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Summary. In order to assess whether the metabolic clearance
of insulin changes overnight, 11 patients with Type 1 (insulin-
dependent) diabetes and low insulin antibody titre, and
6 nondiabetic subjects were studied. In these studies insulin
was always infused by a Harvard pump. Initially, the noctur-
nal insulin requirements were assessed in the diabetic patients
by an overnight feedback insulin infusion to maintain eugly-
caemia. The insulin requirements decreased continuously af-
ter midnight to a nadir of 0.115+0.014mU-kg~'-min~"! at
04.30 hours, but after 05.00 hours the insulin requirements in-
creased nearly 40percent to a maximum of 0.16%
0.012mU-kg~'-min~" at 07.00 hours. To assess whether plas-
ma insulin clearance changes overnight, the diabetic patients
were studied on two different occasions, from
22.00-02.30 hours and from 04.00-08.30 hours. During each
of these two studies insulin was infused in sequential steps of
90 min each at the rate of 0.13,0.40 and 0.20 mU-kg~!-min~".
Despite changes in plasma free insulin concentration, the met-
abolic clearance of insulin in the interval 22.00-02.30 hours
(12.6+0.17 ml-kg—!-min~") was no different from that of the
interval 04.00-08.30 hours (12.5+0.19ml-kg~!.min~"). The

nondiabetic subjects were studied on two different occasions
to assess whether the metabolic clearance of insulin changes
overnight. Somatostatin (0.25mg/h) and insulin (0.3 mU-
kg~!-min~") were infused from 22.00-02.30 hours on one oc-
casion, and from 04.00-08.30 hours on the other. The meta-
bolic clearance of plasma free insulin in the interval
22.00-02.30 hours was no different from that of the interval
04.00-08.30 hours (12.6 +£0.20 vs 12.9+0.25m!-kg~!-min~1),
nor was it different from that of the diabetic patients.

It is concluded that, first, the metabolic clearance rate of
insulin does not change overnight either in diabetic or in
nondiabetic subjects; second, that it is independent of plasma
insulin concentration; and third, that its value is comparable
in nondiabetic subjects and in diabetic patients with a low
titre of insulin antibodies. Thus, changes in insulin sensitivity
rather than changes in insulin clearance are implicated in the
pathogenesis of the dawn phenomenon.

Key words: Type 1 diabetes mellitus, dawn phenomenon, met-
abolic insulin clearance, plasma free insulin, overnight insulin
requirements.

It is well known that the rate of intravenous insulin in-
fusion necessary to maintain euglycaemia overnight in
subjects with Type1 (insulin-dependent) [1-5] and
Type 2 (non-insulin-dependent) diabetes mellitus [6] in-
creases between 04.00-08.00 hours. Similarly, the rate of
endogenous insulin secretion [7] as well as the peripher-
al plasma insulin concentration [7, 8] increases in non-
diabetic subjects in the early morning. The pathogenesis
of this condition, commonly referred to as the dawn
phenomenon, is still controversial.

Several studies indicate that the dawn phenomenon
is due to a decrease in insulin sensitivity induced by
nocturnal surges of growth hormone secretion [9-11].
Nevertheless, some investigators have suggested that an
increase in the metabolic clearance of insulin in the ear-
ly morning, rather than a decrease in insulin sensitivity,

is the primary cause of the dawn phenomenon [4, 5, 12].
However, in two recent studies the metabolic clearance
of insulin did not change overnight during constant
subcutaneous [13] or intravenous [14] insulin infusion in
a group of diabetic patients who exhibited a dawn in-
crease in insulin requirements. Thus, it is presently con-
troversial whether overnight changes in metabolic insu-
lin clearance play a role in the pathogenesis of the dawn
phenomenon.

The present series of studies were undertaken to
assess whether the metabolic clearance of insulin
changes overnight, and the extent to which these
changes eventually contribute to the increased insulin
requirements at dawn in patients with Type 1 diabetes
as well as in nondiabetic subjects. A Harvard pump was
used in all the present studies to infuse insulin because
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it has been reported that insulin delivery may wane dur-
ing prolonged Biostator infusion but not during Har-
vard pump infusion [14-16].

Subjects and methods

Subjects

Informed consent was obtained from 11 patients with Type 1 diabetes
mellitus and from 6 normal non-diabetic subjects. The diabetic pat-
ients (7 men, 4 women), aged 20-44 years (29 + 3 years, mean + SEM),
had a duration of diabetes of 4-28 years (10+ 2 years), and had no re-
sidual endogenous insulin secretion as assessed by the plasma C-pep-
tide response to intravenous glucagon [17]. Their percent HbA,. was
8.41+0.44 [18] (normal range 5.1-6.9%, e.v. 3.7+ 0.4%) and the per-
cent plasma anti-insulin antibodies at B, was 5.4 0.6 [19]. The diabet-
ic patients had a normal renal function (creatinine clearance 99 +
3 ml/min). Their body mass index was 21.5 % 0.64 kg/m’. They were
on a therapeutic regimen of 2 or 3 daily injections of insulin (Actrapid
MC and Monotard MC, Novo Industries, Copenhagen, Denmark).
The nondiabetic patients (all males, aged 30 =2 years, body mass in-
dex 22.8 +75 kg/m?) belonged to a group of normal subjects in whom
a dawn phenomenon had recently been demonstrated [7]. None of the
diabetic patients and control subjects was receiving any drug treat-
ment (other than insulin for the diabetics) at the time of the study.

Assessment of overnight insulin requirements and plasma
free insulin clearance in the diabetic patients

The diabetic patients underwent two series of studies. Initially, the
magnitude of their dawn phenomenon was defined by assessing their
overnight insulin requirements. Subsequently, the possible changes in
overnight metabolic insulin clearance were studied. Only these latter
studies were performed in the nondiabetic subjects, in whom the pat-
tern of overnight endogenous insulin secretion had been recently de-
scribed [7].

In order to assess the overnight insulin requirements in the diabet-
ic patients, intermediate-acting insulin was withdrawn for at least 48 h
before the studies and the subjects received regular insulin (Actrapid
MC) before breakfast, lunch, dinner and at 23.00 and at 03.00 hours
on the basis of capillary blood glucose concentration. On the day of
the study, the last subcutaneous injection of regular insulin was given
at lunch. Thereafter, between 17.00-18.00 hours the subjects were
placed in bed, and a G-18 catheter-needle was placed into a superfi-
cial forearm vein for infusion of insulin (Actrapid MC, diluted to a fi-
nal concentration of 0.5 U/ml in 0.9% NacCl solution containing 0.5%
human albumin, Immuno S.p.A., Pisa, Italy) and glucose (20% solu-
tion) by means of separate Harvard pumps (Harvard Apparatus,
South Natick, Mass, USA). A G-21 butterfly needle was inserted ret-
rogradely into a dorsal vein of the contralateral hand which was kept
warm in a thermoregulated glass box at 65 °C in order to ensure arteri-
alization of venous blood [20]. This line was used for blood sampling
every 5-10min for immediate measurement of plasma glucose con-
centration at bedside. Between 18.00-18.30 hours the subjects con-
sumed a standard meal (725 kcal, 45% carbohydrate, 30% fat, 25%
protein), and insulin was infused at variable rates based on an empiric
feedback principle [21] in order to prevent an increase in plasma glu-
cose concentration above 10 mmol/1 with an insulin infusion rate no
greater than 1.5mU-kg™"-min~' for the first 2h after the meal.
Thereafter, between 20.30-09.00 hours on the next morning, the plas-
ma glucose concentration was maintained between 4.5 and
5.5 mmol/1 according to the following algorithm:

TR=RI (—G-‘E +1)?
QI
where IR is the insulin infusion rate (mU/min), R1I is the insulin infu-

sion rate (mU/min) when the measured plasma glucose concentration
(G) equals the BI (target plasma glucose =5 mmol/1). In these experi-

ments, RI was arbitrarily set at the 15% of the body weight expressed
in kilograms. QI is a constant called static gain (1.6 mmol/1).

In order to assess whether overnight changes in metabolic insulin
clearance contribute to the increases in insulin requirements at dawn
in Type1 diabetes mellitus, the diabetic patients were restudied
1-2months later on two separate nights, from 22.00-02.30 hours on
one occasion, and a week later from 04.00-08.30 hours. The sequence
of these studies was varied at random. On both occasions the subjects
were withdrawn from their intermediate-acting insulin for at least
48 hours before the studies and regular insulin was given five times
daily as described above. On the day of the study the last subcutane-
ous insulin injection was given at breakfast when the study started at
22.00 hours or at lunch when the study started at 04.00 hours. Twelve
hours prior to the studies, the patients were placed in bed and two
contralateral intravenous lines were started, one for infusion of insu-
lin and glucose by separate Harvard pumps, and the other for inter-
mittent blood sampling, as described above. Ten hours prior to the
studies the patients consumed a standard meal (725 kcal, 45% carbo-
hydrate, 30% fat and 25% protein). Insulin was infused as described
above in order to maintain plasma glucose concentration lower than
10 mmol/1 during the first 2 h after the meal and between 4.5 and
5.5mmol/1 thereafter. At 22.00hours or, on the other occasion at
04.00 hours, the mean insulin infusion rate necessary to maintain eu-
glycaemia over the previous 60 min was calculated and kept constant
for the subsequent 90 min until 23.30 hours or, on the other occasion,
05.30 hours. Thereafter, the insulin infusion rate was increased to
0.4mU-kg~'-min~! for an additional 90min (from 23.30-01.00
hours or, on the other occasion from 05.30-07.00 hours). Finally, the
insulin infusion rate was decreased to 0.20mU-kg~'-min~" for an-
other 90 min (from 01.00-02.30 hours, or from 07.00-08.30 hours).
Glucose was infused at variable rates in order to maintain plasma glu-
cose concentration between 4 and 8mmol/l. Arterialized-venous
blood samples were drawn for measurement of plasma free insulin af-
ter 60, 70, 80 and 90 min of each of the steps of insulin infusion.

Assessment of overnight metabolic insulin clearance
in the nondiabetic subjects

In order to assess whether the metabolic insulin clearance changes
overnight in normal man, the non-diabetic subjects were studied on
two separate occasions, from 22.00-02.30 hours on one occasion, and
a week later from 04.00-08.30 hours. The sequence of the studies was
varied at random. The subjects consumed their meal 10 h prior to the
studies, they were placed in bed at least 6 h prior to the studies and
contralateral intravenous lines were started as described above for the
diabetic subjects. At 21.30hours (or at 03.30 hours) an infusion of
somatostatin (0.25 ug/h, Stilamin, Serono, Milan, Italy) and insulin
(0.3 mU kg~!-min~") was started and continued for 5h.

Somatostatin and insulin were dissolved in 0.9% NaCl solution
containing 1% human albumin and were infused by separate Harvard
pumps. Glucose (20% solution) was infused at a variable rate in order
to maintain plasma glucose concentration between 4 and 8 mmol/1.
Arterialized-venous blood samples were drawn every 30 min for mea-
surement of free insulin and C-peptide. Diabetic as well as nondiabet-
ic subjects were able to sieep between midnight and 07.00 hours.

Plasma glucose was determined by a Beckman Glucose Analyzer
(Beckman Instruments, Fullerton, Calif., USA). Plasma free insulin
was determined both in diabetic and in nondiabetic subjects by the
method of Kuzuya et al. [22]. Polyethylene glycol precipitation was
performed in stored plasma samples, after a pre-incubation at 37°C
for 2 h. In our laboratory the intra-assay coefficient of variation is 9%
and the interassay coefficient of variation is 11% at plasma free insu-
lin concentration of 20 mU/1. Plasma C-peptide was determined as
previously described [23].

Statistical analysis

Data are given as mean + SEM. Whole body metabolic clearance rate
of insulin (MCR) was calculated according to the dilution principle
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Fig.1. Overnight insulin requirements in 11 patients with Type 1 dia-
betes mellitus. Insulin was infused by a Harvard pump. Data are ex-
pressed as mean + SEM
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Fig.2. Plasma free insulin concentrations and clearance during
sequential stepwise infusions of insulin at 0.13, 0.40 and 0.20mU-
kg="-min~" for 90 min each in 11 patients with Type 1 diabetes melli-
tus. The studies were performed on two different nights from
22.00-02.30 hours (@—@®), and from 04.00-08.30 hours (O—O0).
Insulin was infused by a Harvard pump. Data are expressed as
mean = SEM

[24], as the ratio of the insulin infusion rate to the steady-state arterial-
ized-venous plasma exogenous insulin concentration both in diabetic
and nondiabetic subjects. In the nondiabetic subjects the assumption
was made that suppression of endogenous insulin secretion by soma-
tostatin would be virtually complete. Statistical analysis was per-
formed by using the paired and unpaired Student’s t-tests and the
analysis of variance [25].

Results

Overnight insulin requirements in the diabetic patients

During the feedback insulin infusion, the plasma glu-
cose concentration was relatively stable between
23.00-02.00 hours, but after 02.30 hours it decreased
progressively to a nadir of 4.65+0.04 mmol/1 at
04.30 hours. Thereafter, plasma glucose concentration
increased progressively to a peak of 5.2+0.05 mmol/]
at 07.30 hours (p < 0.001 as compared to the 04.30 hours

value). The mean plasma glucose concentration over
the 06.00-09.00 hour interval was greater than that
over the 02.00-05.30hour interval (5.11£0.05 versus
4.74+0.03 mmol/1, p<0.001), but no different from
that of the interval 23.00-01.30 hours. The insulin re-
quirements decreased continuously after midnight to a
nadir of 0.115+0.014mU kg~ !-min~! at 04.30 hours.
However, after 05.00 hours the insulin requirements
increased abruptly to a maximum of 0.16 £0.012 mU -
kg~!-min~" at 07.00 hours. The mean insulin require-
ments in the interval 06.00-09.00 hours (0.15%
0.001 mU-kg~'-min~") was approximately 18% greater
thanthose of the interval 02.00-05.30 hours (0.127 %
0.01mU-kg~'-min~!, p<0.001), but only 6% greater
than those of the interval 23.00-01.30 hours (0.141 +
0.01mU-kg~"-min~1, p <0.001) (Fig.1).

Overnight metabolic clearance rate of insulin
in the diabetic patients

In the study 21.00-02.30 hours the mean insulin infu-
sion rate required to maintain euglycaemia between
21.00-22.00 hours was 0.13+0.09mU-kg~'-min~1.
When such an infusion rate was maintained constant
between 22.00-23.30 hours, plasma free insulin concen-
tration was 10.6 £0.7mU/1 and the whole body meta-
bolic clearance rate of insulin (MCR) was 123+
0.38ml-kg=!-min~!. Subsequently, when the insulin
infusion rate was increased to 0.4mU-kg~!'-min~!
from 23.30-01.00 hours, plasma free insulin concentra-
tion increased to 32+1mU/], but the mean value for
MCR did not change (12.6+£0.44 versus 123+
0.38ml-kg~'-min~!, p=NS). Finally, when the insulin
infusion rate was decreased to 0.20mU-kg~!-min~!
from 01.00-02.30 hours, plasma free insulin concentra-
tion decreased to 15.6+0.42mU/1, but the MCR re-
mained unchanged (12.9+0.36ml-kg= " min~!, p=
NS versus the two previous values).

In the study 04.00-08.30 hours, the mean insulin in-
fusion rate required to maintain euglycaemia between
03.00-04.00 hours was 0.127+0.01mU-g~"-min~!
(p=NS as compared to the insulin infusion rate be-
tween 21.00-22.00 hours of the previous study). When
this infusion rate was kept constant, plasma free insulin
concentration was 10.8 +0.8 mU/1 and the MCR 12+
0.77 ml-kg~"'-min~'. When the insulin infusion was in-
creased to 04mU-kg=!'-min~! from 05.30-07.00
hours, the plasma free insulin concentration was 31.7 +
1.3mU/1 and the MCR 12.9+0.6ml-kg~!-min—!. Fi-
nally, when the insulin infusion rate was decreased to
0.20mU-kg~!-min~"! from 07.00-08.30 hours, plasma
free insulin concentration was 16.2+ 0.6 mU/I and the
MCR 12.5+0.5ml-kg~'-min~1. All these values were
not significantly different from those observed in the
intervals 22.00-23.30 hours, 23.30-01.00 hours, 01.00-
02.30 hours of the previous study. The overall MCR in
the interval 22.00-02.30 hours (12.6+0.2ml-kg~!-
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Fig.3. Plasma C-peptide and free insulin concentration and plasma
free insulin clearance in 6 non-diabetic subjects during an infusion
of somatostatin (0.25mg/h) and insulin (0.30mU-kg='-min—").
The studies were performed on two different nights, from
20.00-02.30 hours (@—@®) and from 04.00--08.30 hours (O—O). In-
sulin was infused by a Harvard pump. Data are expressed as mean +
SEM

min~') was no different from that of the interval
04.00-08.30 hours (12.4+0.3ml-kg~!-min~', p=NS)
(Fig.2).

Overnight metabolic insulin clearance in the non-diabetic
subjects

In the non-diabetic subjects, the infusion of somato-
statin resulted in a virtually complete suppression of en-
dogenous insulin secretion, as shown by the plasma
C-peptide concentration in both studies, between
22.00-02.30 hours (0.10+0.01ng/ml) and between
04.00-08.30 hours (0.09 £+ 0.002 ng/ml, p=NS). Insulin
infusion resulted in a plateau plasma free insulin con-
centration of 23.9+0.37mU/1 between 22.00-02.30
hours and 23.3 £0.43 mU/1 between 04.00-08.30 hours
(p=NS). The mean value for MCR in the interval
22.00-02.30 hours (12.6 +0.20 ml-kg~!-min~') was no
different as compared to that of the interval
04.00-08.30 hours (12.9+0.25ml-kg~!.min—! p=NS).
Finally, the overall value for MCR determined over-
night in the non-diabetic subjects was no different from
that of the diabetic patients (12.74+0.7 and 12.5+
0.16 ml-kg~!-min~", respectively, p = NS) (Fig.3).

Discussion

The present study demonstrates, first, that the MCR of
insulin does not change overnight either in patients with
Type 1 diabetes mellitus, or in non-diabetic individuals
studied at physiological plasma insulin concentration.
Second, in the diabetic patients the MCR of insulin
did not change despite fluctuations in plasma insulin
concentration in the therapeutic range (10-40 mU/1).

P.DeFeo et al.: Insulin metabolic clearance rate and the dawn phenomenon

This finding indicates that the MCR of insulin in dia-
betic patients with a low titre of insulin antibodies is lin-
ear over the physiological range of the plasma hormone
level, i.e. that the MCR of insulin is independent of
plasma insulin concentrations. Although two studies
[26, 27] have suggested that MCR of insulin decreases
with increasing plasma insulin concentrations, our re-
sults that MCR is independent of concentration are in
agreement with all the other studies which have ex-
amined insulin kinetics in vivo [28-33]. The discrepancy
between the results of the studies in which MCR of in-
sulin has been found to be independent of plasma insu-
lin concentration [28-33, and the present study] and the
others [26, 27] are probably explicable on the basis of
methodological differences [26] as well as the way
MCR; was calculated [27] which leads to an overestima-
tion of MCR; at low plasma insulin concentration (the
subtraction of basal insulin from the steady-state arteri-
al insulin concentration during insulin infusion in the
denominator of the MCR; formula in this last study
does not seem to be appropriate since the contribution
of endogenous insulin production is part of the numera-
tor).

Third, in the present study the diabetic patients who
had a low titre of insulin antibodies (5.4 +0.9% at B,)
showed a value for MCR comparable to that of non-
diabetic subjects in whom the endogenous insulin se-
cretion was suppressed by somatostatin (approximately
12ml-kg~'-min~! in both groups). It is important to
note, however, that the value for MCR of insulin de-
pends on the titre of circulating insulin antibodies [34].
Specifically, diabetic patients with binding greater than
10% have values of MCR which are considerably great-
er than those of nondiabetic subjects and of diabetic
patients with a binding lower than 10% [34, 35].

In the present experiments, somatostatin was used
to suppress endogenous insulin secretion in the non-
diabetic subjects. Since somatostatin decreases the
splanchnic blood flow [36], it could theoretically de-
crease the hepatic insulin clearance and thereby invali-
date any comparison of MCR with the diabetic patients
not receiving somatostatin. However, it has been shown
in dogs [37] and in humans [30, 38] that somatostatin
does not effect the splanchnic extraction ratio of insu-
lin. Thus, the results of the present study indicate that
the values for MCR of insulin in non-diabetic and in
diabetic subjects are virtually identical, at least over a
physiological range of insulin concentration.

Several studies have suggested that MCR of insulin
increases in the early morning in Type 1 diabetes melli-
tus [3-5, 9, 10, 12]. Since in two of these studies insulin
sensitivity did not appear to change overnight [$, 12], it
was concluded that the increase in the insulin require-
ments in the early morning in Type 1 diabetes is due
solely to an increase in MCR of insulin [5, 12].

In some of these studies [3, 9, 10] a closed-loop insu-
lin infusion device (Biostator) was used to infuse insu-
lin, whereas in the present studies a Harvard pump was
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used for all the insulin infusions. This difference in
manner in which insulin was infused may explain the
discrepancy between the results of studies using this
closed-loop device and the present study. Three recent
reports [14-16] indicate that insulin delivery by the
closed-loop device wanes over time. Brennan et al. [15]
found that the immunoreactivity and bioactivity of in-
sulin in the infusate of the closed-loop device decreases
more than 50% over 6h and that this was apparently
due to pump-induced aggregation of insulin at the low
infusion rates used clinically (approximately 2 mi/h).
This was not observed at infusion rates greater than
16 ml/h or when a Harvard pump was used. Such a de-
crease in Biostator insulin delivery would result in a de-
crease in circulating insulin concentrations and thus an
apparent increase in MCR of insulin. In two different
centers, however, an overnight increase in MCR of insu-
lin was observed during an infusion of insulin by a sy-
ringe pump [4, 5, 12]. In the studies by Dux et al. [5] and
Skor et al. [12], however, the plasma free insulin levels
were nearly two-fold greater than those expected from
the nominal insulin infusion rates used [39-41]. Further-
more, the rates of insulin clearance in those two studies
were markedly different from those generally found.
Taken together these observations suggest that the find-
ing of overnight increase in MCR of insulin in those
two studies [5, 12] was probably due to some unpreci-
sion of the free insulin assay. Consistent with this inter-
pretation is the observation that in those two studies [5,
12] there was no change in insulin sensitivity, which one
would have expected to decrease if MCR of insulin had
increased significantly and contributed to the dawn
phenomenon. Kerner et al. [4] reported an early morn-
ing increase in MCR of insulin in some of the eight dia-
betic patients infused overnight with insulin by a sy-
ringe pump [4). However, these authors observed a
meaningful increase in blood glucose at dawn only in
the two subjects in whom MCR of insulin increased by
more than 15%, thus suggesting that an overnight in-
crease in MCR of insulin might well be the exception
rather than the rule in diabetic patients.

The conclusion of the present study, that MCR of
insulin does not change overnight in Type 1 diabetes, is
in agreement with the study of Koivisto et al. [13] as well
as with that of Campbell et al. [14], who found an in-
crease in insulin requirements at dawn in the absence of
an increase in MCR of insulin in a group of subjects
with Type1 diabetes treated with continuous subcu-
taneous [13] or intravenous [14] infusion of insulin at a
constant rate.

In conclusion, the present experiments demonstrate
that the metabolic clearance rate of insulin does not
change overnight either in patients with Type 1 diabetes
mellitus, or in nondiabetic subjects, despite changes in
plasma insulin concentration in a therapeutic and phy-
siologic range. Thus, since in all the diabetic and non-
diabetic subjects of the present experiments the insulin

requirements increased in the early morning, it is con-
cluded that the dawn phenomenon is explained solely
by an abrupt change in insulin sensitivity.
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