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Summary We investigated the influence of altered glu-
cose levels on insulin-stimulated 3-0-methylglucose
transport in isolated skeletal muscle obtained from
NIDDM patients (rn =13) and non-diabetic subjects
(n =23). Whole body insulin sensitivity was 71 % lower
in the NIDDM patients compared to the non-diabetic
subjects (p < 0.05), whereas, insulin-mediated periph-
eral glucose utilization in the NIDDM patients under
hyperglycaemic conditions was comparable to that of
the non-diabetic subjects at euglycaemia. Following a
30-min in vitro exposure to 4 mmol/l glucose, insulin-
stimulated 3-0-methylglucose transport (600 pmol/lin-
sulin) was 40 % lower in isolated skeletal muscle strips
from the NIDDM patients when compared to muscle
strips from the non-diabetic subjects. The impaired ca-
pacity for insulin-stimulated 3-0-methylglucose trans-
port in the NIDDM skeletal muscle was normalized
following prolonged (2 h) exposure to 4 mmol/l, but
not to 8 mmol/l glucose. Insulin-stimulated 3-0-
methylglucose transport in the NIDDM skeletal
muscle exposed to 8 mmol/l glucose was similar to that
of the non-diabetic muscle exposed to 5 mmol/l glu-

cose, but was decreased by 43 % (p < 0.01) when com-
pared to non-diabetic muscle exposed to 8 mmol/l glu-
cose. Despite the impaired insulin-stimulated 3-0-
methylglucose transport capacity demonstrated by
skeletal muscle from the NIDDM patients, skeletal
muscle glycogen content was similar to that of the non-
diabetic subjects. Kinetic studies revel a K,, for 3-0-
methylglucose transport of 9.7 and 8.8 mmol/l glucose
for basal and insulin-stimulated conditions, respective-
ly. In conclusion, the impaired capacity for insulin-
stimulated glucose transport in skeletal muscle from
patients with NIDDM appears to protect the cell from
excessive glucose uptake under hyperglycaemic condi-
tions. Furthermore, the in vitro normalization of the
decreased insulin-stimulated glucose transport in
NIDDM skeletal muscle following exposure to
4 mmol/l glucose suggests that glycaemia per se has a
profound effect on the regulation of muscular glucose
transport. [Diabetologia (1994) 37: 270-277]
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Non-insulin-dependent diabetes mellitus (NIDDM) is
a heterogeneous metabolic disorder characterized in
part by an impairment in whole body glucose metabo-
lism [1, 2]. For patients with NIDDM, the defect in glu-
cose metabolism appears to be localized in part to
skeletal muscle [3, 4], a tissue which accounts for ap-
proximately 75 % of whole body glucose utilization fol-
lowing insulin stimulation [5].

Chronic hyperglycaemia is a characteristic feature
of patients with NIDDM, and has been implicated to
play a central role in the development of peripheral in-
sulin resistance and decreased beta-cell function [6].
In rat skeletal muscle [7, 8] and in cultured muscle cells



J.R.Zierath et al.: Reversal of muscular insulin resistance

[9], elevations in media glucose concentrations have
been widely demonstrated to reduce insulin-stimu-
lated glucose uptake and transport. Furthermore,
short term (24 h) hyperglycaemia reduces whole body
glucose uptake in vivo, in patients with insulin-de-
pendent diabetes mellitus [10]. Thus, peripheral in-
sulin resistance may develop as a physiological re-
sponse to protect the tissue from-an overload of glu-
cose by “down regulating” cellular glucose transport
[6,10,11]. Amelioration of hyperglycaemia in diabetic
rats by phlorizin treatment [12], or in NIDDM patients
by insulin therapy [13, 14] or dietary control [15], im-
proves impaired insulin action and glucose transport

in isolated adipocytes. Yet, the influence of ex-

perimentally induced euglycaemia on the impaired ca-
pacity for insulin-stimulated glucose transport in iso-
lated skeletal muscle from NIDDM patients remains
to be defined.

The present study was undertaken to examine the
effects of altered glucose levels on the glucose trans-
port process in isolated skeletal muscle from patients
with NIDDM and from non-diabetic subjects. For
these purposes, we employed an open muscle biopsy
technique [16] to obtain intact muscle specimens suit-
able for in vitro investigation [3]. Additionally, kinetic
studies were performed to establish the V,,,x and Ky,
for non-insulin and insulin-stimulated 3-0-methylglu-
cose transport in muscle specimens obtained from
healthy subjects.

Subjects, materials and methods
Subject characteristics

The study protocol was reviewed and approved by the institu-
tional ethical committee of the Karolinska Institute and in-
formed consent was received from all subjects prior to participa-
tion. The clinical characteristics of the study participants are
presented in Table 1. The diabetic group consisted of thirteen
NIDDM patients with a body mass index of 27.8 +0.8 kg/m?
(mean + SEM) (range 22.3-32.0 kg/m?) and disease duration of
6.5+ 1.1 years (range 1-13 years). Glycaemic control, as evalu-
ated by HbA, was moderate (8.1£0.4%) for this group of
NIDDM patients. The normal value for HbA, ¢ in our labora-
toryislessthan 5.5 % . Four of the NIDDM patients were treated
with sulphonylureas, three with a combined treatment of sulpho-
nylureas and biguanides, two with a combined treatment of
sulphonylureas and a subcutaneous injection of insulin, and
four with diet. Twenty-three non-diabetic subjects, with a body
mass index of 24.9 0.4 kg/m? composed the control group.
Three diabetic patients and two of the non-diabetic subjects had
moderate hypertension, which in all cases was treated with
diuretic medication (furosemide). None of the subjects received
beta-adrenergic blockade. All of the participants were non-smo-
kers, and matched for age. In vitro and in vivo assessments of in-
sulin action were performed on separate occasions. On each test-
ing occasion, the subjects reported to the laboratory following an
overnight fast, and in the case of the NIDDM patients, prior to
administration of any anti-diabetic drug.
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Insulin action in vivo

The study participants were randomly assigned to undergo the
Bergman insulin sensitivity test [17] or a euglycaemic-hyperin-
sulinaemic clamp procedure [18] for determination of insulin ac-
tion in vivo. During the euglycaemic-hyperinsulinaemic clamp
procedure, the non-diabetic and NIDDM participants were
clamped at a steady-state blood glucose concentration of
4.8+02 mmol/l (n =5) and 7.4 £ 0.1 mmol/l (n = 5), respective-
ly. A bolus insulin infusion (24 nmol x kg™ x min™) was given
for 2 min and hyperinsulinemia was maintained by means of a
continuous insulin infusion (6 nmol x kg x min™) for 2 h.
This procedure resulted in free insulin concentrations of
401.4 £16.2 pmol/l and 455.2 + 18.0 pmol/l for the non-diabetic
and NIDDM participants, respectively (NS). Whole body glu-
cose utilization was determined by means of a variable glucose
infusion with intermittent blood glucose determinations per-
formed every 5 min.

Open muscle biopsy procedure

Under local anaesthesia (mepivakain chloride, 5 mg/ml), two
open muscle biopsy specimens (~300 mg) were obtained from
the vastus lateralis portion of the quadriceps femoris muscle as
previously described [16]. The specimens were placed in oxyge-
nated KHB (pH 7.4), containing 5 mmol/l HEPES (N-2-Hy-
droxyethylpiperazine-N’-2-ethanesulphonic acid), 0.1% BSA
(radioimmunoassay grade), 38 mmol/l mannitol and 2 mmol/l
pyruvate (as substrate). Smaller muscle strips (~18 mg) were
dissected free from the larger muscle specimen, and were
mounted on plexi-glass clamps as described earlier [3, 16]. A
smaller biopsy sample (75-100 mg), obtained from the open
muscle biopsy incision site by means of a Weil-Blakesley’s con-
chotome [19], was rapidly frozen in liquid nitrogen and sub-
sequently freeze-dried at -35°C (72 h) for assessment of muscle
glycogen content.

Muscle strip in vitro incubation procedure

After preparation, the mounted muscle strips were placed in in-
dividual glass flasks and incubated (10 min) in KHB media
(2 ml) as described above. Throughout the incubation protocol
the samples were placed in a shaking water bath (110 times/min),
maintained at a constant temperature (35°C), and were continu-
ously gassed (95% O,/5% CO,). Unless specifically stated, the
concentration of BSA, HEPES, and constitutes of the KHB
buffer remained constant for all incubation conditions. The
muscle samples were transferred to a second KHB incubation
solution which contained increasing concentrations of glucose,
oleate (cis-9-octadecadienoic acid; solubilized in 1.2% essen-
tially fatty acid free BSA) or insulin as further described in the
figures, and were subsequently incubated for 0.5, 1.0, or 2.0 h.
The media concentrations of the oleate or insulin were main-
tained constant throughout the incubation protocol. A variable
amount of mannitol was added to all solutions to keep osmo-
larity constant (40 mosmol/l) in the presence or absence of glu-
cose. For experiments in which oleate was included in the media,
a variable volume of 1.2 % essentially fatty acid free BSA was
added to all medias to maintain a constant concentration of BSA
(0.3 %) between the treatment groups. This slight increase in the
media concentration of BSA (0.1 % to 0.3 %) had no significant
effect on the glucose transport rate (J.R.Zierath, L. A.Nolte,
and H. Wallberg-Henriksson, unpublished observation).
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Table 1. Clinical characteristics of the study participants and in vivo assessment of insulin action

NIDDM patients Non-diabetic subjects

Subject characteristics
Age (years) 53£2 50+2
Sex (male/female) 121 22/1
Body mass index (kg/m?) 27.8+0.8 249+£04
Duration of diabetes (years) 65+1.1
Fasting plasma glucose (mmol/l) 10.5£0.6° 51+0.7
HbA (%) 81%0.5° 42401
Fasting serum insulin (pmol/) 97.8+11.4 542+8.4
Muscle glycogen content

(mmol x kg~! dry weight) 427 £35 430+25

Invivo assessment of insulin action

Insulin sensitivity index
(x10~*min~! x pU/ml)

Insulin-mediated glucose utilization?
(umol x kg~! xmin~?)

1.36 £0.36° (n=6)

212443 (n=>5)

468+1.13 (n=6)

37.0£6.7 (n=>5)

Values are presented as mean + SEM; %p < 0.05, °p < 0.01, °p < 0.001 significantly different from non-diabetic subjects; “Insulin-medi-
ated glucose utilization assessed at 7.4 = 0.1 mmol/l or 4.8 + 0.2 mmol/l glucose for the NIDDM and non-diabetic subjects, respectively

One set of experiments was designed to assess the integrity of
the muscle cell membranes and to determine the rate of non-fa-
cilitated glucose diffusion in the incubated skeletal muscle strips
following inhibition of the transport system with cytochlasin
B. Cytochlasin B is a fungal metabolite which, when bound to the
facilitated glucose transporters, inhibits facilitated p-glucose
transport [20]. Muscle strips from non-diabetic subjects were
preincubated for 1.0 hin a glucose free KHB medium, which in-
cluded insulin (600 pmol/l) and cytochlasin B (50 pmol/t). The
concentrations of insulin and cytochlasin B were maintained in
all of the remaining incubation phases. The muscle strips were
then transferred to a fresh KHB preincubation medium contain-
ing 5 mmol/l glucose and were incubated (1.0 h).

Following the incubations as described above, the muscle
strips were transferred to a glucose-free medium where they
were rinsed of glucose for 10 min. When muscle strips were
utilized for the study of 3~0-methylglucose kinetics, the samples
were exposed to fresh glucose-free media for three consecutive
5-min intervals to ensure that glucose was rinsed from the extra-
cellular space.

All muscle strips were transferred from the glucose-free
media to a final incubation (20 min), whereby 3-0-*H]methyl-
glucose (437 uCi/mmol) and [**C]mannitol (8 pCi/mmol) were
substituted for unlabelled glucose and mannitol, respectively.
Thus, the concentration of 3-0-methylglucose during the final
incubation corresponded with the glucose concentration of the
initial incubation step. The rate of 3-0-methylglucose transport
for the incubated muscle strips was determined as described by
Wallberg-Henriksson et al. [21] for the rat epitrochlearis muscle.
3-0-methylglucose transport is expressed per ml of intracellular
water.

Biochemical assays and chemicals

A portion of the freeze-dried muscle biopsy specimen (~2 mg)
was dissected free from connective tissue, cleaned of blood, and
extracted with a procedure devised by Lowery (for general prin-
ciples see [22], with specific modifications described in [21]).
Glycogen was assayed fluorometrically according to Lowery and
Passonneau [22], bothin the extract and on the pellet. The results
were then combined to give the total glycogen concentration of

the muscle. Plasma glucose was analysed by means of a Beckman
Glucose Analyzer (Beckman Instrument Inc., Fullerton, Calif.,
USA). Serum immunoreactive insulin was assayed by the
Phadeseph Insulin RIA method (Pharmacia, Uppsala, Sweden).
The lower limit of sensitivity of this method was 18 pmol/l of in-
sulin. Hb A - was determined in plasma by specificion-exchange
chromatography, using a commercially available kit (Mono S
HR 5/5, Pharmacia, Uppsala, Sweden).

All chemicals were purchased from Sigma Chemical Co. (St.
Louis, Mo., USA), and enzymes from Boehringer Mannheim
GmbH Biochemica (Mannheim, Germany). The insulin (Ac-
trapid) was a product of Novo Nordisk A/S (Copenhagen, Den-
mark). All radioactive products were purchased from New Eng-
land Nuclear (Boston, Mass., USA).

Statistical analyses

Results are presented as mean + SEM. Whenever comparisons
were performed between two singular sets of data, students
paired or unpaired #-test was employed. To determine the statis-
tical significance of increasing concentrations of glucose on basal
and insulin-stimulated glucose transport in the non-diabetic
skeletal muscle strips, and to determine the effects of increasing
concentrations of insulin on 3-0-methylglucose transport in the
diabetic and non-diabetic skeletal muscle strips, a one-way
ANOVA was applied. A two-way ANOVA was employed to
evaluate the differences between subject groups and insulin
dose-response curves. When the ANOVA resulted in a signifi-
cant F-value, the difference between the means wasidentified by
the Newman-Keul post hoc test.

Results
In vivo assessment of insulin action

Whole body glucose insulin sensitivity (Sy), as evalu-
ated by the minimal model approach according to
Bergman [17], was markedly reduced by 70 % in a sub-
group of the NIDDM participants, when compared to
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Fig.1. Normalization of the decreased capacity for insulin-
stimulated 3-0-methylglucose transport in vitro. Muscle strips
from non-diabetic (O; n =8) and NIDDM N; n =7) subjects
were exposed (2 h) to KHB media containing 0.3 mmol/] oleate,
600 pmol/l insulin and 4 mmol/l glucose. Thereaftet, an equimo-
lar concentration of 3-0-methylglucose was substituted for glu-
cose, and 3-0-methylglucose transport was assessed. Values are
presented asmean + SEM. *p < 0.05 significantly different from
the non-diabetic skeletal muscle
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Fig.2. Insulin-stimulated 3-0-methylglucose transport in skele-
tal muscle strips obtained from non-diabetic ( O0') and NIDDM
(m) subjects. Skeletal muscle strips were incubated for 2 h in
KHB medium containing 600 pmol/linsulin and either 4 mmol/l
glucose (non-diabetic n = 8; NIDDM n =7) or 8 mmol/l glucose
(non-diabetic n =9; NIDDM n =6) glucose. Thereafter, an
equimolar concentration of 3-0-methylglucose was substituted
for glucose and the rate of 3-0-methylglucose transport was as-
sessed. Values are presented as mean + SEM. *p < 0.05 signifi-
cantly different from the non-diabetic skeletal muscle
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that of the non-diabetic subjects (Table 1, p <0.05).
Measurements of peripheral insulin-mediated glucose
utilization, as assessed by the euglycaemic-hyperinsu-
linaemic clamp procedure, revealed that under hyper-
glycaemic conditions (7.1 £ 0.1 mmol/l glucose), whole
body glucose uptake in the second subgroup of
NIDDM patients was not significantly different than
the non-diabetic subjects studied at euglycaemia
(4.8 £ 0.2 mmol/l glucose) (Table 1).

Normalization of the decreased capacity for
insulin-stimulated glucose transport in vitro

Skeletal muscle strips obtained from the NIDDM pa-
tients and the non-diabetic subjects, were incubated in
the presence of a low physiological concentration
of glucose (4 mmoll), with a further addition of
0.3 mmol/l oleate and 600 pmol/l insulin. Following a
30-min in vitro exposure, the muscle strips from the
NIDDM patients demonstrated a 40% lower rate
of insulin-stimulated 3-0-methylglucose transport
when compared to the muscle strips prepared from the
non-diabetic skeletal muscle (0.50+0.07 vs 0.87
+0.14 umol x mI! x h™! for NIDDM and non-dia-
betic, respectively p<0.05; Fig.1.). The decreased
capacity for insulin-stimulated 3-0-methylglucose
transport in the muscle strips from the NIDDM pa-
tients was normalized after a 2-h incubation in KHB
containing 4 mmol/l glucose (0.82+£0.18 vs 0.79+
0.10 umol x ml™? x h™! for NIDDM and non-diabetic,
respectively NS). The insulin-stimulated rate of 3-0-
methylglucose transport in the muscle strips prepared
from the non-diabetic subjects was comparable at both
time points (0.87+0.14 vs 0.79+ 0.10 umol x ml™
x h™L, for 30 min and 2-h exposure, respectively NS;
Fig. 1).

Effect of elevated glucose on the reversal of the
decreased capacity for insulin-mediated glucose
transport in skeletal muscle from NIDDM patients

Skeletal muscle strips were incubated for 2-h in the
presence of 4 or 8 mmol/l glucose to examine the in-
fluence of elevated glucose levels on the capacity for in-
sulin-stimulated glucose transport. When muscle speci-
mens were exposed to 8§ mmol/l glucose (Fig. 2), the in-
sulin-stimulated (600 pmol/l) capacity for glucose
transport in the skeletal muscle strips from the
NIDDM patients was ~57 % lower than that of the
non-diabetic skeletal muscle strips (1.19+0.24 and
2.10£0.17 umol x ml! x h! for NIDDM and non-
diabetic skeletal muscle, respectively p < 0.05). Follow-
ing 2-h exposure of skeletal muscle specimens to
4mmol/l glucose, the rate of insulin-stimulated
(600 pmol/l) 3-0-methylglucose transport was com-
parable between the groups (Fig. 2).
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Invitro assessment of insulin action

A dose-response relationship for insulin-stimulated 3—
O-methylglucose transport in the presence of near fast-
ing plasma glucose concentrations for the appropriate
groups (4 or § mmol/l for the non-diabetic subjects or
the NIDDM patients, respectively) was established for
the incubated skeletal muscle specimens (Fig. 3). In-
sulin increased 3-0-methylglucose transport in the
skeletal muscle strips obtained from the non-diabetic
subjects in a dose-dependent manner, with a half-maxi-
mal stimulation of 3-0-methylglucose transport ob-
served in the presence of 600 pmol/linsulin (0.72 +0.16
vs 1.07 £0.16 umol x ml™ x h! for basal and insulin-
stimulated conditions, respectively p < 0.05). Exposure
of non-diabetic muscle strips to 1,200 pmol/l insulin in-
duced a 1.9-fold, maximal response of 3-0-methylglu-
cose transport (p < 0.01). An increase in the media in-
sulin concentration from 1,200 to 6,000 pmol/l did not
further increase the rate of 3-0-methylglucose trans-
port.

The rate of 3-O-methylglucose transport in the
muscle strips obtained from the NIDDM patients was
not significantly increased in the presence of 600 pmol/l
insulin (0.94 +0.17 vs 1.19 £ 0.24 ymol x miI™? x h~' for
basal and insulin-stimulated conditions, respectively
NS; Fig. 3). An in vitro exposure of the muscle strips
from the NIDDM patients to insulin at concentrations
of 1,200 or 6,000 pmol/l, significantly increased the
rate of 3-0-methylglucose transport (1.29+0.17 and
1.32+0.27 ymol x mI'' x h™l, respectively p < 0.05).
The fold increase produced by maximal insulin-stimu-
lation of 3-0-methylglucose transport, for the skeletal
muscle strips obtained from the NIDDM patients was
less than that observed in the muscle strips obtained
from the non-diabetic subjects (1.4- vs 1.9-fold for
NIDDM and non-diabetic skeletal muscle, respectively
p <0.01). Although the present group of NIDDM pa-
tients differed in terms of their anti-diabetic treatment,
the in vivo and in vitro response to insulin was similar
between the patients receiving insulin therapy and the
patients on dietary intervention.

Despite the notably decreased effect of insulin on 3~
0-methylglucose transport measured in the NIDDM
muscle strips, the mean response over the entire dose-
response curve, including the non-insulin-stimulated
values of the NIDDM muscle strips pre-incubated at
8 mmol/l glucose, were not significantly different from
those of the non-diabetic skeletal muscle strips pre-in-
cubated at 5 mmol/l glucose (Fig. 3).

Kinetic studies of non-insulin-stimulated and
insulin-stimulated 3—0-methylglucose transport

Muscle strips were prepared from quadriceps femoris
specimens obtained from the non-diabetic subjects and
were incubated in the presence of increasing concen-
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Fig.3. Dose-response relationship for insulin-stimulated 3-0-
methylglucose transport in skeletal muscle strips incubated at
glucose concentrations near fasting plasma concentrations for
the appropriate groups. Muscle strips from non-diabetic subjects
(0—0; n = 6) and patients with NIDDM (e—@; 1 = 6) were incu-
bated (2 h) in KHB buffer containing 5 mmol/l (non-diabetic) or
8 mmol/l (NIDDM) glucose and a further addition of insulin,
Thereafter, an equimolar concentration of 3-0-methylglucose
was substituted for glucose, and 3-0-methylglucose transport
was assessed. Values are presented as mean + SEM. *p <0.05
significantly different from the corresponding basal rate of 3-0-
methylglucose transport
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Fig.4. Effect of increasing concentrations of glucose on non-in-
sulin (0—0) and insulin-stimulated (@—®) 3-0-methylglucose
transport in skeletal muscle specimens. Muscle strips from
healthy subjects (n =9) were incubated (2 h) in KHB medium
containing increasing concentrations of glucose with an addition
or omission of 600 pmol/l insulin. Thereafter, equimolar concen-
trations of 3-0-methylglucose were substituted for glucose, and
the rate of 3-0-methylglucose transport was assessed. Recipro-
cals of the non-insulin and insulin-stimulated rate of 3-0-methyl-
glucose transport vs media 3-0-methylglucose concentration
(Lineweaver-Burke analysis) are presented in the inset. Values
are presented as mean + SEM. The concentration dependence
of 3-0-methylglucose transport for the insulin-stimulated condi-
tions was significantly greater when compared to the non-in-
sulin-stimulated condition (p < 0.05)
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trations of 3-0-methylglucose (Fig.4). Non-insulin-
stimulated 3-0-methylglucose transport increased
approximately 2.9-fold (from 0.70£0.11 to 2.02%
0.43 umol x ml™ x h™}; p<0.01) over the range of
3-0-methylglucose concentrations tested (4 mmol/l
to 24 mmol/l). Insulin-stimulated 3-0-methylglucose
transport increased approximately 2.5-fold (from
1.24£0.15t0 3.07 £ 0.38 umol x mI? x h™; p <0.01)
in the presence of increasing glucose concentrations.
Lineweaver-Burke analysis of the effect of media glu-
cose concentration on the rate of non-insulin and in-
sulin-stimulated 3-0-methylglucose transport revealed
that the reciprocals of the 3-0-methylglucose transport
rate vs media 3-0-methylglucose concentration are
well correlated for basal (r =0.99) and insulin-stimu-
lated (600 pmol/l) (r =0.99) conditions (Fig. 4) in this
in vitro human skeletal muscle strip preparation.

The K, for non-insulin stimulated 3-0-methylglu-
cose transport was not significantly different from that
observed under insulin-stimulated (600 pmol/l) condi-
tions (9.7 vs 8.8 mmol/l for basal and insulin-stimulated
conditions, respectively NS; Fig. 4). The V. for the
rate of insulin-stimulated 3-0-methylglucose transport
was approximately 1.8-fold greater than that measured
under basal conditions.

Effect of cytochlasin B on insulin-stimulated glucose
transport

The non-facilitated rate of 3-0O-methylglucose diffu-
sion (5 mmol/l) was assessed in insulin-stimulated
(600 pmol/l) skeletal muscle strips following inhibition
of the transport system with cytochlasin B. Under these
conditions, the rate of 3-0-methylglucose equilibra-
tion with the intracellular water amounted to 0.08 &
0.08 umol x ml™? x h'! (n =4). Thus, the rate of non-
facilitated 3—-0-methylglucose diffusion is ~5% of the
insulin-stimulated 3-0-methylglucose transport rate.

Biochemical assessments

Serum glucose and insulin concentration for non-
diabetic and NIDDM subjects at the time of the muscle
excision are presented in Table 1. Glycogen levels, ana-
lysed in a portion of the skeletal muscle biopsy which
was frozen immediately upon excision, were similar for
the non-diabetic and NIDDM subjects (43025 vs
427 +35 mmol x kgdry weight, respectively NS).

Discussion

We report that isolated skeletal muscle obtained from
patients with NIDDM undergoes a reversal of the im-
paired capacity for insulin-stimulated 3-0-methylglu-
cose transport following a 2-h in vitro exposure to a low
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physiological glucose concentration (4 mmol/l). In con-
trast, when muscle strips from patients with NIDDM
were incubated for 2 h at near the fasting plasma glu-
cose level (8 mmol/l glucose), the rate of insulin-stimu-
lated 3-0-methylglucose transport remained impaired.
These findings implicate that glycaemia per se, appears
to play a major role in the degree of the impaired capac-
ity for glucose transport in skeletal muscle from pa-
tients with NIDDM.

De novo synthesis of GLUT 4 is unlikely to account
for the improvement in glucose transport observed in
the muscle strips from the patients with NIDDM, since
a 2-h in vitro exposure is presumably insufficient to ac-
commodate any significant changes in the expression of
total GLUT 4 in skeletal muscle [23, 24]. Furthermore,
in contrast to what has been observed in streptozo-
tocin-diabetic rats [23, 25], skeletal muscle from lean
NIDDM patients has been reported to contain a total
GLUT 4 content, which is similar to that of non-dia-
betic skeletal muscle [26, 27]. Recently, an impaired
function [28] or distribution [29] of the GLUT-4 trans-
porter protein has been observed in skeletal muscle
from NIDDM patients. Our finding of a normalization
of the impaired capacity for insulin-stimulated 3-0-
methylglucose transport in skeletal muscle from pa-
tients with NIDDM, following a 2-h exposure to
4 mmol/l glucose, implicates that the impaired capacity
for insulin-stimulated glucose transport is a conse-
quence of an altered signalling mechanism in the stimu-
lation of glucose transport. Alternatively, the impaired
capacity for insulin-stimulated glucose transport in the
NIDDM skeletal muscle may result from a defect(s) in
the activation or functional capacity of the glucose
transporter protein molecules per se.

The mass action of glucose partially compensates
for the insulin resistance demonstrated in skeletal
muscle from the NIDDM patients by increasing the in-
sulin-independent rate of glucose transport. Since the
fasting glycogen levels did not differ between the
diabetic and the control muscle biopsies, the transport
of glucose into the NIDDM skeletal muscle in vivo ap-
pears to be sufficient to maintain normal stores of gly-
cogen under the ambient glucose concentration. Thus,
the defect in glucose transport associated with skeletal
muscle of patients with NIDDM appears to be second-
ary to hyperglycaemia. Furthermore, skeletal muscle
from patients with NIDDM has been demonstrated to
have an increased intracellular concentration of free
glucose and glucose 6-phosphate, which may also con-
tribute to the depressed glucose transport capacity in
skeletal muscle from NIDDM patients [30].

The present finding that hyperglycaecmia per se
compensates for the impaired capacity for insulin-
stimulated glucose transport in NIDDM skeletal
muscle by the mass action of glucose, agrees well with
in vivo studies [31, 32]. The mass action of glucose has
been demonstrated to partially compensate for the
marked decrease in whole body insulin-stimulated glu-
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cose uptake observed under euglycaemic conditions in
vivo [31, 32]. Despite the increase in the insulin-inde-
pendent component of glucose uptake in NIDDM pa-
tients, the insulin-stimulated component of in vivo pe-
ripheral glucose utilization [31], as well as the in vitro
response of skeletal muscle glucose transport to in-
sulin, remained impaired in a hyperglycaemic environ-
ment.

In the skeletal muscle specimens obtained from the
non-diabetic subjects, the glucose transport system was
not “down-regulated” following the 2-h in vitro expo-
sure to 8 mmol/l glucose. This observation was rather
unexpected since the diabetic muscle underwent a
reversal of the impaired capacity for insulin-stimulated
3-0-methylglucose transport following a 2-h exposure
to 4 mmol/l glucose. However, the time course for the
up-regulation of glucose transport, in a system where
glucose transport is depressed, may potentially be fas-
ter than the down-regulation of an unimpaired glucose
transport system. Conceivably, the muscle cells are
striving to maintain an optimal capacity for glucose
transport and will consequently utilize compensatory
mechanisms to maintain a normal level of glucose
transport for as long as possible.

The kinetics of whole body glucose uptake have
been well characterized in man using in vivo techniques
[33-36]. However in vivo, these measurements may be
confounded by factors such as skeletal muscle blood
flow [34, 37], degree of obesity of the subject tested
[34], and circulatory hormones [38, 39]. Under in vitro
conditions, increasing concentrations of extracellular
3-0-methylglucose increases basal 3-0-methylglucose
transport in rat muscle in a dose-dependent manner,
with a K, of approximately 6 mmol/1 [40, 41]. Similar to
in vivo reports [33], insulin increases the maximal rate
of glucose transport (V) in isolated rat skeletal
muscle without altering the apparent K, [40,41]. In the
present study, we demonstrate that the K, for 3-0-
methylglucose transport in the isolated skeletal muscle
strips was in the order of 9 mmol/l, whereas, insulin
induced a two-fold increase in the maximal velocity
of the transport system without significantly altering
the K. Thus, these results indicate that in human
skeletal muscle, insulin increases the rate of glucose
transport by providing additional glucose transport
sites at the plasma membrane, rather than increasing
the affinity for glucose. The in vitro kinetic data from
the present study agree well with studies of whole body
glucose uptake in terms of the K, but displays a mar-
kedlylower V.4 [33, 35]. In healthy subjects, insulin in-
creases the Vi, for glucose uptake ~4-5-fold in vivo,
without altering the K, of 5-9 mmol/1 [33, 35]. This dis-
crepancy between in vivo and in vitro rates of glucose
uptake may be explained by the observation that in-
sulin action on the tissue level in vivo is affected in part
by blood flow changes [34, 35, 37| as well as counter-
regulatory hormones [38]. Furthermore, the rate of
3-0-methylglucose transport in the in vitro incubated
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muscle strips may also be limited by the rate of diffu-
sion of the glucose analogue in the extracellular space
of the muscle.

Based on our finding that cytochlasin B inhibited
the insulin-stimulated rate of 3-0-methylglucose trans-
port by ~95 %, it is unlikely that the muscle cell mem-
branes are damaged by the surgical or muscle strip
preparation. The ~5% rate of non-facilitated 3-0-
methylglucose diffusion measured in the human skele-
tal muscle strip preparation is in agreement with the
~6 % passive diffusion reported by Nesher et al. [40]
forisolated rat epitrochlearis muscle incubated in vitro.

In conclusion, the present study demonstrates a
normalization of the impaired insulin-stimulated glu-
cose transport capacity in insulin-resistant skeletal
muscle obtained from NIDDM patients. This normal-
ization is observed following a 2-h in vitro exposure to
4 mmoV/l, but not 8 mmol/l glucose. Furthermore, the
impaired glucose transport capacity in skeletal muscle
from NIDDM patients appears to be an effective,
adaptive response, to protect the cell against an ex-
cessive rate of glucose uptake under hyperglycaemic
conditions.
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