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Multiple defects of both hepatic and peripheral intracellular 
glucose processing contribute to the hyperglycaemia of NIDDM 
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Summary Non-insulin-dependent diabetic (NIDDM) 
patients were studied during a modified euglycaemic 
state when fasting hyperglycaemia was normalized 
by a prior (-210 to -150 rain) - and later withdrawn 
(-150-0 min) - intravenous insulin infusion. Glucose 
metabolism was assessed in NIDDM patients 
(n = 10) and matched control subjects (n = 10) using 
tritiated glucose turnover rates, indirect calorimetry 
and skeletal muscle glycogen synthase activity deter- 
minations. Total and non-oxidative exogenous glyco- 
lytic flux rates were measured using appearance 
rates of tritiated water. A + 180 min euglycaemic 
hyperinsulinaemic (40 m U .  m -2. min -1) clamp was 
performed to determine the insulin responsiveness 
of the various metabolic pathways. Plasma glucose 
concentration increased spontaneously during base- 
line measurements in the NIDDM patients (-120 to 
0 min: 4.8 + 0.3 to 7.0 + 0.3 mmol/1; p < 0.01), and 
was primarily due to an elevated rate of hepatic glu- 
cose production (3.16 + 0.13 vs 2.51 + 0.16 mg.  kg 
FFM-*. min-1; p <0.01). In the NIDDM subjects 
baseline glucose oxidation was decreased 
(0.92 + 0.17 vs 1.33 + 0.14 mg.  kg FFM -1 �9 min-1; 
p < 0.01) in the presence of a normal rate of total exo- 
genous glycolytic flux and skeletal muscle glycogen 
synthase activity. The simultaneous finding of an in- 

creased lipid oxidation rate (1.95+0.13 vs 
1.61 + 0.07 mg.  kg FFM -1 �9 min-1; p = 0.05) and in- 
creased plasma lactate concentrations (0.86 + 0.05 vs 
0.66 + 0.03 mmol/1; p = 0.01) are consistent with a 
role for both the glucose-fatty acid cycle and the 
Cori cycle in the maintenance and development of 
fasting hyperglycaemia in NIDDM during decom- 
pensation. Insulin resistance was demonstrated dur- 
ing the hyperinsulinaemic clamp in the NIDDM pa- 
tients with a decrease in the major peripheral path- 
ways of intracellular glucose metabolism (oxidation, 
storage and muscle glycogen synthase activity), but 
not in the pathway of non-oxidative glycolytic flux 
which was not completely suppressed during insulin 
infusion in the NIDDM patients (0.55+ 0.15 mg.  kg 
FFM-l.min-a; p<0 .05  vs 0; control subjects: 
0.17 + 0.29; NS vs 0). Thus, these data also indicate 
that the defect(s) of peripheral (skeletal muscle) glu- 
cose processing in NIDDM goes beyond the site of 
glucose transport across the cell membrane. [Dia- 
betologia (1995) 38:326-336] 
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The cause and development of hyperglycaemia (fast- 
ing and postprandial) in patients with non-insulin-de- 
pendent diabetes mellitus (NIDDM) is due to an 
overproduction of glucose by the liver and a de- 
creased uptake of glucose by peripheral tissues, espe- 
cially by the skeletal muscles. However, the relative 
contributions of overproduction of glucose by the li- 
ver vs decreased peripheral uptake of glucose is cur- 
rently being debated [1-3] and depends on the de- 
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gree of glucose intolerance present  [1-3], the metho-  
dology employed  to measure  glucose turnover  [1, 4], 
and  the metabol ic  state of the pat ient  at the t ime of 
s tudy [4, 5]. In addition,  it is now realised that  fasting 
hyperglycaemia  in N I D D M  patients represents an 
"endogenous  compensa ted  s tate"  [3-5], whereby  the 
hyperglycaemia  per se is a t tempt ing to p romote  
"compensa t ion"  of glucose turnover  through its stim- 
ulatory effect  on the pancreat ic  insulin secretion [6]; 
enhancing effect on uptake  of glucose in peripheral  
tissues through a mass action [7]; and suppressing ef- 
fect on  output  of glucose f rom the liver [8]. Conse- 
quently, data  pertaining to the funct ional  state of the 
various factors included in the classic " t r iumvira te"  
during the "compensa ted  hyperglycaemic s tate"  may  
be different  f rom those obta ined during iatrogenic- 
induced euglycaemia.  Knowledge  about  both  the 
"hyperglycaemic  compensa ted"  and euglycaemic 
states is essential to our  unders tanding of those fac- 
tors (liver vs per iphery)  involved in the day-to-day 
euglycaemic-hyperglycaemic variations which occur 
normal ly  in N I D D M  subjects. The first aim of the 
present  investigation was therefore  to s tudy glucose 
metabol i sm in fasting N I D D M  patients during a 
modif ied  "basal euglycaemic state".  This was 
achieved by reducing the e levated fasting plasma glu- 
cose concent ra t ion  to normal  fasting levels by a prior 
in t ravenous insulin infusion, which was wi thdrawn at 
-150 min in order  to ensure that  the influence of the 
prior insulin infusion (per se) on glucose metabol ism 
had  totally dissipated [9]. 

The second aim of these studies was to explore the 
impact  of the various in vivo sites (peripheral  vs he- 
patic) and in vivo part i t ioning of glucose metabol ism 
down its various metabol ic  pathways (glycolysis, oxi- 
dation, non-oxidat ive glycolytic flux and glucose stor- 
age) during the decompensa ted  euglycaemic state. To 
this end, the N I D D M  subjects were studied basally - 
30 to 150 min after  insulin withdrawal  - and during 
physiologic hyper insul inaemia (clamp) with mea- 
surements  of hepat ic  glucose product ion  (HGP) ,  and 
peripheral  glucose disposal (Ud) employing 3-3H-glu - 
cose infusions; exogenous in vivo glycolytic flux and 
glucose storage rates employing the accumulat ion of 
tr i t iated water  (3H20); and glucose oxidation, lipid 
oxidat ion and non-oxidat ive glycolytic flux rates us- 
ing a combinat ion  of convent ional  indirect calorime- 
try with the above tracer techniques [10-13]. The 
data  were compared  to a carefully age-, sex- and 
weight-matched control  group studied in the fasting 
euglycaemic state and during similar hyperinsulin- 
aemia. Because  of the impor tance  and potent ia l  ab- 
normali t ies in the enzyme glycogen synthase in skele- 
tal muscle of N I D D M  and pre-diabetic relatives of 
N I D D M  patients [14-19], all studies examined glyco- 
gen synthase activities in skeletal muscle biopsies tak- 
en basally and during hyperinsul inaemia.  
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Table 1. Clinical and basal biochemical characteristics of the 
study subjects 

NIDDM Control P-value 
subj ects 

n (male/female) 10 (6/4) 10 (5/5) NS 
Age (years) 62 + 3 59 + 2 NS 
Weight (kg) 82 + 4 77 + 3 NS 
Height (cm) 169 + 4 168 + 3 NS 
BMI (kg/m 2) 28.6 + 0.9 27.3 + 0.8 NS 

Waist/hip ratio 0.98 + 0.02 0.90 + 0.04 = 0.05 
Body fat (kg) 25.1 + 2.0 26.6 + 2.4 NS  
Fat-free mass (kg) 56.8 + 4.1 53.1 + 3.8 NS 
Duration of diabetes 
(years) 8 + 3 - - 
Fasting plasma glucose 
concentration (mmol/1) 10.9 + 1.3 5.5 + 0.2 < 0.001 
Fasting plasma insulin 
concentration (~U/ml) 12.7 + 1.8 7.4 + 1.0 < 0.01 
Plasma triglyceride 
concentration (mmol/1) 1.75 + 0.34 1.37 + 0.25 NS 
Plasma cholesterol 
concentration (mmol/l) 5.46 + 0.36 5.96 + 0.39 NS 
Glycated haemoglobin 
(HbAlc , %) 8.5 + 0.1 6.1 + 0.2 < 0.001 

Subjects and methods 

Subjects. Ten NIDDM patients and ten age-, sex-, body-weight 
and -composition-matched control subjects participated in the 
study (Table 1). The waist/hip ratio was higher in the NIDDM 
subjects (Table 1). Four of the diabetic patients were treated 
with diet alone, five with oral hypoglycaemic agents (sulpho- 
nylureas and/or metformin), and one with insulin. The latter 
patient had been treated with insulin for only 6 months with a 
duration of diabetes of 9 years, a BMI of 30.3 kg/m 2, and was 
aged 62 years at the time when diabetes was diagnosed. Three 
of the diabetic patients were treated for hypertension, one 
with thiazide diuretics, one with loop diuretics, and one with 
combined loop diuretics and potassium-sparing diuretics. 
None of the control subjects received any kind of medication. 
All medication was withdrawn in the treated diabetic patients 
at least 72 h prior to studies. All measurements of glucose me- 
tabolism, including in vivo insulin action, were similar in hy- 
pertensive and normotensive NIDDM patients. Plasma glu- 
cose concentrations and blood pressures were measured in pa- 
tients after the withdrawal of treatment (Table 1). Besides dia- 
betes and hypertension (blood pressures; mean SEM; NIDDM 
vs control subjects: 146 + 8/80 + 5 vs 137 + 5/84 + 2 mm hg, 
NS), none of the subjects had any clinical evidence of endo- 
crine, cardiac, hepatic or renal disease. Subjects were not un- 
dertaking arduous exercise, and all subjects were instructed to 
avoid excessive physical exercise for at least 2 days before 
clamp studies. None of the control subjects had any family his- 
tory of diabetes mellitus. Studies in the NIDDM patients and 
control subjects were run in parallel to eliminate time and sea- 
son variation in any of the measurements. Informed consent 
was obtained from all subjects. The protocol was approved by 
the regional ethical committee and the procedures were per- 
formed according to the principles of the Helsinki Declaration. 
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Fig. 1. Plasma glucose, insulin, lactate, and non-esterified fatty 
acid (NEFA) concentrations during studies. Data are the mean 
SEM of 10 NIDDM patients (A)  and 10 matched control sub- 
jects (~) .  *p<0.05; *p<0.02; w **p<0.002; 
#p < 0.001. BSS, baseline isotopically steady-state or "equili- 
brium" periods; ISS, Insulin-stimulated steady-state periods 

Baseline measurements. All studies were started at 07.30 hours 
after a 10-h overnight fast. A polyethylene catheter was insert- 
ed into an antecubital vein for infusion of test substances. 
Another polyethylene catheter was inserted into a contra- 
lateral wrist vein for blood sampling. This hand was placed 
and maintained in a heated plexiglass box to obtain arteria- 
lized venous blood [20]. Plasma glucose was normalized in the 
diabetic patients before each study by an intravenous insulin 
infusion given over a period of 46 + 7 min (mean + SEM). The 
m e a n + S E M  insulin dose given during this period was 
8.3 + 1.7 IU or 0.16 + 0.03 IU/min. The insulin infusion was 
stopped when the plasma glucose concentration had declined 
to a mean of 6.3 + 0.3 mmol/1, and a further period of 30 min 
elapsed while the plasma glucose concentration continued to 
decline to 4.8 + 0.3 mmol/1, which was similar to the fasting 
plasma glucose concentration in the control subjects of 
5.4 + 0.1 mmol/1. This time point marked the initiation of each 
experiment (time -120 rain), when the tracer bolus was given. 
None of the patients experienced any episodes of either clini- 
cal or chemical hypoglycaemia during these initial adjust- 
ments of the plasma glucose concentrations. Baseline measure- 
ments of glucose and lipid metabolism were performed during 
the pre-defined baseline "equilibrium" periods from -30-  
0 min (Le. some 135 min after insulin infusion given to the 
NIDDM patients ceased and 60 min after plasma insulin levels 
were similar to basal control levels) (Fig. 1) when tracer equili- 
brium was anticipated (i.e. constant specific activities) (Fig. 2). 
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Fig.2.  Plasma glucose specific activities (cpm/mg glucose) and 
plasma tritiated water measurements (cpm/ml plasma) during 
studies. Data are the mean + SEM of 10 NIDDM patients (A)  
and 10 matched control subjects (~) .  �82 p < 0.005; BSS, base- 
line isotopically steady-state or "equilibrium" periods; ISS, in- 
sulin-stimulated steady-state periods. Linearity of the incre- 
ment of tritiated water radioactivity was obtained in NIDDM 
patients (R 2 = 0.95 + 0.01) and control subjects 
(R 2 : 0.95 _+ 0.01) from -90 to 0 min during baseline measure- 
ments, and in NIDDM patients (R 2 = 0.96 + 0.01) and control 
subjects (R 2 = 0.97 _+ 0.01) from + 60 to + 180 min during insu- 
lin infusion 

Euglycaemic hyperinsulinaemic clamp. From 0 to + 180 min in- 
sulin (Actrapid; Novo-Nordisk, Bagsvaerd, Denmark) was in- 
fused at a constant rate of 40 mU �9 m -2. min -1 in both NIDDM 
patients and control subjects. Plasma glucose concentration 
was maintained constant at euglycaemia using a variable glu- 
cose infusion mmol/1 (180 g/l) [21]. Plasma glucose concentra- 
tion was monitored in arterialized blood every 5-10 min using 
an automated glucose oxidase method (Glucose Analyser 2; 
Beckman Instruments, Fullerton, Calif., USA). Measure- 
merits of insulin-stimulated glucose- and lipid turnover rates 
were performed from + 150 to + 180 min during clamps (i.e. 
pre-defined insulin-stimulated steady-state periods). 

Tritiated glucose. The glucose clamp studies were combined 
with a primed (22 ~tCi), continuous (0.22 ~xCi/min) infusion of 
3-3H-glucose (New England Nuclear, Boston, Mass.. USA). 
Similar tracer priming doses were given to NIDDM patients 
and control subjects due to the prior normalisation of fasting 
hyperglycaemia in the NIDDM patients (i.e. similar plasma 
glucose contrations at the time point -120 min when tracer 
boli were given) [4]. The radiochemical purity of the tracer 
was 100 % as determined by HPLC. In order to ensure isotope 
equilibrium, the continuous infusion of 3-3H-glucose was initi- 
ated at -120 min, and continued throughout to the + 180 min 
period of insulin infusion. Furthermore. to obtain constant spe- 
cific activity during insulin infusion, tritiated glucose was ad- 
ded to the infused cold glucose (100 ~tCi/500 ml 18 % glucose) 
[22]. Blood samples were drawn in fluoride treated tubes ev- 
ery 10 min during both of the 30-rain "equilibrium" or "stea- 
dy-state" periods for the determination of plasma glucose, 
plasma 3-3H-glucose - and plasma 3-3H-water activity. During 
the rest of the study period, plasma glucose, plasma 3-3H-glu - 
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cose, and plasma 3-3H-water activity was measured every 
30 rain. Plasma 3-3H-water activity was determined by the sub- 
traction of tritium counts of the evaporated 0.5 ml plasma sam- 
ple from tritium counts obtained from a non-evaporated 0.5 ml 
plasma sample [10-11]. 

Indirect calorimetry. Indirect calorimetry was performed using 
a computerized flowthrough canopy gas analyser system 
(Deltatrac, Datex, Helsinki, Finland). Briefly, air is suctioned 
at a rate of 40 litres per min through a canopy placed over the 
head of the subject. Samples of inspired and expired air are 
analysed for oxygen concentration using a paramagnetic dif- 
ferential oxygen sensor and for carbon dioxide using an infra- 
red carbon dioxide sensor. Signals from the gas analysers are 
processed by the computer and oxygen consumption and car- 
bon dioxide production are calculated and recorded each min 
[5, 7, 14, 16]. After an equilibration period of 10 min, the aver- 
age gas exchange rates recorded over the two final 30 min 
"equilibrium" or "steady-state" periods (-30 to 0 min and 
+ 150 to + 180 rain) were used to calculate rates of glucose oxi- 
dation, lipid oxidation and energy expenditure as previously 
described [23, 24]. The protein oxidation rate was estimated 
from urinary urea nitrogen excretion (1 g nitrogen = 6.25 g 
protein) and corrected for changes in pool size [25]. 

Muscle biopsy. Muscle biopsies were performed using a modi- 
fied Bergstr6m needle (including suction) under local anaes- 
thesia at the time points 0 min (baseline) and + 180 min (insu- 
lin-stimulated). The biopsies were rapidly (within 10-15 s) fro- 
zen and stored in liquid nitrogen for later analysis. Before the 
biochemical analysis the muscle samples were freeze-dried 
and dissected free of visible connective tissue, fat and blood 
[5, 7, 14, 16]. 

Calculations. Glucose turnover rates (hepatic glucose produc- 
tion (HGP) and total peripheral glucose disposal) were calcu- 
lated at 10-min intervals during the pre-defined "equilibrium" 
or "steady-state" periods using Steele's non-steady-state equa- 
tions [26]. Thus, although "steady-state" was obtained for all 
measurements of tritiated glucose specific activities in all sub- 
jects (Fig. 2), the NIDDM patients were studied under a meta- 
bolic non-steady-state "equilibrium" baseline situation with a 
spontaneously increasing plasma glucose concentration 
(Fig. 1). In the calculations of glucose turnover rates, the distri- 
bution volume of glucose was taken as 200 ml/kg body weight 
and the pool fraction as 0.65 [27]. It should be noted that, us- 
ing the assumptions included in Steele's non-steady-state 
equations for the determination of peripheral glucose uptake 
rates during a metabolic non-steady-state situation [26], the 
rates of peripheral glucose uptake may theoretically be less ac- 
curately estimated compared with the rates of HGP. Residual 
HGP during clamp studies was calculated by subtracting the 
rate of exogenously infused glucose from the rate of appear- 
ance of 3-3H-glucose. Non-oxidative glucose metabolism was 
calculated as the difference between total body glucose utiliza- 
tion (as determined from the rate of disappearance of 3-3H - 
glucose) and the rate of glucose oxidation (as determined by 
indirect calorimetry). 

Exogenous glycolytic flux rate was calculated from the in- 
crement per unit time in plasma tritiated water radioactivity 
(cpm-m1-1. min-1), as described previously in both animals 
[10, 11] and man [12, 13]. Briefly, this measurement is based 
on the knowledge that essentially all of tritium in the C-3 posi- 
tion of the glucose molecule is lost in water at the triose-iso- 
merase step during the glycolytic process [10, 12, 28-31], and 
therefore representing the amount of glucose taken up by the 
cell which is either oxidized or released as lactate. Thus, al- 
though tritium may also be released during fructose 6-phos- 
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phate cycling and/or pentose phosphate cycling, it is well estab- 
lished that the latter pathways contribute to only a small per- 
centage of the total glucose turnover [29-31]. Linearity of the 
increment of tritiated water radioactivity was obtained in 
NIDDM patients (R2=0.95_+0.01) and control subjects 
(R 2 = 0.95 + 0.01) from -90 to 0 min during baseline measure- 
ments, and in NIDDM patients ( R  2 = 0.96 _+ 0.01) and control 
subjects (R 2 = 0.97 _+ 0.01) from + 60 to + 180 min during insu- 
lin infusion (Fig. 2). In these calculations, plasma water was as- 
sumed to be 93 % of the total plasma volume [10], and the total 
body water content was calculated in each subject using the 
bioimpedance method [32]. During the hyperinsulinaemic 
clamp non-oxidative glycolytic flux was calculated by the sub- 
traction of whole body glucose oxidation (as determined from 
indirect calorimetry measurements) from the rates of exoge- 
nous glycolytic flux measurements, and exogenous glucose sto- 
rage was calculated as the difference between total peripheral 
glucose disposal (as determined from tritiated glucose mea- 
surements) and exogenous glycolytic flux (as determined 
from tritiated water measurements). 

For our calculations of the exogenous glycolytic flux rate 
we use the specific activities of 3-3H-glucose in plasma (extra- 
cellular space) and therefore measure the amount of extracel- 
lularly derived glucose that passes through the triose-isomer- 
ase step. Thus, the parameter "exogenous glucose storage" 
separates that fraction of total in vivo glucose uptake rate (de- 
rived from 3-3H-glucose) which does not appear as 3-3H-water 
(exogenous glycolytic flux rate). It should be noted that when 
insulin levels are low basally (in the fasting state) there is no 
net glucose (glycogen) storage. Thus, the rate of endogenous 
glycogenolysis (from unlabelled glycogen) during low plasma 
insulin levels (baseline determinations) is probably similar to 
(or higher than) the measured rate of so called basal "exogen- 
ous glucose storage". In turn, this means that an unknown, 
but significant amount of endogenous glycolytic flux rate (de- 
rived from glycogenolysis) should be added to the exogenous 
glycolytic flux rate in order to determine the total rate of 
whole body glycolytic flux. However, during the high insulin 
levels, when the net glucose (glycogen) storage rates are posi- 
tive, the above considerations are quantitatively much less im- 
portant with endogenous muscle glycogenolysis being sup- 
pressed by more than 90 % [13]. In addition, under hyper- 
insulinaemic conditions glucose oxidation as determined by in- 
direct calorimetry or directly from measurement of 14C02 pro- 
duction in expired air are similar [33]. Thus, under these latter 
conditions, a relative estimation of glucose storage and non- 
oxidative glycolytic flux can be obtained [10-13]. In contrast, 
it is not possible to obtain accurate estimates of non-oxidative 
glycolytic flux rates under low insulin basal conditions be- 
cause of the significant portion of total endogenous glycolysis 
which is not measured with the current technique (see above). 
This means that under basal conditions, no measure of non- 
oxidative glycolytic flux can be given. Furthermore, the differ- 
ence between total basal glucose utilization (derived from 3- 
3H-glucose and 3H20 generated glycolytic flux i. e. "basal exo- 
genous glucose storage") does not represent "net glucose stor- 
age" but most probably glycogen turnover, in particular indi- 
rectly endogenous glycogenolysis. 

Glucose and lipid metabolism data were expressed as mg 
per kg FFM (fat free mass) per min, and are presented 
throughout the paper as the mean values calculated over the 
two 30 min steady-state periods. Total body fat content (and 
thus FIRM) was measured using the bioimpedance method [31]. 

Glycogen synthase activity. Extraction of muscle samples and 
assays for glycogen synthase were performed as we previously 
described [5, 7, 14, 16, 34] by a modification of the method of 
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Thomas et al. [35]. Glycogen synthase activity was assayed 
without adding G6R in the presence of a near-physiological 
concentration of glucose 6-phosphate (G6P) (0.1 mmol/1) and 
in the presence of a high concentration of G6P (10 mmol/1). 
The total concentration of uridine diphosphate glucose (14C- 
UDPG + cold UDPG) in the reaction mixture was 0.31 mmol/ 
1. Furthermore, glycogen synthase activities were measured in 
all subjects at a G6P concentration of 10 mmol/1 and a total 
UDPG concentration of 5 mmol/1 in order to determine the to- 
tal enzyme activity. Glycogen synthase activity was expressed 
as nanomoles of UDPG incorporated into glycogen per min- 
ute per milligram extract protein. Fractional velocities (FV) 
were calculated as the ratio between glycogen synthase activi- 
ties assayed at 0 mmol/1 G6P and 10 mmoI/1 G6P (FV 0.0) and 
at 0.1 mmol/1 G6P and 10 mmol/1 G6P (FV 0.1). 

Analytical determinations. Glucose in plasma was determined 
using an automated glucose oxidase method (Glucose Analy- 
ser 2; Beckman Instruments, Fulterton, Calif., USA). Tritiated 
glucose activity was measured as described by Hother-Nielsen 
and Beck-Nielsen [4]. Plasma insulin concentrations were 
measured using a double-antibody radioimmunological meth- 
od (Pharmacia Diagnostics AB, Uppsala, Sweden). Non- 
esterified fatty acids (NEFA) in plasma were determined by 
the method of Itaya and Michio [36], and plasma lactate con- 
centrations were measured using the method of Passonneau 
[37]. Plasma concentrations of glucose, insulin and NEFA 
were measured every 10 min during both steady-state periods. 
HbAlo was measured by high performance liquid chromato- 
graphy (normal range 5.4-7.4 %). 

Statistical analysis 
Non-parametric statistical methods (Wilcoxon test for paired 
data, Mann-Whitney test for unpaired data, and Spearman's 
rho (R) for correlation analysis) were employed in analysis of 
data. p values equal to or less than 0.05 were considered signif- 
icant. Data in text and figures are presented as the 
mean + SEM. 

Results 

The age-, sex- and BMI-matched N I D D M  patients 
had higher mean fasting plasma glucose- and insulin 
concentrations prior to the commencement  of the in- 
sulin infusion compared with the fasting control sub- 
jects (Table 1). However,  plasma glucose concentra- 
tions were similar in diabetic and control subjects 
30 min after the withdrawal of the insulin infusion at 
the initiation of the baseline period (time -120 min; 
plasma glucose 4.8 + 0.3 vs 5.4 +_ 0.1; NS) (Fig. 1). 
During the -120 to 0 min baseline period of insulin 
withdrawal the plasma glucose concentrations were 
constantly increasing in the diabetic patients (time - 
120 vs 0 min; plasma glucose 4.8 + 0.3 vs 7.0 + 0.3; 
p < 0.01) (Fig. 1), whereas they remained constant in 
the control subjects (time -120 vs 0 min; plasma glu- 
cose: 5.4 _+ 0.1 vs 5.4 _+ 0.2; NS). Thus, plasma glucose 
concentrations were significantly higher in the dia- 
betic patients during baseline "steady-state" or 
"equilibrium" measurements  of glucose and lipid 
turnover rates (time - 3 0 - 0  min; plasma control 7.0 + 
0.3 vs 4.4 + 0.2; p < 0.001) (Fig. 1). However,  it should 
be noted that plasma glucose concentrations were 
still significantly lower during the insulin-withdrawn 
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baseline "equilibrium" period compared with the 
fasting "compensated" hyperglycaemic state (plasma 
control 7.0 + 0.3 vs 10.9 + 1,3 mmol/1; p < 0.001). 

Plasma insulin concentrations were significantly 
higher in the N I D D M  patients at the start of the 
baseline period (time -120 min; 22.8 + 6.2 vs 
7.6 + 1.0 ~U/ml; p < 0.02), but by -90 min insulin 
levels were similar in N I D D M  and control subjects 
(Fig. 1). Thus, when measurements of glucose and 
lipid turnover rates were performed (i.e. -30 to 
0 min), no significant difference in plasma insulin 
concentrations was detected between the groups. 
Plasma insulin concentrations were somewhat  lower 
in 9 of the 10 N I D D M  patients during the insulin- 
withdrawn baseline "equilibrium" period compared 
with the "compensated" hyperglycaemic fasting 
state (mean + SEM: 10.1 + 2.8 vs 12.7 + 1.8 ~U/ml; 
NS (p < 0.1)). Plasma glucose and insulin concentra- 
tions were similar in diabetic patients and control 
subjects at all time points during the hyper- 
insulinaemic clamp insulin infusion (Fig. 1). Coeffi- 
cients of variation for glucose and insulin concentra- 
tions during insulin clamp studies were similar for 
N I D D M  patients and control subjects (glucose: 5 + 1 
vs 5 + 1%;  NS; and insulin: 8 + 2 vs 5 + 1%; NS). 

Plasma non-esterified free fatty acid (NEFA) con- 
centrations were lower in the diabetic patients at the 
initiation of the baseline period (time -120 min; 
0.30 + 0.08 vs 0.72 + 0.07 mmol/1; p < 0.01) (Fig. 1). 
However,  plasma N E F A  concentrations appeared 
higher in the diabetic patients during "equilibrium" 
baseline determinations at -30 to 0 min (0.87 + 0.08 
vs 0.72 + 0.08 mmol/1; NS) and were higher during in- 
sulin infusion (0.09 + 0.02 vs 0.04 + 0.01; p < 0.01). 

Plasma lactate concentrations were significantly 
higher in the diabetic patients at the initiation of the 
baseline period (time -120 min; 1.38 + 0.13 vs 
0.84 + 0.06 mmol/1; p < 0.002) (Fig. 1) and during the 
baseline "equilibrium" period ( -30-0min;  0.86+ 
0.05 vs 0.66 + 0.03; p = 0.01) (Fig. 1), whereas during 
insulin clamp infusion, the plasma lactate concentra- 
tions were lower in the diabetic patients compared 
with control subjects (0.86+0.05 vs 1.03+0.06; 
p < 0.05). Thus, in contrast to the diabetic patients, 
plasma lactate concentrations increased significantly 
during insulin infusion only in the control subjects 
(0.65 + 0.03 vs 1.03 + 0.06; p < 0.01) (Fig. 1). 

Tritiated glucose specific activities and plasma tri- 
tiated water  counts during studies are given in Fig. 2. 
Specific tritiated glucose activities were constant in 
both N I D D M  patients and control subjects during al- 
most the entire baseline period from -120 to 0 rain 
and during the clamp insulin infusions from 0 
to + 180 min. Specific activities were significantly low- 
er in the N I D D M  patients at all time points during 
baseline measurements (mean values at -90-0  min: 
462 + 42 vs 655 + 30 cpm/mg glucose; p < 0.005), The 
increase in plasma tritiated water was constant dur- 
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Table 2. Glucose and lipid turnover  rates during studies in N I D D M  patients (n = 10) and matched  control  subjects (n = !0) 

N I D D M  Control  subjects p-value  

Hepat ic  glucose product ion rate 

Total glucose uptake rate 

Exogenous  glycolytic flux rate 

Glucose oxidat ion rate 

Non-oxidat ive  glycolytic flux rate 

Non-oxidat ive  glucose uptake rate  

Exogenous  glucose storage rate 

Lipid oxidat ion rate 

Basel ine 3.16 + 0.13 2.51 + 0.16 < 0.01 
Insulin 0.51 + 0.18 ac 0.24 + 0.27 ~ NS 

Basel ine 3.07 + 0.11 2.51 + 0.16 < 0.01 
Insulin 5.33 + 0.80 b 11.65 + 1.1 ~ < 0.001 

Baseline 1.98 + 0.07 1.93 + 0.13 NS 
Insulin 3.01 + 0.18 a 4.03 + 0.19 ~ < 0.01 

Basel ine 0.92 + 0.17 1.33 + 0.14 < 0.01 
Insulin 2.46 + 0.23 ~ 3.86 + 0.29 a < 0.002 

Baseline - - - 
Insulin 0.55 + 0.15 c 0.17 + 0.29 NS 

Basel ine 2.15 + 0.17 1.18 + 0.20 < 0.005 
Insulin 2.66 + 0.77 7.79 + 1.07 a < 0.005 

Baseline 1.09 + 0.13 0.58 + 0.19 NS 
Insulin 2.11 + 0.82 7.62 +_ 0.99 a < 0.002 

Basel ine 1.95 + 0.13 1.61 + 0.07 0.05 
Insulin 1.19 + 0.13 ~ 0.68 + 0.08 ~ < 0.01 

Baseline values in the N I D D M  patients were measured  during 
a 30-min equi l ibr ium and isotopically steady-state per iod 120 
to 150 rain after the withdrawal  of a prior i.v. insulin infusion 
given in order  to normal ize  the plasma glucose concentrat ion.  
Basel ine values in the control  subjects are measured  in the 
fasting state, and insulin s t imulated values in both N I D D M  pa- 

tients and control  subjects during the final 30-min steady-state 
per iod of a + 180 min 40 m U .  m -2. min -1 hyperinsulinaemic 
and euglycaemic clamp. All  data are expressed as m g .  kg 
F F M  -1 . min -1. Da ta  are mean  _+ SEM. a p < 0.002 vs baseline 
determinations;  p < 0.02 vs baseline determinations;  p < 0.05 
vs 0 

ing baseline determinations from - 9 0 - 0 m i n  in 
NIDDM patients (Fig. 2) (see also Methods section). 

Hepatic glucose production was significantly ele- 
vated in the diabetic patients during baseline "equili- 
brium" measurements (-30- 0 min) (Table 2), as indi- 
cated above by the lower specific activities. The slight- 
ly higher rate of HGP in the diabetic patients during 
the clamp insulin infusion did not reach statistical sig- 
nificance. However, in contrast to the control subjects, 
HGP was significantly different from zero in the dia- 
betic patients during clamp insulin infusion (Table 2). 
Total peripheral glucose uptake was significantly ele- 
vated in the NIDDM patients during baseline "equili- 
brium" measurements, and was markedly decreased 
during the clamp insulin infusion period (Table 2). 

The rate of exogenous glycolytic flux was similar in 
diabetic patients and control subjects during "equili- 
brium" baseline (-30 to 0 min) measurements, but 
was significantly decreased in diabetic patients dur- 
ing insulin infusion (Table 2). In contrast, glucose oxi- 
dation was significantly lower during the baseline 
(-30 to 0 rain) and insulin clamp period in the diabet- 
ic group (Table 2). Lipid oxidation rates were signifi- 
cantly higher in NIDDM patients compared with 
control subjects during both baseline "equilibrium" 
and insulin clamp periods (Table 2). 

The rates of non-oxidative glycolytic flux were not 
significantly different from control subjects during in- 
sulin infusion (Table 2). However, in contrast to the 
control subjects, the non-oxidative glycolytic flux 
rate in the diabetic patients was not completely sup- 
pressed by insulin (significantly higher than zero) 
(Table 2). 

Exogenous glucose storage (total glucose dispos- 
al minus exogenous glycolytic flux) appeared high- 
er in the diabetic patients during baseline measure- 
ments (p < 0.08), and was highly significantly lower 
in diabetic patients during insulin infusion (Ta- 
ble 2). Non-oxidative glucose metabolism (total glu- 
cose disposal minus glucose oxidation) was signifi- 
cantly elevated in the NIDDM patients during 
baseline measurements and markedly decreased 
during insulin infusion (Table 2). Insulin significant- 
ly increased glucose oxidation and exogenous glyco- 
lytic flux rates, and decreased lipid oxidation, in 
both NIDDM patients and control subjects (Ta- 
ble 2). Furthermore, insulin significantly decreased 
HGP in both study groups. However, in contrast to 
the control subjects, insulin did not significantly in- 
crease non-oxidative glucose metabolism or exogen- 
ous glucose storage in the NIDDM patients (Ta- 
ble 2). 

The rate of exogenous glycolytic flux correlated 
positively with the rate of whole body glucose oxida- 
tion in the diabetic subjects during clamp insulin infu- 
sion (R = 0.69; p < 0.05), but not in group of control 
subjects (R = 0.41; NS). The correlations between 
glycolytic flux and whole body glucose oxidation did 
not reach statistical significance in the diabetic pa- 
tients (R -- 0.55; NS) or in control subjects (R = 0.24; 
NS) during basal measurements. When the two 
groups were considered together (n = 20), the exo- 
genous glycolytic flux rate and the glucose oxidation 
rate correlated significantly during clamp insulin in- 
fusion (R = 0.73; p < 0.0005), but not during baseline 
measurements (R = 0.27; NS). 
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The exogenous glycolytic flux rate correlated in- 
versely with the rate of lipid oxidation rate in the dia- 
betic patients during baseline measurements  (R = 
-0.66;p < 0.05) (Fig. 3), and tended  to do so also during 
insulin infusion (R = -0.44; NS) (Fig. 3). In the control 
subjects, a similar inverse correlation was noted  dur- 
ing insulin infusion (R = -0.65; p < 0.05) (Fig. 3), but  
not  during baseline determinat ions (R = 0.51; NS) 
(Fig. 3). When  the groups of N I D D M  patients and 
control subjects were considered together  (n = 20), 
the rate of exogenous glycolytic flux correlated in- 
versely with the lipid oxidation rate during insulin in- 
fusion (R = -0.79; p < 0.00005), but  not during base- 
line measurements  (R = 0.04; NS) (Fig. 3). 

Rates of whole body glucose and lipid oxidation as 
de te rmined  using indirect calorimetry correlated in- 
versely in diabetic patients in the basal state (R = 
-0.64; p < 0.05) (Fig, 3) and during clamp insulin infu- 
sion (R = 0.75; p < 0.02) (Fig.3). In the control sub- 
jects, glucose- and lipid oxidation rates correlated in- 
versely during clamp insulin infusion (R =-0.71;  
p < 0.03) (Fig.3), but  not  during baseline measure- 
ments  (R = 0.26; NS). When  N I D D M  patients and 
control  subjects were considered together  (n = 20), 
glucose and lipid oxidation rates correlated inversely 
highly significantly during insulin infusion (R = 
-0.90; p < 0.00001) (Fig.3), but not  during baseline 
measurements  (R = 0.38; NS) (Fig. 3). 

Table 3 demonstrates  that  the response to insulin 
(insulin-stimulated minus baseline measurements)  of 
the various parameters  of glucose and lipid metabo-  
lism listed in Table 2. Total peripheral  glucose up- 
take, exogenous glycolytic flux, non-oxidative glu- 
cose uptake,  exogenous glucose storage and glucose 
oxidation rates were all significantly decreased (in- 
sulin-resistant) in diabetic patients compared  with 
control subjects. However,  the suppressive effect of 
insulin on H G P  and lipid oxidation rates was similar 
in diabetic patients and control subjects. 

Total body energy expenditure was significantly 
higher in the diabetic patients during baseline deter- 
minations (5562 + 312 vs 4737 + 158 J/min; p = 0.05). 
During insulin infusion, however, rates of energy ex- 
pendi ture  were similar in diabetic patients and con- 
trol subjects (5263 + 286 vs 4856 + 193 J/min; NS). 

During baseline measurements  fractional glycogen 
synthase activities at 0 and 0.1 mmol/1 G6P were simi- 
lar in diabetic patients compared  with control subjects 
(Table 4). However,  the incremental  insulin activa- 
t ion of fractional GS activities was significantly lower 
in diabetic patients compared  with control  subjects 
(Table 4). Glycogen synthase activities measured  at 
10 mmol/1 G6P with either low (0.31 mmol/1) or high 
(5 mmol/1) U D P G  concentrat ions (total glycogen 
synthase activities) did not differ between diabetic pa- 
tients and control  subjects during baseline measure- 
ments, or during insulin infusion (Table 4). 
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Fig. 3. Relationship between lipid oxidation rates and exogen- 
ous glycolytic flux rates (upper panels) and lipid and glucose 
oxidation rates (lower panels) during baseline determinations 
and during insulin infusion in NIDDM patients (A) and con- 
trol subjects (~). Correlation coefficients as follows: 

Correlation of lipid Exogenous Glucose 
oxidation rate vs: glycolytic rate oxidation rate 

R p value R p value 

Baseline NIDDM - 0.66; < 0.05 - 0.64; < 0.05 
Control 0.51; NS 0.26; NS 
subjects 
All (n = 20) 0.04; NS 0.38; NS 

Insulin NIDDM - 0.44; NS - 0.75; < 0.02 
Control - 0.65; < 0.05 - 0.71; < 0.03 
subjects 
All (n -- 20) - 0.79; < 0.00005 - 0.90; < 0.00001 

Discussion 

The overall aim of the present  study was to examine 
glucose and lipid metabol ism in N I D D M  patients dur- 
ing an experimental  fasting euglycaemic equilibrium 
state, in order  to gain insight into the mechanism(s) 
responsible for the development  of the variable fast- 
ing and postprandial  hyperglycaemia observed daily 
in N I D D M  patients. In particular we wanted to deter- 
mine the potential  site(s) and contributions of the var- 
ious intracellular metabolic pathways governing the in 
vivo partitioning of glucose utilization in N I D D M  
subjects during periods of low fasting normo-(or  eu-) 
insulinaemia and physiologic hyperinsulinaemia. 
Thus, with the current experimental  design (insulin in- 
fusion to normalize fasting hyperglycaemia followed 
by insulin withdrawal), initial normoglycaemia was 
achieved in N I D D M  subjects (Fig. 1). However,  plas- 
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Table 3. In vivo response of glucose and lipid turnover rates to 
insulin in NIDDM patients (n = 10) and matched control sub- 
jects (n = 10). 

NIDDM Control subjects p-value 

Hepatic glucose 
production rate - 2.62 + 0.19 - 2.28 + 0.34 NS 

Glucose uptake 
rate 2.04 + 0.76 9.14 + 1.15 < 0.001 

Exogenous 
glycolytic 
flux rate 1.04 + 0.19 2.10 + 0.24 < 0.02 

Glucose 
oxidation rate 1.54 + 0.24 2.52 + 0.26 < 0.02 

Non-oxidative 
glucose uptake 
rate 0.51 + 0.82 6.61 + 1.08 < 0.0001 

Exogenous 
glucose 1.02 _+ 0.91 7.04 + 1.10 < 0.0001 
storage rate 

Lipid 
oxidation rate - 0.77 + 0.10 - 0.94 + 0.12 NS 

Baseline values were subtracted from insulin-stimulated val- 
ues in order to evaluate the in vivo insulin sensitivity (respon- 
siveness) of the various parameters. All data of both lipid oxi- 
dation and glucose turn over rates are expressed as mg-kg  
FFM -1 - min -a. Data are mean + SEM 

m a  glucose concen t r a t i on  rose  s teadi ly  in the  fast ing 
N I D D M  subjects  dur ing the pe r iod  of  insulin wi th  
drawal ,  which a l lowed us to d e t e r m i n e  which de- 
fect(s)  of  g lucose m e t a b o l i s m  was respons ib le  for  the  
r e - e s t ab l i shmen t  of  fast ing hype rg lycaemia .  
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Firstly, in the  basa l  i a t rogen ic - induced  eu- 
g lycaemic  s ta te  an increased  ra te  of  H G P  s e e m e d  to 
be  the  cause  of the  spon t aneous ly  increasing p l a s m a  
glucose concen t r a t i on  in the  N I D D M  patients.  Thus,  
while  H G P  was signif icantly e leva ted ,  no dec rease  in 
the  ra te  of  pe r iphe ra l  g lucose u p t a k e  was de t ec t ed  in 
the  N I D D M  patients .  In  contras t ,  the  ra te  of  per iph-  
era l  g lucose u p t a k e  was actual ly  increased  in the  
N I D D M  pat ien ts  dur ing the  low basal  p l a s m a  insulin 
concentra t ions .  This f inding is consis tent  wi th  an  ele- 
va t ed  base l ine  glucose t u rnove r  ra te  which,  in the  
p re sence  of  the  spon taneous ly  increasing p l a s m a  glu- 
cose  concen t r a t ion  in the  N I D D M  pat ien ts  m a y  ap- 
p e a r  s o m e w h a t  paradoxica l .  H o w e v e r ,  f r o m  the m e a -  
su remen t s  of  indirect  ca lor imetry ,  exogenous  glycoly- 
tic flux and  skele ta l  musc le  g lycogen  synthase  activi- 
ties it was poss ib le  to charac te r ize  the  in t racel lu lar  
par t i t ion ing  of  the  increased  glucose t u rnove r  in the  
basa l  s ta te  in the  N I D D M  patients .  Thus, the  in- 
c reased  glucose u p t a k e  dur ing the  base l ine  equili- 
b r i u m  pe r iod  with  low p l a s m a  insulin concen t ra t ions  
was due  to an increased  non-ox ida t ive  glucose up-  
take,  which in turn  was no t  exp la ined  solely by  the  
non-s ignif icant ly  e l eva t ed  exogenous  glucose s to rage  
or  skele ta l  musc le  g lycogen  synthase  act ivi ty in the  
N I D D M  patients.  There fo re ,  the  inc reased  non-oxi -  
da t ive  glucose u p t a k e  was poss ib ly  (at  least  par t ly)  
due  to an e l eva ted  ra te  of  non-ox ida t ive  glycolytic  
flux, a l though  the  cur ren t  m e t h o d o l o g i e s  did no t  al- 
low such accura te  in vivo m e a s u r e m e n t s  dur ing low 
basal  p l a s m a  insulin concen t ra t ions  (see M e t h o d s  
section).  O n  the  o the r  hand,  the  ra ised  base l ine  plas-  

Table 4. Activities of skeletal muscle glycogen synthase in NIDDM patients (n = 10) and matched control subjects (n = 10) 

Glycogen synthase activity NIDDM Control subjects p-value 

(0.0 mmol/1 G6P) Baseline 0.35 + 0.09 0.27 + 0.07 NS 
Insulin 0.73 + 0.20 a 0.77 + 0.14 a NS 

(0.1 mmol/1 G6P) Baseline 1.88 + 0.26 1.94 _+ 0.26 NS 
Insulin 2.85 + 0.41 ~ 3.41 _+ 0.4P NS 

(10 mmol/1 G6P) Baseline 5.85 + 0.95 6.32 _+ 0.64 NS 
Insulin 5.79 + 0.70 6.01 _+ 0.66 NS 

Total activity Baseline 6.90 + 1.21 7.28 + 0.76 NS 
Insulin 6.73 + 0.84 7.02 + 0.79 NS 

FV 0.0 (%) Baseline 6.2 _+ 0.8 4.2 +_ 0.6 NS 
Insulin 12.7 + 3.0 b 13.0 i 1.6 b NS 

FV 0.1 (%) Baseline 29.3 + 2.4 26.7 + 1.7 NS 
Insulin 50.3 _+ 5.1 b 57.0 + 2.3 b NS 

A FV 0.0 (%) 6.5 + 2.5 8.8 _+ 1.0 < 0.05 
A FV 0.1 (%) 16.4 + 3.9 26.5 + 1.7 < 0.05 

Biopsies were taken from the vastus lateralis muscle in the basal 
fasting equilibrium state and after + 180 min insulin infusion 
(40 mU �9 m -2- min-1). Baseline muscle biopsies in the NIDDM 
patients were taken 150 rain after the withdrawal of a prior i. v. 
insulin infusion given to normalize the plasma glucose concen- 
tration. Glycogen synthase activities are given as nmol UDP- 
glucose incorporated into glycogen per mg extract protein per 
rain. Glycogen synthase activities were measured in the ab- 
sence of its allosteric modulator glucose 6-phosphate (0.0 

mmol/1 G6P), in the presence of a physiologic G6P concentra- 
tion (0.1 mmol/1), and in the presence of a maximal stimulatory 
G6P concentration (10 mmol/1). In addition, glycogen synthase 
activities were measured in the presence of 10 mmol/1 G6P and 
a maximal stimulatory UDP-glucose concentration of 5 mmol/ 
1 to estimate the total enzyme activities. Fractional velocities 
(FV) are given in %. A FV values are insulin-stimulated incre- 
ments in fractional velocities over basal values.p < 0.05 vs base- 
line determinations; p < 0.002 vs baseline determinations 
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ma lactate concentration does support the notion of 
an elevated baseline non-oxidative glycolytic flux in 
the NIDDM patients. In contrast, the glucose oxida- 
tion rate was significantly decreased, and the lipid 
oxidation rate correspondingly increased, in the 
NIDDM patients during the low baseline plasma in- 
sulin levels. Thus, the data demonstrate that the glu- 
cose-fatty acid cycle, as previously outlined by Ran- 
dle and co-workers [38], operates during the low insu- 
lin equilibrium state of NIDDM, and that this inter- 
action may also contribute to the development of 
fasting hyperglycaemia in NIDDM. 

Therefore, the sequence of events in the basal 
equilibrium low insulinemic state could theoretically 
be: an increased rate of lipid oxidation may be due to 
either an increased tissue fat content (higher waist to 
hip ratio), or perhaps due to a relative insufficient tis- 
sue insulin suppression of lipolysis (insulin deficiency 
or insulin resistance); an increased rate of lipid oxida- 
tion may then inhibit glucose oxidation at the level of 
pyruvate dehydrogenase [39]; this in turn may theo- 
retically direct basal intracellular glucose flux toward 
increased non-oxidative glycolytic flux, and finally an 
increased release of lactate from tissues causing in- 
creased plasma lactate levels, which then serves as a 
substrate for the hepatic gluconeogenesis. This se- 
quence of events is referred to as the Cori cycle [40], 
and is supported by previous findings in NIDDM pa- 
tients of increased rates of 1-13C-glucose recycling 
[41] and hepatic gluconeogenesis from lactate [42]. 
However, some of the increased plasma lactate con- 
centrations basally in the present study may reflect 
the metabolic effect of the prior insulin infusion em- 
ployed from -210 to -150 min. Thus, our data do not 
allow us to establish whether the increased HGP or 
the abnormal intracellular partitioning of the periph- 
eral glucose flux is the primary driving force behind 
the elevated baseline Cori cycle and glucose turnover 
rate. Nevertheless, it is of great pathophysiological in- 
terest that the abnormalities of the hepatic and per- 
ipheral glucose processing seem to work together in 
causing and maintaining fasting hyperglycaemia in 
NIDDM patients as suggested recently [43]. 

The present data do not support a direct role for de- 
creased skeletal muscle glycogen synthesis in the 
maintenance (or cause) of fasting hyperglycaemia in 
NIDDM patients. Thus, both the rates of isotopically 
determined exogenous glucose storage and skeletal 
muscle fractional glycogen synthase activities ap- 
peared higher in the NIDDM patients during base- 
line determinations, although neither of the two inde- 
pendent measurements of baseline glycogen synthesis 
reached statistical significance compared with the 
control subjects or in fact correlated significantly 
with each other in the NIDDM patients. However, a 
decreased glucose storage (and skeletal muscle glyco- 
gen synthase activity) was quantitatively the most 
pronounced defect of glucose metabolism during the 
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physiological clamp insulin infusion (Table 4), indi- 
cating a major role for this defect in the development 
of hyperglycaemia in NIDDM patients during hyper- 
insulinaemic postprandial situations. Thus, the mea- 
surements of exogenous glycolytic flux, and thereby 
indirectly exogenous glucose storage rates during in- 
sulin infusion in the present study confirm the data re- 
cently published by Del Prato et al. [12] using similar 
in vivo techniques albeit somewhat lower clamp insu- 
lin levels, and extend the conclusions from other pre- 
vious muscle biopsy [14. 17] and in vivo nuclear mag- 
netic resonance [15] determinations, that the de- 
creased insulin-stimulated non-oxidative glucose dis- 
posal (as determined using indirect calorimetry) in 
NIDDM patients is almost solely due to a decreased 
skeletal muscle glycogen synthesis, and especially not 
to a decreased non-oxidative glycolytic flux. In that 
context, it should also be noted that the abnormali- 
ties of glucose metabolism demonstrated in this study 
during acute manipulations of the plasma glucose 
concentration are of major importance for our under- 
standing of the mechanisms responsible for the main- 
tenance of hyperglycaemia in patients with frank 
NIDDM with an impaired insulin secretion pattern. 
However, the data may not necessarily be extrapolat- 
ed to the natural history of NIDDM from the pre-dia- 
betic stage to frank NIDDM, which is a very slow and 
possibly life-long process. Specifically, despite the ab- 
sence of any clinical or chemical hypoglycaemic epi- 
sodes, we cannot totally exclude the possibility that 
the secretion of counter-regulatory hormones might 
have been stimulated by the prior insulin infusion in 
the NIDDM subjects, and that this may have influ- 
enced the results obtained in the present study. 

The presence of insulin resistance in NIDDM pa- 
tients is beyond dispute [1-3]. In the present study, 
we found that peripheral insulin resistance was pre- 
sent in the NIDDM patients in all of the major path- 
ways of intracellular glucose metabolism which in- 
cluded glycogen synthesis (and muscle glycogen syn- 
thase activation), exogenous glycolytic flux and glu- 
cose oxidation, whereas no insulin resistance was de- 
tectable at the levels of suppression of lipid oxida- 
tion or HGP (Table 3). In addition, suppression of 
non-oxidative glycolytic flux appeared blunted in the 
NIDDM patients (Table 2). Thus, the rate of non-oxi- 
dative glycolytic flux appeared higher in the NIDDM 
patients during hyperinsulinaemia and was, in con- 
trast to the control subjects not completely sup- 
pressed during insulin infusion (Table 2). This is in 
agreement with the finding by Del Prato et al. [12] of 
a disproportionately elevated rate of non-oxidative 
glycolytic flux in NIDDM patients during somewhat 
lower clamp insulin infusion rates, and demonstrates 
an unequal intracellular processing of the glucose 
that has been transported into the cell in the 
NIDDM subjects compared with control subjects. 
Thus, the study supports the conclusion also reached 
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by Del Prato et al. [12] that the defects of peripheral 
glucose metabolism in NIDDM go beyond the pro- 
cess of glucose transport across the cell membrane.  
However, it should be noted that this does not ex- 
clude the presence of an independent  (primary or 
secondary) defect at the level of the membrane glu- 
cose transporter system in N I D D M  patients. 

Our study does not answer the important question 
concerning the cause(s) of the insulin resistance in 
the two major pathways of glucose metabolism in 
the N I D D M  patients. However, the inverse relation- 
ships between lipid oxidation and glucose oxidation 
rates (and also exogenous glycolytic flux) (Fig. 3) dur- 
ing both low and high plasma insulin concentrations 
support a role for elevated plasma and tissue NEFA 
concentrations, and the glucose-fatty acid cycle as 
outlined above. There are also data to support that el- 
evated plasma and tissue NEFA concentrations may 
be involved in causing the insulin resistance in the 
quantitatively most important pathway of skeletal 
muscle glucose metabolism, glycogen synthesis [44- 
46]. However, recent data from our laboratory [16] 
and others [17-19] indicate a role for a genetically de- 
termined defect of skeletal muscle glycogen synthase 
activation in N I D D M  patients. 

Using indirect calorimetry, an increased rate of 
gluconeogenesis from amino acids may erroneously 
be measured and misinterpreted as a decreased rate 
of glucose oxidation (23,24). However, in the present 
study the finding of a decreased glucose oxidation 
rate in the N I D D M  patients during insulin infusion 
was supported and confirmed by a decreased rate of 
exogenous glycolysis, and a statistical significantly 
correlation between those two parameters. Neverthe- 
less, we cannot exclude the theoretical possibility that 
the decreased baseline glucose oxidation rate as de- 
termined using indirect calorimetry, and thereby also 
to some extent the increased baseline non-oxidative 
glucose uptake rate could partly be due to an in- 
creased rate of gluconeogenesis from amino acids in 
the N I D D M  patients. 

In conclusion, the present study demonstrates that 
multiple defects of both hepatic and peripheral glu- 
cose processing are involved in the development of 
hyperglycaemia in N I D D M  patients. A dispropor- 
tionately high rate of HGP is the major determinant 
of hyperglycaemia during low plasma insulin concen- 
trations, whereas a decreased peripheral (muscle) 
glucose uptake, oxidation and especially storage 
(skeletal muscle glycogen synthase activation) are 
the quantitatively major defects during higher plas- 
ma insulin concentrations. Measurements of non-oxi- 
dative glycolytic flux rates during hyperinsulinaemia 
demonstrated a higher rate in the NIDDM patients. 
Furthermore,  plasma lactate concentrations were ele- 
vated in the N I D D M  patients during low plasma in- 
sulin concentrations. This, combined with a higher 
rate of lipid oxidation and a concomitant lower rate 
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of whole body glucose oxidation during both the low 
and high physiological plasma insulin concentra- 
tions, suggests a role for both the glucose-fatty cycle 
and the Cori acid cycle in the development and main- 
tenance of hyperglycaemia in the NIDDM patients. 
Finally, the data indicate that the defect(s) of periph- 
eral (skeletal muscle) glucose processing in N I D D M  
goes beyond the process of glucose transport across 
the cell membrane.  
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