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Cell surface GLUT4 levels in skeletal muscle from nine
type 2 diabetic subjects and nine healthy control subjects have been assessed by a new technique that
involves the use of a biotinylated photo-affinity label.
A profound impairment in GLUT4 translocation to the
skeletal muscle cell surface in response to insulin was
observed in type 2 diabetic patients. Levels of insulinstimulated cell surface GLUT4 above basal in type 2 diabetic patients were only ~10% of those observed in
healthy subjects. The magnitude of the defect in GLUT4
translocation in type 2 diabetic patients was greater
than that observed for glucose transport activity, which
was ~50% of that in healthy subjects. Reduced GLUT4
translocation is therefore a major contributor to the
impaired glucose transport activity in skeletal muscle
from type 2 diabetic subjects. When a marked impairment in GLUT4 translocation occurs, the contribution
of other transporters to transport activity becomes
apparent. In response to hypoxia, marked reductions in
skeletal muscle cell surface GLUT4 levels were also
observed in type 2 diabetic patients. Therefore, a
defect in a common late stage in signal transduction
and/or a direct impairment in the GLUT4 translocation
process accounts for reduced glucose transport in
type 2 diabetic patients. Diabetes 49:647–654, 2000
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S

keletal muscle is the primary site of whole-body
insulin-mediated glucose uptake (1). People with
type 2 diabetes are characterized by reduced
insulin-mediated whole-body glucose uptake (2),
which appears to be a result of reduced insulin-stimulated glucose transport in skeletal muscle (3–7). Evidence suggests
that reduced insulin-mediated glucose transport in skeletal
muscle from type 2 diabetic patients results from alterations
in the insulin-signal transduction pathway (8–14). We have
shown that an increase in fasting serum insulin levels (~50
to ~600 pmol/l), achieved by a hyperinsulinemic clamp,
increased insulin signal transduction at the level of insulin
receptor substrate (IRS)-1 and phosphatidylinositol 3-kinase
(PI3K) (13) and promoted GLUT4 translocation from an
intracellular storage site to the plasma membrane in skeletal
muscle from healthy individuals (15,16). Conversely, in type 2
diabetic patients, insulin signal transduction (13) and plasma
membrane GLUT4 content in skeletal muscle (16) were
markedly reduced.
Whether reduced insulin-stimulated glucose transport
occurs as a consequence of a defect in the mechanisms
involved in GLUT4 traffic in skeletal muscle from type 2 diabetic patients or as a consequence of impaired insulin signal
transduction remains to be determined. Alterations in the
traffic and/or translocation of GLUT4 to the plasma membrane have previously been proposed to contribute to the
reduced insulin-stimulated glucose uptake in skeletal muscle
from type 2 diabetic and nondiabetic insulin-resistant individuals (6,16–18). A recent analysis of the subcellular distribution of GLUT4 in the basal (noninsulin-stimulated) state
provides evidence to suggest that defects in GLUT4 trafficking and translocation are a cause of insulin resistance in
skeletal muscle (18). Thus, in addition to insulin-signaling
defects, insulin resistance may also be due to a failure of
GLUT4 vesicles to translocate, dock, or fully fuse with the
plasma membrane.
A means of addressing the question of whether a trafficking impairment contributes to the insulin resistance in type 2
diabetes is to examine the translocation of GLUT4 in
response to stimuli other than insulin. In skeletal muscle, glucose transport can be activated in response to both insulin and
muscle contraction and/or exercise (5,19–21). There is strong
evidence for a role for PI3K in insulin-stimulated but not con647
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traction-stimulated glucose transport and GLUT4 translocation
(19–21). Activation of 5 -AMP–activated kinase (22,23) and
increases in cytoplasmic calcium levels (24,25) may be
involved in the contraction response, because they both lead
to insulin-independent increases in glucose transport. Exposure of isolated skeletal muscle to hypoxia also leads to an
insulin-independent increase in glucose transport and GLUT4
translocation (26–28). Hypoxia and exercise are believed to
increase transport by a similar mechanism (26). Therefore, perturbing the muscle contraction–hypoxia pathway is a strategy
to reveal whether the insulin resistance associated with type 2
diabetes is limited to the insulin-signaling cascade or is a consequence of generalized resistance in the mechanism(s)
involved in GLUT4 translocation.
Questions as to whether defects in GLUT4 translocation
occur in type 2 diabetes have been a challenge to address in
human skeletal muscle, because the most commonly used
analytical methods to assess GLUT4 traffic require large
amounts of material (up to 1 g/perturbation) for subcellular
membrane fractionation procedures. These methods are used
to obtain separate purified plasma membranes and low-density microsomes (15–18,29,30). Bis-mannose photolabels (31)
are now available to quantify the magnitude of the insulin
response on GLUT4 translocation in skeletal muscle (32). We
have previously (33) used radioactively labeled probes to estimate the cell surface GLUT4 content in skeletal muscle from
healthy subjects. Recently, sensitive nonradioactive biotinylated bis-mannose photolabels have been described (34).
Methods that use these reagents take advantage of the strong
interaction with the biotin-binding protein, streptavidin, and
provide a means to detect GLUT4 in small samples (20 mg) of
human skeletal muscle. Here, we use the new bis-mannose
photolabeling technique to determine whether decreased
insulin-stimulated glucose transport in skeletal muscle from
type 2 diabetic patients is associated with a decreased abundance of GLUT4 in the plasma membrane. Secondly, we incubated skeletal muscle under conditions of hypoxia to assess
whether the insulin resistance associated with type 2 diabetes is specific to the insulin-mediated pathway or general to
the processes mediating GLUT4 translocation.
RESEARCH DESIGN AND METHODS
Subjects. The Institutional Ethical Committee of the Karolinska Institute
approved the study protocol. Informed consent was received from all subjects
before participation. Clinical characteristics of the study participants are presented
in Table 1. A total of nine type 2 diabetic men with a mean time since diagnosis
of disease of 6 ± 1 years (range 2–15) were studied. Glycemic control, as evaluated by HbA1c concentration, was moderate (6.4 ± 0.5%). Normal values for HbA1c
in our laboratory are <5.2%. Of the nine subjects, three were treated with either
insulin, diet, or a combined treatment of acarbose and sulfonylureas, and six were
treated with sulfonylureas alone. The control group consisted of nine healthy men.
None of the study participants smoked. All subjects underwent a physical examination and were not taking any other medications known to alter carbohydrate
metabolism. The subjects were instructed to abstain from any form of strenuous
physical activity for a period of 48 h before the experiment and to maintain their
normal diet. The subjects reported to the laboratory after an overnight fast and,
in the case of the type 2 diabetic patients, before administration of any antidiabetic medication. In vitro and in vivo assessments of insulin action were performed
on separate occasions separated by 4–8 weeks.
Euglycemic-hyperinsulinemic clamp studies. Whole-body insulin-mediated glucose uptake was determined by the euglycemic-hyperinsulinemic clamp technique
(35). A catheter was inserted into an anticubital vein for glucose and insulin infusion and into the brachial artery for blood sampling. After collection of baseline
samples, a bolus dose of insulin was infused (24 pmol · kg–1 · min–1 for 2 min,
1 2p m o l · kg–1 · min –1 for 6 min). Thereafter, insulin was administered by continuous infusion at a rate of 6 pmol · kg–1 · min–1. The plasma glucose concentration
648

(~5 mmol/l) was kept constant for 100 min by a variable glucose infusion that was
adjusted after plasma glucose measurements every 5 min (glucose oxidase
method). Blood samples for insulin and glucose steady-state determinations
were collected at 30-min intervals. Fasting glucose and insulin levels at steady state
were 4.70 ± 0.08 mmol/l and 682 ± 11 pmol/l for the control subjects and 4.74 ±
0.04 mmol/l and 677 ± 12 pmol/l for the type 2 diabetic subjects, respectively (NS).
Whole-body glucose uptake was calculated from the glucose infusion rate
(µmol · kg –1 · min–1) required to maintain steady state.
Blood chemistry. Plasma glucose levels were measured by a glucose-oxidase
method. Serum immunoreactive insulin was assayed by the Phadeseph Insulin
Radioimmunoassay (RIA) method (Pharmacia, Uppsala, Sweden). The lower
limit of sensitivity of this method is 18 pmol/l of insulin. HbA1c values were determined by specific ion-exchange chromatography, using a kit (mono S HR 5/5; Pharmacia). Plasma free fatty acid levels were determined using a microfluorometric
method (36). Serum triglyceride, HDL cholesterol, and LDL cholesterol levels were
assessed by reflectance spectrometry by use of Kodak Ektachem Clinical Chemistry Slides (Eastman Kodak, Rochester, NY).
Maximal oxygen uptake determination. On a separate occasion, VO2max was
determined on a bicycle ergometer as described (37). VO2max was measured continuously with a breath-by-breath data collection technique (Erich Jaeger, Hoechberg, Germany) and calculated at each 20-s interval.
Muscle biopsy studies. Glucose transport was determined by an in vitro
method described for human skeletal muscle used routinely in our laboratory
(4,5,13,14,16). A muscle biopsy (1 g) was obtained under local anesthesia (Mepivakain chloride 5 mg/ml) from the vastus lateralis portion of the quadriceps
femoris, as previously described (5). Muscle specimens (20 mg) were dissected
from the biopsy material, mounted on Plexiglas clips (9 mm in width), and placed
in individual flasks containing oxygenated Krebs-Henseleit bicarbonate buffer
(KHB) supplemented with 5 mmol/l HEPES, 18 mmol/l mannitol, 2 mmol/l pyruvate, and 0.1% bovine serum albumin (RIA Grade; Sigma, St. Louis, MO). The incubation flasks were placed in a shaking water bath (60 times/min) with a constant
temperature (35°C) and continuous oxygenation (95% O2/5% CO2).
Muscle incubation procedure. Muscles were transferred to KHB media containing 5 mmol/l glucose and pre-incubated for 60 min in the absence or presence
of insulin (120 nmol/l). To examine the effects of hypoxia on glucose transport and
cell surface GLUT4 content, muscles were pre-incubated for 60 min, as described
above, in KHB containing 5 mmol/l glucose and 15 mmol/l mannitol, with or
without insulin (120 nmol/l), under a gas phase of 95% N2/5% CO2 (hypoxia).
After the pre-incubation, muscle samples were rinsed (10 min) in oxygenated glucose-free media (35°C) with continuous oxygenation (95% O2/5% CO2).
Glucose transport measurements. Muscles were transferred to media containing 5 mmol/l [3H]-3-O-methylglucose (800 µCi
mmol–1) and 15 mmol/l
[14C]mannitol (53 µCi mmol–1) and incubated for 20 min. Glucose transport was
evaluated by measuring the accumulation of [3H]-3-O-methylglucose and
[14C]mannitol as described by Wallberg-Henriksson et al. (38). Glucose transport
activity is expressed as micromoles of glucose analog accumulated per milliliter
of intracellular water per hour.

TABLE 1
Clinical characteristics of the study participants

n
Age (years)
BMI (kg/m2)
Fasting blood glucose (mmol/l)
Fasting serum insulin (pmol/l)
HbA1c (%)
Free fatty acid (µmol/l)
Triglycerides (mmol/l)
Cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Insulin-mediated glucose uptake
(µmol · kg–1 · min–1)
VO2max (ml · kg–1 · min–1)

Control
subjects

Type 2
diabetic
subjects

9
55 ± 1
24.9 ± 0.5
4.8 ± 0.2
35 ± 4
4.7 ± 0.1
446 ± 62
1.2 ± 0.3
5.4 ± 0.5
1.3 ± 0.8
3.4 ± 0.5
41.8 ± 2.1

9
57 ± 2
26.4 ± 0.6
8.5 ± 0.8*
96 ± 21†
6.4 ± 0.5‡
425 ± 35
1.8 ± 0.2
5.4 ± 0.4
1.2 ± 0.1
3.3 ± 0.3
27.1 ± 4.0†

33.8 ± 3.2

33.1 ± 3.7

Data are means ± SE. *P < 0.001, †P < 0.01, and ‡P < 0.005 vs. control subjects.
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Cell surface GLUT4-labeling procedure. After the initial pre-exposure to
insulin and/or hypoxia, as previously described, muscles were rinsed (10 min) in
oxygenated glucose-free KHB media (18°C) and then incubated for 8 min in KHB
containing 400 µmol/l Bio-LC-ATB-BMPA (4,4 -O-[2-[2-[2-[2-[2-[6-(biotinylamino)
hexanoyl]amino]ethoxy]ethoxy]ethoxy]-4-(1-azi-2,2,2,-trifluoroethyl)benzoyl]
amino-1,3-propanediyl]bis-D-mannose). Muscles were then irradiated twice for
3 min in a Rayonet photochemical reactor (Southern New England Ultraviolet,
Branford, CT) using 300-nm lamps. The muscles were frozen and stored at –80°C
until the time of analysis. Approximately 15–20 mg wet weight of labeled muscle
per condition was homogenized (30 strokes at 0–4°C on ice) in 400 µl HEPES
EDTA sucrose (HES) buffer (255 mmol/l sucrose, 1 mmol/l EDTA, 20 mmol/l
HEPES, 1 µg/ml antipain, aprotinin, pepstatin, leupeptin, and 100 µmol/l 4-(2aminoethyl)-benzenesulfonyl fluoride, hydrochloride [AEBSF], pH 7.2).
Homogenates were washed once with 400 µl of HES buffer and subjected to centrifugation (227,000g for 50 min at 4°C) to obtain a total membrane fraction. This
pellet was solubilized in 0.5 ml of phosphate-buffered saline (PBS), pH 7.2, with
2% of Thesit (C12E9) and protease inhibitors (antipain, aprotinin, pepstatin, and
leupeptin each at a concentration of 1 µg/ml and 100 µmol/l AEBSF). The samples
were solubilized for 50 min at 4°C with rotation and were then subjected to centrifugation (20,000g for 20 min at 4°C). Biotinylated proteins in the supernatants
were precipitated with 50 µl of streptavidin beads (Pierce, Rockford, IL). The precipitates were washed four times with 1 ml of PBS buffer containing 1% Thesit with
protease inhibitors, four times with 1 ml PBS containing 0.1% Thesit plus protease
inhibitors, and once in 1 ml of PBS. Thereafter, 35 µl of electrophoresis sample
buffer (62.5 mmol/l Tris, pH 6.8, 2% SDS, 10% glycerol) was added to each pellet.
The sample was then heated to 95°C for 30 min. The samples were subjected to
centrifugation (2,300g for 1 min), and the supernatants were removed. The pellets were washed with 30 µl of electrophoresis sample buffer, heated to 95°C for
30 min, and resubjected to centrifugation. Supernatant fractions were pooled, mercaptoethanol was added to 10% of the samples, and they were then subjected to
SDS-PAGE (10% gel). Proteins were transferred to nitrocellulose membranes. Membranes were blocked with 5% nonfat milk in Tris-buffered saline 0.1% Tween
(TBS-T) and were washed six times with TBS-T. Membranes were incubated
with affinity-purified anti-GLUT4 COOH-terminal antibody (31) in TBS-T containing
1% bovine serum albumin (2 h at room temperature), followed by washing (six
times in TBS-T) and detection by using a secondary antibody linked to horseradish
peroxidase. GLUT4 protein was visualized with enhanced chemiluminescence
(ECL). GLUT4 levels were estimated by comparison with a series of dilutions of
a standard rat adipocyte low-density microsome membrane fraction containing
60 pmol/mg of GLUT4 (39). Multiple film exposures were used to ensure that
GLUT4 was detected in the linear range of the standards.
Total expression of GLUT4 and GLUT1 protein. Crude membranes (plasma
membrane and microsome) were prepared as described (40). Muscle membranes
were subjected to SDS-PAGE, followed by immunoblot analysis. GLUT4 expression was determined and quantitated as previously described. GLUT1 expression
was determined by immunoblotting with a polyclonal anti–COOH-terminal peptide antibody (Diagnostic International, Karlsdorf, Germany), and levels were estimated with a series of dilutions of human erythrocyte ghosts containing
500 pmol/mg of GLUT1, as determined by cytochalasin B binding (41). Immunolabeled bands were visualized by ECL, and autoradiograms were quantitated by
scanning densitometry.
Statistics. Results are presented as means ± SE. Paired Student’s t tests were used
for statistical analysis of stimulatory responses in glucose transport and GLUT4
labeling. Unpaired Student’s t tests were used for statistical analysis of the subject
characteristics and for analysis of the glucose transport or GLUT4-labeling differences between control and type 2 diabetic subjects. The relationship between
insulin-stimulated glucose transport and cell surface GLUT4 was determined by
use of Spearman’s correlation coefficient. Two-way analysis of variance (ANOVA)
was used to compare response differences as measured by transport activity or cell
surface GLUT4. P < 0.05 was considered to be statistically significant.

Whole-body insulin-mediated glucose uptake was significantly impaired in the type 2 diabetic subjects (36% reduction
compared with that of control subjects, P < 0.01).
Glucose transport activity. Isolated skeletal muscle from
control or type 2 diabetic subjects was incubated in the
absence or presence of insulin (120 nmol/l), and glucose
transport was assessed (Fig. 1). Basal glucose transport was
similar between type 2 diabetic and control subjects. In control subjects, insulin elicited a 4.3 ± 0.6–fold increase in
3-O-methylglucose transport activity (P < 0.001). In type 2 diabetic subjects, though, insulin elicited a 2.3 ± 0.2–fold
increase in 3-O-methylglucose transport activity (P < 0.01).
However, insulin-stimulated glucose transport activity was
reduced by 40% (P < 0.03) in skeletal muscle from type 2 diabetic compared with that from control subjects.
To determine whether the reduced insulin-stimulated glucose transport was due to a defect in the insulin-stimulated
pathways for glucose transport or general resistance of
GLUT4 vesicle traffic, skeletal muscle from control or type 2
diabetic subjects was incubated under conditions of hypoxia
for 60 min, and glucose transport activity was assessed. In
vitro exposure to hypoxia led to a 3.6 ± 0.6–fold increase in
3-O-methylglucose transport activity (P < 0.001) in control

A

B

RESULTS

Subject characteristics. Subjects were normal to moderately overweight and were matched for age, BMI, and physical fitness (Table 1). Thus, any physiological difference
between the type 2 diabetic and control subjects is not likely
to be explained by either poor fitness (reduced VO2max) or obesity (BMI >30 kg/m2). Fasting blood glucose levels and serum
insulin levels were significantly elevated in the type 2 diabetic
subjects (Table 1). However, the blood lipid profiles were
similar between type 2 diabetic and control subjects. HbA1c
levels were moderately elevated, suggesting the type 2 diabetic subjects were in relatively good metabolic control.
DIABETES, VOL. 49, APRIL 2000

FIG. 1. Insulin- and hypoxia-stimulated 3-O-methylglucose transport
in isolated skeletal muscle from control and type 2 diabetic subjects.
Glucose transport was expressed as micromoles of 3-O-methylglucose per milliliter of intracellular water per hour (A), or as fold over
basal (noninsulin-stimulated condition) (B) for control ( ) and
type 2 diabetic subjects ( ). Data are means ± SE (n = 9 for basal,
insulin, and hypoxia, and n = 6 for insulin plus hypoxia in control subjects; n = 9 for basal and insulin, 7 for hypoxia, and 6 for insulin plus
hypoxia in type 2 diabetic subjects). *P < 0.05 and ‡P < 0.005 or
actual P value vs. the same condition in control subjects.
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CELLSURFACE GLUT4 IN DIABETIC MUSCLE

A

A

B
B

FIG. 2. Detection of biotinylated GLUT4 at the cell surface of isolated
skeletal muscle from control and type 2 diabetic subjects. A: After
labeling of skeletal muscle with biotinylated photolabel, streptavidinagarose precipitation was used to isolate the cell surface GLUT4.
This was subsequently resolved on SDS-PAGE and detected with an
anti–COOH-terminal GLUT4 antibody. Levels of cell surface GLUT4 in
control (left panels) and type 2 diabetic subjects (right panels) were
compared in basal- (B), insulin- (I), hypoxia- (H), and combined
insulin- and hypoxia (C)-stimulated muscle. B: To quantify these levels of GLUT4 in human muscle, the immunoreactive signals were compared with a series of dilutions of a rat adipocyte membrane standard
in which the levels of GLUT4 were quantified from cytochalasin B–binding data. The data shown are from typical analyses.

subjects, and this increase was comparable to the effect
achieved by insulin-stimulation. Hypoxia resulted in a 2.0 ±
0.2–fold increase in glucose transport activity in type 2 diabetic subjects (P < 0.01), and, as noted in the control subjects,
this increase was comparable to the effect achieved by
insulin-stimulation. Hypoxia-mediated glucose transport
activity was 44% lower (P < 0.05) in type 2 diabetic subjects
compared with that of control subjects (Fig. 1B).
In control subjects, the combined effect of a maximal
insulin stimulus and hypoxia were partly additive (1.5- and
1.7-fold increase compared with the effect achieved by
insulin or hypoxia alone). However, these differences were
not statistically greater than the response achieved by insulin
or hypoxia alone. In skeletal muscle from type 2 diabetic
subjects, the combined effect of a maximal insulin stimulus
and hypoxia on 3-O-methylglucose transport was not significantly different from that of either stimulus alone.
Cell surface GLUT4 levels in skeletal muscle. Skeletal
muscle was incubated in the absence or presence of insulin
(120 nmol/l) or under conditions of hypoxia with or without
650

FIG. 3. Insulin- and hypoxia-stimulated cell surface GLUT4 labeling in
isolated skeletal muscle from control and type 2 diabetic subjects. The
cell surface GLUT4 content is expressed as the cell surface amount,
picomoles of GLUT4 per gram of wet weight muscle (A), or as fold over
basal (noninsulin-stimulated condition) (B) for control ( ) and
type 2 diabetic subjects ( ). Data are means ± SE, and n is reported
in the Fig. 1 legend. *P < 0.05 and ‡P < 0.005 or actual P value vs. the
same condition in control subjects.

insulin, as described in RESEARCH DESIGN AND METHODS. A typical scan of cell surface GLUT4 content in skeletal muscle from
control or type 2 diabetic subjects is shown in Fig. 2A. A typical standard curve of a series of dilutions of a rat adipocyte
GLUT4 standard, as shown in Fig. 2B, was used to estimate
GLUT4 content in pmol/g wet weight of muscle. The assay was
linear over the range of test samples and GLUT4 standards.
Basal levels of cell surface GLUT4 were similar between
control and type 2 diabetic subjects (Fig. 3A). In control subjects, insulin elicited a 5.7 ± 0.5–fold increase in cell surface
GLUT4 levels (P < 0.001 vs. basal). In type 2 diabetic subjects,
though, insulin elicited a 1.4 ± 0.1–fold increase in cell surface
GLUT4 content (P < 0.02). Thus, insulin-stimulated cell surface GLUT4 content was 71% lower (P < 0.001) in muscle from
type 2 diabetic subjects compared with that from control
subjects (Fig. 3B).
We next assessed the effect of hypoxia on cell surface
GLUT4 levels in skeletal muscle (Fig. 3). In control subjects,
cell surface GLUT4 content was increased 4.3 ± 0.5–fold (P <
0.001) in response to hypoxia alone and 6.8 ± 0.3–fold (P <
0.05) in response to co-incubation with a maximal insulin stimulus and hypoxia. This combined effect of a maximal insulin
stimulus and hypoxia were partially, but insignificantly, additive (1.2- and 1.6-fold increase, respectively, compared with
the effect of insulin or hypoxia alone). In skeletal muscle
from type 2 diabetic subjects, cell surface GLUT4 content was
DIABETES, VOL. 49, APRIL 2000
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FIG. 4. Correlation between the insulin-induced increase in cell surface GLUT4 content and the insulin-induced increase in 3-O-methylglucose transport activity in skeletal muscle from control ( ) and
type 2 diabetic subjects ( ). Insulin-stimulated minus basal data are
presented. r 2 = 0.62 (Spearman’s correlation); P < 0.01.

increased 2.2 ± 0.5–fold (P < 0.05) in response to hypoxia.
Thus, hypoxia-stimulated cell surface GLUT4 labeling was 49%
lower in muscle from type 2 diabetic subjects compared with
that from control subjects (P < 0.01). The combined effects
of a maximal insulin stimulus and hypoxia on cell surface
GLUT4 content in skeletal muscle from type 2 diabetic subjects were similar to the effects achieved by hypoxia alone,
but they were slightly higher (1.7-fold) than the effects
achieved with a maximal insulin stimulus (P < 0.05).
As reported in our earlier study of young healthy subjects
(40), the insulin-induced increase in cell surface GLUT4 content was positively correlated with the insulin-mediated
increase in 3-O-methylglucose transport (r2 = 0.62, P < 0.01)
(Fig. 4). Thus, the low GLUT4 content at the cell surface in
type 2 diabetic subjects is largely responsible for the low
insulin response in glucose transport activity. However, the
correlation between cell surface GLUT4 content and glucose transport activity is not exact, and, in type 2 diabetic
patients, where the cell surface GLUT4 content is low, there
is relatively high residual glucose transport activity. This is
also partially reflected in a comparison of the fold changes
in glucose transport activity and cell surface GLUT4 content
(Figs. 1B and 3B). Because the fold changes are relative to
the basal values, a greater contribution of basal glucose
transport activity in type 2 diabetic subjects could possibly
contribute to these differences. However, when basal levels
of glucose transport or cell surface GLUT4 content were
subtracted and compared as a percentage of the mean
insulin or hypoxia response in control subjects (Fig. 5), cell
surface GLUT4 content was significantly lower than glucose
transport activity in the type 2 diabetic patients (P < 0.005,
two-way ANOVA).
Total skeletal muscle GLUT4 and GLUT1 levels. The
total amount of GLUT4 and GLUT1 protein was compared
between control and type 2 diabetic subjects. Comparison
with a range of rat adipocyte low-density microsomes or
human erythrocyte ghost membranes was used for the quantitation of GLUT4 and GLUT1, respectively. GLUT4 expression
was similar between the control and type 2 diabetic subjects
(4.13 ± 0.41 and 4.14 ± 0.32 pmol/g wet weight muscle for control and type 2 diabetic subjects, respectively). As previously
DIABETES, VOL. 49, APRIL 2000

FIG. 5. Comparison of increases in cell surface GLUT4 and
3-O-methylglucose transport activity in type 2 diabetic subjects. The
increases in glucose transport activity and cell surface GLUT4 in
response to insulin ( ), hypoxia ( ), and combined insulin and
hypoxia ( ) in type 2 diabetic subjects were calculated as a percentage of the corresponding average for the control subjects. All data sets
were minus basal. In type 2 diabetic subjects, the attenuation of the
normal control response was greater in GLUT4 translocation than in
transport activity. Data are means ± SE, and n is reported in the Fig. 1
legend. P < 0.005 (two-way ANOVA).

reported (40), the presence of erythrocytes (which have
extremely high levels of GLUT1 [500 pmol/mg membrane]
[41]) in the muscle complicated the analysis of this GLUT isoform. However, in extensively washed muscle, GLUT1 content was ~1 pmol/g (~25% of the GLUT4 level). Nevertheless, because residual erythrocyte GLUT1 may still have been
present in the washed muscle, the analysis of GLUT1 expression between control and type 2 diabetic subjects was not
studied in detail.
DISCUSSION

In the present study, we exposed isolated skeletal muscle
from type 2 diabetic patients to a maximal insulin stimulus and
applied an exofacial photolabeling technique that uses the
newly developed bis-mannose compound, Bio-LC-ATBBMPA, to specifically determine the cell surface GLUT4 content. Because this label is impermeable, this technique detects
only transporters that are present in the cell surface membrane. In isolated rodent soleus skeletal muscle, a six- to
eightfold increase in 3-O-methylglucose transport after stimulation via the insulin (27,32,42) and/or the muscle contraction
pathway (19) corresponds to a similar increase in cell surface
GLUT4 content as assessed with the ATB-BMPA photolabel.
Our initial study of human skeletal muscle confirms that
insulin-stimulated glucose transport activity and cell surface
GLUT4 content are closely associated (33). These results can
be contrasted with the reported less-than-twofold insulinstimulated increase in GLUT4 translocation observed by
using subfractionation techniques on human skeletal muscle, where this methodology results in crossover between
GLUT4 at the cell surface and contributions from GLUT4 in
intracellular membranes (15–18,29,30). These crossover problems lead to an underestimate of the insulin effect on GLUT4
translocation. Consequently, resolving the extent to which
this translocation is impaired in skeletal muscle from type 2
diabetic patients is difficult (16–18,30). Our new photolabel
takes advantage of the strong interaction with the biotin-binding protein, streptavidin, allowing for quantitative determinations of cell surface GLUT4 levels in small samples of
651
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human skeletal muscle (20 mg). With this more sensitive
GLUT4 biotinylation technique, we have now been able to
examine the insulin- and hypoxia-stimulated GLUT4 response
in skeletal muscle from control and type 2 diabetic subjects.
This approach has allowed the first detailed consideration of
the contribution of GLUT4 to the impaired glucose transport
activity in skeletal muscle from type 2 diabetic patients.
Our results show that type 2 diabetic patients have a
markedly impaired response to both insulin and hypoxia, as
revealed by the reduced exposure of GLUT4 at the skeletal
muscle cell surface, versus that of control subjects. This finding suggests firstly that impaired GLUT4 translocation is a
major contributor to the impaired glucose transport activity
in type 2 diabetes. Surprisingly, we have found that in type 2
diabetic subjects, the degree of insulin resistance in the exposure of GLUT4 at the cell surface is greater than that
observed for 3-O-methyl-D-glucose transport activity (Fig. 5).
This suggests that when GLUT4 translocation is deficient, as
in skeletal muscle from type 2 diabetic patients, there may be
a relatively greater contribution of another transporter to
the glucose transport activity. Analysis of GLUT1 showed a
high level of expression (~25% of the GLUT4 level) in skeletal muscle, but the extent to which erythrocyte GLUT1 contributed to this level could not be determined in detail. Furthermore, the extent to which GLUT1 contributed to the glucose transport activity or the contribution of GLUT1 to the
discrepancies observed between glucose transport and photolabeling could not be ascertained. An additional uncharacterized GLUT-like protein may possibly contribute to nonGLUT4–mediated glucose transport activity, as proposed for
GLUT4 knockout mice (43,44). However, to date, there is no
firm evidence for expression of additional functional glucose
transporters in skeletal muscle.
Methodological differences in measuring 3-O-methylglucose transport and GLUT4 translocation may have contributed to the difference in the fold changes between these
two parameters. For example, the subtraction of the nontransporter-mediated transport from the transporter-mediated transport or, alternatively, a background subtraction
for the labeling experiments may contribute to the difference
in the fold changes observed in the stimulatory responses to
insulin and hypoxia. However, even after subtraction of the
respective basal activity for glucose transport or cell surface
GLUT4 content (Fig. 5), there is a marked reduction in the
response to insulin in the type 2 diabetic patients. The
insulin-induced stimulation above basal levels of GLUT4
labeling and glucose transport activity in type 2 diabetic
subjects are only ~10 and ~50%, respectively, of those in the
control subjects.
The marked impairment of GLUT4 translocation to the
cell surface of skeletal muscle from type 2 diabetic patients
has implications regarding whether impaired early signaling
steps can fully account for this profound insulin resistance in
glucose transport. Impairments in insulin-stimulated tyrosine phosphorylation of IRS-1 and in downstream signaling via
PI3K have been observed in type 2 diabetic (14,45) or obese
insulin-resistant subjects (12). The levels of insulin resistance seen in these early steps of the insulin-signaling
pathway are generally moderate (<50%). In addition, there
appears to be spare receptor and signaling capacity in the normal system that leads to GLUT4 translocation. The concentration of insulin required to activate glucose transport max652

imally corresponds to only 14% of the maximal receptor
kinase activity (12,45). Insulin signaling may alter the cell
surface GLUT4 levels by leading to a reduction in endocytosis or an increase in exocytosis (46,47). In rat adipocytes
that are chronically treated with insulin, downregulation of
cell surface GLUT4 content occurs because of an increase in
endocytosis, and this process is more sensitive to relatively
small (~50%) changes in the levels of early signaling intermediates (48). However, the profound reduction in GLUT4
translocation found in the present study (where the insulin
response above basal in skeletal muscle from type 2 diabetic
subjects is only ~10% of that from control subjects) is
unlikely to result from a ninefold increase in the rate of endocytosis. It seems more likely that impairment(s) in the exocytosis components of GLUT4 translocation occur(s), and it
is these steps that appear to require only low levels of stimulation of signaling (48). These considerations, therefore,
suggest that insulin resistance in skeletal muscle may occur
in the GLUT4-trafficking (probably exocytosis) process.
To further examine the possibility that there are impairments in the GLUT4 translocation process in skeletal muscle
from type 2 diabetic patients that are independent of early
insulin-signaling events, we have studied the translocation of
GLUT4 in response to hypoxia. This stimulatory process
does not appear to involve tyrosine phosphorylation of IRSs,
activation of PI3K, or activation of Akt (19–21,26,49–51). In
skeletal muscle from type 2 diabetic subjects, a marked
impairment in GLUT4 labeling and glucose transport activity
was noted in response to hypoxia. The implication from
these results is that there is an impairment at or beyond a
point of convergence of the insulin- and hypoxia-stimulatory
pathways or that there is a resistant step directly at the level
of GLUT4 translocation.
Because GLUT4 translocation is a complex process involving membrane vesicle trafficking and sorting machinery,
there are many potential steps that may be impaired. The
steps in the GLUT4 translocation process include budding or
release of GLUT4 from an intracellular reservoir compartment, transit to the plasma membrane (possibly involving the
cytoskeleton), and docking and fusion with the plasma membrane (involving components of the SNAP and SNARE family of proteins and associated regulatory proteins) (52). In the
basal state, a large proportion of GLUT4 in skeletal muscle
from type 2 diabetic subjects sediments in a denser sucrose
gradient fraction than usual (18). GLUT4 does not appear to
translocate normally from this dense fraction after insulin
stimulation. This impairment may be due to anomalous sorting of GLUT4, resulting in its inability to reach its normal
reservoir and highly insulin-sensitive intracellular compartment. Alternatively, the dense GLUT4 fraction may actually
be associated with the plasma membrane. Thus, an impairment may occur at a late stage in GLUT4 trafficking (i.e.,
during the fusion of GLUT4 vesicles), which leads to deficient
GLUT4 exposure at the cell surface. The difficult issue of
resolving the localization of GLUT4 in muscle and in subcellular fractions derived from muscle is compounded by its
presence in at least two locations (the sarcolemma and the
T-tubules) (53,54). The photolabel we have used to detect
GLUT4 will detect this protein at the sarcolemma and
T-tubule cell surface membranes (55). In the future, it may be
possible to resolve whether GLUT4 translocation at one or
both of these locations is insulin resistant.
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In conclusion, impaired insulin action on glucose transport
in skeletal muscle from type 2 diabetic patients results from
reduced cell surface GLUT4 content, as measured by using a
newly described photolabel. Nevertheless, the defect in glucose transport was less severe, suggesting another transporter may contribute to insulin-stimulated glucose transport. In response to hypoxia, cell surface GLUT4 content
and glucose transport activity are reduced in type 2 diabetic
patients. This finding suggests that the glucose transport
defects in skeletal muscle from type 2 diabetic patients are not
limited to impaired insulin signal transduction. Thus, an
impairment at or beyond a point of convergence of the
insulin- and noninsulin-mediated signaling pathways or a
defect in a common step mediating GLUT4 vesicle traffic
appears to play a role in the pathogenesis of insulin resistance
in type 2 diabetes. Whether these defects are a primary cause
of type 2 diabetes remains to be determined.
Note added in proof. Ibberson et al. (56) have now
described the cloning and functional characterization of a
novel glucose transporter (GLUTX1) that is expressed in the
central nervous system and insulin-sensitive tissue. This or
another novel GLUT may account for the discrepancy
between reductions in cell surface GLUT4 and transport
activity reported here.
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