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Nocturnal spikes of growth hormone secretion cause the dawn 
phenomenon in Type 1 (insulin-dependent) diabetes mellitus 
by decreasing hepatic (and extrahepatic) sensitivity to insulin 
in the absence of insulin waning 
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Summary. The aim of the present studies was to test the hy- 
pothesis that the dawn phenomenon in Type i (insulin-de- 
pendent) diabetes mellitus is due to a decrease in insulin sen- 
sitivity caused by nocturnal spikes of growth hormone. 
Twelve subjects with Type 1 diabetes were studied on two dif- 
ferent occasions, from 24.00 to 02.00 hours, and from 06.00 to 
08.00 hours with the euglycaemic clamp technique at two 
plasma free insulin levels (= 25 mU/1, n = 7; = 80 mU/1, 
n = 5). To eliminate the confounding factor of insulin waning 
of previous Biostator studies, prior to clamp experiments the 
diabetic subjects were infused with i.v. insulin by means of a 
syringe pump according to their minute-to-minute insulin re- 
quirements. Insulin sensitivity decreased at dawn as com- 
pared to the early night hours ( -- 30% increase in the rate of 
hepatic glucose production, = 25% decrease in the rate of pe- 
ripheral glucose utilisation). Plasma insulin clearance did not 
change overnight. In seven Type 1 diabetic subjects, sup- 
pression of nocturnal spikes of growth hormone secretion by 

somatostatin during basal glucagon and growth hormone re- 
placement resulted in complete abolition of the increased 
rate of hepatic glucose production at dawn. Replacement of 
nocturnal spikes of growth hormone faithfully reproduced 
the increase in hepatic glucose production at dawn of the 
control study. It is concluded that the dawn phenomenon in 
Type i diabetes mellitus examined during optimal insulin re- 
placement, first, is due solely to a decrease in insulin sensitiv- 
ity and not to an increase in insulin clearance; second, that 
the decrease in insulin sensitivity at dawn takes place both in 
the liver and peripheral tissues; third, that the decrease in he- 
patic (and most likely extrahepatic) insulin sensitivity at 
dawn is caused by nocturnal spikes of growth hormone se- 
cretion. 

Key words: Dawn phenomenon, growth hormone, Type 1 
(insulin-dependent) diabetes mellitus, insulin sensitivity, he- 
patic glucose production, peripheral glucose utilisation. 

The dawn phenomenon is an increase in insulin require- 
ment (or in plasma glucose concentration if insulin re- 
quirement is not met) which occurs between 04.00 and 
08.00 hours in subjects with Type 1 (insulin-dependent) 
[1-3] and Type 2 (non-insulin-dependent) diabetes melli- 
ms [4, 5], in the absence of preceding hypoglycaemia and 
concomitant hypoinsulinaemia, and in normal non- 
diabetic subjects as well [6, 7]. Despite the number of 
studies published on this subject over the last few years [8], 
the pathogenesis of the dawn phenomenon is still not com- 
pletely understood. 

Theoretically, the dawn phenomenon might be due to 
either an increase in insulin clearance [9-12], or to a de- 
crease in insulin sensitivity, or a combination of both fac- 
tors [8]. Several studies [3, 13, 14] indicate that insulin 
clearance does not change overnight. Thus, the dawn phe- 
nomenon should be due solely to a decrease in insulin sen- 
sitivity [3]. However, in the only study [10] in which noc- 
turnal insulin sensitivity has been examined in subjects 
with Type I diabetes mellitus by means of the eugly- 
caemic-hyperinsulinaemic clamp technique, no dif- 

ference in insulin action between the early morning and 
the early night hours has been found. 

A second subject of controversy is the identification of 
the counterregulatory factor(s) which cause(s) the dawn 
phenomenon in Type i diabetes mellitus. Several studies 
[11, 15-17] have proposed that nocturnal surges in growth 
hormone secretion cause the dawn phenomenon. How- 
ever, in other studies [18-20] no evidence for a role of 
growth hormone has been found. Moreover, the interpre- 
tation of the studies [11, 15-17] supporting the role of 
growth hormone in the pathogenesis of the dawn phe- 
nomenon, is made difficult by the observation that in 
those experiments the increase in plasma glucose concen- 
tration at dawn was associated with progressive insulin 
deficiency, either because of loss of biologically active in- 
sulin [11,15] during prolonged use of the Biostator [21], or 
simply because the overnight insulin requirements were 
underestimated [16, 17]. The fact that in those studies [11, 
15-17] growth hormone was found to play some role, does 
not necessarily imply that growth hormone contributes to 
the pathogenesis of the dawn phenomenon, namely a con- 
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d i t ion  of  inc reased  insul in r e q u i r e m e n t s  and /o r  p l a s m a  
glucose concen t r a t i on  no t  a s soc ia ted  wi th  wan ing  of  in- 
sul in [1, 3, 5-8 ,  19, 22]. Thus,  at  p resen t ,  it  is no t  k n o w n  
whe t he r  noc tu rna l  sp ikes  of  g rowth  h o r m o n e  secre t ion  
p lay  a ro le  in t he  pa thogenes i s  of  the  dawn  p h e n o m e n o n  
in Type  I d i abe te s  mell i tus .  

In  view of  the  ongoing  con t rove r sy  on  the  pa thogenes i s  
of  the  dawn  p h e n o m e n o n  in Type  i d i abe tes  mel l i tus ,  the  
p re sen t  ser ies  of  s tudies  were  u n d e r t a k e n  to test  the  hy- 
po thes i s  that ,  firstly, the  dawn  p h e n o m e n o n  is due  to  a de-  
c rease  in insul in  sensit ivity;  and  if so, to es tab l i sh  w h e t h e r  
the  dec rease  in insulin sensi t iv i ty  at  dawn  occurs  p r imar i ly  
at  the  l iver  or  p e r i p h e r a l  t issue levels ,  or  if b o t h  loca t ions  
are  involved;  and,  finally, to  assess the  con t r ibu t ion  of  the  
noc tu rna l  surges  of  g rowth  h o r m o n e  to the  pa thogenes i s  
of  the  dawn  p h e n o m e n o n .  To p r e v e n t  the  confound ing  
fac tor  of  wan ing  of  insul in as a var iab le ,  all  the  exper i -  
m e n t s  of  the  p r e sen t  s tudies  were  run  unde r  condi t ions  of  
overn igh t  o p t i m a l  insul in r e p l a c e m e n t  by  m e a n s  of  a 
syr inge p u m p  [3]. T h e  p r e sen t  s tudies  d e m o n s t r a t e  tha t  
the  dawn  p h e n o m e n o n  is due  solely to  a dec rease  in in- 
sulin sensi t iv i ty  b o t h  at  the  hepa t i c  and  e x t r a h e p a t i c  level ,  
no t  to  an increase  in insul in c learance ;  and  tha t  such a de-  
c rease  in insul in  sensi t iv i ty  at  dawn  is caused  by  noc tu rna l  
spikes  of  g rowth  h o r m o n e  secre t ion .  

Subjects and methods 
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insulin-treated diabetic subjects, in whom nocturnal plasma insulin 
concentrations range between 15 and 30 mU/1 [26, 27], the clamp ex- 
periments were performed at "low" insulin infusion rate (0.3 
mU-kg-l .min -z) between 24.00 and 02.00 hours on one occasion, 
and between 06.00 and 08.00 hours one week later, during either sup- 
pression of nocturnal spikes of growth hormone secretion while 
maintaining its baseline concentration (second set of experiments), 
or replacement of spikes of growth hormone to mimic the sponta- 
neous nocturnal growth hormone secretion monitored in the first set 
of experiments (third set of experiments). 

In the second set of experiments nocturnal spikes of growth hor- 
mone secretion were suppressed by infusion of somatostatin (Sti- 
lamin, Serono S.p.A., Rome, Italy, 0.25 mg/h), which was initiated 
8 h prior to the clamp studies. To prevent glucagon and absolute 
growth hormone deficiency, both glucagon (Novo Industri, Bags- 
vaerd, Denmark) and growth hormone (Crescormon, K abi Vitrum, 
Stockholm, Sweden) diluted in 0.9% NaC1 solution containing 0.5% 
human albumin (Immuno S.p.A., Pisa, Italy) were rein fused at the 
rates of 0.65 and 5 ng-kg -1 .min -~, respectively, as previously re- 
ported [15, 28]. 

In the third set of experiments, nocturnal spikes of growth hor- 
mone secretion were suppressed by somatostatin, and basal gluca- 
gon and growth hormone were replaced as in the second set of ex- 
periments, but in addition i. v. boluses of growth hormone were given 
from 21.00 to 02.00 hours in the study 24.00-02.00 hours, and from 
22.00 to 07.30 hours in the study 06.00-08.00 hours every halfhour in 
an attempt to reproduce the pattern of nocturnal spikes of sponta- 
neous growth hormone secretion monitored in the first set of experi- 
ments, as follows: 25 gg from 21.00 through 22.30 hours; 75 btg from 
23.00 through 24.00 hours; 50 Bg at 00.30 and 01.00 hours; 75 btg from 
01.30 through 02.30 hours; 50 pg from 03.00 through 04.30 hours; 
15 btg from 05.00 through 07.30 hours. 

Subjects 

Informed consent was obtained from 12subjects with Type 1 
diabetes mellitus (7 men, 5 women), aged 19-38 years (27 + 2 years, 
mean + SEM), with a duration of diabetes of 5-21 years (9_+2 
years), and no residual endogenous insulin secretion as assessed by 
the plasma C-peptide response to i.v. glucagon [23]. Their HbAlc 
level was 7.41 + 0.52% [24] (normal range 3.8-6.0%) and the plasma 
anti-insulin antibodies at Bo was 5.1 -+ 0.7% [25]. Their body mass 
index was 22.1 -+ 0.71 kg/m 2. They were on a therapeutic regimen of 
3 or 4 daily injections of insulin (regular insulin before breakfast and 
lunch, and mixture of regular and NPH insulin before supper; or 
regular insulin before each meal and NPH insulin at bedtime). 

stu@ design 

Three sets of experiments were performed. Seven out of the 12 sub- 
jects participated in all the experiments, with the exception of the 
clamp studies at "high" insulin infusion rate which were carried out 
on the remaining 5 subjects. 

The first set of experiments were performed to assess the dif- 
ference in insulin sensitivity between the early night and early morn- 
ing hours by means of a euglycaemic-hyperinsulinaemic clamp study 
performed between 24.00 and 02.00 hours on one occasion, and be- 
tween 06.00 and 08.00 hours on a different occasion, approximately 
one week later. The sequence of these studies was varied at random. 
The clamp studies were run at "low" (0.3 mU. kg- 1. rain- ~, in 7 sub- 
jects) and "high" insulin infusion rate (1 mU. kg- 1. rain- z, in the re- 
maining 5 subjects). Plasma growth hormone concentration was 
determined at half hour intervals from 17.00 to 02.00 hours, and 
from 23.00 to 08.00 hours in the 24.00-02.00 hours and 06.00-08.00 
hours studies, respectively. 

The second and third set of experiments were performed to assess 
the effects of the nocturnal growth hormone secretion on insulin ac- 
tion in the early morning hours. To mimic the clinical conditions of 

Procedures 

Prior to each study, NPH insulin was withdrawn for at least 48 h in all 
Type i diabetic subjects, and regular insulin was injected before 
breakfast, lunch, dinner, at bedtime and at 03.00 hours based on ca- 
pillary blood glucose concentration. All clamp studies were per- 
formed after identical periods of fasting (10 h) and rest in bed (11 h). 
On the day on which the clamp studies were performed between 
24.00 and 02.00 hours, the last s.c. insulin injection was given at 
breakfast; between 01.00-01.30 hours the subjects were placed in 
bed, and a 18-gauge catheter needle was inserted into a superficial 
forearm vein for infusion of insulin (Actrapid HM, Novo Industri, 
diluted to a final concentration of 0.5 U/ml in 0.9% NaC1 solution 
containing 0.5% human albumin), and glucose (20% solution) by 
means of separate Harvard pumps (Harvard Apparatus, South 
Natick, Mass, USA). A 21-gauge butterfly needle was inserted retro- 
gradely into a dorsal vein of the contralateral hand which was kept 
warm in a thermoregulated plexiglass box at 65~ in order to ensure 
arterialisation of venous blood [29]. This line was kept patent by an 
infusion of 0.9% NaC1 solution (0.5 ml/min), and was used for inter- 
mittent blood sampling. Between 01.304)2.00 hours the subjects 
consumed a standard meal (725 kcal, 45% carbohydrate, 30% fat, 
25% protein) and insulin was infused at variable rates to prevent 
plasma glucose concentrations greater than 10 mmol/1 for the first 2 
h after the meal. Thereafter, between 16.00 and 24.00 hours, plasma 
glucose concentration was maintained between 4.5 and 5.5 mmol/1, 
according to the previously described algorithm [3]. At 21.00 hours a 
primed (20 p.C 0 continuous (0.20 gCi/min) infusion of the 3-3H-glu - 
cose (New England Nuclear, Boston, Mass, USA) was initiated for 
determination of glucose turnover. On the day on which the clamp 
studies were performed between 06.00 and 08.00 hours, the last s. c. 
insulin injection was given at lunch. Between 19.00-19.30 hours the 
subjects were placed in bed, the i.v. lines started, the standard meal 
consumed between 19.30 and 08.00 hours, and insulin infused in a 
feedback mode to maintain euglycaemia, as described above. No 
snack was administered after dinner. In these experiments 3-3H - 
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Fig.1. Glucose infusion rates during a 2 h euglycaemic clamp at the 
insulin infusion rate of 0.3 mU.kg -1 .min -I in seven subjects with 
Type 1 (insulin-dependent) diabetes mellitus. The subjects were 
studied on two separate nights, from midnight to 02.00 h on one 
occasion, from 06.00 to 08.00 h on the other occasion, o - -o  mid- 
night-02.00 hours. r r 06.00 hours-08.00 hours 

glucose infusion was initiated at 03.00 hours. The subjects were 
able to sleep between 24.00 and 08.00 hours during all the experi- 
ments. 

Analysis 

Plasma glucose was measured by the glucose oxidase method (Beck- 
man Glucose Analyzer, Beckman Instruments, Fullerton, Calif., 
USA). Plasma glucose specific activity [30], C-peptide [31], glucagon 
[32], growth hormone [33] were measured by previously described 
methods. Plasma free insulin was determined according to the 
method of Kuzuya et al. [34]. Polyethylene glycol precipitation of 
plasma insulin antibodies was performed soon after drawing blood 
samples, as previously described [35]. Rates of glucose production 
and utilisation were calculated by means of the non-steady-state 
equations of De Bodo et al. [36], and were "smoothed" according to 
the method of Miles et al. [37]. As during the euglycaemic-hyperin- 
sulinaemic clamp experiments at the insulin infusion rate of 
1 mU. kg- 1. min- 1, the calculated rate of hepatic glucose production 
yielded negative numbers [38], it was assumed that hepatic glucose 
production was fully suppressed [39] and that therefore the rate of 
exogenous "cold" glucose infusion equalled the rate of whole body 
glucose utilisation. Thus, in the clamp studies at "high" insulin infu- 
sion rate, the rate of "cold" glucose infusion and not the isotopically 
calculated glucose turnover, was considered as the real rate of pe- 
ripheral glucose utilisation. Plasma insulin clearance was calculated 
as the ratio between insulin infusion and the mean of plasma free in- 
sulin concentration at steady-state during the second h of the clamp 
studies [3]. 
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Statistical analysis 

Data in text and figures are given as mean _+ SEM and were evalu- 
ated by analysis of variance corrected for repeated measures, least- 
squares linear regression, and when appropriate two-tailed, paired 
t-test [40]. 

R e s u l t s  

Assessment of  insulin action in the early night 
and the early morning hours (study 1) 

Clamp studies at "low" insulin infusion rate (0.3 mU. 
kg -1. rain 1). Prior  to the clamp studies, the insulin infu- 
sion rate required to mainta in  euglycaemia  was greater  at 
06.00 hours  compared  to that  at 24.00 hours (0.18 + 0.02 vs 
0.11 + 0.01 m U  .kg -1 .min -1, p < 0.05). Dur ing  the c lamp 
studies, p lasma free insulin concent ra t ion  was com- 
parable  in the s tudy periods 24.00-02.00 hours  and 06.00- 
08.00 hours  (24.6 + 2.2 vs 25.6 + 2.4 mU/1, respectively, 
p = NS) and plasma insulin c learance was no different  
(12.2 + 0.13 and 11.7 + 0.14 ml.  kg -1. min -1, respectively, 
p = NS). Plasma glucose concentra t ions  at baseline and 
during the clamp studies were  comparable ,  with a coeffi- 
cient of  var ia t ion (c.v.) of  4.1 + 0.3%. The  m e a n  glucose 
infusion rate required to maintain  euglycaemia  during the 
clamp studies was lower  in the per iod  06.00-08:00 hours 

, compared  to the per iod  24.00-02.00 hours  (2.65 + 0.44 vs 
4.09 + 0.68 gmol .  kg -  1. m i n -  1, p < 0.05). However ,  if the 
t ime course of  insulin act ion during the 2 h clamp was ana- 
lysed by compar ing  t ime intervals of  20 rain each in the 
two studies, the glucose infusion rate was different only 
over  the initial 80 rain of  the two study periods (Fig. 1). 
Prior  to the c lamp studies, glucose tu rnover  rates at 24.00 
hours  and at 06.00 hours  were no different. Overall  the 2 h 
clamp study, the rate of  hepat ic  glucose produc t ion  was 
grea ter  in the per iod  06.00-08.00 hours  as c o m p a r e d  to 
the per iod  24.00-02.00 hours  (8.46 _+ 0.10 vs 6,50 + 0.72 
gmol -  kg -  1. rain - 1, p < 0.05) (Fig. 2). However ,  the differ- 
ences in hepat ic  glucose p roduc t ion  were  evident  only 
over  the initial 80 rain of  the clamp studies and fol lowed 
exactly the t ime course of  the rates of  cold glucose infu- 
sion in Figure 1. The  rate of  per ipheral  glucose utilisation 
was no different (Fig. 2). 

Clamp studies at "high" insulin infusion rate (1 mU. 
kg - i. rain 1). Prior  to the clamp studies, the insulin infu- 
sion rate required to mainta in  euglycaemia was greater  at 
06.00 hours  compared  to that  at 24.00 hours (0.17 _+ 0.03 vs 
0.13 + 0.01 m U .  kg -  1. m i n -  1, p < 0.05). Dur ing  the c lamp 
studies, p lasma free insulin concent ra t ion  was comparab le  
in the periods 24.00-02.00 hours  and 06.00-08.00 hours  
(79.5 + 7 vs 77 + 8 mUff,  respectively, p = NS) and plasma 
insulin clearance in the periods 24.00-02.00 hours and 
06.00-08.00 hours  was no different (12.6 + 0.15 and 
12.9 + 0.16 ml.  kg -  1. m i n -  1). Plasma glucose concentra-  
t ion at baseline and during the c lamp studies were  com- 
parable  (c. v. 4.5 + 0.4%). The  m e a n  glucose infusion rate  
required  to  mainta in  euglycaemia  during the c lamp studies 
was lower  in the per iod 06.00-08.00 hours  c o m p a r e d  to the 
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Fig.2. Rates of hepatic glucose production (HGP) and peripheral 
glucose utilization (Rd) calculated as mean values over the 2 h 
euglycaemic-hyperinsulinaemic clamp studies run between mid-  
n ight  and 02.00 hours (left side) and 06.00 and 08.00 hours (right 
side), at the insulin infusion rate of 0.3 m U .  k g -  1. m i n  -1 (upper  p an- 
el, n = 7 Type  i (insulin-dependent) diabetic subjects) and  1 m U -  
kg -1 .min -~ (lower panel, n = 5 Type  1 diabetic subjects). HGP is 
represented as "Zero" in the clamp studies at i m U .  k g -  ~. min- z, but 
negative numbers were actually obtained. Mean + SEM,  * p < 0.05 

period 24.00-02.00 hours (18.4 + 2.75 vs 23.0 _+ 3.69 gmol.  
kg- 1. min- 1,p < 0.05).  However, as already observed in the 
clamp studies at low insulin infusion rate, when the time 
course of insulin action was analysed at 20 min intervals, 
the glucose infusion rate was different only over the initial 
80 min of the two study periods (Fig. 3). Prior to the clamp 
studies, glucose turnover rates at 24.00 and 06.00 hours 
were no different. During the clamp studies, hepatic glu- 
cose production was assumed to be zero (negative numbers 
were obtained) both in the periods 24.00-02.00 hours and 
06.00-08.00 hours. In these studies it was assumed that the 
rate of "cold" glucose infusion represented the rate of pe- 
ripheral glucose utilisation (Fig. 2). 

Correlation between nocturnal plasma growth hormone 
concentration and insulin action at dawn. When the data 
from all experiments run between 24.00 and 02.00 hours 
and from 06.00 to 08.00 hours were analysed, a significant 
correlation was found between the increased rate of he- 
patic glucose production at dawn and overnight peak plas- 
ma growth hormone levels in the seven Type i diabetic 
subjects studied at "low" insulin infusion rate (r = 0.61, 
p < 0.01), and between the reduced rate of glucose utilisa- 
tion at dawn and overnight peak plasma growth hormone 
levels in the five subjects studied at "high" insulin infusion 
rate (r = 0.57,p < 0.0.01). 
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Fig.3. Glucose infusion rates during a 2 h euglycaemic clamp at the 
insulin infusion rate of 1 m U -  k g -  1. r a in -  1 in five subjects with Type 1 
(insulin-dependent) diabetes mellitus. The subjects were studied on 
two separate nights, from midnight to 02.00 hours on one occasion 
and from 06.00 to 08.00 hours on the other occasion. ~ midnight- 
02.00 hours. H 06.00 hours~38.00 hours 

Effects of suppression and replacement of nocturnal 
spikes of growth hormone on insulin action in the early 
night and early morning hours (studies 2 and 3) 

Plasma glucagon concentrations. In the studies 2 and 3 in 
which somatostatin was infused for 8 h prior to each clamp 
period and glucagon was reinfused at the rate of 0.65 
ng. kg- 1. min- 1 along with growth hormone, plasma glu- 
cagon concentrations were similar in study 2 (122 _+ 11 
pg/ml) and study 3 (127 + 9 pg/ml), and no different from 
plasma glucagon concentration of study1 (131_+12 
pg/ml) (p = NS), as previously reported [15, 25]. 

Plasma growth hormone concentrations�9 In the experi- 
ments of study 2, in which growth hormone secretion was 
inhibited by somatostatin, but baseline plasma growth 
hormone concentration was maintained by growth hor- 
mone infusion at the rate of 5 ng. kg - 1. rain- 1, the noctur- 
nal peaks of growth hormone were suppressed�9 However, 
baseline plasma growth hormone concentration between 
17.00 and 22.30 hours and between 05.00 and 08.00 hours 
were no different as compared to those of study 1 (Fig. 4). 
In the experiments of study 3 in which intermittent pulses 
of growth hormone were given between 21.00 and 7.30 
hours to mimic the nocturnal peaks of the spontaneous se- 
cretion of growth hormone of study 1, plasma growth hor- 
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Fig.4. Plasma growth hormone concentrations before and during 
the clamp studies run between midnight and 02.00 hours (left panel) 
and between 06.00 and 08.00 hours (right panel) during spontaneous 
growth hormone secretion (~--e), suppression of nocturnal spikes 
of growth hormone by somatostatin and reinfusion of basal growth 
hormone at the rate of 5 ng.kg -~ .rain 1 (o---O), and after replace- 
ment of nocturnal spikes of growth hormone by intermittent boluses 
(~---m) 
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Fig.5. Rates of hepatic glucose production calculated as mean 
values over the midnight-02.00 hours, and 06.00-08.00 hours peri- 
ods in the studies in which nocturnal spikes of growth hormone se- 
cretion was either allowed to occur (left side), or suppressed 
(middle), or reproduced by intermittent pulses of growth hormone 
(right). Insulin was infused during the 2 h study period at 0.3mU- 
kg-1. min- 2. [ ]  midnight-02.00 hours. [ ]  06.00 hours-08.00 hours. 
n = 7 mean + SEM, * p < 0.05 

mone concentration did not differ at each time point from 
that of study 1 (Fig. 4). 

Nocturnal insulin requirements, plasma free insulin con- 
centrations and insulin clearance. In the experiments in 
which growth hormone secretion was inhibited by soma- 
tostatin and growth hormone replaced to merely maintain 
its baseline plasma concentration (study 2), the insulin in- 
fusion rate required to maintain euglycaemia prior to the 
clamp studies at 06.00 hours (0.13 + 0.02 mU.  kg 1. rain- 1) 
was no different from that at 24.00hours (0.12+ 
0.02 mU.  kg -1. min-1). However, in the experiments in 
which intermittent pulses of growth hormone were re- 
placed (study 3), the insulin infusion rate required to main- 
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tain euglycaemia prior to the clamp studies at 06.00 hours 
was greater as compared to that at 24.00 hours (0.17 + 0.03 
vs 0.11 _+ 0.02 mU.  kg- 1. min-  1, p < 0.05). Plasma free in- 
sulin concentration in the 24.00-02.00 and 06.00-08.00 
hours periods of study 2 (25.1 + 1.9 vs 26.2 + 2.1 mU/l) 
were no different, neither were these values different from 
those of study 3 (26.0 + 2.3 vs 25.4 + 2.2 mU/l) and study 1 
(p = NS). Plasma insulin clearance in study 2 (11.9 + 0.12 
and 11.5 + 0.17 ml. kg- 1. rain-% study periods 24.00-02.00 
hours and 06.00-08.00 hours, respectively) and in study 3 
(11.5 + 0.14 and 11.8 + 0.13 ml-kg -1. min -I) were no dif- 
ferent as compared to those of study 1. 

insulin action. Prior to the experiments of study 2 in which 
the nocturnal spikes of growth hormone secretion were 
suppressed, but baseline plasma growth hormone re- 
placed, the rates of glucose production and utilisation 
were no different from those of study 1 in which nocturnal 
spontaneous secretion of growth hormone was simply 
monitored (data not shown). In the experiments of study 2 
(nocturnal spikes of growth hormone suppressed), the 
rate of hepatic glucose production in the study period 
06.00.08.00 hours (6.41 + 0.67 ~tmol. kg =1. min-1), was no 
longer different from that of the study period 24.00-02.00 
hours (6.44 + 0.72 gmol.  kg- 1. min-  1. p _ NS). When noc- 
turnal spikes of growth hormone secretion were repro- 
duced in study 3, the rate of hepatic glucose production in 
the study period 06.00.08.00 hours was greater than that 
of the study period 24.00 02.00hours (8.40+0.89 vs 
6.47 + 0.79 gmol.  kg- 1 min- 1, respectively, p < 0.05), as 
observed in study i in which nocturnal spontaneous secre- 
tion of growth hormone was allowed to occur (Fig. 5). 
However, the differences in hepatic glucose production 
were evident only over the initial 80 min of the clamp 
studies and followed exactly the time course of the rates of 
cold glucose infusion in Figure 1. Glucose utilisation did 
not increase in the clamp experiments of study 2 or in 
those of study 3 (data not shown). 

Discussion 

The present studies demonstrate that the dawn phenome- 
non in Type 1 diabetes mellitus is due to a decrease in in- 
sulin sensitivity, rather than to change in insulin clearance, 
which occurs after 02.00 hours; that such a decrease in in- 
sulin sensitivity takes place in the liver and in the peripheral 
insulin-dependent tissues as well; finally, that nocturnal 
spikes of secretion of growth hormone are responsible for 
most, if not all, of the decreased insulin sensitivity which 
causes the dawn phenomenon.  Notably, the results of the 
present studies were obtained during optimal insulin re- 
placement overnight, which prevented the confounding ef- 
fects of waning of insulin of previous studies [11,15-17] that 
can itself cause hyperglycaemia in the early morning hours 
not specifically due to the dawn phenomenon [8]. 

The pattern of the decreased insulin sensitivity ob- 
served at dawn in the present clamp experiments deserves 
comment. When the glucose infusion rates required to 
maintain euglycaemia in the clamp studies were analysed 
at time intervals of 20 min each, the impairment in insulin 
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action at dawn as compared to the night hours was evident 
primarily over the initial 80 rain of the clamp studies, but 
not during the last 40 min of the studies (Fig. 1 and 3). Such 
an observation is compatible either with a progressive in- 
crease in insulin sensitivity after 01.30 hours, or with a 
progressive increase in insulin sensitivity after 07.30 hours 
or with a combination of these two factors. The former hy- 
pothesis speaks in favour of an early onset of the dawn 
phenomenon during the night hours, whereas the latter 
suggests that the dawn phenomenon is fully reversed by 
07.30 hours. The design of the present experiments does 
not allow one to conclude which one of the two above hy- 
pothesis is correct. Regardless of the explanation, how- 
ever, the present study suggests that the temporal dura- 
tion of the dawn phenomenon is quite short, and that it 
causes more of a delay in onset of insulin action, transient 
in nature, rather than a persistent condition of impaired 
insulin action. Previous studies in which insulin has been 
infused at a fixed rate [9,13, 19, 22] or in a feed-back mode 
[3] have provided evidence for a rise in plasma glucose 
concentration between 04.30 and 05.00 hours. Thus, it is 
likely that the period of decreased insulin sensitivity at 
dawn is located approximately between 05.00 and 07.00 
hours. 

In the present experiments, insulin sensitivity at dawn 
was reduced by ~ 30% as compared to the early night 
hours. Although such a difference in insulin sensitivity 
might appear quite modest, it should be considered that 
the present experiments were made after identical periods 
of fasting (10 h) prior to each study. In the real life of Type 
1 diabetic subjects, the difference in insulin action be- 
tween dawn and early night hours might be considerably 
greater than that found in the present studies. In fact, the 
carry-over effect of regular insulin given with the evening 
meal might exaggerate insulin sensitivity in the early night 
hours (Staub-Traugott effect) [41], whereas insulin sensi- 
tivity might be reduced at dawn because of the prolonged 
fasting state. 

Insulin action was found to be impaired at dawn as 
compared to the early night hours both at "low" (~ 25 
mU/l) and "high" ( ~ 80 mU/1) plasma free insulin concen- 
tration of the present experiment, suggesting that de- 
creased insulin sensitivity at that time of the day is a gener- 
alised, rather than a selective phenomenon. In the clinical 
condition of insulin-treated diabetic subjects, plasma free 
insulin concentrations are generally lower than 25 mU/1 in 
the pre-breakfast state [26, 27] and greater than 35 mU/1 in 
the post-breakfast state [42, 43]. Thus, the results of the 
clamp experiments of the present studies at ~ 25 mU/1 
plasma free insulin concentration in which only glucose 
production was exaggerated in the early morning hours, 
demonstrate that the dawn phenomenon causes pre- 
breakfast hyperglycaemia [1, 13, 19, 22, 27, 44] primarily 
by accelerating glucose production by the 1 iver, and not by 
decreasing glucose utilisation by peripheral tissues. Since, 
however, in the clamp experiments of the present studies 
at ~ 80 mU/1 plasma free insulin concentration, periph- 
eral glucose utilisation was reduced in the early morning 
hours, it is likely that reduced utilisation of glucose by in- 
sulin-dependent tissues, primarily muscle [45], in addition 
to overproduction of glucose by the liver, contributes as 
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well to the post-breakfast hyperglycaemia caused by the 
dawn phenomenon [42, 43]. 

In the present studies, suppression of nocturnal spikes 
of growth hormone secretion resulted in a virtually full 
reversal of hepatic insulin resistance at dawn, whereas re- 
placement of nocturnal spikes of growth hormone repro- 
duced the decrease in hepatic insulin sensitivity observed 
in the studies in which spontaneous growth hormone se- 
cretion occurred. Although in the present studies the role 
of growth hormone in inducing peripheral insulin resis- 
tance at dawn was not examined, it is likely that nocturnal 
spikes of growth hormone were responsible for extrahe- 
patic insulin resistance at dawn as well. In fact, previous 
studies have shown that physiological increases in growth 
hormone can at the same time augment hepatic glucose 
output and suppress insulin-mediated glucose utilisation 
after a time lag of 3-4 h [46-48]. Thus, the present studies 
demonstrate that nocturnal surges of growth hormone se- 
cretion account for virtually all of the decrease in insulin 
sensitivity observed at dawn in Type I diabetes. 

Previous studies by Campbell et al. [15], Davidson et al. 
[16] and Atiea et al. [17] have indicated that nocturnal se- 
cretion of growth hormone is responsible for the dawn 
phenomenon. However, in the studies of Davidson et al. 
[16], plasma insulin concentrations were not reported at 
all. In the studies of Atiea et al. [17], the diabetic subjects 
were deliberately insufficiently insulin-treated overnight. 
Finally, in the series of studies of Campbell et al. [11, 13, 
15, 49] the ,diabetic subjects were given a fixed rate of in- 
sulin infusion (0.15 mU. kg-1. rain-1) which resulted in a 
decrease in plasma free insulin concentration by = 30% at 
dawn as compared to the early night hours as a result of 
the so-called Biostator artifact [13, 21]. Thus, the extent to 
which nocturnal surges of growth hormone contributed 
specifically to fasting hyperglycaemia independently of 
insulin deficiency could not be determined in previous 
studies [15-17], in which overnight insulin deficiency was 
a confounding variable. In contrast, in the present studies, 
waning of insulin was prevented by infusing the diabetic 
subjects insulin at a variable rate according to the individ- 
ual subjects' minute-to-minute insulin requirements [3], 
by means of a Harvard pump which does not cause inacti- 
vation of the infused insulin [13, 21]. Under these ex- 
perimental conditions, the decrease in insulin sensitivity 
in the early morning hours, namely the dawn phenome- 
non [8] could be attributed specifically to the nocturnal 
surges in growth hormone. However, because of the de- 
sign of the present experiments (euglycaemic damp) the 
contribution of growth hormone-induced insulin resis- 
tance to fasting hyperglycaemia could not be assessed in 
these studies and any direct comparison with previous 
studies [15-17] using a different experimental design (in- 
sulin infusion at a fixed rate) is not possible. 

Finally, the results of the present studies reaffirm that 
insulin clearance does not change overnight in Type 1 
diabetes mellitus, and does not contribute to the dawn 
phenomenon, as previously reported [3, 13, 14]. Notably, 
in the present experiments, suppression or replacement of 
nocturnal spikes of growth hormone secretion did not af- 
fect insulin clearance. Thus, the present study indicates 
that nocturnal secretion of growth hormone contributes 
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to the  d a w n  p h e n o m e n o n  directly,  i. e. by  dec reas ing  sen-  
si t ivi ty to insulin,  r a t h e r  than  ind i rec t ly  by  increas ing  in- 
sulin c lea rance ,  as r ecen t ly  p r o p o s e d  [17, 50]. 
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