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Summary. The metabolic and hormonal  effects of 
stable hyperglycaemia (10-12mmol / l )  have been 
examined in five insulin-dependent diabetics and 
compared with the results of 8h  (1200 to 2000h)  
normoglycaemic (5-6mmol/1)  clamping. Glucose 
levels were maintained using a glucose controlled 
insulin infusion system. Mean blood lactate, pyru- 
vate, total ketone bodies, glycerol and plasma non- 
esterified fatty acids were similar during the period of 
stable glycaemia at the two glucose levels. In contrast 
mean blood alanine was markedly elevated during 
hyperglycaemic clamping (0.384 _+ 0.008 vs 0.298 _+ 
0.021 mmol/1) and 3-hydroxybutyrate was slightly 
decreased (0.068 ___ 0.007 vs 0.084 + 0.008 mmol/l). 
Plasma glucagon levels were raised during hyper- 
glycaemic clamping and growth hormone slightly 
decreased. There  was a close positive correlation be- 
tween mean blood alanine and mean blood glucose 
(r = 0.79, p < 0.01), and a negative correlation of 
alanine with the amount  of insulin infused (r = 
- 0 . 7 2 ,  p < 0.01). It is suggested that the raised 
alanine results from increased peripheral glucose 
utilisation. In general a short period of stable 
hyperglycaemia is not associated with a worsening of 
metabolic abnormalities in insulin-dependent dia- 
betic subjects. 
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By contrast, conventionally treated insulin-depend- 
ent diabetics show both raised mean glucose concent- 
rations and marked fluctuations of glucose levels 
through the day [1, 2]. 

Considerable metabolic perturbations accompany 
conventional insulin therapy [2]. Even when glucose 
concentrations are normalised using a glucose-con- 
trolled insulin infusion system (GCIIS, 'artificial 
endocrine pancreas'),  intermediary metabolism still 
shows abnormalities [3]. This has been attributed in 
part to the hyperinsulinaemia that results when the 
peripheral rather than the portal route is used to in- 
fuse insulin. 

The present study was designed to test whether 
infusing less insulin would result in fewer metabolic 
abnormalities. Levels of blood intermediary metabo- 
lites and hormones were therefore measured under 
two conditions in insulin dependent-diabetics: [1] 
normoglycaemia achieved by a high insulin infusion 
rate and [2] stable hyperglycaemia achieved with less 
insulin. 

Materials and Methods 

Subjects 

Five insulin-dependent diabetics were studied for two 12h 
periods. Details of the subjects are shown in Table 1. None of the 
subjects had evidence of any disease other than diabetes. None 
was receiving any medication other than insulin. All gave informed 
consent for the studies and the Declaration of the Helsinki was 
adhered to. 

In normal young adults blood glucose concentration 
is closely regulated and despite carbohydrate inges- 
tion generally remains between 4 and 7 mmol/1 [1]. 

Protocol 

Patients received their usual insulin up to and including the day 
before study. After an overnight fast they remained recumbent 
from 07.30 h until the end of the study. A double-lumen eannula 
(17 gauge, Venflon Viggo AB, Helsinborg, Sweden) was placed in 
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Table 1. Clinical data of insulin-dependent diabetic subjects studied 
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Subject Sex Age Weight Height Duration of 
(years) (kg) (cm) diabetes 

(years) 

Usual insulin therapy a (units) 

08.00 h 18.00 h 

1 M 23 85 195 16 24 28 Sol 
20 12 Iso 

2 M 35 66 180 11 44 - Lente 
3 M 27 72 183 12 20 16 Act 

24 8 Mono 
4 M 34 70 180 3 6 6 Act 

6 4 Iso 
5 M 48 64 161 28 28 12 Sol 

24 12 Iso 

a Sol: soluble insulin (bovine); Iso: isophane insulin (bovine); Lente: lente insulin (bovine); Mono: Monotard insulin (highly purified 
porcine); Act: Actrapid insulin (highly purified porcine) 

Peak C-peptide response after a normal meal was absent in subjects 1, 3, 5 and very low in subjects 2 and 4 

a forearm vein and blood withdrawn continuously by the GCIIS 
(Biostator System, Life Science Instruments, Miles Laboratories, 
Elkhart, Indiana, USA). Blood was diluted and anticoagulated 
using heparin (50 units/ml) and disodium EDTA (20 mmol/1) in 
saline (0.154 mol/1) which was pumped down the outer lumen of 
the cannula. Blood glucose was measured by the GCIIS in 90 s, 
and glucose (200 g/l), saline (0.154mol/1) or insulin (160 units/1 
Haemaccel; Hoechst Pharmaceuticals, Hounslow, U.K.)  were 
infused through an antecubital vein cannula (17 gauge) according 
to a set of predetermined algorithms [4]. On one occasion blood 
glucose was set at 4 to 6 mmol/1 and on the other occasion 10 to 
12 mmol/1. The order of the two studies was random. 

After two baseline venous blood samples had been drawn 
through a further antecubital vein cannula at 08.25 and 08.30 b 
feedback control was instituted with the GCIIS and breakfast was 
consumed. Lunch was eaten at 12.00 h and dinner at 18.00 h with 
a snack at 10.00 h. Each patient consumed the same carbohydrate, 
fat and protein on the two occasions. Blood samples were taken 
every 30 min until 20.00 h. 

Methods 

Approximately 8 ml of freeflowing venous blood were taken at 
each sample time. One to two ml was mixed with 5% (w/v) per- 
chloric acid, refrigerated immediately and the supernatant used for 
the enzymatic assay of glucose, 3-hydroxybutyrate, acetoacetate, 
lactate, pyruvate, alanine and glycerol [5, 6], within 24 h. A further 
1.5 ml blood was centrifuged immediately and the plasma frozen 
for assay of non-esterified fatty acids (NEFA) [7]; 2.25 ml were 
mixed with 0.25 ml of aprotinin (10 000 u/ml) containing 25 lxmol 
disodium EDTA, centrifuged and the plasma stored for glucagon 
assay (8). Serum from the remainder of the blood was stored at 
-- 20 ~ and used for growth hormone [9] and triglyceride estima- 
tion [10]. Serum C-peptide levels were measured fasting and 1 h 
after breakfast on one occasion [11]. 

Calculations 

Total ketone bodies refers to the sum of 3-hydroxybutyrate and 
acetoacetate concentrations. Results are presented as mean + 
SEM. Mean values at each time point were compared using the 
Student t-test. Logarithmic transformation of ketone body con- 
centration was performed before comparison as it has previously 
been shown that blood ketone body values are log normally distri- 

buted [12]. For individual patients mean values for each hormone 
and metabolite were calculated for the period from 12.00 h to 
20.00 h, as in all cases the selected glucose value had been reached 
by 12.00 h. Significant differences between the averages of those 
mean values were sought using the Mann Whitney U-test, because 
of nonparametric distribution [13]. Correlations between 8 h mean 
values for hormones and metabolites were calculated with the 
Spearman Rank test [13]. 

Resul t s  

Blood Glucose Concentration 
and Insulin Administration 

F i g u r e  1 s h o w s  t h e  m e a n  b l o o d  g l u c o s e  l eve l s  u n d e r  

c o n d i t i o n s  of  n o r m o g l y c a e m i c  a n d  h y p e r g l y c a e m i c  
c l a m p i n g .  I t  c an  b e  s e e n  t h a t  n o r m o g l y c a e m i c  l eve l s  

w e r e  a t t a i n e d  w i t h i n  3.5 h of  i n s t i t u t i o n  o f  G C I I S  

c o n t r o l .  T h e r e a f t e r  t h e  m e a n  b l o o d  g l u c o s e  l e v e l  

r e m a i n e d  in  t h e  n o r m a l  r a n g e .  I n  t h e  f irs t  3.5 h 42  + 

8 un i t s  in su l in  w e r e  g i v e n  wh i l e  36  _+ 5 un i t s  w e r e  
r e q u i r e d  t o  m a i n t a i n  n o r m o g l y c a e m i a  t h e r e a f t e r .  I n  

t h e  s e c o n d  s tudy  t h e  d e s i r e d  h y p e r g l y c a e m i c  l eve l s  
w e r e  o b t a i n e d  m o r e  r ap id ly .  I n  t h e  f irs t  3 .5  h 18 _+ 9 
uni t s  in su l in  w e r e  g i v e n  a n d  o n l y  19 _+ 7 un i t s  w e r e  

r e q u i r e d  t h e r e a f t e r  (Fig.  1). A t  t h e  s a m e  t i m e  19 .2  + 

8.3 g g l u c o s e  was  i n f u s e d  o v e r  t h e  12 h p e r i o d  in t h e  

h y p e r g l y c a e m i c  s tudy .  T w o  th i rds  (13 .0  _+ 7 .0  g) of  
th is  w e r e  i n f u s e d  o v e r  t h e  8 h p e r i o d  f r o m  n o o n  to  

2 0 . 0 0  h. N o  g l u c o s e  was  a d m i n i s t e r e d  t o  p a t i e n t s  
d u r i n g  n o r m o g l y c a e m i c  c l a m p i n g .  

Blood Metabolite and Hormone Levels during 
Normoglycaemic and Hyperglycaemic Clamping 

C o m p a r i s o n s  o f  h o r m o n e s  a n d  m e t a b o l i t e s  w e r e  
m a d e  f o r  t h e  p e r i o d  12 .00  h to  2 0 . 0 0  h d u r i n g  w h i c h  
s t a b l e  b l o o d  g l u c o s e  l eve l s  w e r e  m a i n t a i n e d .  B l o o d  
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Fig. 1. Blood glucose concentration, and insulin and glucose infu- 
sion rates during normoglycaemic and hyperglycaemic clamping in 
insulin-dependent diabetic subjects. O �9 and open columns, 
normoglycaemic clamping; 0 - - 0  and stippled columns, hyper- 
glycaemic clamping. Results shown _+ SEM. Meals given at times 
are indicated by large arrows and the snack by a small arrow 
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Fig. 2. Blood lactate and alanine concentrations during normo- 
glycaemic and hyperglycaemic clamping. Symbols as in legend to 
Figure 1. * p < 0.05 for mean values at individual time points using 
the Student paired t-test 

lactate and pyruvate concentrations were not signi- 
ficantly different at the two glucose levels (Fig. 2). 
Mean values are shown in Table 2. Similarly lactate/ 
pyruvate ratios were comparable. In contrast blood 
alanine levels were markedly and significantly higher 
throughout the study period during hyperglycaemic 
clamping compared with normoglycaemic clamping. 

There were no significant differences in plasma 
NEFA, blood glycerol or total ketone body concen- 
trations in the two situations although the mean 3- 
hydroxybutyrate and 3-hydroxybutyrate/acetoace- 
tate ratios were somewhat decreased during the final 
8 h of hyperglycaemic clamping. Serum triglyceride 
levels were similar during the two clamping experi- 
ments. Serum growth hormone levels were slightly 
decreased (p <0 .0 5 )  during the hyperglycaemic 
clamping while there was a significant increase in 
mean plasma glucagon levels (p < 0.01). 

Correlations 

Correlations were sought between the 8 h (12.00-  
20.00 h) mean values for different hormones and 
metabolites using data from both normoglycaemic 
and hyperglycaemic clamping experiments. Signific- 
ant correlations are shown in Table 3. It can be seen 
that the amount of insulin infused showed a negative 
correlation with mean plasma alanine values but 
infused insulin did not correlate with glucose levels, 
due presumably to the large intersubject variation in 
insulin requirement. Alanine levels also correlated 
with glucose (p < 0.01), lactate (p < 0.01) and nega- 
tively but modestly with 3-hydroxybutyrate/aceto- 
acetate (p < 0.05). 

Discussion 

In the present study the effects of normoglycaemic 
and hyperglycaemic clamping on intermediary me- 
tabolism have been compared in diabetic subjects. To 
maintain the desired hyperglycaemic levels only half 
the amount of insulin was needed as was used for 
normoglycaemic clamping and additionally some glu- 
cose had to be infused. Considering the difference in 
glucose levels and presumably also free insulin levels 
perturbations of other carbohydrate intermediates 
were surprisingly lacking. Blood lactate and pyruvate 
levels were not different at the two glucose levels 
although it should be noted that levels were moder-  
ately raised as compared with normal subjects [3]. It 
is possible that the increased lactate levels found with 
normoglycaemic clamping are due to suppression of 
hepatic lactate uptake consequent upon an increased 
insulin level. This is unlikely in the hyperglycaemic 
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Table 2. Mean _+ SEM 8h (12.00-20.00 h) metabolite and hormone concentrations in insulin-dependent diabetic subjects during normo- 
glycaemic and hyperglycaemic clamping using a glucose controlled insulin infusion system 

Normoglycaemic Hyperglycaemic p 
clamp clamp 

Blood glucose mmol/1 5.6 + 0.2 12.1 + 0.2 
Blood lactate mmol/1 0.92 _+ 0.08 1.02 _+ 0.05 
Blood pyruvate mmol/1 0.080 • 0.007 0.090 + 0.007 
Blood alanine mmol/1 0.298 _+ 0.005 0.382 • 0.006 
Blood glycerol mmol/1 0.074 -4-- 0.08 0.075 _+ 0.013 
Plasma NEFA mmol/1 0.56 • 0.02 0.61 _+ 0.03 
Total blood ketone bodies a mmol/1 0.139 + 0.011 0.125 • 0.010 
3-Hydroxybutyrate a mmol/1 0.084 + 0.008 0.068 • 0.007 
Acetoacetate a mmol/1 0.054 • 0.003 0.058 _+ 0.003 
Serum triglycerides mmol/1 1.33 + 0.13 1.47 • 0.10 
Serum growth hormone ~xg/1 2.6 • 0.4 1.5 _+ 0.3 
Plasma glucagon pg/ml 29 + 2 40 • 2 
Lactate/pyruvate 11.6 _+ 0.2 11.5 • 0.1 
Alanine/pyruvate 3.9 + 0.1 4.6 • 0.1 
3 -Hydroxybutyrate/ 
acetoacetate 1.4 • 0.1 1.0 -+ 0.1 

<0.001 
NS 
NS 

<0.01 
NS 
NS 
NS 

< 0.05 
NS 
NS 

<0.05 
<0.01 

NS 
<0.01 

< 0.05 

a Ketone body values were calculated on a logarithmic basis but are expressed arithmetically for 

Differences between groups were assessed using the Mann Whitney U-test 

Total ketone bodies refers to the sum of 3-hydroxybutyrate and acetoacetate concentrations. 

NS: p > 0.05 

ease of expression 

Table 3. Correlations between the mean eight hour 
(12.00-20.00h) metabolite values and infused insulin. Values 
used include those from both hyperglycaemic and normoglycaemic 
clamping. Significance assessed using the Spearman Rank method 

Variable 1 Variable 2 Correlation p 
coefficient 

Infused 
insulin Blood alanine -- 0.72 < 0.01 
Blood glucose Blood alanine 0.79 < 0.01 
Blood alanine Blood lactate 0.79 <0.01 
Blood alanine Blood (3-hydro• - 0.58 < 0.05 

Blood (acetoacetate) 

sub jec t s  w h e r e  i nc r ea sed  e x t r a h e p a t i c  glycolysis  and  
l ac ta t e  p r o d u c t i o n  s e c o n d a r y  to  h y p e r g l y c a e m i a  
s e e m  m o r e  l ikely.  

In  s t r ik ing  con t r a s t  to  the  s imi la r i ty  in l ac t a t e  
and  p y r u v a t e  concen t r a t i ons  in t he  two s i tua t ions ,  
b l o o d  a l an ine  levels  were  m a r k e d l y  e l e v a t e d  dur ing  
h y p e r g l y c a e m i c  c lamping .  This  i n d e e d  was  the  on ly  
m a j o r  m e t a b o l i c  d i f fe rence  f o u n d  b e t w e e n  h y p e r -  
g lycaemic  and  n o r m o g l y c a e m i c  c lamping .  T h e  in-  
c rease  in a l an ine  was pos i t ive ly  c o r r e l a t e d  with  glu-  
cose  levels  and  nega t ive  c o r r e l a t e d  wi th  the  a m o u n t  
of insul in  admin i s t e r ed .  T h e  two m a i n  sites of  reg-  
u l a t ion  of a l an ine  levels  a re  the  l iver  and  p e r i p h e r a l  
t issues,  pa r t i cu l a r ly  musc le  [14]. I nh ib i t i on  of a l an ine  
u p t a k e  b y  the  l iver  seems  unl ike ly .  Inh ib i t i on  of 
g luconeogenes i s  wou ld  be  e x p e c t e d  to have  equa l  

effects  on  lac ta te ,  p y r u v a t e  and  a lanine .  H e p a t i c  
a l an ine  u p t a k e  is also u n d e r  the  con t ro l  of g lucagon  
which  enhances  a lan ine  u p t a k e  [15] bu t  g lucagon  
levels  were  ra i sed  in the  h y p e r g l y c a e m i c  sub jec t s  
(Tab le  2). 

A p e r i p h e r a l  m e c h a n i s m  for  the  h y p e r a l a n i n -  
a e m i a  mus t  t h e r e f o r e  b e  sought .  A l a n i n e  is r e l e a s e d  
in la rge  a moun t s  f rom musc le  in pa r t i cu l a r  as pa r t  of  
the  g lucose -a l an ine  cycle  [14]. A p p r o x i m a t e l y  3 0 %  
of the  r e l e a s e d  a l an ine  is d e r i v e d  d i rec t ly  f rom p r o -  
te in  whi le  the  res t  comes  f rom t r a n s a m i n a t i o n  of 
p y r u v a t e  [16, 17], wi th  60 to  8 0 %  of a lan ine  c a r b o n  
de r i ve d  f rom glucose  [18]. R e c e n t l y  L i l j enqu i s t  et  al. 
[19] have  inves t iga ted  the  effects  of  h y p e r g l y c a e m i a  
on  a l an ine  m e t a b o l i s m  in fas t ing dogs.  T h e y  showed  
tha t  h y p e r g l y c a e m i a  p e r  se i nc reased  ne t  inf low of 
a l an ine  into  b l o o d  i n d e p e n d e n t  of changes  in insul in 
and  g lucagon  levels ,  and  with  no  change  in hepa t i c  
a l an ine  up t a ke .  S imi la r ly  W a t e r h o u s e  and  Ke i l son  
[20] have  shown tha t  in man ,  a f te r  an ove rn igh t  fast,  
twice  as much  c a r b o n  f rom glucose  is cyc led  to  
a lan ine  as is r e t u r n e d  to  g lucose  f rom alanine .  In  
a d d i t i o n  the  m a g n i t u d e  of the  c on t r i bu t i on  of c a rbon  
ske le tons  to  a lan ine  f rom glucose  is d i c t a t ed  by  the  
r a t e  of glycolysis.  O u r  resul ts  a re  in k e e p i n g  wi th  the  
hypo thes i s  tha t  h igh levels  of  g lucose  t o g e t h e r  wi th  
low levels  of insulin,  inc rease  the  f low of g lucose  car-  
b o n  into  a lanine .  T h e  inc rease  in a m i n o  g roups  mus t  
c o m e  f rom pro teo lys i s  bu t  the  m e c h a n i s m  for  this  
r e ma ins  to  b e  e luc ida ted .  
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Despite the greatly diminished insulin input in the 
hyperglycaemic situation, there was no increase in 
circulating fatty acid, glycerol or ketone body levels. 
Adipose tissue is exquisitely sensitive to insulin [21] 
and presumably there was sufficient insulin available 
to maintain lipolysis at normal levels. Ketone body 
levels were, if anything, decreased with 3-hydroxy- 
butyrate significantly lowered, which would not be 
predicted from the decreased insulin and increased 
glucagon: insulin ratios. 

Although circulating NEFA levels are the main 
determinants of hepatic ketogenesis it is possible that 
alanine may have contributed to the lower 3-hy- 
droxybutyrate levels. Ozand et al. [22, 231 using 
young rats, have shown that alanine infusion can 
lower blood ketone body levels. We have shown that 
this is a direct effect on hepatic ketogenesis and may 
be due to an increase in oxaloacetate availability 
[241. 

In conclusion, acute clamping of blood glucose at 
raised levels in diabetics is accompanied by less 
metabolic perturbations than might be expected, 
when compared with the results of normoglycaemic 
damping in the same subjects. The most notable 
findings were an increase in alanine levels and the 
lack of change in ketone body and NEFA levels. 
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