
Tissue glucose uptake occurs via a facilitated trans-
port system [1]. The major factors that regulate glu-
cose uptake in vivo are the prevailing plasma glucose
and insulin concentrations. Following glucose inges-
tion the plasma glucose concentration rises, insulin
secretion is stimulated and the combination of hyper-
glycaemia and hyperinsulinaemia contributes to the
increase in glucose utilization. Plasma glucose con-
centration influences glucose utilization by a mass
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Summary The ability of hyperglycaemia to enhance
glucose uptake was evaluated in 9 non-insulin-depen-
dent (NIDDM), 7 insulin-dependent (IDDM) dia-
betic subjects, and in 6 young and 9 older normal vol-
unteers. Following overnight insulin-induced eugly-
caemia, a sequential three-step hyperglycaemic
clamp (+ 2.8 + 5.6, and + 11.2 mmol/l above baseline)
was performed with somatostatin plus replacing do-
ses of basal insulin and glucagon, 3-3H-glucose infu-
sion and indirect calorimetry. In the control subjects
as a whole, glucose disposal increased at each hyper-
glycaemic step (13.1 ± 0.6, 15.7 ± 0.7, and 26.3 ±
1.1 mmol/kg ⋅ min). In NIDDM (10.5 ± 0.2, 12.1 ± 1.0,
and 17.5 ± 1.1 mmol/kg ⋅ min), and IDDM (11.2 ± 0.8,
12.9 ± 1.0, and 15.6 ± 1.1 mmol/kg ⋅ min) glucose dis-
posal was lower during all three steps (p < 0.05–
0.005). Hepatic glucose production declined propor-
tionally to plasma glucose concentration to a similar
extent in all four groups of patients. In control
subjects, hyperglycaemia stimulated glucose oxi-
dation (+ 4.4 ± 0.7 mmol/kg ⋅ min) only at + 11.2
mmol/l (p < 0.05), while non-oxidative glucose meta-
bolism increased at each hyperglycaemic step
(+ 3.1 ± 0.7; + 3.5 ± 0.9, and + 10.8 ± 1.7 mmol/kg ⋅
min; all p < 0.05). In diabetic patients, no increment
in glucose oxidation was elicited even at the highest

hyperglycaemic plateau (IDDM = + 0.5 ± 1.5;
NIDDM = + 0.2 ± 0.6 mmol/kg ⋅ min) and non-oxida-
tive glucose metabolism was hampered (IDDM =
+ 1.8 ± 1.5, + 3.1 ± 1.7, and + 4.3 ± 1.8; NIDDM =
+ 0.7 ± 0.6, 2.1 ± 0.9, and + 7.0 ± 0.8 mmol/kg ⋅ min;
p < 0.05–0.005). Blood lactate concentration in-
creased and plasma non-esterified fatty acid (NEFA)
fell in control (p < 0.05) but not in diabetic subjects.
The increments in blood lactate were correlated with
the increase in non-oxidative glucose disposal and
with the decrease in plasma NEFA. In conclusion: 1)
the ability of hyperglycaemia to promote glucose dis-
posal is impaired in NIDDM and IDDM; 2) stimula-
tion of glucose oxidation and non-oxidative glucose
metabolism accounts for glucose disposal; 3) both
pathways of glucose metabolism are impaired in dia-
betic patients; 4) impaired ability of hyperglycaemia
to suppress plasma NEFA is present in these patients.
These results suggest that glucose resistance, that is
the ability of glucose itself to promote glucose utiliza-
tion, is impaired in both IDDM and NIDDM pa-
tients. [Diabetologia (1997) 40: 687–697]
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action effect which is independent of insulin [2]. Insu-
lin stimulates glucose disposal by increasing the
translocation and intrinsic activity of the GLUT4
transporter [3, 4], whereas hyperglycaemia promotes
glucose uptake primarily via the GLUT1 transporter
[5] although more recent findings suggest a stimula-
tion/activation of GLUT4 as well [6].

Insulin resistance is a prominent feature of the dia-
betic state. Numerous studies, employing a variety of
techniques, have demonstrated that insulin-mediated
glucose uptake is markedly impaired in non-insulin-
dependent-diabetic (NIDDM) patients [7]. A defect
in insulin action also has been described in poorly
controlled insulin-dependent diabetic (IDDM) sub-
jects [8, 9]. Although insulin resistance is a character-
istic feature of both NIDDM and IDDM, little is
known about the ability of hyperglycaemia per se to
enhance glucose uptake in diabetes. This is an impor-
tant question since it has been suggested that in nor-
mal man as much as half of the decline in plasma glu-
cose concentration following glucose administration
is due to the mass action effect of hyperglycaemia
[10]. Soskin and Levine in 1937 were the first to study
the relationship between the blood glucose level and
glucose utilization in pancreatectomized diabetic
dogs and suggested that hyperglycaemia provided a
compensatory mechanism to maintain normal rates
of tissue glucose uptake in the presence of insulin de-
ficiency [11]. We, as well as others, have demon-
strated that in both NIDDM and IDDM individuals
hyperglycaemia serves a compensatory role to offset
the insulin resistance and maintain a normal rate of
insulin-mediated glucose disposal [7, 8, 12–15]. De-
spite the important role of hyperglycaemia in the
maintenance of glucose homeostasis in diabetic indi-
viduals, few studies have examined the effect of hy-
perglycaemia on glucose utilization, and these have
yielded conflicting results [16–19]. In part, these ap-
parently discrepant results are due to differences in
experimental design and to the failure to recognize
the important role of basal insulinaemia in determin-
ing the intracellular metabolic partitioning of glucose
when examining the mass action effect of glucose to
stimulate its own uptake [20]. In the present study
we have investigated the ability of hyperglycaemia
to enhance glucose uptake while maintaining the
plasma insulin concentration constant at the basal

level in NIDDM, IDDM, and control subjects. Our
data provide evidence that resistance to the mass ac-
tion effect of glucose to stimulate its own uptake con-
tributes to the impairment in glucose homeostasis in
diabetes mellitus.

Subjects and methods

Subjects. The study population consisted of 7 IDDM and 9
NIDDM subjects (Table 1). They were compared to 6 young
and 9 older subjects, respectively, who were of similar age and
body weight. All subjects were of Caucasian descent. The du-
ration of diabetes and degree of metabolic control were similar
in the two diabetic groups (Table 1). All of the IDDM subjects
typically had their onset of diabetes at a young age, had previ-
ously been admitted in diabetic ketoacidosis, and were insulin
requiring (mean daily dose = 49 ± 4 IU/day). The NIDDM
subjects typically had the onset of their disease after the age
of 45 and were controlled with sulfonylurea agents (n = 7) or
diet (n = 2). The sulfonylurea was stopped 3 days prior to study
in the 7 NIDDM subjects who were receiving oral agent treat-
ment. All participants were consuming a weight-maintaining
diet that contained at least 250 g of carbohydrate per day for
3 days before the study. Other than insulin, no subject took
any medication for at least 2 weeks prior to study. Prior to their
participation the purpose, nature, and risks of the study were
explained to all subjects and their voluntary, informed, written
consent was obtained. The experimental protocol was ap-
proved by the Human Investigation Committee of Yale Uni-
versity School of Medicine, and the Institutional Review
Board of the UTHSC.

Experimental protocol. Diabetic subjects were admitted to the
Clinical Research Center on the morning of the day prior to
study. IDDM patients received their usual morning
(08.00 hours) insulin dose (regular and/or intermediate acting
insulin). Only regular insulin was injected with the dinner
meal on the evening prior to study. At 20.00 hours an intrave-
nous insulin infusion was begun via an antecubital vein in
both the IDDM and NIDDM subjects and the insulin infusion
rate (0.1–0.2 mU/kg ⋅ min) was adjusted on the basis of fre-
quent plasma glucose measurements to achieve normoglycae-
mia (5.0–5.6 mmol/l). During the 4 h preceding initiation of
the study the insulin infusion was maintained constant and sta-
ble euglycaemia was documented in all patients.

All studies were performed with the subject in the recum-
bent position starting at 08.00 h after a 10–12 h overnight fast.
Prior to study, a teflon catheter was inserted retrogradely into
a wrist vein in the hand controlateral to the antecubital cathe-
ter and kept patent with a slow infusion of isotonic saline solu-
tion. The hand was then inserted into a heated box (70 °C) to
achieve arterialization of venous blood. In all subjects
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Table 1. Summary of clinical data in young and older control, NIDDM and IDDM subjects

Number male/
female

Age
(years)

BMI
(kg/m2)

Diabetes duration
(years)

HbA1c
(%)

Fasting plasma glucose
(mmol/l)

Young control subjects 6 4/2 25 ± 3 22.1 ± 1.5 − 5.4 ± 0.2 4.8 ± 0.1
Older control subjects 9 6/3 59 ± 2 26.2 ± 0.7 − 5.7 ± 0.2 4.9 ± 0.2
IDDM 7 5/2 34 ± 3 22.5 ± 0.6 13 ± 4 8.4 ± 0.9a 5.4 ± 0.4
NIDDM 9 7/2 62 ± 2 27.0 ± 0.9 11 ± 3 8.2 ± 0.4a 5.7 ± 0.2

Data are mean ± SEM
a p < 0.05 vs respective control group



120 min before beginning the hyperglycaemic clamp studies a
priming dose (25 mCi) of 3-3H-glucose was rapidly injected via
the antecubital catheter and a constant infusion (0.25 mCi/
min) of tritiated glucose was begun and continued until the
end of the study. Sixty minutes before beginning the hypergly-
caemic clamp studies, continuous respiratory gas exchange
measurements also were begun and continued throughout. Af-
ter the 120 min equilibration period for tritiated glucose, all
subjects underwent a three-step hyperglycaemic clamp study
in which the plasma glucose concentration was acutely raised
and maintained constant at + 2.8, + 5.6, and + 11.2 mmol/l
above baseline. Each hyperglycaemic step lasted for 100 min.
Five minutes before starting the hyperglycaemic clamp studies
in diabetic and control subjects, infusions of somatostatin
(400 mg/h), insulin (0.1–0.2 mU/kg ⋅ min) and glucagon (0.5
ng/kg ⋅ min) were initiated via the antecubital catheter and
kept constant throughout the entire study. The rate of insulin
infusion in diabetic subjects was the same as that employed
during the last 4 h of the overnight infusion to maintain eugly-
caemia (0.14 ± 0.02 and 0.21 ± 0.03 mU/kg ⋅ min, respectively).
Normal subjects received a constant infusion of insulin at the
rate of 0.1 mU/kg ⋅ min. Somatostatin (Serono, Italy), regular
insulin (Lilly, Indianapolis, Ind., USA), and glucagon (Novo
Industri A/S, Copenhagen, Denmark) were mixed in a 0.3 %
human albumin solution and infused at constant rate.

Hyperglycaemic clamp study. The three-step hyperglycaemic
clamp study was performed as previously described [21]. Brief-
ly, a priming dose of glucose was infused in a logarithmically
decreasing manner over 15 min in order to rapidly achieve the
desired hyperglycaemic plateau. Subsequently, the plasma glu-
cose concentration was held constant at the desired level by
determination of the plasma glucose concentration every
5 min and appropriately adjusting a 20 % glucose solution
based on a negative feedback principle [22]. Each new plasma
glucose plateau lasted 100 min. During the basal period and
throughout the hyperglycaemic clamp, plasma samples were
drawn at 10–15 min intervals for determination of plasma hor-
mone and substrate levels and every 5–10 min for tritiated glu-
cose specific activity.

Respiratory exchange measurements. Starting 60 min before
and continuing throughout the stepwise hyperglycaemic clamp
studies, continuous indirect calorimetry was performed as pre-
viously described [23]. A transparent plastic ventilated hood
was placed over the head of the subject and made airtight
around the neck. A slight negative pressure was maintained in
the hood to avoid loss of expired air. Ventilation was measured
by means of a dry gas meter (American Meter Division, Singer
Co., Philadelphia, Pa., USA). A constant fraction of the air
flowing out of the hood was automatically collected for analy-
sis. The oxygen content was continuously measured by electro-
chemical analysis (Model S-3A Oxygen Analyzer; Applied
Electrochemistry Inc., Sunnyvale, Calif., USA) and carbon di-
oxide content by an infrared analyser (Model CD-3A Carbon
Dioxide Analyzer; Applied Electrochemistry). Urine was col-
lected throughout the basal period and again during the entire
hyperglycaemic clamp study and the urinary nitrogen excre-
tion during these periods was used to calculate protein oxida-
tion [24].

Analytical procedures. Plasma glucose concentration was de-
termined in duplicate by the glucose-oxidase method on a
Beckman Analyzer II (Beckman Instruments Inc., Fullerton,
Calif., USA). Methods for the determination of plasma tritia-
ted glucose specific activity, plasma immunoreactive insulin,
glucagon, plasma non-esterified fatty acids (NEFA), and blood

lactate have been described previously [25]. In IDDM subjects
plasma-free insulin was determined after precipitation with
polyethylene glycol [26]. Urinary nitrogen excretion was deter-
mined according to the method of Kjeldahl [27].

Calculations. In all studies a steady-state plateau of plasma tri-
tiated glucose specific activity was achieved during the 30 min
period prior to starting the hyperglycaemic clamp study. He-
patic glucose production (HGP) in the basal state was deter-
mined by dividing the 3-3H-glucose infusion rate (counts/min)
by the steady-state plateau of 3-3H-glucose specific activity
(counts/mg) which was achieved during the last 30 min of the
pre-clamp period in all subjects. During the hyperglycaemic
clamp studies a non-steady-state condition with respect to glu-
cose specific activity exists and rates of glucose appearance
(Ra) and disappearance (Rd) were calculated by Steele’s equa-
tion [28] using a pool fraction value of 0.65 [29]. HGP was cal-
culated by subtracting the exogenous glucose infusion rate
from the rate of glucose appearance (Ra) as determined by
the isotopic tracer technique. Although errors in the calcula-
tion of kinetic parameters may be generated by changes in
plasma 3-3H-glucose specific activities, their magnitude is like-
ly to be trivial in this set of studies given the generally low rate
of glucose metabolism and the constancy of plasma levels of
glucose, insulin, and tritiated glucose radioactivity [30, 31].

Glucose oxidation rates were calculated from continuous
calorimetric measurements [33] during the last 60 min of each
hyperglycaemic step and are expressed in mmol/kg ⋅ min. Non-
oxidative glucose disposal was calculated by subtracting the
rate of glucose oxidation from the rate of total body glucose
uptake. During each hyperglycaemic plateau total glucose me-
tabolism was corrected for urinary glucose losses. For data pre-
sentation, the mean of the last 60 min for each hyperglycaemic
step is presented.

Statistical analysis

All data are presented as mean ± SEM. All statistical compari-
sons between groups were performed by analysis of variance.
Changes from baseline within a group were determined by
the paired t-test. In all comparisons diabetic subjects were
compared to their appropriate age-matched group. There
were no significant differences in any metabolic parameter or
substrate or hormone concentration between the young and
older control groups. Therefore, for the purpose of clarity of
data presentation, old and young control subjects have been
combined in the figures. The group data for the young and old-
er control subjects are presented separately in the text.

Results

Plasma glucose and hormone concentrations (Fig. 1).
Plasma glucose, insulin and glucagon concentrations
in the basal state and during the three-step hypergly-
caemic clamp studies are displayed in Figure 1. After
the overnight insulin infusion, plasma glucose con-
centrations in NIDDM (5.7 ± 0.2 mmol/l) and
IDDM (5.4 ± 0.4 mmol/l) were slightly higher than in
the older control (4.9 ± 0.2 mmol/l) and young con-
trol (4.8 ± 0.1 mmol/l) subjects, respectively. No dif-
ference in any metabolic parameter was observed be-
tween young and older subjects. Plasma glucose
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concentration was elevated by the same increment in
normal subjects (by 3.2 ± 0.1, 5.8 ± 0.1, and 11.1 ±
0.1 mmol/l in young control and 3.1 ± 0.2, 5.7 ± 0.1,
and 11.2 ± 0.2 mmol/l in older control subjects), in
NIDDM subjects (by 2.9 ± 0.1, 5.9 ± 0.1, and 11.2 ±
0.2 mmol/l) and in IDDM subjects (by 2.8 ± 0.1,
5.7 ± 0.2, and 11.2 ± 0.2 mmol/l). During each hyper-
glycaemic clamp study the coefficient of variation in
plasma glucose was less than 5%. The fasting plasma
insulin concentration was similar in young control
(84 ± 6 pmol/l), older control (72 ± 6 pmol/l), and
IDDM subjects (78 ± 12 pmol/l). The fasting plasma
insulin concentration (126 ± 18 pmol/l) in NIDDM
subjects was significantly elevated compared to the
older controls (p < 0.001). In all four groups the arte-
rialized plasma insulin concentration (young = 84 ±
6; older = 66 ± 6; IDDM = 72 ± 6; NIDDM = 102 ±
12 pmol/l) was held constant throughout the entire
study despite progressively rising plasma glucose lev-
els (Fig. 1). The fasting plasma glucagon concentra-
tions in the young control, older control, IDDM and
NIDDM groups were 102 ± 5, 173 ± 21, 150 ± 17, and
125 ± 12 ng/l, respectively, and did not change signifi-
cantly during the hyperglycaemic clamp studies
(102 ± 9, 186 ± 24, 135 ± 7, and 118 ± 14 ng/l, respec-
tively) (Fig. 1).

Total glucose metabolism (Table 2 and Fig. 2 and 3).
Glucose utilization was calculated by tracer tech-
niques. The rates of exogenous glucose infusion and
the time course of plasma glucose specific activity
are illustrated in Figure 2. In the postabsorptive state,
glucose utilization (Rd) equals the rate of endogenous
glucose appearance (Ra). After the overnight insulin
infusion no difference was found in basal glucose up-
take between any of the four groups (Table 2). In
normal young and older subjects the increase in
plasma glucose concentration resulted in a progres-
sive enhancement of total glucose metabolism. The
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Fig. 1. Plasma glucose, insulin and glucagon concentrations
(mean ± SEM) before and during the three-step hyperglycae-
mic clamp studies in control (~), IDDM (*), and NIDDM
(*) subjects

Fig. 2. Time course of glucose infusion rates and plasma glu-
cose specific activities during the three-step hyperglycaemic
clamp studies. Panel A: young control subjects (R) and
IDDM patients (A). Panel B: older control subjects (U R)
and NIDDM patients (*A). Data are given as mean ± SEM



increment in glucose disposal (Rd) in young subjects
(1.44 ± 0.67, 4.61 ± 0.67, and 14.4 ± 2.22 mmol/k ⋅
min) was similar to that observed in the older control
subjects (2.67 ± 0.78, 4.67 ± 0.61, and 16.06 ±
3.17 mmol/kg ⋅ min) during the + 2.8 + 5.6, and +

11.2 mmol/l hyperglycaemic clamp studies, respec-
tively. In contrast, the increment in total glucose me-
tabolism in NIDDM (0.22 ± 0.72, 1.83 ± 1.00, and
7.22 ± 1.22 mmol/kg ⋅ min) and in IDDM (0.11 ± 0.56,
1.56 ± 0.89, and 4.33 ± 0.94 mmol/kg ⋅ min) subjects
was significantly reduced compared to the corre-
sponding age-matched control group during each of
the three hyperglycaemic steps (p < 0.05–0.005).

Hepatic glucose production (Table 3). After the over-
night insulin infusion a normal HGP was achieved in
NIDDM and IDDM subjects (Table 3). In normal
young and older subjects, increasing the plasma glu-
cose concentration by + 2.8, + 5.6, and + 11.2 mmol/l
caused a progressive decline in HGP (p < 0.05–
0.005). The suppression of HGP in NIDDM and
IDDM patients was similar to that observed in con-
trol individuals at each of the three hyperglycaemic
steps. At the + 11.2 mmol/l hyperglycaemic plateau
HGP was suppressed by over 80 % in all four groups.

Oxidative and non-oxidative glucose metabolism
(Fig. 3). In the postabsorptive state the rate of glucose
oxidation was lower in NIDDM (2.28 ± 0.56 mmol/
kg ⋅ min) compared to older control (6.39 ±
1.06 mmol/kg ⋅ min; p < 0.002) subjects, while no dif-
ference was apparent between IDDM and young con-
trol subjects (7.61 ± 1.11 vs 6.40 ± 0.89 mmol/kg ⋅
min). In both young and older control subjects no
stimulation of glucose oxidation was observed when
the plasma glucose concentration was raised by + 2.8
(5.33 ± 0.86 and 5.67 ± 0.94 mmol/kg ⋅ min, respec-
tively), and + 5.6 mmol/l (7.67 ± 1.12 and 7.50 ±
1.06 mmol/kg ⋅ min, respectively). However, a signifi-
cant elevation was appreciated during the + 11.2
mmol/l hyperglycaemic plateau (10.72 ± 1.78 and
11.00 ± 1.86; both p < 0.05). On the contrary, in both
NIDDM and IDDM groups hyperglycaemia failed
to augment glucose oxidation above basal rates
(IDDM = 5.88 ± 1.56, 6.06 ± 1.06, and 7.67 ± 1.67;
NIDDM = 1.83 ± 0.51, 00.94 ± 0.56, 2.5 ± 0.25 mmol/
kg ⋅ min). The different response of diabetic and con-
trol individuals is better appreciated when the chan-
ges from baseline are plotted (Fig. 3).

Under basal conditions, non-oxidative glucose me-
tabolism (Fig. 3) was not significantly different in
young control and IDDM individuals (5.00 ± 1.17
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Table 2. Total body glucose uptake (mmol/kg ⋅ min) in the basal state and during the three step hyperglycaemic clamp studies

Hyperglycaemic clamp

Basal + 2.8 mmol/l + 5.6 mmol/l + 11.2 mmol/l

Young control subjects 11.44 ± 0.67 12.94 ± 0.78a 16.11 ± 0.83b 25.83 ± 2.06b

Older control subjects 10.22 ± 0.78 12.94 ± 2.77a 14.89 ± 0.83b 26.00 ± 3.06b

IDDM 11.33 ± 0.33 11.22 ± 0.78c 12.89 ± 1.06c 15.61 ± 1.11a, c

NIDDM 10.28 ± 0.22 10.50 ± 0.22d 12.06 ± 1.22d 17.33 ± 1.39a, d

Data are mean ± SEM
a p < 0.05 and b p < 0.005 vs basal; c p < 0.05 vs young control subjects; d p < 0.05 vs older control subjects
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and 3.83 ± 1.17 mmol/kg ⋅ min), but it was higher in
NIDDM patients (8.00 ± 0.56 mmol/kg ⋅ min) when
compared to older control subjects also (4.11 ±
0.67 mmol/kg ⋅ min; p < 0.002). During the three-step
hyperglycaemic clamp, non-oxidative glucose dis-
posal increased progressively both in the young (to
7.61 ± 1.39, 8.44 ± 1.17, and 15.11 ± 1.50 mmol/kg ⋅
min, each p < 0.05 vs the previous step) and older
control subjects (to 7.28 ± 0.72, 7.39 ± 1.17, and
15.00 ± 2.56 mmol/kg ⋅ min, each p < 0.05 vs the previ-
ous step). Non-oxidative glucose metabolism in-
creased in the diabetic patients as well (IDDM
5.56 ± 1.50, 6.83 ± 1.67, and 8.00 ± 1.78; NIDDM
8.67 ± 0.67, 10.05 ± 1.00, and 15.00 ± 1.67 mmol/kg ⋅
min). The increments in non-oxidative glucose dis-
posal during each of the three hyperglycaemic steps
were reduced in both NIDDM and IDDM compared
to their respective control groups (p < 0.05–0.005;
Fig. 2).

Blood lactate concentration (Fig.4). Basal blood lac-
tate levels were similar in all four groups (young con-
trols 0.68 ± 0.06 mmol/l; older controls 0.80 ±
0.09 mmol/l; NIDDM 0.78 ± 0.09 mmol/l; IDDM
0.69 ± 0.06 mmol/l; Fig. 3). In young and older control
individuals blood lactate concentrations increased
progressively with each hyperglycaemic step (p <
0.05–0.005; Fig. 4). As was observed for total and

non-oxidative glucose metabolism, the increment in
blood lactate concentration was markedly and simi-
larly blunted in NIDDM and IDDM patients and
was significantly (p < 0.05–0.005; Fig. 4) lower than in
control subjects at each hyperglycaemic step. When
the change in blood lactate concentration from basal
was plotted against the change in non-oxidative glu-
cose metabolism, a significant positive correlation
was found in all four groups (Fig. 5).

Plasma NEFA concentrations (Fig.6) and lipid oxida-
tion. There were no differences in the basal plasma
NEFA levels in the four groups (young = 0.58 ± 0.05,
older = 0.64 ± 0.07, IDDM = 0.65 ± 0.08, and
NIDDM = 0.67 ± 0.08 mmol/l; Fig. 6). In response to
the stepwise increase in plasma glucose levels, the
plasma NEFA concentrations fell progressively and
similarly in both young (0.44 ± 0.06 0.37 ± 0.05,
0.30 ± 0.05 mmol/l; Fig. 6) and older control subjects
(0.44 ± 0.08, 0.32 ± 0.06, 0.32 ± 0.06 mmol/l; both
p < 0.05–0.005 vs basal). A modest but blunted reduc-
tion in plasma NEFA was observed in IDDM, but not
in NIDDM patients (Fig. 6). Basal lipid oxidation was
similar in all groups (young = 3.70 ± 0.33; old =
3.73 ± 0.33; IDDM = 3.33 ± 0.39; NIDDM = 3.62 ±
0.33 mmol/kg ⋅ min). Following stepwise increments
in plasma glucose levels, lipid oxidation decreased in
control subjects (young = –0.47 ± 0.18, –0.98 ± 0.25, –
1.56 ± 0.25; old = –0.80 ± 0.07, –1.16 ± 0.15, –1.96 ±
0.18 mmol/kg ⋅ min at each of the three hyperglycae-
mic steps; p < 0.05). Lipid oxidation decreased also
in diabetic patients, although during the + 11.2
mmol/l hyperglycaemic clamp such a reduction was
blunted (p < 0.05) (IDDM = –0.40 ± 0.07, –0.80 ±
0.18, –1.44 ± 0.25; NIDDM = –0.54 ± 0.18, –0.76 ±
0.11, –0.98 ± 0.18 mmol/kg ⋅ min).

A correlation was demonstrated between the dec-
rement in plasma NEFA concentration and the incre-
ment in the rate of glucose-mediated glucose disposal
in each group of individuals (r = 0.60, 0.56, 0.81, and
0.52 for young, older, NIDDM, and IDDM subjects,
respectively; p < 0.05–0.005). Furthermore, the decre-
ment in plasma NEFA levels was correlated with the
change in blood lactate concentration in all subjects
as a whole (r = 0.71; p < 0.001) as well as in each
group (r = 0.55, r = 0.72, and r = 0.67 for control,
NIDDM, and IDDM subjects, respectively; p < 0.05–
0.01).
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Table 3. Hepatic glucose production (mmol/kg ⋅ min) in the basal state and during the three-step hyperglycaemic clamp studies

Hyperglycaemic clamp

Basal + 2.8 mmol/l + 5.6 mmol/l + 11.2 mmol/l

Young control subjects 11.44 ± 0.67 7.06 ± 1.56 6.22 ± 1.28 1.61 ± 0.72
Older control subjects 10.22 ± 0.78 9.67 ± 1.06 4.72 ± 0.94 1.22 ± 0.78
IDDM 11.33 ± 0.33 5.83 ± 1.22 4.94 ± 1.50 2.06 ± 0.67
NIDDM 10.28 ± 0.22 9.22 ± 0.94 5.39 ± 0.83 1.72 ± 0.56

Data are mean ± SEM
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Fig. 4. Basal blood lactate concentrations and changes from
baseline during a three-step hyperglycaemic clamp study in
control ( ), IDDM (R), and NIDDM (A) subjects. Values
represent the mean ± SEM. *p < 0.05–0.005 vs basal state;
{p < 0.05–0.005 vs control subjects



Discussion

In the diabetic condition, fasting hyperglycaemia pro-
vides a compensatory mechanism to maintain glucose
metabolism relatively normal in the face of insulin
deficiency and/or insulin resistance [8, 9, 12, 25, 33].
However, the mass action effect of glucose appears
to be greater in normal than in diabetic subjects [8,
9,12, 25, 33], suggesting the existence of a ‘glucose re-
sistance’. In the present study we examined directly
the mass action effect of hyperglycaemia by fixing
the plasma insulin at the basal level in normal and di-
abetic individuals. The maintenance of basal plasma
insulin concentrations is of importance in evaluating
the mass action effect of hyperglycaemia because
acute hypoinsulinaemia: i) blocks the ability of hyper-
glycaemia to promote glucose uptake by the splanch-
nic area (21, 34]; ii) causes a decline in the basal rate
of glucose oxidation [34]; iii) alters the intracellular
partitioning of glucose between the oxidative and
non-oxidative pathways of glucose disposal in re-
sponse to hyperglycaemia [20]. Our results demon-
strate that the ability of hyperglycaemia to promote

whole body glucose uptake is impaired in NIDDM
and IDDM subjects compared to control subjects. In
healthy young and older subjects, as the plasma glu-
cose concentration was increased, there was a pro-
gressive and highly significant increase in glucose uti-
lization. In agreement with Meneilly et al. [35], the
ability of hyperglycaemia to promote glucose uptake
was similar in young and older control subjects, indi-
cating in the latter the integrity of the cellular mecha-
nisms responsible for the increase in glucose uptake
in response to hyperglycaemia.

The diabetic condition is associated with a reduced
ability of hyperglycaemia to enhance glucose uptake,
i. e. glucose resistance. In both NIDDM and IDDM
subjects, physiologic increments in the plasma glu-
cose concentration failed to augment glucose dis-
posal. Only when the plasma glucose concentration
was raised to very high levels ( + 11.2 mmol/l) was a
stimulation of glucose disposal observed. Since the
plasma insulin concentration was maintained con-
stant at the basal level in each subject, differences in
plasma insulin levels between the control and dia-
betic individuals cannot explain the defect in glu-
cose-mediated glucose uptake in the NIDDM and
IDDM subjects. Nevertheless, we cannot rule out the
possibility that the metabolic fate of glucose entering
the cell might be affected by the different plasma in-
sulin levels attained by hormone replacement. Basal
plasma insulin concentration indeed does not affect
the rate of glucose utilization induced by hypergly-
caemia, but it regulates the distribution of glucose be-
tween oxidative and non-oxidative pathways [20].

The increase in glucose utilization following hy-
perglycaemia represents the sum of glucose uptake
by all tissues of the body. In the postabsorptive state,
when the plasma insulin concentration is at basal
levels, the majority of glucose uptake occurs in
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insulin-insensitive tissues, mainly the brain and the
splanchnic organs [36]. Glucose utilization by the
central nervous system is saturated at plasma glucose
concentrations over 3.3 mmol/l [37, 38], whereas, in
the presence of basal insulin levels, splanchnic glu-
cose uptake augments in proportion to the degree of
hyperglycaemia [2, 21, 39]. Thus, in the present study
it is likely that the splanchnic tissues contributed to
increase total body glucose uptake. Since, however,
the splanchnic tissues only take up glucose in propor-
tion to the prevailing plasma glucose concentration
[2, 21, 39] and since net brain glucose uptake is not
enhanced by hyperglycaemia [37, 38], from a quanti-
tative standpoint it is clear that peripheral tissues
(muscle) were responsible for a significant propor-
tion of glucose disposal. Consistent with this, Baron
et al. [36] have shown that the majority of total body
glucose uptake in response to insulinopenic hypergly-
caemia occurs in muscle. In diabetic patients it is well
established that peripheral tissues (muscle) represent
the primary site of insulin resistance [23]. We now
provide evidence that resistance to the mass action
effect of hyperglycaemia (i.e. glucose resistance) oc-
curs in muscle as well.

The most likely mechanism responsible for the
glucose resistance in NIDDM and IDDM is an abnor-
mality in the glucose transport system, possibly due
to glucose toxicity [40]. Studies in both man [1, 41,
42] and animals [43, 44] have shown that sustained
hyperglycaemia for as little as 6–24 h induces insulin
resistance through a down regulation of the glucose
transport system [6, 45] both at the level of insulin-in-
dependent and insulin-dependent tissues [46, 47].

The glucose taken up by peripheral tissues can be
oxidized to carbon dioxide and water, stored as glyco-
gen, or released as three carbon compounds. Basal
glucose oxidation in the control groups averaged
6.4 mmol/kg.min and was reduced by over 50% in
NIDDM subjects, in agreement with previous obser-
vations [48, 49]. Hyperglycaemia stimulates glucose
oxidation [50–52]. This was confirmed in the present
study during the highest hyperglycaemic clamp step
in normal subjects but not in IDDM or NIDDM pa-
tients. Whether the lack of activation of glucose oxi-
dation in these patients represents a primary defect
in the enzymatic regulation of pyruvate entry into
the Kreb’s cycle or it simply reflects the reduced rate
of glucose utilization (phosphorylation) cannot be re-
solved by the present study. However, if we compare
the results obtained during the + 11.2 mmol/l hyper-
glycaemic clamp in diabetic subjects with those of
the + 5.6 mmol/l clamp in the control individuals
(Fig. 3), that is at similar rates of glucose disposal, it
can be appreciated that in no group was there a signif-
icant stimulation of glucose oxidation. It is also possi-
ble that the elevated plasma NEFA levels and higher
lipid oxidation of diabetic subjects may contribute to
the defect in glucose oxidation [53].

In contrast to glucose oxidation, non-oxidative
glucose metabolism increased in response to maximal
hyperglycaemic stimulation, although this was quan-
titatively reduced in both NIDDM and IDDM pa-
tients as compared to control subjects (Fig. 3). There-
fore, it may be concluded that a more profound de-
fect occurs in the ability of hyperglycaemia to stimu-
late glucose oxidation compared to non-oxidative
glucose metabolism. Non-oxidative glucose metabo-
lism includes glycogen formation and glucose conver-
sion to lactate and lipids. Net lipid synthesis is un-
likely in the absence of a respiratory quotient over 1.
Hyperglycaemia, in the presence of basal plasma in-
sulin levels, maintains but does not increase basal
muscle glycogen levels [51]. The effect of hypergly-
caemic euinsulinaemia on splanchnic (hepatic) glyco-
gen synthesis is unknown but it cannot account for
more than 2.8–5.6 mmol/kg ⋅ min under the present
experimental conditions [21]. Therefore, anaerobic
glycolysis is likely to be stimulated by hyperglycae-
mia both in peripheral and splanchnic tissues. As the
plasma glucose concentration progressively increased
in normal subjects, there was a parallel increase in the
plasma lactate level, which was closely correlated
with the rise in non-oxidative glucose disposal
(Fig. 5). A similar correlation was found in IDDM
and NIDDM patients, but for any given rate of non-
oxidative glucose disposal the increments in blood
lactate concentration were lower than in control sub-
jects.

Fasting plasma NEFA concentrations were similar
among groups despite higher plasma insulin levels in
NIDDM patients, suggesting insulin resistance of adi-
pose tissue. The existence of such a resistance has
been previously demonstrated [25]. We now suggest
that glucose resistance may involve the adipose tissue
as well, since the reduction in plasma NEFA concen-
tration observed with the progressive increase in plas-
ma glucose levels was impaired in the diabetic sub-
jects (Fig. 6). The ability of hyperglycaemia to inhibit
lipid oxidation was altered as well. The persistence
of higher plasma NEFA levels and higher lipid oxida-
tion may contribute to the reduced rate of glucose
utilization [53]. The positive correlation between the
decrement in plasma NEFA concentration and the
increment in glucose utilization is consistent with
this hypothesis. Conversely, it is possible that the
blunted rise in blood lactate concentration may con-
tribute to impaired suppression of plasma NEFA lev-
els, since lactate is known to inhibit lipolysis [54]. This
possibility is supported by a relationship between the
increments in blood lactate concentration and the
suppression of plasma NEFA levels.

Our results may appear to contradict those of Bar-
on et al. [16] and Alzaid et al. [55], who concluded
that the mass action effect of glucose is normal in
NIDDM subjects. However, there were several
differences between their experimental protocols
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[16, 55] and our own. In Baron’s study [16] fasting
hyperglycaemia was clamped during suppression of
plasma insulin levels by somatostatin infusion and
glucose turnover measurements were obtained with
tracer technique. Under conditions of acute insulino-
penia no difference in the partitioning of glucose in
control and diabetic subjects was found. However,
the effect of induced insulinopenia rather than the
ability of increasing concentration of plasma glucose
concentration on glucose disposal was assessed.
Alzaid et al. [55] determined insulin-mediated glu-
cose uptake in NIDDM and non-diabetic subjects at
glucose concentrations clamped at either 5 mmol/l
(euglycaemia) or at plasma glucose levels varying to
mimic glucose profile after food ingestion. In both ex-
periments insulin was infused so as to simulate a
‘non-diabetic’ postprandial profile. Because the in-
crement in glucose disposal from euglycemic to hy-
perglycaemic conditions was similar in NIDDM and
non-diabetic subjects, they concluded that ‘glucose
effectiveness’ was not impaired in NIDDM individu-
als. However, a major difference exists between their
study and ours. In the former plasma insulin concen-
trations rose above basal while in the latter plasma in-
sulin levels were held constant at baseline. It is possi-
ble that the concomitant presence of hyperinsulin-
aemia [55] was sufficient to overcome any defect in
glucose-mediated glucose uptake.

Capaldo et al. [17] reported that insulinopenic hy-
perglycaemia stimulates forearm glucose uptake to a
similar or even greater extent in NIDDM compared
to control subjects. These investigators [17] infused
glucose systemically to cause hyperglycaemia and
then measured glucose uptake across forearm tissues.
In contrast, we employed tritiated glucose to quant-
itate total body glucose disposal. As discussed earlier,
one would expect the majority of the increase in glu-
cose-mediated whole body glucose uptake in re-
sponse to hyperglycaemia to occur in muscle. There-
fore, it is difficult to reconcile their results [17] with
those of our own. Because data on the rate of glucose
infusion required to obtain comparable plasma glu-
cose concentrations in control and NIDDM subjects
were not presented by Capaldo et al. [17], it is not
possible to determine whether whole body glucose
disposal reflects forearm glucose uptake, and whe-
ther whole body glucose disposal was impaired in
their diabetic patients. Furthermore, in our study the
effect of hyperglycaemia on glucose disposal was
evaluated under steady-state conditions. In contrast,
in the study of Capaldo et al. [17] the plasma glucose
concentration was continuously changing, as was the
rate of forearm glucose uptake. As originally pointed
out by Zierler [56], measurement of forearm glucose
uptake under non-steady-state conditions may yield
erroneous results. Finally, Capaldo et al. [17] did not
replace basal insulin levels during somatostatin
infusion. Thus, the ability of hyperglycaemia to

enhance forearm glucose uptake was studied under
hypoinsulinaemic conditions. This may have obliter-
ated differences between control and diabetic sub-
jects and explained the very low rates of forearm glu-
cose uptake observed in both diabetic and control
groups.

Finally, our results also confirm previous studies
[21, 39, 42, 57] which demonstrated that hyperglycae-
mia exerts a suppressive effect on HGP in healthy
young and older subjects. In NIDDM and IDDM
subjects the overnight insulin infusion resulted in a
normal postabsorptive HGP. When hyperglycaemia
was induced in these diabetic subjects, HGP suppres-
sion was prompt and similar to that observed in nor-
mal subjects. However, we are cautious in suggesting
a normal responsiveness of the liver to increasing
plasma glucose levels under the present experimental
conditions. No direct measurement of portal insulin
was available. Moreover, plasma glucose specific ac-
tivity was not kept constant throughout the hypergly-
caemic clamp studies, so that changes over time may
lead to underestimation of HGP [58]. Therefore, ad-
ditional experiments are warranted before it can be
concluded that hyperglycaemia causes a normal
HGP suppression in IDDM and NIDDM subjects.

In conclusion, in addition to the well-established
presence of insulin resistance in both NIDDM and
IDDM patients [7, 8, 20], our data now provide evi-
dence that there is resistance to the stimulatory effect
of hyperglycaemia on glucose disposal as well. Con-
sistent with our findings, Welch et al. [18], using the
minimal model technique, have also reported an im-
pairment in glucose-mediated glucose uptake in
NIDDM diabetic patients. A similar defect has been
demonstrated by Arnfred et al. [19] in IDDM sub-
jects using a protocol similar to that employed by us.
The ageing process per se does not appear to be asso-
ciated with glucose resistance, since glucose-medi-
ated glucose uptake was similar in young and older
healthy control subjects.
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