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T

he advent of sophisticated programmable devices
for insulin delivery has resulted in increased attention on the variability of overnight insulin requirements in insulin-dependent diabetics (IDDs). Nocturnal insulin requirements have been shown to increase
substantially, following a 0100-0300-h nadir, at 0600-0900
h in some IDDs given insulin subcutaneously or intravenously.1"3 If insulin replacement does not increase after 0600
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h in these patients, blood glucose concentrations increase.
This has been referred to as the "dawn phenomenon."4
The observed increase in insulin requirements is temporally related to the physiologic diurnal increase of plasma
cortisol. Shamoon et al. infused cortisol into normals and
IDDs maintained euglycemic with constant insulin infusions
and found that the hyperglycemic effect of cortisol was more
pronounced in the diabetic subjects.5 A nocturnal increase
in cortisol levels might contribute to the increased insulin
requirements observed in IDDs treated with insulin infusion
devices or more conventional modes of insulin replacement.
However, Bright et al. observed that when IDDs were given
metyrapone sufficient to block endogenous cortisol production, nocturnal variability in insulin requirements persisted,6
thus raising doubts regarding a role for changes in plasma
cortisol in the pathogenesis of the observed changes in overnight insulin requirements.
This study was designed to further examine a possible
role of the pituitary-adrenocortical axis in the nocturnal variability of insulin requirements, specifically to clarify whether
ACTH or an ACTH-dependent mechanism involving cortisol
precursors, or changes in free insulin or counterregulatory
hormone concentrations might influence overnight insulin requirements in IDDs.
METHODS

The subjects were five normal-weight IDDs between 23 and
39 yr of age, with a mean duration of diabetes of 14 ± 2 yr.
Values for glycosylated hemoglobin varied from 10% to 17%
in an assay where normal values are 4.0-8.3%. All had previous episodes of documented ketoacidosis. All subjects
gave informed consent for participation in this study.
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SUMMARY
In insulin-dependent diabetics, insulin requirements increase significantly after 0600 h, resulting in prebreakfast hyperglycemia with either conventional insulin
therapy or constant insulin infusions with insulin infusion devices. In order to clarify the role of the pituitary-adrenocortical axis and further examine the mechanisms of the phenomenon of nocturnal variability in
insulin requirements, we studied five IDDs using a
closed-loop insulin infusion device (Biostator, GCIIS).
The subjects were given saline (SAL) or dexamethasone (DEX) i.v. from 1800 to 0900 h on successive
nights. From 2400-0300 to 0600-0900 h, mean insulin infusion rates required to maintain blood glucose
values between 109 and 120 mg/dl increased by
0.21 ± 0.05 mU/kg/min during the SAL infusion, and
0.16 ± 0.04 mU/kg/min during the DEX infusion, when
plasma cortisols were suppressed to < 2 p.g/dl. Mean
free insulin concentrations did not increase and remained constant throughout both study nights in spite
of the significantly higher 0600-0900-h insulin infusion
rates. Growth hormone, glucagon, epinephrine, and
norepinephrine concentrations showed normal nocturnal and early morning patterns during both study
nights. We conclude that the nocturnal variability in insulin requirements persists despite suppression of the
pituitary-adrenocortical axis, and that increased free
insulin clearance or degradation may contribute to the
"dawn phenomenon" of rising prebreakfast glucose
despite constant insulin infusion. DIABETES 32:403-407,
May 1983.

Of

c

^: 0.4

o 53
> c E

404

0.2
0

"E 100
80
u_ D•
c c 60
o
S-3 40
<D
o);

20
Ql

140
130

o'

120

c E
o
110

2400 0100 0200 0300 0400 0500 0600 0700 0800 0900
TIME
FIGURE 1. Mean ± SEM insulin infusion rates, glucose, and free insulin concentrations during overnight SAL infusion.

constant overnight with a mean concentration of 75 ± 14 |xU/
ml from 0600 to 0900 h (P = NS) (Figure 1). Similarly, during
the DEX infusion, the mean free insulin concentration was
89 ± 15 jiLJ/ml from 2400 to 0300 h and remained constant
with a mean value of 85 ± 17 (ill/ml from 0600 to 0900 h
(P = NS) (Figure 2). Thus, in spite of the substantially higher
insulin infusion rates from 0600 to 0900 h as compared with
2400 to 0300 h during both SAL and DEX infusions, mean
plasma free insulin concentrations were not significantly different between these time periods on either study night (Figure 3).
Plasma cortisol levels showed a normal nocturnal variability during the SAL infusion with an increase to a mean
level of 20 ± 2 |xg/dl at 0700 h (Figure 4). During the DEX
infusion, the pituitary-adrenocortical axis was suppressed
as shown by plasma cortisol levels of < 2 |xg/dl throughout
the study period (Figure 5).
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RESULTS

During overnight Biostator control with the SAL infusion, mean
nocturnal insulin requirements increased from 0.21 ± 0.05
mU/kg/min from 2400 to 0300 h to 0.42 ± 0.07 mU/kg/min
from 0600 to 0900 h (P < 0.01) as plasma glucose rose from
109 ± 1 to 120 ± 3 mg/dl (P < 0.05) (Figure 1).
During the overnight DEX infusion, mean nocturnal insulin
requirements increased from 0.38 ± 0.07 mU/kg/min from
2400 to 0300 h to 0.54 ± 0.08 mU/kg/min from 0600 to 0900
h (P<0.01) in response to an increase in mean plasma
glucose from 112 ± 2 to 115 ± 1 mg/dl (P = NS) (Figure 2).
Mean overnight insulin requirements were 62% higher during
the DEX infusion in comparison to the SAL infusion (P < 0.001).
The mean free insulin concentration during the SAL infusion was 71 ± 17 (xU/ml from 2400 to 0300 h and remained
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FIGURE 2. Mean ± SEM insulin infusion rates, glucose, and free insulin concentrations during overnight DEX infusion.
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Dextrose was not given during the course of these studies.
The static 1:1 mode was used instead of the dynamic 3:1
mode so as to reduce minute-to-minute variability in insulin
infusion rates resulting from small changes in glucose concentrations.
The subjects ate their last meal 6 h or more before being
placed under Biostator control. Either intravenous saline (SAL)
or 150 |xg/h dexamethasone (DEX) was infused continuously
from 1800 to 0900 h on consecutive nights. In anticipation
of increased insulin requirements during DEX infusion, Rl
was increased by 50% on the DEX night, but Bl and Ql were
the same on both nights. Blood samples were collected
through an indwelling venous catheter at 30-min intervals
between 2400 and 0900 h for measurement of glucose, cortisol, glucagon, growth hormone, free insulin, epinephrine,
and norepinephrine. Growth hormone, glucagon, and cortisol were measured by radioimmunoassay as previously described. Free insulin was measured by radioimmunoassay
after a 2-h incubation in a metabolic shaker at 37°C and
polyethylene glycol precipitation as described by Kuzuya et
al.9 Plasma epinephrine and norepinephrine were measured
in duplicate in 50-jxl aliquots with a single isotope derivative
method.10 Glycosylated hemoglobin was determined using
a minicolumn (Isolab Inc., Akron, Ohio).
The mean glucose concentrations and insulin infusion rates
were calculated as the means of minute-to-minute blood
glucose concentrations and insulin infusion rates for 30-min
intervals during Biostator control. The paired f test was used
to compare data in the individual subjects from one time
interval to another. Results are expressed as mean ± SEM.
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The subjects were withdrawn from NPH or lente insulin at
least 30 h before, and subcutaneous regular or crystalline
insulin at least 12 h before the study period. Blood glucose
was controlled with a modified closed-loop intravenous insulin delivery system before the study7 until 2300 h, when
they were connected to the Biostator GCIIS (Miles Laboratories, Elkhart, Indiana).8 The Biostator was operated using
mode 1:1, with constants set to deliver insulin at 10-25 ml)/
min (Rl) with glucoses at 110 mg/dl (Bl) so that insulin infusion rates (IR) increased twofold at a blood glucose of 122
mg/dl (Ql = 30 mg/dl) according to the following algorithm:
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(P < 0.05) during the SAL infusion (Figure 6), and a similar
increase from 159 ± 16 pg/ml from 2400-0300 h to 201 ± 1 5
pg/ml from 0600-0900 h (P < 0.001) during the DEX infusion
(Figure 7). There was no significant difference in mean epinephrine and norepinephrine concentrations between the
two study nights.

2400-0300h 0600-0900h

TIME
FIGURE 3. Comparison of mean ± SEM insulin infusion rates and free
insulin concentrations between 2400 and 0300 h and 0600 and 0900 h
during SAL and DEX infusions. The increase in insulin infusion rates
was significant (P < 0.01) from 2400-0300 h to 0600-0900 h during
both SAL and DEX infusions. Free insulin concentrations were not significantly different.

Plasma glucagon concentrations remained relatively constant throughout both study nights, and there was no difference in the mean overnight values between the SAL (189 ± 2
pg/ml) and the DEX (190 ± 4 pg/ml) infusions. The serum
growth hormone values showed normal nocturnal variability
on both study nights (Figures 4 and 5) with spikes in growth
hormone concentrations of 5-45 ng/ml during the early hours
of sleep between 2400 and 0300 h.
Mean plasma epinephrine values were 37 ± 9 pg/ml from
2400 to 0300 h during the SAL infusion, and increased slightly
to 47 ± 16 pg/ml from 0600 to 0900 h (P = NS) (Figure 6).
During the DEX infusion, mean plasma epinephrine values
were 33 ± 18 pg/ml from 2400 to 0300 h and also increased
slightly to 48 ± 24 pg/ml from 0600 to 0900 h (P = NS) (Figure 7). There was, however, a significant diurnal pattern noted
with norepinephrine, with an increase from 141 ± 17 pg/ml
from 2400-0300 h to 174 ± 20 pg/ml from 0600-0900 h

DISCUSSION

Several studies have now documented a nocturnal variability
in overnight basal insulin requirements in IDDs.1"4 Previously,
since overnight levels of glucagon were found to be unchanged, and since fluctuations of growth hormone correlated poorly with changes in insulin requirements during the
day,11 it was logical to suspect that this variability might be
secondary to the diurnal variation of plasma cortisol. However, normal adults maintain constant plasma glucose, insulin, and C-peptide concentrations in spite of normal diurnal
variations of plasma cortisol.1213 The observations of Bright
et al. suggested that a process other than cortisol might be
responsible for the observed changes in insulin requirements.6 Indeed, it was particularly interesting in this latter
study that the prebreakfast increase in insulin infusion rates
was more pronounced when the subjects were given metyrapone. Since suppression of endogenous cortisol release
would otherwise be expected to decrease basal insulin requirements from 0600 to 0900 h, then either cortisol precursors or an ACTH-dependent process might contribute to
the increased insulin requirements at this time.
The results of the present study demonstrate that the pre90
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FIGURE 4. Mean ± SEM concentrations of cortisol, glucagon, and
growth hormone during overnight SAL infusion.
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FIGURE 6. Mean ± SEM concentrations of epinephrine and norepinephrine during overnight SAL infusion.
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FIGURE 5. Mean ± SEM concentrations of cortisol, glucagon, and
growth hormone during overnight DEX infusion.

\RY-ADRENOCOR1

Z

:0UNTERREGULATORY HORMONES. AND INSULIN CLEARANCE

90
80

ii «
| g 40
£
20
0
m 250
5 200

^ 1 150
12100
g 50
Z

0
2400 0100 0200 0300 0400 0500 0600 0700 0800 0900
TIME

FIGURE 7. Mean ± SEM concentrations of epinephrine and norepinephrine during overnight DEX infusion.
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The observed overnight patterns of epinephrine and norepinephrine are consistent with previous studies showing an
increase in norepinephrine during the waking hours.19"22 Although the mean epinephrine concentrations increased
slightly, it seems unlikely that these minor changes and relatively low absolute values of epinephrine contribute significantly to the nocturnal variability in insulin requirements.
Clutter et al. have previously shown that increments in plasma
glucose concentration and glucose production occur at
threshold values of 150-200 pg/ml for epinephrine, which
exceed all values obtained during this study.23 The observed
diurnal increase in mean plasma norepinephrine concentrations from 0600 to 0900 h in these subjects is consistent with
the observations of Stene et al., who noted an abrupt rise in
norepinephrine upon awakening at this time in normal subjects.22 Since normal subjects have neither an increase in
plasma glucose nor an increase in insulin concentrations in
response to waking,1213 despite similar increments in plasma
norepinephrine concentrations, it seems unlikely that norepinephrine alone is a major hyperglycemic factor in the
dawn phenomenon.
Thus, these studies demonstrate that the nocturnal variability in insulin requirements in IDDs occurs despite overnight patterns of cortisol, glucagon, growth hormone, epinephrine, and norepinephrine similar to those previously
described in normal subjects. However, in spite of the peripheral venous hyperinsulinemia noted in our subjects and
those previously reported by others,24 it is unlikely that our
patients were receiving sufficient insulin to reduce hepatic
glucose production rates to normal values when blood glucoses were maintained at 110-120 mg/dl. This relative hepatic underinsulinization may be common in insulin-treated
diabetics and, as observed by Shamoon et al.,5 might make
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breakfast increase in insulin requirements persists despite
pharmacologic suppression of the pituitary-adrenocortical
axis in IDDs. The greater 0600-0900-h increase in glucose
concentrations during the SAL infusion compared with the
DEX infusion suggests that the 0.21 ± 0.05 mU/kg/min increment in insulin requirements during the SAL infusion was
inadequate to prevent the prebreakfast rise in blood glucose.
A further increase in the 0600-0900-h insulin infusion rate
sufficient to maintain a more constant blood glucose may
have resulted in a larger difference in the increments in insulin infusion rates between the SAL and DEX infusions. This
suggests that suppression of the pituitary-adrenal axis may
moderately blunt the prebreakfast increase in insulin requirements. However, the 0.16 ± 0.04-mU/kg/min increment
during the DEX infusion remains a significant finding, suggesting that the physiologic variability of ACTH and cortisol
is not the only determinant of the "dawn phenomenon." The
62% increase in mean insulin requirements overnight during
the DEX infusion compared with the SAL infusion is consistent with the known hyperglycemic effect of chronic cortisol excess in both normals and diabetics,1415 and is consistent with the observations of Shamoon.5
Although ACTH levels were not measured, the continuous
infusion (150 fig/h) of a supraphysiologic dose of 2.25 mg
of dexamethasone overnight should have been more than
sufficient to suppress ACTH secretion.16 The totally suppressed levels of plasma cortisol to less than 2 (xg/dl
throughout the study period demonstrate adequate cortisol
suppression. Although dexamethasone levels were not
measured, the plasma level should have been stable since
the constant infusion was begun 6 h before beginning the
study.
The mean free insulin concentrations failed to increase
despite the significantly higher insulin infusion rates from
0600 to 0900 h during both study nights. Although metabolic
clearance rates of insulin could not be assessed precisely
using this study design involving small minute-to-minute variations in insulin infusion rates, a nocturnal variability in free
insulin clearance might contribute to the observed prebreakfast increase in insulin requirements in these patients (Figure
3). The data also suggest that the variability in insulin clearance is unrelated to changes in plasma cortisol or ACTH,
since the free insulin concentrations did not increase in response to higher 0600-0900-h insulin infusion rates during

the DEX infusion. Further studies are needed to evaluate
possible changes in insulin degradation and kinetics of insulin binding to antibodies during the night since either could
account for apparent variations in free insulin clearance from
plasma.
Previous studies have failed to show any correlation between overnight variability in insulin requirements and plasma
glucagon levels.16 In fact, glucagon levels have been found
to remain relatively constant overnight in IDDs.2611 The constant levels of plasma glucagon during both the SAL and
DEX infusions corroborate these earlier findings.
Growth hormone concentrations during both study nights
demonstrated a normal nocturnal pattern with spikes1117 occurring during early sleep in each patient, resulting in significantly higher mean values noted from 2400 to 0300 h than
from 0600 to 0900 h. There was no significant difference in
the mean overnight growth hormone concentrations between
the SAL or DEX infusions. MacGorman et al. demonstrated
that the hyperglycemic effects of growth hormone may be
delayed by several hours after a growth hormone infusion,
and occur after an initial insulin-like, hypoglycemic effect
seen during the first 2.5 h of hormone infusion.18 Thus, the
physiologic nocturnal increase in growth hormone may contribute to the observed pattern of variable insulin requirements, perhaps contributing to both the 0100-0300-h nadir
as well as the 0600-0900-h increase in plasma glucose
concentration and insulin requirements. Further studies are
needed to evaluate this issue.
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IDDs increasingly responsive to the hyperglycemic effects
of cortisol, glucagon, epinephrine, and other counterregulatory factors. Under conditions of mild to moderate hepatic
underinsulinization, small increments in one or more counterregulatory hormones or neurotransmitters could result in
exaggerated hyperglycemic effects in IDDs, which do not
occur in normal subjects in whom insulin is delivered directly
to the liver through the portal circulation.
In summary, the present studies demonstrate that the prebreakfast increase in insulin infusion rates required to maintain plasma glucose concentrations between 110 and 120
mg/dl in many IDDs persists despite suppression of the pituitary-adrenocortical axis with dexamethasone infusions. The
physiologic nocturnal variability of ACTH or cortisol secretion
is not the only determinant of this pattern. Further studies
are needed to evaluate the possible role of growth hormone,
changes in the metabolic clearance rate of insulin, and the
effect of variable degrees of glycemic control using more
physiologic routes for insulin delivery on the variability of
nocturnal insulin requirements in IDDs.

