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Summary. In man, total glucose uptake is the sum of insulin 
mediated glucose uptake and non-insulin mediated glucose 
uptake. The latter pathway has not been examined in Type 1 
(insulin-dependent) diabetes mellitus. In order to assess non- 
insulin mediated glucose uptake in Type 1 diabetes, we 
measured steady-state rates of glucose uptake during glucose 
clamps at 5.27, 9.71 and 12.5 mmol/1 using low (0.25 mU. 
kg-  1. rain- 1), intermediate (0.75 mU. kg-  1. rain- 1) and high 
(1.50 mU.kg -1 .min -1) insulin infusion rates in 10 subjects 
with Type 1 diabetes. For insulin infusion rates of 0.25, 0.75 
and 1.50 mU. kg-1. rain-1 as plasma glucose rose from 5.27 
to 9.71 retool/l, total glucose uptake increased by 35, 43 and 
52 percent respectively (p <0.05 for each insulin infusion 
rate). For all three insulin infusion rates, there was no signifi- 
cant increase in total glucose uptake as plasma glucose in- 
creased from 9.71 to 12.5 mmol/1. At each glycaemic level, 
glucos e uptake correlated significantly with plasma free in- 
sulin (r=0.81, p<0.01 at 5.71 retool/l; r=0.84, p<0.01 at 
9.71 mmol/1; r = 0.73, p < 0.02 at 12.5 mmol/1). Linear regres- 
sion analysis to a point corresponding to plasma free insulin 
equalling zero, yielded values for non-insulin mediated glu- 
cose uptake (mmol. kg -1. rain -1) of 0.11, 0.14, 0.18 at plasma 
glucose of 5.27, 9.7 and 12.5 mmol/1 respectively. Thus, in- 

creasing plasma glucose concentrations were associated with 
increasing rates of non-insulin mediated glucose uptake. For 
each insulin infusion rate used, the percent of total glucose 
uptake accounted for by non-insulin mediated glucose uptake 
remained independent of plasma glucose concentration, but 
decreased as insulin infusion ralte increased. During the in- 
sulin infusion at 0.25 mU.kg- l .min  -1, this percentage 
ranged from 83.7 to 91.4%. Analysis of glucose uptake data 
derived for theoretical plasma insulin levels of 0, 40, 80 and 
160 ~U/ml yielded linear Eadie-Hofstee plots (r = -0.83 to 
-0.99), suggesting that insulin increased Vmax but did not 
alter Km. Hence, in these subjects with Type 1 diabetes, glu- 
cose uptake, both insulin mediated and non-insulin mediated 
can be described by Michaelis-Menten kinetics. Comparison 
of values obtained for Vmax and Km in the present studies of 
Type 1 diabetes with those obtaiined from non-diabetic sub- 
jects indicates that non-insulin dependent glucose uptake in 
Type 1 diabetes is quantitatively similar to that of non- 
diabetic subjects. 
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In man, in vivo glucose uptake is the sum of insulin 
mediated glucose uptake ( IMGU) and non-insulin 
mediated glucose uptake (NIMGU).  I M G U  occurs 
only in insulin sensitive tissues such as muscle and adi- 
pose tissue; whereas N I M G U  can occur in both insulin 
sensitive and insulin insensitive tissues (e.g. central 
nervous system). In the past decade, there have been 
many investigations of  I M G U  in man [1]. In contrast, 
there have been very few investigations of  N I M G U  de- 

spite the fact that non-insulin mediated pathways can 
account for approximately 70-85% of total glucose up- 
take in the post-absorptive state. This has been demon- 
strated in both non-diabetic and Type 2 (non-insulin- 
dependent) diabetic individuals [2, 3]. 

The rate of N I M G U  maybe a reflection of  the activ- 
ity of  the glucose transport system [4]. Defects in this 
system could contribute to the impairment of  insulin ac- 
tion observed in many insulin resistant states including 
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Table 1. Mean values for plasma glucose and free insulin. G - plasma glucose (mmol/l). FIRI - free plasma immunoreacrive insulin (txU/ml) 

Insulin infusion 
rate (mU. kg-  1. m -  1) 

Target glucose (mmol/1) 

5.27 9.71 12.5 

0.25 G 5.18_+ 0.07 9.83_+ 0.02 
FIRI 28.0 _+ 8.1 34.2 _+10.8 

0.75 G 5.33_+ 0.13 10.16_+ 0.20 
FIRI 50.7 _+ 6.0 53.5 • 6.8 

1.50 G 5.40-+ 0.13 9.60_+ 0.14 
FIRI 137 _+ 13.7 158 • 21.0 

12.5 + 0.07 
39.2 _+ 11.7 

12.77 _+ 0.17 
54.0 -+ 5.5 

12.38 _+ 0.07 
141 + 21.0 

that reported to be present in Type 1 (insulin-depen- 
dent) diabetes mellitus [5, 6]. We therefore sought to 
study this system in Type 1 diabetes in order to deter- 
mine whether the apparent abnormality of insulin ac- 
tion present in Type 1 diabetes is secondary to a defect 
in NIMGU. 

Subjects and methods 

Subjects 

Ten subjects with Type 1 diabetes were studied. Type 1 diabetes diag- 
nosed by the criteria of the National Diabetes Data Group [7] and 
confirmed by the absence of C-peptide response to an oral meal chal- 
lenge (Sustacal, Mead-Johnson Co., Belleville, Ontario, Canada) 
(post-challenge C-peptide<0.03 pmol/ml). Their mean age was 
33.7 _+ 2.8 years and their duration of diabetes was 14.8 -+ 2.4 years. 
Subjects averaged 103 _+ 2% of their predicted ideal body weight ac- 
cording to estimates obtained using the Metropolitan Life tables of 
1959. Subjects used 42.8• of insulin per day 
(0.63 + 0.08 units, kg - a. d -  ~). Seven subjects took twice daily insulin 
injections, I thrice daily and 2 subjects took one injection daily. No 
subject had clinically significant diabetic complications. The mean 
haemoglobin Alc  was 7.2+0.5% (normal range 3-6%). No attempt 
was made to alter the glycaemic control in our subjects prior to ac- 
ceptance into this study. 

Procedures 

Upon entry into the study, each subject was randomised to undergo 
three glucose clamps at one of three insulin infusion rates (0.25, 0.75 
or 1.50 m U . k g - l . m i n - l ) .  In the text, these rates are designated as 
low, intermediate and high respectively. Two subjects volunteered for 
further clamps and were assigned randomly to one of the remaining 
insulin infusion rates for a series of three further clamp studies. 

Intermediate acting insulin was discontinued 72 h before each 
clamp study, and replaced by thrice daily injections of regular insulin 
until 12 h prior to each clamp. At that time, a continuous intravenous 
infusion of regular insulin (Iletin II, Eli Lilly Co., Indianapolis, Ind., 
USA) was given to achieve euglycaemia overnight (plasma glucose 
5-6 mmol/1) according to a modification of a previously published 
protocol [8]. This infusion was continued until the start of the clamp 
period the next morning and then discontinued. All studies began at 
08.00 hours with the subject in the post-absorptive state. Female sub- 
jects underwent each study in the follicular phase of their menstrual 
cycle. The purpose, nature and risks of the investigation were fully ex- 
plained to the participants and written informed consent was ob- 
tained. The protocol was approved by the Human Studies Committee 
of the University of Toronto. 

Glucose clamps 

Volunteers underwent three glucose clamps, each of 4 h duration, 
with target glycaemic levels of 5.27, 9.71 and 12.5 mmol/1. For a given 
volunteer, the same insulin infusion rate was used in all three clamps. 
For all subjects the order of target glucose levels was selected random- 
ly, and the interval between clamp studies ranged from two to four 
weeks. 

Glucose clamping was performed as previously described [9]. At 
the start of the clamp, a primed (22 p~Ci) continuous (0.22 5xCi/min) 
infusion of 3-[3H] glucose (New England Nuclear, Boston, Mass., 
USA) was begun. Concurrently, infusions of Somatostatin (Serono, 
Randolph, Mass., USA) at 250 ~xg/h and regular pork insulin 
(Iletin II, Eli Lilly) at one of 0.25, 0.75 or 1.50 mU.kg -1 -rain -1 were 
begun. A priming dose of insulin was given intravenously over 10 s 
(and calculated according to the formula: insulin prime (mU)= dis- 
tribution volume (100 ml/kg x body weight in kg)x desired incre- 
ment in plasma insulin 0xU/ml) x 0.001. A basal plasma insulin con- 
centration of 10 ~tU/ml and an insulin distribution volume of 10% 
body weight were assumed [10]. Simultaneous with these infusions, 
a fifty percent solution of glucose was infused at a variable rate in 
order to maintain the plasma glucose at a constant level (5.27, 
9.71 or 12.5 mmol/1). In order to prevent hypokalaemia and hypo- 
phosphataemia, a carrier solution of 0.9 percent NaC1 containing 
0.13 meq/ml potassium and 0.09 mmol/l  phosphate was adminis- 
tered intravenously at 30 ml/h. 

Analytical methods 

All blood samples were drawn from an arterialised (70 ~ C) hand vein 
[11]. Plasma glucose and urine glucose were measured using the glu- 
cose oxidase method (Glucose Analyser II, Beckman Instruments, 
Fullerton, Calif, USA). Blood for determination of free insulin was 
drawn into tubes containing 1000 U/ml aprotinin (Trasylol, Miles 
Laboratories, Rexdale, Ont., Canada) and placed on ice. Samples 
were centrifuged with minimal delay and the supernatants frozen at 
- 2 0 ~  until assayed. Following polyethylene glycol extraction of the 
serum [12], free insulin was determined by radioimmunoassay using a 
single antibody charcoal separation method ]13]. Blood for glucose 
specific activity was drawn into tubes containing NaF-oxalate and 
placed on ice. Following centrifugarion, glucose specific activity in 
the supernatant was determined as previously described [14]. 

Glucose uptake rates 

Glucose specific activity was determined on timed samples taken dur- 
ing the last 30 min of each glucose clamp. Glucose uptake was then 
determined isotopically using the equation,s of DeBodo et al. [15]. 
These have been shown to accurately reflect glucose kinetics over a 
wide range of non-steady-state conditions [1,6, 17]. A pool fraction of 
0.5 was assumed. Calculated glucose uptake rates were corrected for 
urine glucose losses. 
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Table 2. Rates of total glucose uptake (Rd) and percent of Rd accounted for by non-insulin mediated glucose uptake (%NIMGU) at the target 
glucose levels used in this study 

Insulin infusion Rd (mmol. kg -  1. m -  1) % NIMGU 
rate (mU. k g -  1. m -  1) 

5.27 9.71 12.5 5.27 9.71 12.5 

0 0.11 0.14 0.18 - - 
0.25 0.12 + 0.01 0.16 + 0.02 0.22 + 0.04 91.7 87.1 83.4 
0.75 0.24 _+ 0.03 0.34 + 0.07 0.37 + 0.08 46.6 41.6 48.8 
1.50 0.43 _+ 0.04 0.66 _+ 0.05 0.69 + 0.06 25.8 21.8 26.2 

Statistical analysis 

All calculations were made on mean steady-state data collected over 
the last 30 min of each clamp. Least squares linear regression analysis 
was performed on the data obtained during the 5.27, 9.71, 
12.5 mmol/1 clamps, respectively. Glucose uptake was considered as 
the dependent variable and plasma free insulin level as the inde- 
pendent variable. For each glycaemic level, the 'y' intercept (i. e. free 
insulin = 0) of the regression line was taken to represent NIMGU at 
that level [20]. Using these regression equations, values of glucose up- 
take were derived for theoretical plasma free insulin levels of 0, 40, 80 
and 160 l-tU/ml. Eadie-Hofstee analysis of the glucose uptake data at 
these insulin levels was then performed. The percent of total glucose 
uptake attributable to N I M G U  (%NIMGU) was defined as 
100 x NIMGU/to ta l  glucose uptake. Statistical comparison of rates 
of glucose uptake at various plasma glucose and plasma free insulin 
concentration were made using paired and unpaired Student's t-tests. 
Comparisons of multiple means was made using one way analysis of 
variance (F test). All data in the text, tables and figures is given as 
mean + SEM. 

Results 
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Fig. 1. The relationship between glucose uptake and plasma glu- 
cose during insulin infusion rates of 1.50 (A), 0.75 (n )  and 0.25 (�9 
mU- k g - l . m i n  -1. *p <0.05 vs. glucose uptake at 5.27 mmol/1 for 
same insulin infusion rate 

Target glycaemic level was reached after 24.6+4.9, 
21.1-._3.1 and 24.0+3.2 min for clamps with glucose 
goals of 5.27, 9.71, and 12.5 mmol/1 respectively. Pre- 
clamp glucose was 5.71+-0.38, 5.50+0.27 and 
7.14+0.66 for clamps with glucose goals of 5.27, 9.71 
and 12.5 mmol/1 respectively. The mean values for 
plasma glucose and free insulin during the study are 
listed in Table 1. For each insulin infusion rate, the free 
plasma insulin levels attained were similar for clamps 
with target glucose of 5.27, 9.71 and 12.5 mmol/I  (pNS 
by F test). As well for each target glycaemic level, the 
glucose concentrations achieved during the clamps at 
the three insulin infusion rates were not statistically dif- 
ferent (pNS by F test). 

At plasma glucose of 5.27, 9.71 and 12.5 mmol/1 re- 
spectively, glucose uptake (mmol -kg- t .min  -1) was 
0.12 + 0.01, 0.16 + 0.02 and 0.22 +- 0.04 at the low insulin 
infusion rate, 0.24+0.03, 0.34+0.07 and 0.37+0.08 at 
the intermediate insulin infusion rate, and 0.43 ___ 0.04, 
0.66 + 0.05 and 0.69 + 0.06 at the high insulin infusion 
rate (Table 2). Thus, increasing plasma glucose concen- 
tration from 5.27 to 9.71 at the low, intermediate and 
high insulin rates was associated with increases in glu- 
cose uptake of 35, 43 and 52%, respectively (p < 0.05). 

For all insulin infusion rates used, the change in glucose 
uptake associated with increasing plasma glucose from 
9.71 to 12.5 mmol/1 was not significant (Fig. 1). 

Figures 2 a, b and c depict: the relationship between 
glucose uptake and plasma free insulin levels during 
clamps with target gtycaemic levels of 5.27, 9.71 and 
12.5 mmol/1, respectively. In each case, a significant 
correlation was observed (r = 0.81, p < 0.01 ; r = 0.84, 
p < 0.01 ; r = 0.73, p < 0.02 for plasma glucose 5.27, 9.71 
and 12.5 mmol. 1, respectively). Linear regression anal- 
ysis to free plasma insulin concentration equalling zero 
yielded values for NIMGU of 0.11, 0.14 and 
0.18 m m o l . k g - l . m i n  -1 at plasma glucose equalling 
5.27, 9.71 and 12.5 mmol/1 respectively. Table 2 lists 
values for total glucose uptake and %NIMGU for the 
plasma free insulin and glucose levels achieved in this 
study. For a given insulin infusion rate, the %NIMGU 
was independent of plasma glucose concentration. 
However, the %NIMBU decreased as insulin infusion 
rate increased. 

Results of Eadie-Hofstee analysis of the glucose 
uptake data are illustrated in Figure 3. For each in- 
sulin level analysed, a strong correlation was obtained 
(r = - 0.83 to - 0.99). In this analysis, the 'y' intercept is 
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Fig.3. Eadie-Hofstee analysis of glucose uptake at free insulin of  0 
( H ) ,  40 (O----O),  80 ( H )  and 160 (A A) ~xU/ml 

the Vmax and the negative slope is Km. Hence, it can be 
seen that with the increasing insulin concentration the 
Vmax progressively increased. Km was unchanged (7.8, 
8.2, 8.1, 7.9 mmol/1) at insulin concentration of 0, 40, 
80, and 160 ~U/ml .  

Discussion 
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Fig.2. a The relationship between glucose uptake and plasma free 
immunoreactive insulin at a glucose concentration of  5.27 mmol/l .  
The least mean squares linear regression line is shown 
(y=0.111 +0.00219 x ,  r =0.81, p <0.01). b The relationship between 
glucose uptake and plasma free immunoreactive insulin at a glucose 
concentration of  9.71 retool/1. The least mean squares linear regres- 
sion line is shown (y = 0.142 + 0.00306 x ,  r = 0.84, p < 0.01). e The re- 
lationship between glucose uptake and plasma free immunoreactive 
insulin at a glucose concentration of  12.5 mmol/1. The least mean 
squares linear regression line is shown (y=0 .181+0 .00324x ,  
r = 0.73, p < 0.02) 

Glucose uptake by mammalian cells is thought to occur 
via glucose transporters located in the cell membrane 
[18, 19]. In vitro studies have shown that insulin causes 
translocation of these glucose transporters from a cyto- 
plasmic pool to the cell membrane [18]. Thus, in insulin 
sensitive tissues, insulin could augment glucose uptake 
by providing additional glucose transporters. In vivo 
data obtained from non-diabetic subjects has demon- 
strated that glucose uptake follows Michaelis-Menten 
kinetics, with insulin increasing the Vmax but not 
changing the Km [20]. This finding has been interpreted 
as indicating that insulin increases the number of effec- 
tive glucose transporters without changing their affinity 
for glucose [4, 20]. 

Glucose transport occurring independently of  in- 
sulin action may reflect the intrinsic activity of the glu- 
cose transporter system [4]. A defect in this intrinsic ac- 
tivity could impair glucose uptake even after insulin has 
induced translocation of  cytoplasmic transporters to 
the cell membrane. With many currently employed 
techniques for assessing insulin resistance, such an im- 
pairment might be taken, incorrectly, to indicate a pri- 
mary defect in insulin action [1, 4]. In this investigation, 
we studied NIMGU  in subjects with Type 1 diabetes in 
order to determine if the insulin resistance of Type 1 
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diabetes could be explained by abnormalities in 
NIMGU. 

In this study, our measurement of NIMGU was 
made indirectly by extrapolation of measured values 
for glucose uptake at non-zero insulin levels. This deri- 
vation depends on the assumption that glucose uptake 
continues to vary linearly with the plasma insulin level 
at low plasma insulin concentration. Two lines of evi- 
dence support this assumption. In vivo, glucose uptake 
varies linearly with plasma insulin between insulin con- 
centrations of I to 46 ~U/ml [2, 21]. In vitro, glucose up- 
take has also been shown to be linear over insulin con- 
centrations ranging from 0 to 25 ~U/ml [22-24]. As has 
been demonstrated previously [2], it thus seems reason- 
able to assume that glucose uptake in vivo varies linear- 
ly with plasma insulin even at low plasma insulin con- 
centrations. 

We have demonstrated that in Type 1 diabetes glu- 
cose uptake, both insulin mediated and non-insulin 
mediated can be described by Michaelis-Menten kinet- 
ics. Specifically, we observed a linear relationship be- 
tween glucose uptake and glucose uptake/plasma glu- 
cose (Eadie Hofstee analysis) for plasma insulin 
concentrations of 0, 40, 80 and 160 ~tU/ml. Insulin in- 
creased the Vmax for glucose uptake without changing 
the Km. This characteristic of glucose uptake has been 
described previously in non-diabetic subjects [20], 
where it was interpreted to mean that insulin augments 
glucose transport solely by increasing the number of ef- 
fective glucose transporters. 

Table 3 summarises values for Vmax and Km for 
glucose uptake in the present study and values reported 
for non-diabetic subjects [2]. Values for Vmax are some- 
what lower for the Type 1 diabetic subjects, especially 
at the higher insulin levels. This may be explained by 
the fact that at the higher insulin concentrations the 
%NIGMU is less (Table 2), and the majority of glucose 
uptake occurs through insulin mediated mechanisms. 
The values for Km for glucose uptake for both Type 1 
diabetes and non-insulin subjects are similar, suggest- 
ing that the glucose transport system is intact in these 
subjects with Type I diabetes. Of note is the fact that 
our research subjects had an average haemoglobin Alc 
of 7.2% (normal less than 6%). Thus they were in rela- 
tively good glycaemic control. It is, therefore, possible 
that the glucose transport system is still normally opera- 
tive in well controlled Type 1 diabetic subjects whereas 
this may not be demonstrated in those subjects in 
poorer glycaemic control. In addition, it must be re- 
membered that those subjects with a haemoglobin Alc 
that is exceedingly elevated may have other abnor- 
malities of intermediary metabolism that would inter- 
fere with glucose metabolism and hence the results and 
interpretations. 

In the post-absorptive state in non-diabetic sub- 
jects, NIMGU accounts for approximately 75 to 85% 
of total glucose uptake [2]. In Type 1 diabetes, the 
corresponding figure has been reported to be 71% [3]. 
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Table 3. Values for Km and Vmax obtained in non-diabetic subjects 
(2) and the present study. FIRI -- free immunoreactive insulin 
(~tU/ml) 

FIRI Km (mmol/l) Vmax (mmol- kg-  1. m -  1) 

Non-diabetic Type 1 diabetic Non-diabetic Type 1 
subjects patients subjects diabetic 

patients 

0 9.9 7.8 0.29 0.27 
20 9.3 8.2 0.36 0.39 
80 11.9 8.1 1.03 0.71 

160 10.3 7.9 1.46 1.13 

In our subjects with Type 1 diabetes, we have shown 
that approximately 85 to 90% of glucose uptake is non- 
insulin-mediated during the low insulin infusion rate 
(plasma insulin concentrations 28-39 gU/ml). These 
plasma insulin levels were higher than those present in 
the basal state (after overnight euglycaemia, pre- 
clamp). Thus, the %NIMGU in our subjects in the 
post-absorptive state may have been slightly greater 
than 85-90%. However, the fact that NIMGU in 
Type 1 diabetes is quantitatively similar to that in non- 
diabetic subjects reported in the literature to suggests 
that abnormalities of insulin sensitivity in Type 1 
diabetes may be secondary to defective insulin action 
and are not due to an irreversible defect in the glucose 
transport system. 
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