the eve-
ning before the study. At 1800 hours each ate a standard
meal containing 800 kcal (42 % carbohydrate, 38 % fat and
20 % protein). Thereafter, the subjects were permitted only
water ad libitum until breakfast the following morning. On
the evening of admission, an 18 gauge cannula was inserted
into a forearm vein of each arm. One cannula was used for
blood sampling and the other for hormone and tracer infu-
sion. On one occasion, 0.1 ml of 0.9 % saline was injected sub-
cutaneously at 2300 hours followed by a saline infusion to es-
tablish the nocturnal growth hormone profile that occurs in
the absence of octreotide injection (referred to as the saline
study). On the other occasion, 100 mg of octreotide was inject-
ed subcutaneously at 2300 hours to inhibit endogenous
growth hormone secretion [24]. This was followed by a saline
infusion to create a state of relative growth hormone deficien-
cy during the night (referred to as the deficient growth hor-
mone study). The second group of subjects was studied also
on two occasions. At 2330 hours, 100 mg of octreotide was in-
jected subcutaneously after which an intravenous infusion of
growth hormone was started at a rate of 1 ng × kg±1 × min±1 to
maintain growth hormone concentrations constant at ªbasalº
levels throughout the night (referred to as the basal growth
hormone study). On a second occasion, this ªbasalº growth
hormone infusion was supplemented by two additional
growth hormone infusions at a dose of 17 ng × kg±1 × min±1 giv-
en for 1 h beginning at midnight and 0230 hours to mimic the
normal rise in growth hormone that typically occurs during
the night (referred to as the variable growth hormone study).
The ªbasalº growth hormone infusion was discontinued at
1130 hours the following day. The order of study was random.
Neither insulin nor glucagon were replaced on any of the oc-
treotide study days.

At 0500 hours, infusions of [6-3H] glucose (16 mCi prime,
0.16 mCi/min continuous) and NaH14CO3 (110 mCi prime,
1.10 mCi/min continuous) were started to measure glucose

turnover and the rate of incorporation of 14CO2 into glucose
(a qualitative index of gluconeogenesis). The overnight sam-
pling cannula was removed at 0700 hours and an 18-gauge can-
nula was inserted retrogradely in a contralateral hand vein.
The hand was placed in a Plexiglas box and heated to 55 °C to
permit sampling of arterialized venous blood. A mixed meal
containing 50 g dextrose and 100 mCi [2-3H] glucose was eaten
at 0800 hours. Each volunteer drank 100 ml water containing
10 g D-xylose with breakfast to enable carbohydrate absorp-
tion to be estimated [25].

Blood and breath were sampled at 2-h intervals throughout
the night and at 10±15 min intervals immediately before and
for the first 2 h after eating breakfast, then at hourly intervals
thereafter. Blood samples were placed on ice, centrifuged at
4 °C, and stored at 20 °C until assay. Breath was collected
throughout the study for measurement of 14CO2 specific activi-
ty [26] as well as the rates of oxygen consumption and carbon
dioxide production for calculation of rates of substrate oxida-
tion [27].

Analysis techniques. Plasma glucose and lactate concentrations
were measured using glucose and lactate oxidase methods
(Yellow Spring Instruments, Inc., Yellow Springs, Ohio,
USA). Plasma insulin, C-peptide, and glucagon concentrations
were measured by radioimmunoassay using reagents from Lin-
co (Linco Research, Inc. St. Louis, Mo., USA). Plasma growth
hormone and cortisol concentrations were measured using re-
agents from ICN Biomedicals (Costa Mesa, Calif., USA) and
Ciba Corning (Norwood, Mass., USA). Plasma non-esterified
fatty acid concentrations were measured using a kit from
Wako (Wako Pure Chemical Industries, Ltd, Osaka, Japan).
Plasma D-xylose concentrations were measured using a colori-
metric method [25]. Determination of [6-3H] glucose and [2-
3H] glucose specific activities was by selective enzymatic detri-
tiation as described previously [28].

Calculations. Rates of glucose appearance and disappearance
were calculated using Steele's non-steady state equations [29]
in which the pool correction factor was assumed to equal 0.65
and the volume of distribution of glucose to equal 200 ml/kg.
The systemic rate of appearance of the ingested glucose was
determined by tracing the rate of appearance of [2-3H] glucose
contained in the meal with [6-3H] glucose as described previ-
ously [25, 30]. Endogenous glucose production was calculated
by subtracting the rate of appearance of the ingested glucose
from the total systemic rate of appearance [4, 30]. The per
cent of glucose derived from 14CO2 was calculated by dividing
the specific activity of [6-14C] glucose by the specific activity
of 14CO2 and multiplying by 100 [30]. Since the specific activity
of phosphoenolpyruvate is not known, this calculation pro-
vides a qualitative rather than a quantitative estimate of gluco-
neogenesis [30±32]. The advantages and limitations of this
method of estimating gluconeogenesis have been discussed
previously in detail [30±32]. Rates of glucose turnover could
not be calculated in one subject due to inadvertent interrup-
tion of the tracer infusion during one of ªbasalº growth hor-
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Table 1. Subject characteristics

Sex Age
(years)

Height
(cm)

Weight
(kg)

BMI
(kg/m2)

Group 1 4 men /
4 women

24 ± 5 173 ± 13 76 ± 18 25 ± 4

Group 2 4 men /
4 women

25 ± 4 173 ± 10 75 ± 15 24 ± 2



mone study days. Carbohydrate and lipid oxidation were cal-
culated using the equations of Frayn [33].

Statistical analysis. Data in text and figures are expressed as
mean ± SEM. To avoid the problems associated with multiple
comparisons, composite parameters were calculated for each
subject and used for statistical comparisons. Mean concentra-
tions from 0100 hours to 0500 hours were compared to test for
differences in nocturnal glucose and hormone concentrations.
Mean concentrations and rates of turnover observed from 30
to 0 min were used to test for preprandial differences and total
areas above zero (calculated using the trapezoidal rule) were
used to test for postprandial differences. Analysis of variance
was used to test for overall differences on the four study days.
Student's paired t-test was then used to test for differences
within a group (e. g. to compare results obtained during the
variable growth hormone studies with those obtained during
the basal growth hormone studies) whereas Student's non-
paired t-test was used to test for differences between groups
(e. g. to compare results obtained during basal growth hor-
mone studies with those obtained during the deficient growth
hormone studies). A one tailed test was used to test the hy-
pothesis that nocturnal growth hormone concentrations were
lower during the octreotide study than those observed during
the constant ªbasalº growth hormone study. All other tests
were two tailed. A p value less than 0.05 was considered statis-
tically significant.

Results

Nocturnal growth hormone, glucose, insulin, C-pep-
tide, glucagon and cortisol concentrations. Growth
hormone concentrations rose during the two supple-
mental growth hormone infusions to peaks of about
9 mg/l at 0030 and 0300 hours, respectively (Fig.1, up-
per panel). They remained at this level for 1 h then
returned promptly to basal values following discon-
tinuation of the supplemental growth hormone infu-
sion. The timing and pattern of the first increase in
growth hormone was similar to (albeit somewhat low-
er) that during the saline experiments when octreo-
tide was not given. The second peak at 0330 hours ex-
ceeded growth hormone concentrations over the
same interval during the saline experiments. In con-
trast, growth hormone concentrations remained con-
stant throughout the night during the ªbasalº study
averaging 3.1 ± 0.3 mg/l which were slightly but signif-
icantly greater (p < 0.05) than those observed when
growth hormone was not replaced (2.4 ± 0.2 mg/l)
thus creating a state of relative growth hormone defi-
ciency.

After injection of octreotide, nocturnal glucose
concentrations increased by equal amounts on the
three study days reaching a peak of about 6.2 mmol/l
at 0300 hours and falling back to basal levels of about
5.4 mmol/l by 0800 hours (Fig.1, second panel) and
remained higher (p < 0.05) than those observed at
the same time during the saline experiments (4.8 ±
0.13 mmol/l). Similarly, injection of octreotide result-
ed in a comparable and equal fall (p < 0.05) in insulin

(Fig.1, third panel) and C-peptide concentrations
(Fig.1, fourth panel) to a nadir at 0100 hours fol-
lowed by a rise back to values at 0800 hours which
no longer differed from those during the overnight
saline infusion. Nocturnal glucagon and cortisol con-
centrations were not significantly different on the
four study days (Fig.1, lower panels).

Postprandial glucose, insulin, C-peptide, glucagon
and growth hormone concentrations. Glucose concen-
trations increased by an almost identical amount on
all four study days reaching a peak of about 9 mmol/
l at 60 min and returning to basal values by 3 h
(Fig.2). Postprandial insulin and C-peptide concen-
trations did not differ on the variable, basal or growth
hormone deficient study days. The integrated insulin
response above basal after eating a meal on those
three occasions tended (p = 0.04 to 0.07) to be lower,
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however, than that after overnight saline infusion, im-
plying that the octreotide injected the evening before
continued on the following morning to blunt insulin
secretion or increase insulin action. In contrast, post-
prandial glucagon (Fig.2, lower panel) and cortisol
(data not shown) were not significantly different on
any occasion.

Postprandial growth hormone concentrations
showed considerable variability. Growth hormone
concentration consistently increased in all subjects
2±3 h after eating a meal coincident with the fall in
glucose concentrations toward basal levels. This
rise, however, was superimposed on antecedent puls-
es in growth hormone secretion which began prior to
eating a meal in six of the subjects. These preprandi-
al pulses, which presumably were due to the waning
of the effects of the octreotide, occurred in two sub-
jects in the variable group, in three subjects in the
ªbasalº group and in three subjects in the ªdefi-
cientº group. Preprandial increases in growth hor-
mone were also observed in two subjects in the sa-
line group.

Rates of glucose disappearance, appearance and in-
corporation of 14CO2 into glucose. Despite differenc-
es in nocturnal growth hormone concentrations, rates
of appearance and disappearance did not differ on
any of the four occasions either prior to or following
eating (Fig.3). In addition, both the degree of post-
prandial suppression of endogenous glucose produc-
tion and the rate of incorporation of 14CO2 into glu-
cose were also the same on all four occasions (Fig.4).

Appearance of ingested glucose and plasma D-xylose
concentrations. Postprandial glucose appearance
equals the sum of the rate of appearance of the in-
gested glucose and endogenous glucose production.
Appearance of the ingested glucose (Fig.5) was al-
most identical when endogenous secretion was inhib-
ited by octreotide and when nocturnal growth hor-
mone concentrations increased by a variable growth
hormone infusion (2.8 ± 0.2), held at basal levels by
a constant growth hormone infusion (2.6 ±
0.2 mmol × kg±1 × 6 h±1) or was permitted to change
unencumbered during the overnight saline infusion
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(2.3 ± 0.1 mmol × kg±1 × 6 h±1). Appearance of ingest-
ed glucose after overnight growth hormone deficien-
cy (2.1 ± 0.2 mmol × kg±1 × 6 h±1) was, however, slightly
lower (p = 0.02, 0.04, 0.05, respectively) than that on
the other three occasions.

Postprandial plasma D-xylose concentrations did
not differ on the four study days indicating that octre-
otide injection the previous evening did not alter gut
absorption the following morning.

Plasma lactate and non-esterified fatty acid concentra-
tions and rates of carbohydrate and lipid oxidation.
Plasma lactate concentrations did not differ either
prior to or after eating on the variable, basal and defi-
cient study days (Fig.6, upper panel). Although
preprandial lactate concentrations on the saline study
day tended to be slightly lower than on the three oc-
treotide study days, the postprandial increase above
basal did not differ on any of the four occasions.

Preprandial plasma non-esterified fatty acid con-
centrations were lower after overnight growth hor-

mone deficiency (0.27 ± 0.05 mmol/l) than after ei-
ther overnight saline (0.57 ± 0.09 mmol/l; p = 0.02),
basal (0.55 ± 0.06 mmol/l; p = 0.01) or variable
(0.51 ± 0.05 mmol/l; p = 0.005) growth hormone infu-
sions (Fig.6, lower panel). Eating resulted in prompt
and almost identical suppression of non-esterified
fatty acids on all four occasions. In addition, post-
prandial rates of carbohydrate and lipid oxidation
were similar on all study days (Fig.7).

Discussion

Maintenance of normal carbohydrate tolerance re-
quires the interaction of insulin and the counter insu-
lin hormones [1±4]. Cortisol and growth hormone are
well established as counter insulin hormones [5±13,
34, 35]. Numerous studies have established that ex-
cessive amounts of cortisol or growth hormone cause
carbohydrate intolerance and insulin resistance
[5±13, 34, 35]. Both impair insulin induced suppres-
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sion of hepatic glucose release and insulin induced
stimulation of glucose uptake [34, 35]. In the absence
of an appropriate compensatory increase in insulin
secretion, both cause hyperglycaemia [12, 13, 25, 36].
The effects of physiologic changes in these hormones
on carbohydrate metabolism have received less at-
tention. We and others have shown that the normal
nocturnal rise in cortisol is an important regulator of
carbohydrate tolerance the following morning [25,
36, 37]. The present experiments suggest that this
may not be the case for growth hormone. Glucose
concentrations after eating breakfast were virtually
identical whether growth hormone concentrations
the preceding night were episodically increased,
maintained constant at basal levels or reduced to de-
ficient levels. Moreover, postprandial stimulation of
glucose uptake and oxidation and suppression of glu-
cose production and lipid oxidation were also the
same on all occasions.

Growth hormone has both acute insulin-like
[38±40] and anti-insulin effects [5±13]. The insulin-
like effects are rapid, minimal and evanescent
[38±40]. The anti-insulin effects are delayed and are

dependent on both the dose and manner in which
growth hormone is given [5±13, 41, 42]. Maintenance
of growth hormone concentrations at about 9 mg/l
for several hours produces insulin resistance [6±8].
In the present experiment, although growth hormone
peaked at about 9 mg/l at 0030 and 0330 hours, these
peaks were brief with growth hormone concentra-
tions returning to basal levels within 1 h. The timing
and pattern of the first increase in growth hormone
mimicked closely (albeit concentrations were some-
what lower) that during the saline experiments when
octreotide was not given. The second peak at
0330 hours exceeded growth hormone concentrations
over the same interval during the saline experiments.
Breakfast was eaten at 0800 hours approximately 41/2
h after the second growth hormone peak. Despite
this, postprandial glucose, insulin and C-peptide con-
centrations did not differ from those during the basal
infusion. Comparison of results during the variable
and basal growth hormone infusions obviates uncer-
tainty introduced by any residual effects of octreotide
the following morning since it was injected the eve-
ning before on both occasions in identical amounts.
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This conclusion is further strengthened by the fact
that the results on the three octreotide study days
were virtually identical to those on the saline study
day. Several studies have shown that although an
acute increase in growth hormone can impair glucose
uptake, its anti-insulin effects are transient and no
longer evident 5 h later [42, 43]. A similar circum-
stance appears to occur after a nocturnal rise in
growth hormone in that a metabolic effect is no long-
er detectable the following morning.

Based on previous reports [15±20], we elected to
produce two nocturnal peaks of equal size. Growth
hormone secretion is, however, extremely variable
[15±20]. Peak concentrations during the variable
growth hormone experiments averaged about 9 mg/l
whereas those on the saline experiments averaged
about 14 mg/l. On the other hand, the variable infu-
sion resulted in a second peak that clearly exceeded
that during the saline study. This if anything should
have enhanced our ability to detect an effect of
growth hormone. Higher plasma growth hormone
concentrations than those produced in the present ex-
periment can occur in young people particularly
around the time of puberty [44] and lower concentra-
tions with obesity or ageing [20, 45, 46]. Thus, we can-
not rule out the possibility that higher and more fre-
quent nocturnal increases in growth hormone than
those produced in the present experiments may exert
metabolic effects the following morning in some peo-
ple.

Relative growth hormone deficiency was pro-
duced by injecting octreotide without an accompany-
ing replacement with a growth hormone infusion.
Nocturnal growth hormone concentrations in these
experiments were only slightly (but significantly)
lower than those during the basal growth hormone
experiments. It is likely that the small differences in
growth hormone concentrations, at least in part, are
because they were measured with a first generation
growth hormone assay the detection limit of which
was about 2 mg/l. Furthermore, we used a relatively
small dose of octreotide. Even this subtle degree of
growth hormone deficiency appeared to be sufficient
to lower postabsorptive non-esterified fatty acid con-
centrations. It is therefore possible there would have
been more pronounced effects had we created a
greater degree of deficiency by giving higher doses
of octreotide for a longer period.

Although the pattern of postprandial hepatic glu-
cose metabolism was the same in the presence and
absence of a nocturnal increase in growth hormone,
it differed after nocturnal growth hormone deficiency
in that meal glucose appearance and plasma non-es-
terified fatty acids were lower than on the other three
study days. Since multiple statistical tests were per-
formed, it is possible that both of these observations
occurred by chance alone. We doubt that this was
the case, since in both instances the results on the

growth hormone deficient day were significantly low-
er than those on all of the other three study days. A
decrease in meal glucose appearance could result
from an increase in hepatic glycogen synthesis or an
increase in splanchnic (or liver) glycolysis or both.
No previous studies have examined the effects of
acute relative growth hormone deficiency on either
of these processes. In contrast, growth hormone is
known to be a potent lipolytic hormone [47]. After
giving growth hormone, plasma non-esterified fatty
acid concentrations generally increase more and ear-
lier than glucose concentrations [9, 41, 42]. Since plas-
ma non-esterified fatty acid concentration and turn-
over are closely linked [48, 49], the lower concentra-
tions after overnight growth hormone deficiency im-
plies lower rates of lipolysis. This observation sug-
gests that small ªpermissiveº amounts of growth hor-
mone are required for normal rates of lipolysis.

As with all experiments, the present studies have
limitations. Octreotide was injected subcutaneously
at 2300 hours on the evening prior to study to inhibit
endogenous growth hormone secretion thereby en-
abling us to produce different growth hormone pro-
files during the night. Octreotide inhibits the secre-
tion of hormones other than growth hormone. As is
evident from Figs. 1 and 2, octreotide inhibited insu-
lin (and perhaps glucagon) secretion during the night
and blunted insulin secretion or increased insulin ac-
tion or both after breakfast relative to that on the sa-
line study day. Although this complicated comparison
of the results of the saline experiments with the octre-
otide experiments, it did not hinder comparison of
the three octreotide experiments since insulin, C-
peptide and glucagon concentrations were virtually
identical during the night and after eating on all three
occasions. Furthermore, the slightly lower postpran-
dial insulin concentrations during the octreotide ex-
periments relative to the saline experiments, if any-
thing, presumably would accentuate any residual
anti-insulin effect of the nocturnal increases in
growth hormone. No such effect was observed.

In summary, glucose, insulin, C-peptide and gluca-
gon concentrations were virtually identical whether
or not breakfast was preceded by a nocturnal rise in
growth hormone. Moreover, glucose appearance, dis-
appearance, endogenous glucose production and CO2
incorporation into glucose did not differ in the pres-
ence or absence of the nocturnal rise in growth hor-
mone concentration. Taken together with previous
studies, these data indicate that although growth hor-
mone excess can cause insulin resistance [5±10], tran-
sient increases in growth hormone during the night
do not appear to cause a detectable alteration in post-
prandial carbohydrate metabolism the following
morning. On the other hand, due to variability poten-
tially introduced by concordant changes in insulin,
glucagon and growth hormone concentrations during
the night, the present experiments cannot totally rule
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out a small but undetected glucoregulatory effect of
growth hormone on carbohydrate metabolism.
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