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Summary. Hepatic glucose production and metabolic clear- 
ance rate of glucose were measured using (3-3H) glucose at 
steady state, basally and during two sequential 2 h insulin (25 
and 40 mU - kg -I �9 h-l)/glucose (2 and 3 mg �9 kg -1 - rain -i) 
infusion periods. Eight diabetic subjects were studied before 
and after 1 week of twice daily insulin therapy; six control sub- 
jects matched for age, weight and degree of obesity were also 
studied. In the diabetic patients, pre-treatment hepatic glucose 
production was 20.0 + 2.2, 9.9 _ 2.9, and 1.4 + 0.8 p~mol - 
kg -1 . min-lrespectively (+  SEM) for each of the three 
periods, and fell significantly with treatment to 12.8 • 1.7, 4.0 
+ 1.5 and 1.9 + 1.0 ~xnaol -kg -a �9 min -1. Hepatic glucose pro- 
duction in normal subjects was 13.2 • 0.6, 2.2 • 0.8 and 
< 1 p~mol �9 kg-1 . min-L The pre-treatment metabolic clear- 
ance rate in all diabetic studies with insulin levels /> 30 mU/1 
was 1.10 + 0.14 ml �9 kg -1 �9 min -~ and remained virtually 
unchanged following insulin therapy; this was significantly 
lower than in the control subjects (6.83 • 1.02, p < 0.001). 
Basal non-esterified fatty acid levels were higher (p < 0.02) in 

the pre-treated diabetic patients compared to post-treated di- 
abetic patients and control subjects. Non-esterified fatty acids 
in each group fell to similar levels during the insulin infusions, 
but the rate of fall was slower in the pre-treated diabetic pa- 
tients. Insulin receptor binding to erythrocytes was normal in 
the diabetic subjects and unchanged by treatment. Therefore, 
following insulin treatment of uncontrolled Type 2 (non-insu- 
lin-dependent) diabetes, the initially increased basal hepatic 
glucose production, and decreased hepatic sensitivity, return 
towards normal. However, the glucose clearance remains low, 
despite good diabetic control, and appears to be a major factor 
in the continuing glucose intolerance. As insulin receptor bind- 
ing is normal, the defect of glucose clearance in Type 2 diabetes 
appears compatible with a post-receptor defect of glucose me- 
tabolism. 

Key words: Type 2 diabetes, hepatic glucose production, glu- 
cose utilization, metabolic clearance rate of glucose. 

The mechanism of  the glucose intolerance of  diabetes is 
unclear. Whilst insulin deficiency is the predominant  
factor in the aetiology of  Type 1 (insulin-dependent) dia- 
betes, this is not the case for Type 2 (non-insulin-depend- 
ent) diabetes. In the latter, insulin resistance is believed 
to be a major  factor in the genesis of  the glucose intoler- 
ance [1, 2, 3]. However,  studies of  glucose kinetics in 
Type 2 diabetes have produced conflicting data concern- 
ing basal hepatic glucose product ion and basal glucose 
utilization, as well as the responses of  these parameters 
to acute insulin administration. These differences in the 
literature may well be due to methodological  problems 
in many of  the earlier studies. In these earlier reports, 
basal hepatic glucose product ion has been reported as 
low [4], normal [5-7] and raised [8, 9], with similarly con- 
fusing data for basal peripheral glucose utilization [4, 8, 
9]. Thus, there was no concensus as to the major  cause of  
the glucose intolerance or the site of  the insulin resist- 
ance, whether it be due to hepatic glucose over-produc- 

tion a n d / o r  decreased glucose clearance [4, 6, 8, 9]. More 
recent studies in uncontrolled Type 2 diabetes have, 
however, suggested that basal hepatic glucose produc- 
tion is raised [10, 11] and that glucose clearance is mark- 
edly impaired [10]. Finally, the effect of  a period of  insu- 
lin treatment and good diabetic control on glucose kinet- 
ics in Type 2 diabetes has received little attention [9, 11]. 
Answers to these questions are crucial to our under- 
standing of  overall glucose kinetics of  the carbohydrate 
intolerance of  Type 2 diabetes. 

The aims of  this study were to determine the site of  in- 
sulin resistance in uncontrolled Type 2 diabetes, and to 
evaluate the effects of  insulin therapy on glucose dispo- 
sal. To this end, hepatic glucose production,  glucose uti- 
lization and metabolic clearance rate of  glucose were 
measured basally and during insulin infusions. These 
studies were subsequently repeated following a period of  
insulin therapy and good diabetic control. 
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Table 1. Clinical and oral glucose tolerance test data of control and diabetic subjects 
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Subject and sex Age Ponderal index 
(years) 

Oral glucose tolerance test (rain) 

Glucose (retool/l) Insulin (mU/1) 

0 60 120 0 60 120 

1 F 66 19.9 14.4 
2 F 72 25.6 15.2 
3 F 48 28.4 19.0 
4 M 51 20.9 16.6 
5 F 66 24.4 31.2 
6 M 56 26.7 15.3 
7 M 59 21.1 16.2 
8 F 49 26.9 17.3 

Mean _+ SEM 58 + 3 24.2 _+ 1.1 18.2 -4- 1.9 

Control subjects 56 + 4 23.3 _+ 0.9 4.6 _+ 0.1 
Mean _+ SEM (n = 6) 

24.3 26.3 10 10 17 
30.3 32.8 28 53 28 
22.1 20.0 15 17 15 
26.3 26.1 3.5 9.5 8 
33.6 39.6 3.5 4 4 
25.4 25.8 9.9 12.5 14 
26.9 30.3 4 3.5 3 
22.8 27.9 8.5 8 8 

26.5 + 1.6 28.6 _+ 2.1 10.3 + 2.9 15.6 _+ 5.7 15.9 + 6.3 

8.5 + 0.3 5.1 _+ 0.7 11.3 _+ 1.7 73.5 + 14.5 46.5 +_ 7.4 

PROTOCOL 

Bolus 
(3H-3-) Glucose  10 p C i / h  

I 4 0 m U  kg-lh -1 
Insulin 25mU kg-~h 4 

I 3rag kg-lmin -I 
Glucose  2mg kg-~min -~ 

II TITTT TTTTT 1111T 
0 120 240 360 Time(rain) 

Fig. 1. Schematic diagram of the protocol used. The arrows indicate the 
sampling times 

Subjects and Methods 

�9 Subjects 

Details of the subjects studied are shown in Table 1. Eight subjects (five 
women and three men, aged 48-72 years) were studied pre- and post- 
insulin therapy. Despite adequate diabetic diet (weight maintaining, 
with carbohydrate content varying from 120 to 200 g daily and com- 
prising 40%-50% total caloric intake) and maximal doses of oral hy- 
poglycaemic agents, all subjects had marked fasting hyperglycaemia 
(Table 1) and symptoms of poorly controlled diabetes mellitus, which 
necessitated admission to hospital for commencement of insulin 
therapy. The clinical characteristics of these subjects were typical of 
Type 2 diabetes in that the disease was longstanding (6.6 + 2 years), 
previously controlled on oral agents, and with no episodes of ketoaci- 
dosis. Oral hypoglycaemic agents were ceased at least 72 h before the 
study, and no patient was receiving medication which could interfere 
with insulin or glucose metabolism at the time of study. 

Following a 75-g oral glucose tolerance test and the initial glucose 
kinetic study, the patient was commenced on a combination of highly 
purified neutral and isophane insulins given twice daily. The fasting 
blood glucose levels were maintained in the range 4-8 retool/1 and 
post-prandial blood glucose levels were 6-12 mmol/1. A repeat study 
was performed at least 1 week later. On the morning before the repeat 
study, only crystalline pork insulin (Actrapid, Novo Research Institute, 
Copenhagen, Denmark) was administered and the evening dose with- 
held. Six healthy control subjects (three men and three women, aged 
39-65 years, with no family history of diabetes) were also studied. Writ- 
ten informed consent was obtained from all control and diabetic sub- 
jects before their participation in the study. The protocol was approved 
by the Ethics and Research Committee of St. Vincent's Hospital, Mel- 
bourne. 

Experimental Procedures 

Figure 1 illustrates the protocol used. Subjects were studied after an 
overnight fast and a 60-min period of recumbency. Solutions were in- 
fused through a 20 cm intracath placed in an antecubital vein, using a 
Gilson Minipuls II 4 channel pump (Gilson, Villiers-Le-Belle, France). 
Blood samples for estimation of (3-3H) glucose, total glucose, plasma 
insulin (IRI), plasma glucagon (IRG), ketone bodies and non-esterifi- 
ed fatty acids (NEFA) were collected at appropriate intervals (Fig. 1) 
through an indwelling butterfly needle placed in the contralateral dor- 
sal hand vein. Basal hepatic glucose production was measured at 
steady state using a primed constant infusion of (3-3H) glucose (sp. act. 
12-3 Ci/mmol) [12]. To hasten attainment of steady state, the glucose 
pool was appropriately primed by giving a (3-3H) glucose bolus at time 
zero varying between 15 and 35 l-tCi, depending on the fasting blood 
glucose level (S6nksen P, personal communication), followed by a 
(3-3H) glucose infusion at a rate of 10 ~tCi/h. Steady state glucose turn- 
over was further measured during insulin infusions at two dose levels 
(25 and 40 mU - kg-1.  h-l).  To prevent hypoglycaemia, glucose (2 and 
3 mg �9 kg 1 . min-1 respectively) was infused simultaneously [13]. 
Urine was collected for the last 60 rain of each period for estimation of 
urinary glucose loss. At the conclusion of each study, two 5 rain 
samples of the fluid delivered by the pumps for each period were col- 
lected into weighed tubes�9 From these were calculated the rates of infu- 
sion of (3-3H) glucose, unlabelled glucose and insulin [13]. To over- 
come the problem of insulin adsorbing to the IV tubing, insulin was run 
for 1 h before each study [14]. 

Analytical Procedures 

Blood for all hormone estimations was promptly centrifuged, and the 
plasma stored at - 20 ~ C until assayed. Blood for IRG estimations was 
collected into chilled heparinised tubes containing 5 000 KIU Apro- 
tinin (Trasylol, Bayer Pharmaceuticals, Botany, Australia). Plasma 
samples for measurement of (3-3H) glucose specific activity were de- 
proteinated with Ba(OH)2-ZnSO4, and the supernatant divided into 
three aliquots for estimation of total glucose and (3-3H) glucose, as 
described previously (13,15). The rate of (3-3H) glucose infusion was 
determined from the mean of three 0.1 ml aliquots of the infusate col- 
lected at the end of each study. Total glucose was measured with a Cen- 
trifichem C400 analyser (Union Carbide Corporation, New York) us- 
ing a hexokinase method. Plasma IRI and IRG were estimated by 
radioimmunoassay using dextran-charcoal separation of bound and 
free fractions [14, 16]. Assay sensitivity for IRI was I mU/1 with an in- 
terassay coefficient of variation at 10.5 mU/1 of 6.3%, and at 22.0 mU/1 
of 8.4%. Assay sensitivity for IRG was 14 pg/ml with interassay coeffi- 
cient of variation being 24% at 95 pg/ml and 454 pg/ml. The IRG assay 
employed the pancreatic glucagon specific (C-Terminal reacting) anti- 
serum RCS5 (kindly donated by Dr. S. R. Bloom, Hammersmith Hos- 
pital, London, UK), NEFA was measured by a manual colorimetric 
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Table 2. Biochemical and glucose kinetic data of control and diabetic groups 
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Metabolic parameter Study period Diabetic group Control group 

Pre-treatment Post-treatment 

Plasma glucose (mmol/l) 

Plasma insulin (mU/l) 

Plasma glucagon (pg/ml) 

Hepatic glucose production (lxmol - kg -1 �9 rain 1) 

Glucose utilization (gmol �9 kg -1 �9 rain -1) 

Metabolic clearance rate of glucose 
(ml. kg -1 �9 min ~) 
Corresponding IRI (mU/1) 

Non-esterified fatty acid (mmol/1) 

fl-Hydroxybutyrate (mmol/1) 

Erythrocyte receptor binding (basal % binding) 

Basal 18.4 + 0.6 14.1 _+ 0.6 4.6 +_ 0.1 
Low dose 18.9 + 1.1 13.9 _+0.8 5.1 _+ 0.6 
High dose 17.0 + 1.5 12.7 _+ 1.5 4.5 _+ 0.2 

Basal 7 + 1 6 _+ 1 9 + 2 
Low dose 23 _+ 2 22 _+ 2 31 _+ 3 
High dose 39 _+ 2 38 _+ 2 49 _+ 3 

Basal 117 _+ 16 59 + 9 137 + 46 
Low dose 77 _+ 15 39 + 9 74 _+ 32 
High dose 57 _+ 8 23 _+ 4 27 + 6 

Basal 20.0 + 2.2 12.8 _+ 1.7 13.9 _+ 0.8 
Low dose 9.9 + 2.9 4.0 _+ 1.5 1.8 + t.0 
High dose 1.4 + 0.8 1.9 _+ 1.0 < 1.0 

Basal 14.3 _+ 2.7 11.4 + 1.8 13.9 _+ 0.8 
Low dose 17.0 + 2.2 12.8 _+ 1.7 16.9 + 2.2 
High dose 19.8 + 1.6 14.4 + 1.5 40.3 + 2.3 

All studies with 1.10 + 0.14 1.15 _+ 0.19 6.83 + 1.02 
IRI levels i> 30 mU/1 

37 + 2 40 +2  44 _+ 3 

Basal 1.44 + 0.10 1.03 + 0.10 0.76 _+ 0.24 
Lowdose 0.66 _+ 0.17 0.30 + 0.05 0.33 + 0.16 
High dose 0.38 + 0.06 0.30 + 0.07 - 

Basal 0.98 _+ 0.46 0.21 + 0.07 0.06 + 0.01 

8.98_+ 1.07 10.38 _+ 1.04 9.3 _+ 0.35 

Results expressed as mean _+ SEM; post-treatment studies were performed following I week of twice daily insulin therapy; 
Low dose: insulin 25 mU �9 kg -1 �9 h-a/glucose 2 mg - kg -~ �9 min -1 ; high dose: insulin 40 mU �9 kg -a �9 h-I/glucose 3 mg �9 kg -1 �9 rain -1 

modification of a method of Carruthers and Young [17] and ketone 
bodies were estimated spectrophotometrically by the method of 
Williamson et al. [18]. Binding of 12sI-insulin to human erythrocytes 
was measured using the method of Gambhir et al. [19]. 

Calculations 

The rate of appearance of glucose (Ra) at steady state was calculated 
from the formula Ra = F/SA, where F is the rate of infusion of(3-3H) 
glucose and SA is the specific activity of the plasma (3-3H) glucose at 
steady state [20]. Steady state was defined as < 10% variation in the 
counts at plateau. The mean coefficient of variation of the plateau 
counts was 4.5 _+ 0.5% (_+ SEM) for all studies. Subtraction of the 
amount ofunlabelled glucose infused from the cfilculated total Ra gave 
the net hepatic glucose production for the insulin/glucose infusion pe- 
riods. At steady state, plasma glucose was constant (the mean coeffi- 
cient of variation of glucose plateau levels was 2.7 _+ 0,3%) and there- 
fore Ra equals the rate of disappearance of glucose. The rate of utiliza- 
tion of glucose was defined as the rate of disappearance of glucose mi- 
nus the urinary glucose loss. The metabolic clearance rate of glucose 
was calculated as rate of utilization/plasma glucose [21]. Metabolic 
clearance rate of glucose has been previously validated as a measure of 
insulin mediated glucose uptake for IRI levels > 30 mU/1 [22]. There- 
fore the metabolic clearance rate was calculated only when the plasma 
IRI was > 30 mU/1. Statistical analyses were made using Student's 
t-test and linear regression analyses. All data are expressed as the mean 
+ SEM. 

Results 

Table  1 shows the p l a s m a  glucose a n d  in su l in  responses  
to the oral  glucose load  in  the d iabe t ic  pat ients  before  in- 
su l in  t r ea tmen t  c o m p a r e d  with the m e a n  values  for the 

cont ro l  group.  Fas t ing  b l ood  glucose levels were signifi-  
can t ly  raised in  all d iabe t ic  subjects  (p < 0.001), bu t  fast- 
ing in su l in  levels were s imi lar  to the cont ro l  subjects  
(Table  1). Cons i s t en t  with the severe glucose in to lerance ,  
the i n su l in  responses  ob t a ined  fo l lowing  the glucose 
load  were marked ly  a t t enua ted  c o m p a r e d  wi th  the con-  
trol  g roup  (Table  1 ; p < 0.001). The  b iochemica l  details 
o f  the glucose t u r n o v e r  s tudies  of  the d iabet ic  subjects  
(pre- a n d  pos t - insu l in  t rea tment )  are given in  Tab le  2, to- 
gether  with da ta  for the cont ro l  subjects.  At  s teady state, 
the coeff icient  of  va r i a t ion  of  the m e a n  p l a sma  glucose 
a n d  in su l in  concen t ra t ions  at p l a t eau  was < 10% in  all 
studies.  Steady state glucose levels, basa l ly  a n d  du r ing  
the 2 5 m U -  kg -1 ra in  - l ( l o w )  a n d 4 0 m U ,  kg - t  �9 

m i n - 1  (high) i n su l in  i n f u s i o n  per iods ,  were s imi lar  for 
each exper imen ta l  g roup  bu t  bo th  d iabet ic  groups  were 
hyperglycaemic ,  whereas  the controls  were eug lycaemic  
(Table  2). The  p la teau  in su l in  levels rose s ignif icant ly  in  
each s tudy per iod  for the three groups.  The  cor respond-  
ing p la t eau  I RI  levels were s imilar  for the three groups ,  
except  tha t  the p la t eau  I R I  level in  the high dose in su l in  
pe r iod  for the cont ro l  subjects  (49 _ 3 mU/1 ,  m e a n  + 
SEM)  was jus t  s igni f icant ly  h igher  t h a n  the co r respond-  
ing I R I  levels in  the pre- (39 + 2 mU/1)  a n d  post- (38 + 
2 mU/1)  t reated d iabet ic  groups  (Table  2; p < 0.05). The 
basa l  pre- t rea ted I R G  levels (117 + 16 p g / m l )  were sig- 
n i f ican t ly  higher  t h a n  for the pos t - t rea ted  d iabet ic  
g roup  59 + 9 p g / m l ;  p < 0.05), bu t  s imi lar  to the cont ro l  
g roup  (137 + 46 p g / m l ) .  As expected,  I R G  levels were 
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Fig. 2. Hepatic glucose output  o f  diabetic subjects before (A) and after 
(B) insulin therapy. Values are shown for basal studies and each of  the 
two insulin infusion periods (low dose = 25 m U  �9 kg -1 - h - l ;  high 
dose = 40 m U  �9 kg -1 �9 h 1). The mean values are indicated by a hori- 
zontal line, and the normal range (mean + SD) indicated by the 
shaded areas 
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Fig.3. Glucose clearance rate plotted against plasma insulin for all 
studies with IRI levels > 30 mU/1. The rise in the metabolic clearance 
rate of  glucose with increasing insulin values is significant for normal 
subjects (A--A ; r = 0.83 ; p < 0.01) but no change occurs in diabetic 
subjects either before ( O -  �9 ) or after ( i - I I  ) insulin treatment 

suppressed significantly in the three experimental 
groups during the two insulin infusion periods (Table 2). 

Hepatic Glucose Production 

Basal hepatic glucose production was elevated in the 
pre-treated compared with the post-treated diabetic pa- 
tients (20.0 + 2.2versus 312.8 + 1.7 ~xmol �9 kg - t  �9 min-1; 

p < 0.05), the hepatic glucose production of the latter be- 
ing similar to control subjects (Table 2, Fig. 2). During 
the lower insulin infusion period, suboptimal hepatic 
suppression of hepatic glucose production was noted in 
the pre-treated diabetic group (9.9 + 2.9 ~tmol �9 kg- 1 . 
min-  1 ; 57 + 9% fall), compared with values for the post- 
treated diabetic patients (4.0 + 1.5 p~mol, kg -1 �9 min- l ;  
75 +_ 7% fall) and control subjects (1.8 + 1.0 p.mol �9 kg-  1 
�9 min-  1 ; 87 _+ 7% fall). The hepatic glucose production 
in the pre-treated diabetic patients was significantly 
higher than in the post-treated diabetic and control 
groups (p < 0.05 ; Table 2, Fig. 2). During the higher dose 
insulin infusion, hepatic glucose production was further 
suppressed in the three groups, with total suppression 
occurring in six of the eight pre-treated diabetic subjects. 
Hepatic glucose production was equally low in all 
groups during the high dose insulin infusion (Table 2, 
Fig. 2). The fasting blood glucose correlated with basal 
hepatic glucose production (r = 0.50, p < 0.05), but 
there was no correlation between the fasting blood glu- 
cose and IRG, or between the percentage suppression of 
hepatic glucose production and basal IRG, or IRG levels 
during the low dose insulin infusion period. 

Glucose Utilization and Metabolic Clearance Rate 

Basal glucose utilization was similar within the three 
experimental groups (pre-treated diabetics: 14.3 + 1.6, 
post-treated diabetic patients: 11.0 + 1.8, control sub- 
jects: 13.5 _+ 0.8 ~tmol �9 kg -1 �9 rain-t). However, this 
normal glucose utilization occurred in the presence of 
significant hyperglycaemia in the diabetic subjects. Glu- 
cose utilization did not rise significantly in the diabetic 
patients or control subjects during the low dose insulin 
infusion�9 With the high dose insulin infusion, glucose 
utilization rose significantly only in the control group 
(p < 0.001). Glucose utilization during the high dose in- 
sulin infusion was higher in the pre-treated than the post- 
treated diabetic patients (p < 0.05) but it is noted that 
glucose levels were also significantly higher in the pre- 
treated group (17.0 versus 12.7 mmol;p < 0.01). Glucose 
utilization in the normoglycaemic control subjects was 
significantly higher than in either diabetic group for this 
period (p < 0.001). 

Comparison of glucose utilization data is difficult, as 
all studies in the diabetic patients were carried out during 
marked hyperglycaemia. Therefore the metabolic clear- 
ance rate of glucose has been calculated for all subjects 
with insulin levels greater than 30 mU/1 (Fig. 3). In the 
control subjects a marked increase in metabolic clear- 
ance rates occurs with increasing insulin levels (r = 0.83, 
p < 0.01). The diabetic patients exhibit no such rise (r = 
0.15). Mean data for insulin levels and glucose clearance 
are given in Table 2. 

Non-esterified Fatty Acids and fl-Hydroxybutyrate 

Basal plasma NEFA levels were elevated in the pre- 
treated diabetic group compared with both the post- 
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treated diabetic (p < 0.02) and control subjects (p < 
0.001), but were not raised significantly in the post-treat- 
ed diabetic patients (Table 2). Following the 25 and 
40 mU �9 kg-  1. h -  1 insulin infusions, NEFA levels fell to 
a similar nadir in the pre-treated (0.38 + 0.06 mmol/1), 
post-treated diabetic (0.30 _+ 0.06 mmol/1) and control 
(0.33 _+ 0.16 mmol/1) subjects. However, the rate of 
NEFA decay (t~) post-insulin infusion, was prolonged 
for the pre-treated group (33 min), compared with the 
post-treated diabetic (18 min) and control subjects 
(20 min). Fasting fl-hydroxybutyrate levels were elevated 
in the pre-treated and post-treated diabetic patients com- 
pared with the control group (p < 0.005). 

Erythrocyte Receptor Insulin Binding 

The mean basal percentage binding of insulin to the 
erythrocyte insulin receptor was similar in the pre- 
(8.98 _+ 1.07%) and post-treated (10.38 _+ 1.04%) diabet- 
ic subjects, falling within the normal range (Table 2). 
Further, the affinity of insulin for its receptor, when the 
data were re-examined by Scatchard analysis, was also 
similar in all groups. 

Discussion 

It is clear from this study that in poorly controlled Type 2 
diabetes hepatic glucose production is elevated, and is 
suppressed only partially in response to a low dose insu- 
lin infusion [10, 23]. Further elevation of insulin levels, 
however, results in complete suppression of hepatic glu- 
cose production (Fig.2). As all diabetic subjects were 
studied during marked hyperglycaemia, it would also 
appear that under basal conditions, the liver production 
fails to be suppressed by elevated blood glucose levels [6, 
24, 25, 26]. We are unable to determine from our studies 
whether the liver is predominantly failing to respond to 
insulin, or to hyperglycaemia. It is unlikely that the 
slightly elevated glucagon levels account for the hepatic 
glucose overproduction since chronic hyperglucagon- 
aemia in cirrhosis and the glucagonoma syndrome is not 
associated with increased hepatic glucose production 
[13, 27]. Moreover, we could find no correlation between 
basal IRG levels and basal hepatic glucose production in 
the diabetic subjects. 

Following one week of insulin therapy and good dia- 
betic control, both the basal hepatic glucose production 
and its suppressibility by low dose insulin return to nor- 
mal (Fig. 2). Therefore the glucose intolerance of treated 
Type 2 diabetic subjects is unlikely to be related to either 
hepatic glucose overproduction or hepatic resistance to 
insulin. 

Another important finding is that glucose disposal in 
both the uncontrolled and the treated diabetic subjects is 
markedly impaired. This means that basal glucose utili- 
zation is maintained within the normal range only in the 
presence of profound hyperglycaemia, as noted original- 
ly by Soskin and Levine [28], and confirmed by Reaven et 
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al. [29] and De Fronzo et al. [7]. Furthermore, the increase 
in glucose utilization in the diabetic subjects during the 
higher dose insulin infusion is small compared with the 
large rise seen in normoglycaemic control subjects 
(Table 2). One could speculate that the increased basal 
hepatic glucose production in the untreated diabetic 
subjects contributes to maintenance of a sufficient de- 
gree of hyperglycaemia to ensure normal basal glucose 
utilization. 

As glucose utilization is known to be largely depend- 
ent on the prevailing plasma glucose concentration [30], 
it is necessary to find a measure of the efficiency of glu- 
cose disposal. The metabolic clearance rate of glucose 
provides a means of standardising data obtained at dif- 
ferent blood glucose concentrations. This appears to be 
valid provided that insulin levels are greater than 
30 mU/1 [22] and that glucose concentrations are lower 
than those causing saturation of the intracellular glucose 
pathways (<  25 mmol;  [30, 31]). Thus, the metabolic 
clearance rate was calculated for all plateau periods with 
insulin levels > 30 mU/1 and provides striking evidence 
that the clearance of glucose in Type 2 diabetic subjects, 
both before and after insulin therapy, is greatly impaired 
(Fig. 3). Thus, a defect in peripheral glucose disposal 
seems an important mechanism of the glucose intoler- 
ance of Type 2 diabetes. 

The reason for the decreased glucose disposal is un- 
clear. NEFA levels were elevated in our diabetic subjects 
and are postulated to inhibit insulin action [32]. How- 
ever, NEFA values fell in response to the insulin infusion 
while the metabolic clearance rate failed to rise signifi- 
cantly. Further, during the period of insulin therapy, ba- 
sal NEFA levels remained normal for several days, but 
the defect in glucose clearance persisted. Erythrocyte in- 
sulin receptor binding characteristics were similar in the 
diabetic and control subjects both before and after insu- 
lin therapy. The failure to find reduced erythrocyte re- 
ceptor binding, as has been found in monocytes in 
Type 2 diabetes, may be related to the fact that the group 
of diabetic subjects studied were insulinopenic [26, 33, 
34] or to the fact that oral hypoglycaemic agents were 
ceased only 3 days before the initial study. However, 
these receptor binding data are consistent with the sug- 
gestion that the defect in glucose clearance is due to a 
post-receptor defect of glucose metabolism [2]. 

It is interesting to note that whilst satisfying all other 
criteria for classification as Type 2 diabetic patients, in 
that they were maturity onset, had longstanding disease 
which had been previously controlled by oral agents, 
and had suffered no episodes of ketoacidosis, our sub- 
jects had an impaired insulin response to oral glucose 
[35, 36]. This relative hypoinsulinaemia may be one of 
the causative factors in the impaired glucose clearance, 
which persisted despite acute insulin infusions, and one 
week of insulin therapy. Further studies are needed in 
milder, hyperinsulinaemic Type 2 diabetic subjects [23, 
30]. It has also yet to be determined whether a longer pe- 
riod of insulin therapy and good diabetic control will re- 
verse this defect. 
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In conclusion, uncontrolled Type 2 diabetes is char- 
acterised by excessive basal hepatic glucose production 
which is relatively insensitive to acute insulin adminis- 
tration, and a marked impairment of glucose disposal. 
The latter defect appears to be the major contributing 
factor to the development of glucose intolerance and is 
not improved by 7 days of insulin treatment. The cause of 
the decreased metabolic clearance rate of glucose is not 
known. 
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