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Hepatic and Peripheral Insulin Resistance: 
A Common Feature of Type 2 (Non-Insulin-Dependent) and 
Type 1 (Insulin-Dependent) Diabetes Mellitus 

R. A. DeFronzo,  D. Simonson and E. Ferrannini 

Department of Medicine, Yale University School of Medicine, New Haven, Connectitut, USA 

Summary. Hepatic glucose production (3H-glucose technique) 
and insulin-mediated glucose uptake (insulin clamp tech- 
nique) were measured in 38 Type 2 (non-insulin-dependent) 
and 11 Type 1 (insulin-dependent) diabetic patients. Fasting 
plasma glucose concentration was 8.3 4- 0.5 mmol/1 in the 
former, and 9.6 + 1.3 mmol/1 in the latter group; the respec- 
tive fasting plasma insulin levels were 19 4- 2 mU/1 (p < 
0.005 versus 13 + 1 mU/1 in 33 age-matched control subjects), 
and 9 4- 1 mU/1 (p < 0.01 versus 14 + 1 mU/1 in 36 younger 
control subjects). In the fasting state, hepatic glucose produc- 
tion was slightly increased (15%, 0.1 > p > 0.05) in the Type 2 
diabetic patients and markedly elevated (65%, p < 0.001) in 
the Type 1 patients compared with their respective control 
groups, In both groups of diabetic subjects, the rates of hepat- 
ic glucose production were inappropriately high for the pre- 
vailing plasma glucose and insulin levels, indicating the pres- 
ence of hepatic resistance to insulin. Basal plasma glucose 
clearance was also significantly reduced in both the Type 2 
(34%) and the Type 1 (14%) diabetic subjects. The fasting plas- 
ma glucose concentration correlated directly with hepatic glu- 

cose production, and inversely with plasma glucose clearance. 
During the insulin clamp, plasma insulin was maintained at 
approximately 100 mU/1 in all groups, while plasma glucose 
was maintained constant at the respective fasting levels. Total 
glucose uptake was reduced in both the Type 2 (4.57 + 0.31 
versus 6.39 _ 0.25 mg - min -1 - kg -1 in the control subjects, 
p < 0.01) and the Type 1 (4.77 4- 0.48 versus 7.03 4- 0.22 mg �9 
min -1 �9 kg -1, p < 0.01) diabetic patients. Insulin-stimulated 
glucose clearance was reduced to a similar extent in Type 2 
(54%) and Type 1 (61%) diabetic subjects, and correlated di- 
rectly with fasting glucose clearance. These results show that 
insulin resistance is a common feature of both types of dia- 
betes and can be demonstrated in the basal as well as the insu- 
lin-stimlated state. Both hepatic and peripheral resistance to 
the action of insulin contribute to diabetic hyperglycaemia. 

Key words: Type 1 and Type 2 diabetes, insulin resistance, in- 
sulin-mediated glucose metabolism, glucose clearance, hepat- 
ic glucose production. 

The presence of  resistance to the glucose-lowering ef- 
fect of  insulin in non-obese,  Type 2 (non-insulin-de- 
pendent)  diabetic patients has been documented  with a 
variety of  techniques. They include the insulin clamp 
technique [1, 2], the intravenous insulin tolerance test [3, 
4], the combined intravenous insulin-oral glucose toler- 
ance test [5], the forearm perfusion technique [6-8], the 
quadruple  infusion protocol  of  Ginsberg et al. [9], the 
somatostatin modificat ion of  the quadruple  infusion 
protocol  [10], and radioactive glucose isotope methods 
[11]. Although these studies have established that insu- 
lin resistance is quite frequent in Type 2 diabetes, its site 
(i. e., peripheral  or hepatic) has not been determined 
with certainty. Also controversial is the contribution of  
glucose over-product ion to the fasting hyperglycaemia 
in Type 2 diabetic patients since both raised [12] and 
normal [13] rates of  endogenous glucose output  have 

been reported. Furthermore,  it is not clear whether  the 
resistance to exogenous insulin infusion in these pa- 
tients bears any relation to the insulin resistance present 
in the fasting state. 

The information on insulin-stimulated glucose me- 
tabolism in Type 1 (insulin-dependent) diabetic patients 
is discordant. With the use of  the combined intravenous 
insulin-oral glucose tolerance test, Himsworth and Kerr  
found  that about  one-half  of  their insulin-dependent  
diabetic patients were resistant to the action of  insulin 
[5]. More  recently, Harano  et al. [14], using the somato- 
statin modification of  the quadruple  infusion tech- 
nique, have also demonstrated impaired insulin action 
in most Type 1 diabetic individuals. In contrast, Gins- 
berg has reported a normal response to insulin in a 
small group of  insulin-dependent  diabetic patients [15]. 
Thus, the prevalence and severity of  insulin resistance 
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in Type 1 diabetes (independent of insulin antibodies) 
as well as its tissue localization need to be re-evaluated. 

In the present study, we have used the euglycaemic 
insulin clamp technique in combination with the 3H- 
glucose method to measure rates of glucose production 
and disposal in both Type 2 and Type 1 diabetic sub- 
jects, in the basal postabsorptive state as well as during 
a sustained increase in the plasma insulin concentra- 
tion. 

Subjects and Method 

Subjects 

The study population consisted of 38 Type 2 and 11 Type 1 diabetic 
individuals. The mean (+  SEM) ages of the two groups were 57 + 2 
and 34 _+ 3 years, respectively. Since age per se is known to affect glu- 
cose tolerance [16], two groups of control subjects were included. 
Thirty-six subjects with a mean age (+ SEM) of 36 + 1 years served 
as controls for the Type I diabetic subjects, and 33 subjects with a 
mean age of 55 + 2 years served as controls for the Type 2 diabetic 
group. The ideal body weights (based on medium frame individuals 
from the Metropolitan Life Insurance Tables, 1959) of the Type 2 and 
Type 1 diabetic subjects were 107 + 2% and 101 + 4%, respectively. 
The ideal body weights for the two control groups were 102 + 1% and 
104 +_ 1%, respectively. 

Eleven of the Type 2 diabetic patients had received previous ther- 
apy with oral hypoglycaemic agents but none had received any oral 
agent or other medication for at least 8 weeks before the study. All of 
the diabetic patients had fasting plasma glucose concentrations above 
6.7 mmol/1 on multiple occasions. The duration of the diabetes in the 
Type 1 group was 10 _+ 3 years, and their daily requirement of NPH 
insulin was 34 + 3 units. One of the Type 1 diabetic subjects was also 
receiving a morning dose of regular insulin of 10 units. The purpose, 
nature, and potential risks of the study were explained to all subjects 
and their written voluntary consent was obtained before participation. 

Study Protocol 

All studies were performed in the postabsorptive state at 0800 h fol- 
lowing a 10-12 h overnight fast. In the Type 1 diabetic group, the last 
dose of NPH insulin was administered 24 h before the study. Insulin- 
mediated glucose metabolism was quantitated with the insulin clamp 
technique as described previously [1]. Following a 120 rain (in the nor- 
mal subjects) or a 180 rain (in the diabetic patients) control period to 
allow for equilibration of 3H-3-glucose, a prime-continuous (42.6 m U /  
m 2 surface area per rain) infusion of crystalline porcine insulin (Eli Li- 
ly, Indianapolis, Indiana, USA) was administered for 2 h to achieve 
constant physiological hyperinsulinaemia. The plasma glucose con- 
centration was maintained at basal, pre-infusion levels by determina- 
tion of plasma glucose every 5 rain and the periodic adjustment of a 
variable infusion of a 20% glucose solution [1]. Under these steady- 
state conditions of constant glycaemia, the total amount of glucose 
taken up by ali tissues of the body must be equal to the input of glu- 
cose into the body. The input of glucose is, in turn, equal to the sum of 
the exogenous glucose infusion rate and the rate of residual endoge- 
nous (hepatic) glucose production that remains unsuppressed by hy- 
perinsulinaemia. The rate of endogenous glucose production was cal- 
culated by subtracting the exogenous glucose infusion rate from the 
total rate of glucose appearance as measured from the analysis of the 
3H-3-glucose kinetics (see subsequent description). 

In previous studies, we have shown that hypergiycaemia per se 
will enhance insulin-mediated glucose uptake by a mass action effect 
[17]. A similar effect of hyperglycaemia has been demonstrated in the 
presence of basal insulin levels [18]. Therefore, in 11 of the 38 Type 2 
diabetic subjects, following the initiation of the insulin infusion, the 
plasma glucose concentration was allowed to decrease approximately 
to 6.7 retool/1 before the exogenous glucose infusion was begun. In 

addition, five of the young control subjects were restudied under simi- 
lar conditions of hyperinsulinaemia but after elevation of the plasma 
glucose concentration to levels similar to those observed in the insu- 
lin-dependent diabetic group. This was accomplished by using the hy- 
perglycaemic clamp technique [1] in combination with an exogenous 
insulin infusion. The exogenous insulin infusion was adjusted empir- 
ically, based on knowledge of the plasma insulin response during pre- 
vious hyperglycaemic clamps performed on the same individuals. 

In the control group, the 3H-3-glucose (New England Nuclear, 
Boston, Massachusetts, USA) prime was 25 txCi, and the continuous 
infusion was given at the rate of 0.25 gCi/min. In the diabetic group, 
the priming dose was increased in proportion to the increase in fasting 
plasma glucose concentration. Plasma samples for 3H-3-glucose spe- 
cific activity were obtained at 5-10 rain intervals for the last 30 min. 
Following the infusion of insulin, tritiated glucose specific activity 
was determined at 5-15 min intervals. 

Calculations 

With the insulin clamp, total glucose metabolism during a given time 
period was calculated by adding the mean rate of endogenous glucose 
production to the mean glucose infusion rate during the same time pe- 
riod. The glucose clearance was obtained as the ratio of the rate of to- 
tal glucose metabolism to the steady-state plasma glucose concentra- 
tion during the insulin clamp. The steady-state plasma glucose and in- 
sulin levels were the means of values between 20-120 rain. 

In the basal state, the rate of endogenous glucose production was 
calculated by dividing the infusion rate of 3H-3-glucose counts by the 
mean plasma glucose specific activity measured during the last 30 rain 
of the control period. A steady-state plateau of glucose specific activi- 
ty was achieved in all diabetic and control subjects before the start of 
insulin infusion. In the basal state, with constant glycaemia, the rate of 
glucose appearance equals the rate of glucose disappearance, and 
therefore provides a measure of basal glucose metabolism. The basal 
glucose clearance was determined by dividing the infusion rate of 
3H-3-glucose counts by the steady-state concentration of tritiated glu- 
cose counts in plasma. During the insulin infusion, the glucose system 
is not in steady-state. Therefore, Steele's equations, and a value of 0.65 
for the pool fraction [19], were used to compute total rates of glucose 
appearance. The rate of endogenous glucose production was then ob- 
tained by subtracting the exogenous glucose infusion rate from the 
total rate of glucose appearance. AlI data are presented as mean 
• SEM. Statistical comparisons were performed by the Student's 
t-test. 

Analytical Procedures 

Plasma glucose concentration was measured by the glucose oxidase 
method with a Beckman glucose analyzer (Beckman Instruments, 
Fuilerton, California, USA). Plasma insulin concentration was deter- 
mined by radioimmunoassay using talc to separate bound from free 
insulin [20]. The coefficients of variation (inter-assay) for our high 
(100 + 3 mU/i ;  mean + SEM of 10-14 determinations), medium (48 
_+ 2 mU/1), and low (8.7 + 0.4 mU/l)  quality controls are 9.8%, 
12.2%, and 14.0%, respectively. The intra-assay coefficient of variation 
for the quality controls is 9.8%. Recovery of insulin added to plasma is 
103 + 3%. In the Type 1 diabetic group, plasma free insulin concen- 
tration was determined by radioimmunoassay as above, after treat- 
ment of plasma with polyethylene glycol to remove insulin antibodies 
[21]. Tritiated glucose specific activity was determined as described 
previously [22]. 

Results 

Plasma Glucose and Insulin 

The mean fasting plasma glucose concentrations in the 
control, Type 2, and Type 1 diabetic subjects were 5.1 
• 0.1, 8.3 + 0.5, and 9.6 + 1.3 mmol/1, respectively. 
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Table I. Plasma insulin and glucose concentrations in the basal state and during the insulin clamp studies 
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Plasma insulin Plasma glucose 

Basal Steady-state Basal 
(mU/1) (mU/1) (retool/l) 

Steady-state Coefficient 
(mmol/1) of variation (%) 

Older control subjects 
(n = 33) 13 + 1 111 + 3 5.2 _+ 0.1 5.2 + 0.1 4.1 + 0.2 

Type 2 diabetic subjects studied at 
hyperglycaemic levels 
(n = 27) 19 _ 2 111 ..4- 6 8.3 _ 0.5 8.3 + 0.5 3.6 4- 0.2 

Type 2 diabetic subjects studied at 
euglycaemic levels 
(n = 11) 19 + 3 120 + 9 12.0 + 1.0 6.6 + 0.2 3.6 + 0.5 

Younger control subjects 
(n = 36) 14 + 1 107 _+ 3 5.1 _+ 0.1 5.0 -:- 0.1 4.5 + 0.2 

Type 1 diabetic subjects 
(n = 11) 9 _+ 1 91 _+ 5 9.6 + 1.3 9.6 ___ 1.3 3.1 _+ 0.3 

Younger control subjects studied at 
hyperglycaemic levels 
(n = 5) 14 _+ 1 107 + 4 4.9 + 0.1 9.2 _+ 0.1 4.0 _+ 0.4 

Results are expressed as mean + SEM 
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Fig.1. Total glucose uptake in age-matched control subjects ([-]), 
Type 2 (~:~) and Type 1 diabetic patients (NN) during a I mU �9 kg -1 �9 
min -1 insulin clamp study. The mean steady-state plasma glucose lev- 
els during the clamp study for the various experimental groups are 
given at the bottom of the bars. Data are expressed as mean + SEM. 
The p values refer to unpaired t-test analysis 

During the insulin clamp, the plasma glucose was held 
close to the basal level (Table 1). In the 11 Type 2 dia- 
betic subjects, in whom the plasma glucose concentra- 
tion was allowed to drop before initiating the exoge- 
nous glucose infusion, the mean steady-state glucose 
level during the clamp study was 6.6 _+ 0.2 mmol/1. In 
the five control subjects restudied at hyperglycaemic 
levels, the mean steady-state glucose concentration dur- 
ing the clamp study was 9.2 + 0.1 mmol/1. The stability 
of the plasma glucose concentration during the clamp 

studies is indicated by the small coefficient of variation 
(Table 1). 

The fasting plasma insulin concentrations in the ol- 
der control subjects and Type 2 diabetic group were 
13 __. 1 and 19 + 2 mU/l,  respectively (p < 0.005). In 
the Type 1 diabetic group, fasting plasma free insulin 
levels (9 _+ 1 mU/1) were slightly, though significantly 
(p < 0.01), lower than in the younger control subjects 
(14 + 1 mU/1). The steady-state insulin levels during 
the insulin clamp were similar in all the study 
groups (Table 1). In the five control subjects restudied 
under hyperglycaemic conditions, the mean steady- 
state insulin levels during the euglycaemic (107 + 
3 mU/1) and hyperglycaemic (107 _+ 4 mU/1) clamp 
studies were virtually identical. 

Glucose Metabolism 

During the insulin clamp, the total amount of glucose 
taken up by the body (20-120 min) in the 27 Type 2 dia- 
betic subjects studied at their fasting glucose level (4.57 
+ 0.31 mg �9 kg -1 �9 min -1) was reduced by 28% com- 
pared with the age-matched control subjects (6.39 + 
0.25 mg �9 kg -1 �9 m i n - l , p  < 0.01; Fig.l). The glucose 
clearance was reduced to an even greater extent (3.17 _+ 
0.20 versus 6.93 ___ 0.29 ml �9 kg -1 �9 m i n - t , p  < 0.001; 
Fig.2). In the 11 Type 2 diabetic subjects whose plasma 
glucose concentration was allowed to decrease to 
6.6 mmol/1 before starting the clamp study, the total 
amount of glucose metabolized (3.32 + 0.36 mg �9 kg-1 

�9 min -1) was significantly less than in the Type 2 dia- 
betic individuals studied at fasting hyperglycaemic lev- 
els (p < 0.05) or the normal subjects (p < 0.001). Only 
one of the Type 2 diabetic group had a rate of glucose 
metabolism that was within the mean + 1 SEM ob- 
served in the control group (Fig. 1). The glucose clear- 
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dogenous glucose production in the fasting state. The solid line is the 
regression line for the control subjects; Type 2 (O) and Type 1 (�9 
diabetic subjects 

ance in the Type 2 diabetic subjects studied at euglycae- 
mic levels (2.83 _+ 0.31 ml �9 kg -1 �9 min -1) was similar 
to that observed in Type 2 diabetic subjects studied at 
hyperglycaemic levels (Fig.2). In the Type 2 diabetic 
subjects studied at hyperglycaemic levels, the total 
amount  of  glucose metabolized during the insulin 
clamp was positively correlated (r = 0.50, p < 0.01) 
with the fasting plasma glucose concentration. A weak, 
inverse correlation between fasting plasma glucose and 
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subjects 

the glucose clearance during the clamp was also found 
to exist (r = -0 .30 ,  0.10 > p > 0.05). 

In the Type 2 diabetic subjects, the total amount  of  
glucose metabolized (20-120 min) (4.77 _+ 0.48 mg �9 
kg - t  min -1) was also significantly reduced by 32%, 
compared  with control subjects (7.03 _+ 0.22 mg �9 kg -1 
�9 min - t ,  p < 0.01; Fig. 1). The degree of  impairment in 
glucose metabolism in the Type 1 diabetic subjects is 
even more striking when compared with the control 
subjects who were studied at comparable  degrees of  hy- 
perglycaemia and hyperinsulinaemia (12.14 _+ 0.96 mg 
�9 kg -1 �9 min -1, p < 0.001). The rate of  insulin-mediat- 
ed glucose metabolism was not  significantly different 
between Types 1 and 2 diabetic subjects. The rate of  
glucose clearance in the Type 1 diabetic subjects (3.08 
+ 0.29 ml �9 kg - t  �9 min - t )  was markedly reduced com- 
pared with control subjects (7.83 _+ 0.25 ml �9 kg -1 �9 
min -1, p < 0.001; Fig.2) but  was not significantly dif- 
ferent f rom the Type 2 diabetic subjects (3.17 + 0.20 ml 
�9 kg -1 �9 min-1). The total rate of  glucose metabolism 
was positively correlated (r = 0.61, p < 0.05) with the 
fasting plasma glucose concentration�9 In contrast, the 
glucose clearance was inversely (r - 0.80, p < 0.001) 
correlated with the fasting plasma glucose. 

Endogenous Glucose Production 

In the basal, post-absorptive state, plasma glucose con- 
centration, glucose clearance and endogenous glucose 
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production were similar in the two control groups. 
These data could therefore be pooled. A direct correla- 
tion was then found to exist between fasting plasma glu- 
cose and the rate of endogenous glucose production 
(r -- 0.28, p < 0.05), whereas the glucose clearance 
was inversely related to the fasting plasma glucose con- 
centration (r = - 0.33, p < 0.05). 

In the Type 2 diabetic subjects, endogenous glucose 
production (2.50 _+ 0.15 mg �9 kg -1 �9 min -1) was slight- 
ly, though not significantly, greater than in the age- 
matched control (2.18 _+ 0.03 mg �9 kg -1 �9 rain -1, 0.1 > 
p > 0.05). Fasting glucose clearance in the Type 2 dia- 
betic subjects (1.54 _+ 0.05 ml �9 kg -1 �9 min -1) was sig- 
nificantly lower than in the control subjects (2.23 _+ 
0.03 mg �9 kg -~ min -1, p < 0.001). A strong, direct 
correlation existed between fasting plasma glucose con- 
centration and endogenous glucose production (r --- 
0.80, p < 0.001), whereas glucose clearance was weakly 
related to fasting plasma glucose in an inverse fashion 
(r = -0.31, 0.1 > p > 0.05) (Figs.3 and 4). 

In the Type 2 diabetic subjects, hepatic glucose pro- 
duction (3.51 _+ 0.04 mg �9 kg -1 �9 min -1) was markedly 
increased compared with age-matched controls (2.13 _+ 
0.04 mg �9 kg -1 min -1, p < 0.001). Fasting glucose 
clearance was lower than normal (2.03 _+ 0.12 versus 
2.35 _+ 0.04 m l .  kg -~ �9 min-l).  Fasting plasma glucose 
levels displayed a positive correlation with the rates of 
glucose production (r = 0.87, p < 0.001), and a nega- 
tive correlation with the rates of glucose clearance (r = 
0.72, p < 0.01 ; Figs.3 and 4). 

During the clamp, hepatic glucose production in the 
control subjects declined to 0.43 _+ 0.05 mg �9 kg -~ �9 
min -1 within 20 min. Over the second hour of the 
clamp study, heaptic glucose production was sup- 
pressed by > 95% (to 0.08 _+ 0.02 mg �9 kg -1 �9 min-1). 
In both Type 2 and Type 1 diabetic subjects, the time- 
course as well as the absolute degree of inhibition of he- 
patic glucose production were similar to those of the re- 
spective control groups. 

Discussion 

The plasma glucose concentration is the result of two 
processes, the rate of endogenous glucose production, 
and the rate of glucose removal by all the tissues in the 
body. In the post-absorptive state, these two rates are 
equal, and the plasma glucose level remains relatively 
constant. In the normal subjects in the present study, we 
found a direct relationship between fasting plasma glu- 
cose levels and the basal rates of endogenous glucose 
production (Fig. 3), and an inverse relationship between 
fasting glucose concentration and glucose clearance 
(Fig. 4). This finding indicates that both hepatic glucose 
production and glucose clearance are important in 
maintaining euglycaemia in healthy subjects. 

The above relationships were conserved in both 
Type 1 and 2 diabetic subjects, suggesting that the 

mechanisms regulating the fasting level of plasma glu- 
cose are qualitatively unaltered in these patients. There 
were, however, several important differences. First, the 
rates of endogenous glucose production tended to be 
higher in the Type 2 diabetic subjects, and were defi- 
nitely increased in the Type 1 diabetic subjects. In fact, 
in virtutally every diabetic subject, whether Type I or 
Type 2 with fasting plasma glucose levels > 10 mmol/1, 
endogenous glucose release was elevated in absolute 
terms. Moreover, even 'normal' rates of glucose produc- 
tion are inappropriately high for the associated degree 
of hyperinsulinaemia and hyperglycaemia. In the non- 
insulin requiring diabetic patients, hepatic glucose pro- 
duction was elevated despite significant fasting hyper- 
insulinaemia. Furthermore, we have shown previously 
that in normal subjects hyperglycaemia effectively sup- 
presses hepatic glucose production even in the presence 
of hypoinsulinaemia [23]. Thus, in Type 2 diabetic sub- 
jects, the liver is resistant to the restraining effect of both 
insulin and/or  hyperglycaemia on basal glucose re- 
lease. Likewise, basal glucose production was increased 
in Type 1 diabetic subjects despite the presence of near 
normal basal insulin levels and marked hyperglycae- 
mia. In summary, frank over-production of glucose may 
result when insulin resistance is severe (Type 2 diabetes) 
or is associated with some degree of hypoinsulinaemia 
(Type 1 diabetes). 

The second major observation was that the plasma 
glucose clearance in the fasting state was reduced in 
both Type 2 and Type 1 diabetic subjects. Here, it 
should be noted that in those diabetics with fasting 
plasma glucose concentrations > 10-11 mmol/1, the 
renal threshold for glucose was presumably exceeded 
and significant glycosuria was present. Since urinary 
glucose losses were not quantitated in the present study, 
the calculated rates of plasma glucose clearance must 
have overestimated tissue glucose clearance by an 
amount equal to urinary glucose clearance. Conse- 
quently, the actual rates of tissue glucose clearance 
would be even lower than calculated, and their inverse 
relation to fasting glucose levels stronger. Thus, in 
Type 1 and Type 2 diabetic individuals, significant insu- 
lin resistance was present in the peripheral tissues in the 
basal state. It is of interest that the basal rates of glucose 
uptake (=  rates of glucose production) were not re- 
duced, since the lower glucose clearance rates were as- 
sociated with raised plasma glucose levels. Fasting hy- 
perglycaemia, therefore, appears to serve a compensa- 
tory function in driving glucose into cells which have a 
reduced specific capacity to take up glucose. Although 
it is implicit in the definition of insulin resistance that 
only insulin-dependent tissues (principally muscle and 
fat) are responsible for the impaired efficiency of glu- 
cose uptake, it cannot be excluded that the insulin-inde- 
pendent tissues (brain, red blood cells, renal medulla, 
and intestine) may also clear plasma glucose at a re- 
duced rate. 
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During the insulin clamp, total glucose uptake was 
decreased by 30% in the Type 2 and by 32% in the 
Type 1 diabetic groups (Fig. 1) despite their higher plas- 
ma glucose levels (8.3 and 9.6 versus 5.0 mmol/1 in the 
controls). The magnitude of this defect is fully appre- 
ciated when glucose uptake is 'corrected' for the plasma 
glucose concentration, i.e., by calculating the glucose 
clearance. Again, both diabetic groups showed a 
marked reduction in glucose clearance, and the similari- 
ty of this change in the two groups is striking (61% ver- 
sus 54%). Comparing glucose clearance in subjects with 
widely different plasma glucose levels would provide a 
biased assessment of the degree of insulin resistance if 
glucose clearance were itself affected by glucose con- 
centration. That this was not the case in the present 
studies is shown by two facts. First, when the normal 
subjects were clamped at similar insulin but higher glu- 
cose levels (9.2 versus 4.9 mmol/1), glucose clearance 
was essentially unchanged (Fig. 2), and total glucose up- 
take was increased in proportion to the hyperglycaemia 
(Fig. 1). Second, and conversely, when Type 2 diabetic 
subjects with fasting hyperglycaemia were rendered ap- 
proximately normoglycaemic (6.6 mmol/1) and then 
clamped at insulin levels similar to those of the controls, 
glucose clearance was similar to that of the Type 2 dia- 
betic subjects studied at hyperglycaemic levels (Fig. 2). 
Thus, with plasma insulin levels in the high physiologi- 
cal range (~  100 mU/1), glucose clearance provides a 
more realistic index of the effect of insulin on glucose 
uptake by insulin-dependent tissues than does the total 
amount of glucose metabolized by the body. 

During the insulin clamp, hepatic glucose produc- 
tion was inhibited in both Type 1 and Type 2 diabetic 
patients to the same extent as in normal subjects. The 
present experiments do not answer the question of 
whether suppression of hepatic glucose production in 
diabetic patients might be impaired with small eleva- 
tions in plasma insulin concentration. Nevertheless, the 
present results do demonstrate that whatever deficit 
there might be in the ability of the diabetic liver to shut 
off glucose release in response to insulin, this can be 
overcome by higher insulin levels ( -  100 mU/1). The 
physiological relevance of this observation is that, fol- 
lowing the ingestion of a glucose load, portal vein plas- 
ma insulin levels rise above 100 mU/1, and remain ele- 
vated for a considerable length of time [24]. Therefore, 
unless the insulin response to glucose administration is 
severely deficient (as in Type 1 diabetic patients), failure 
of the liver to inhibit glucose release in response to glu- 
cose ingestion is not likely to be a major contributory 
factor in post-prandial hyperglycaemia. 

With regard to the site of insulin resistance under 
the conditions of an insulin clamp experiment, reduced 
glucose uptake could occur either in the splanchnic or 
the peripheral tissues. In previous experiments we have 
shown that the splanchnic bed is responsible for the up- 
take of only 5-10% of an intravenously administered 
glucose load in normal man [25]. Recent studies in 

Type 2 diabetic patients, in which the insulin clamp 
technique was combined with hepatic vein catheteriza- 
tion, have confirmed this result (R.A.DeFronzo and 
J.Wahren, unpublished observations). Therefore, the 
site of the impairment in insulin action demonstrated in 
the diabetic subjects in this study must reside in pe- 
ripheral tissues, mostly muscle. 

In conclusion, the present results emphasize the im- 
portance of insulin resistance in both Type 1 and Type 2 
diabetic individuals. This impairment in insulin-action 
is most evident under hyperinsulinaemic conditions but 
also manifests itself in the post-absorptive state by an 
overproduction of glucose by the liver and a decreased 
rate of glucose clearance by peripheral tissues. 
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