
Abstract

Aims/hypothesis. Insulin-dependent glucose influx in
skeletal muscle and adipocytes is believed to rely
largely on GLUT4, but this has not been confirmed di-
rectly. We assessed the relative functional contribution
of GLUT4 in experimental models of skeletal muscle
and adipocytes using the HIV-1 protease inhibitor in-
dinavir.
Methods. Indinavir (up to 100 µmol/l) was added to
the glucose transport solution after insulin stimulation
of wild-type L6 muscle cells, L6 cells over-expressing
either GLUT4myc or GLUT1myc, 3T3-L1 adipo-
cytes, isolated mouse brown or white adipocytes, and
isolated mouse muscle preparations.
Results. 100 µmol/l indinavir inhibited 80% of both
basal and insulin-stimulated 2-deoxyglucose uptake in
L6GLUT4myc myotubes and myoblasts, but only
25% in L6GLUT1myc cells. Cell-surface density of
glucose transporters was not affected. In isolated so-

leus and extensor digitorum longus muscles, primary
white and brown adipocytes, insulin-stimulated glu-
cose uptake was inhibited 70 to 80% by indinavir. The
effect of indinavir on glucose uptake was variable in
3T3-L1 adipocytes, averaging 45% and 67% inhibi-
tion of basal and maximally insulin-stimulated glu-
cose uptake, respectively. In this cell, fractional inhi-
bition of glucose uptake by indinavir correlated posi-
tively with the fold-stimulation of glucose uptake by
insulin, and was higher with sub-maximal insulin con-
centrations. The latter finding coincided with an in-
crease only in GLUT4, but not GLUT1, in plasma
membrane lawns.
Conclusion/interpretation. Indinavir is a useful tool to
assess different functional contributions of GLUT4 to
glucose uptake in common models of skeletal muscle
and adipocytes. [Diabetologia (2003) 46:649–658]
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on its restricted tissue distribution and its capacity to
translocate from intracellular pools to the cell surface
in response to insulin. Conversely, GLUT1 is fre-
quently viewed as the major transporter isoform
through which glucose enters the cells in non-stimu-
lated conditions, largely based on its ubiquitous ex-
pression and surface localization under these condi-
tions [1, 2]. The contributions of GLUT1 and GLUT4
to glucose uptake in cells and tissues that express both
isoforms have not been directly assessed. Commonly
used measurements of the total cellular content or of
the subcellular location of a given glucose transporter
(GLUT) isoform provide only an indirect and incom-
plete assessment of their functional importance to
overall glucose influx into cells.

The glucose transporter GLUT4 is generally thought
to be the major contributor to insulin-stimulated glu-
cose uptake in adipocytes and skeletal muscle, based



Genetic ablation of GLUT4 has confirmed its im-
portance for maintaining normal insulin sensitivity [3,
4, 5]. However, it is difficult to deduce the functional
contribution of GLUT4 to glucose influx into normal
tissues using this approach, since compensatory mech-
anisms in the affected tissue are induced [3, 6]. Thus,
in cells expressing multiple isoforms of glucose trans-
porters, a direct, ‘functional’ measurement of the glu-
cose influx through a specific transporter isoform is
required to decipher its relative contribution to the
overall influx of glucose.

The direct assessment of glucose uptake through a
specific isoform is mostly limited by the lack of inhib-
itors with sufficient selectivity for a specific GLUT.
Compounds like cytochalasin B are potent inhibitors
of glucose transport [7, 8], with similar binding affini-
ties for GLUT1 and GLUT4 [9]. Forskolin binds to
glucose transporters [10], with moderately increased
binding affinity to GLUT4 compared with GLUT1
[9]. This finding could explain the observed ability of
forskolin to inhibit more potently insulin-stimulated
rather than basal glucose uptake in cells that express
both GLUT1 and GLUT4 [11]. Recently, certain HIV-
1 protease inhibitors were shown to inhibit GLUT4
preferentially over other isoforms in experiments us-
ing Xenopus oocytes exogenously over-expressing dif-
ferent GLUTs [12]. In this system, the IC50 of indina-
vir on glucose uptake was 50 to 100 µmol/l for cells
expressing GLUT4, greater than 500 µmol/l for those
expressing GLUT2, and even higher for GLUT1,
GLUT3 or a GLUT8 mutant directed to the cell sur-
face [13]. In primary adipocytes, the inhibitory effect
of indinavir on glucose uptake was further shown to
be reversible and non-competitive [13].

In this study, the selectivity of indinavir towards
GLUT4 was tested in skeletal muscle L6 cells overex-
pressing either myc-tagged GLUT4 protein or myc-
tagged GLUT1 protein. The compound was then used
to examine the relative functional contribution of
GLUT4 to basal and insulin-stimulated glucose uptake
in isolated mouse skeletal muscle and adipocytes.

Materials and methods

Human insulin (Humulin R) was obtained from Eli Lilly Canada
(Toronto, Ont., Canada). DNase I and phthalic acid dinonyl es-
ter were from Sigma (St. Louis, Mo., USA). Collagenase type
1 and type 2 was purchased from Worthington (Lakewood,
N.J., USA). Polyclonal anti-GLUT1 was raised in our labora-
tory against a C-terminal epitope [14]. Cy3-conjugated goat
anti-rabbit was from Molecular Probes (Eugene, Ore., USA).
Polyclonal anti-GLUT4 antibody was from Biogenesis 
(Kingston, N.H., USA). Indinavir was kindly provided by 
Merck (Rahway, N.J., USA).

Cell culture. Wild-type L6, L6 GLUT4myc and L6GLUT1myc
myoblasts were differentiated into myotubes as described pre-
viously [15]. Prior to all experimental manipulations, myo-
tubes were deprived of serum for 4 h. 3T3-L1 cells were

grown in monolayer culture in DMEM supplemented with
20% (v/v) calf serum and 1% (v/v) antibiotic solution (10,000
units/ml penicillin and 10 mg/ml streptomycin) in an atmo-
sphere of 9% CO2 at 37°C. 3T3-L1 fibroblasts were differenti-
ated into adipocytes as described previously [16]. Cells exhib-
ited more than95% adipocyte morphology by light microscopy
and lipid accumulation by Oil-Red-O staining.

Determination of 2-deoxy-3H-D-glucose uptake in cells in cul-
ture. 2-Deoxyglucose uptake was measured as described earli-
er [17]. An indinavir stock solution was prepared in DMSO
and added to the transport solution after insulin stimulation.
Control cells were treated with the same final concentration of
DMSO (reaching a maximum of 0.1% v/v).

Plasma membrane lawn formation and immunofluorescence
analysis. Differentiated 3T3-L1 adipocytes, grown on glass
coverslips in 6-well dishes, were treated for 20 min with differ-
ent concentrations of insulin as indicated in the figure legend.
Plasma membrane lawns (sheets) were prepared as described
previously with slight modifications [17], as follows: After in-
cubation, the cells were placed on ice and washed twice in ice-
cold PBS. One millilitre of ice cold poly-lysine (0.55 mg/ml)
was added to coverslips for 1 min. Hypotonic buffer
(23 mmol/l KCl, 10 mmol/l Na-HEPES, 2 mmol/l MgCl2,
1 mmol/l EGTA, pH 7.5) was added in three quick rinses. Ten
millilitres of sonication buffer (70 mmol/l KCl, 30 mmol/l Na-
HEPES, 5 mmol/l MgCl2, 3 mmol/l EGTA, 1 mmol/l dithio-
threitol, 0.5 mmol/l PMSF, 1 µmol/l pepstatin A, pH 7.5) were
added to each well. Cells were disrupted on ice using a probe
sonicator (Heat Systems, Farmingdale, N.Y., USA) set at 30%
maximal output, for 10 s. The coverslips were washed three
times in sonication buffer and incubated with cold 3% parafor-
maldehyde in PBS buffer for 10 min, followed by three washes
in PBS. Excess fixative was quenched with 50 mmol/l
NH4Cl/PBS for 5 min, followed by three washes with PBS.
The lawns were subsequently blocked by a 1-h incubation in
5% goat serum in PBS, then incubated with rabbit anti-GLUT4
antiserum (1:150) or rabbit anti-GLUT1 antiserum (1:150) for
60 min and washed three times in PBS. Cy3-conjugated goat
anti-rabbit antiserum (1:250) was added for 45 min then rinsed
out with four washes with PBS and the coverslips mounted
with DAKO mounting solution. Background fluorescence was
assessed using the same dilution of the secondary antibody, but
without an incubation with the primary antibody, and was
found to be negligible compared to samples incubated with ei-
ther anti-GLUT1 or GLUT4 antibodies. Images were obtained
using a Leica inverted fluorescence microscope with a ×100
objective. Images were collected under identical gain settings.
Quantification was made using NIH Image J software.

Animals. Mice were housed in a pathogen-free environment on
12-h light to dark cycle and fed ad libitum with standard rodent
chow. All protocols were approved by the Animal Care Com-
mittee of The Hospital for Sick Children, Toronto, Ontario.

2-Deoxyglucose uptake into isolated white and brown adipo-
cytes. Brown adipose tissue was dissected from the interscapu-
lar regions of 4- to 6-week-old C57Bl/6J mice, and white adi-
pocytes from 3-month-old animals. White and brown adipo-
cytes were isolated by collagenase type 2/DNAse digestion 
(6 and 0.2 mg/ml, respectively) in Krebs Ringer HEPES buffer
(KRH) containing 1% (w/v) fatty acid-free BSA as described
earlier [18]. After digestion, the reaction mixture was filtered
trough a 250 µm nylon mesh. Brown adipocytes were washed
three times with KRH containing 1% BSA (KRH 1%), and
then twice with KRH containing 4% BSA (KRH 4%). White
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adipocytes were washed once with KRH 4%, and then once
with KRH 1%. After the final washing, the floating brown adi-
pocytes were resuspended in KRH 4% (1% BSA for white adi-
pocytes), and aliquoted for all experimental conditions. Cells
were incubated for 30 min with or without 100 nmol/l insulin.
2-Deoxy-3H-D-glucose uptake (final 2-deoxyglucose concen-
tration 10 µmol/l) was measured over a 5-min period with or
without the presence of 100 µmol/l indinavir. Glucose uptake
was stopped by separating cells from the medium by centrifu-
gation through an oil mixture (silicone oil DC550 with phthal-
ic acid dinonyl ester in a ratio of 2:3) and then subjected to liq-
uid scintillation counting. Cellular lipid content was measured
by lipid extraction done as previously described [19].

2-Deoxyglucose uptake into isolated skeletal muscles. Intact
soleus and EDL muscles were incubated with or without
2 U/ml insulin. 2-Deoxyglucose uptake in insulin-stimulated
muscles was then measured for 20 min as described [20], with
or without the presence of insulin and 100 µmol/l indinavir, re-
spectively. Non-GLUT dependent 2-deoxyglucose uptake was
measured in the presence of 10 µmol/l cytochalasin B in the
transport solution. The obtained value was subtracted from the
value obtained in the absence of cytochalasin B.

Data analysis. Statistical analysis was done by using either
Student’s t test (comparison of two variables), or analysis of
variance test (ANOVA, Fisher’s multiple comparisons test) for
comparison of more than two variables, and Pearson correla-
tion when indicated. All statistical analyses were done by us-
ing Prism 2C software (Graphpad, San Diego, Calif., USA). 
A p value of less than 0.05 was considered to be statistically
significant.

Results

Indinavir preferentially blocks glucose uptake through
GLUT4 in L6 muscle cells. To assess the possible use
of indinavir to dissect the contribution of different
glucose transporter isoforms to overall glucose influx
in mammalian cells, wild-type L6 myotubes were
used first. These cells in their differentiated state of
myotubes express at least three glucose transporter
isoforms, GLUT1, GLUT3, and GLUT4. L6 myo-
tubes were first incubated for 20 min with or without
100 nmol/l insulin, after which 2-deoxyglucose uptake
was measured in the absence or presence of various
concentrations of indinavir only in the transport solu-
tion (5-min assay). Increasing concentrations of indi-
navir had a minor inhibitory effect on 2-deoxyglucose
uptake in unstimulated cells (Fig. 1A). In contrast, the
insulin-stimulated glucose uptake activity was mark-
edly inhibited in a dose-dependent manner. The net in-
sulin effect above basal for each indinavir concentra-
tion is shown in Fig. 1B. At a concentration of
100 µmol/l in the transport solution, indinavir almost
completely inhibited the net insulin effect, but a sig-
nificant decrease (p<0.05) could be observed with as
little as 20 µmol/l. This finding is consistent with the
notion that basal glucose transport and the insulin-me-
diated stimulation of this activity are dominated by
different transporter isoforms, probably GLUT1/3 and
GLUT4 respectively, which are inhibited by indinavir
with different potencies.

To further verify this possibility, we used L6 mus-
cle cells stably overexpressing either myc-tagged
GLUT1 or myc-tagged GLUT4 (L6GLUT1myc and
L6GLUT4myc cells, respectively). In the undifferenti-
ated myoblast state, L6GLUT1myc cells do not ex-
press endogenous GLUT4, since GLUT4 expression is
induced only upon cellular differentiation [21]. In
contrast, L6GLUT4myc myoblasts express ectopically
high quantities of GLUT4myc protein. The properties
of L6GLUT4myc cells have been reported, and show
that GLUT4myc behaves essentially as GLUT4 in
terms of its intracellular traffic [22, 23, 24], regulation
by various stimuli [23, 25, 26], and in its transport
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Fig. 1A, B The HIV-1 protease inhibitor indinavir blocks insu-
lin-mediated glucose uptake in wild-type L6 myotubes. Differ-
entiated L6 myotubes were stimulated for 20 min without or
with 100 nmol/l insulin. 2-deoxyglucose uptake was then as-
sessed in the absence or presence of the indicated final concen-
trations of indinavir in the transport solution. Results are the
means ± SE of three independent experiments, each performed
in triplicate. A Shown are basal (open bars) and insulin-stimu-
lated 2-deoxyglucose uptake values (closed bars). *p<0.05,
**p<0.01, and #p<0.001 compared with the corresponding val-
ue in cells not treated with indinavir. B The net insulin effect
above basal was calculated for each dose of indinavir. *p<0.05,
**p<0.01, and #p<0.001 compared with net insulin effect in
cells not treated with indinavir



properties such as Km and susceptibility to cytochala-
sin B [27].

The two cell lines displayed a marked difference in
their susceptibility to indinavir (Fig. 2A). Whereas in

L6GLUT1myc cells basal and insulin-stimulated 2-de-
oxyglucose uptake were only mildly affected by indi-
navir (10% and 9%, respectively), in L6GLUT4myc
myoblast glucose uptake in both conditions was high-
ly sensitive to the drug. Twenty µmol/l indinavir only
in the transport solution was sufficient to reduce sig-
nificantly 2-deoxyglucose uptake (p<0.05), and
100 µmol/l indinavir inhibited basal and insulin-stimu-
lated glucose uptake by 80.6±3.7 and 79.7±5.2%, re-
spectively, compared to the transport activity in the
absence of the drug (p<0.001). The percent inhibition
was identical in unstimulated and insulin-stimulated
L6LUT4myc cells, suggesting that in this cell line
GLUT4myc is largely responsible for both basal and
insulin-stimulated glucose uptake. We next assessed
the effect of indinavir on 2-deoxyglucose uptake in
the two cell lines in the myotube state (Fig. 2B).
L6GLUT4myc myotubes displayed a similar sensitivi-
ty to inhibition by indinavir to that observed in the
myoblasts, with identical inhibition in the basal and
the insulin-stimulated states. By comparison, 2-deoxy-
glucose uptake in L6GLUT1myc myotubes was rela-
tively resistant to indinavir in the basal state (26% in-
hibition with 100 µmol/l indinavir, p>0.05). A slightly
higher sensitivity to the presence of the drug in the
transport solution was observed in insulin-stimulated
cells (35% inhibition with 100 µmol/l indinavir,
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Fig. 2A–C Inhibition of basal and insulin-stimulated glucose
uptake by indinavir and forskolin in L6GLUT1myc and
L6GLUT4myc cells. A L6GLUT4myc myoblasts (triangles)
or L6GLUT1myc myoblasts (squares) were treated without
(open symbols) or with (filled symbols) 100 nmol/l insulin for
20 min. 2-deoxyglucose uptake was measured in the presence
of the indicated final concentrations of indinavir in the trans-
port solution. *p<0.05 as compared to L6GLUT1myc cells un-
der the same conditions. B Same as A, but using myotubes in-
stead of myoblasts. Results are the fractional inhibition of glu-
cose uptake by indinavir, and are the means ± SE of at least
three independent experiments, each carried out in triplicate.
*p<0.05 as compared to L6GLUT1myc cells under the same
conditions. C Same analysis as above in insulin-stimulated
cells, with forskolin added to the transport solution. Results are
the means ± SD (if two values were available) or means ± SE
(when three or more values were available) of values from at
least two independent experiments, each carried out in tripli-
cate. Basal and insulin-stimulated glucose uptake values were
(in pmol·mg protein−1·min−1): for L6GLUT4myc myoblasts
23.2±1.9 and 31.2±4.9, respectively; for L6GLUT4myc myo-
tubes 14.2±2.8 and 24.1±5.3, respectively; for L6GLUT1myc
myoblasts 17.8±4.5 and 22.5±5.5, respectively; for
L6GLUT1myc myotubes 13.3±2.3 and 21.6±3.2, respectively



p<0.01). These findings show that glucose uptake ac-
tivity in L6GLUT1myc cells is dominated by an indi-
navir-resistant GLUT, in all probability the exoge-
nously-expressed GLUT1myc. However, following
insulin-stimulation of L6GLUT1myc myotubes, some
contribution of endogenous GLUT4 that was induced
during cellular differentiation becomes apparent.

To exclude the possibility that indinavir inhibited
glucose uptake by decreasing surface GLUT4, we as-
sessed surface myc-epitope exposure. Since the myc-
epitope is inserted in the first exofacial loop of the
GLUT4 protein, the exposure of the GLUT4myc
transporters at the cell surface can be measured in
non-permeabilized cells using anti-myc primary and
HRP-linked secondary antibodies [15]. Insulin stimu-
lation resulted in a 2.0±0.2-fold increase in cell sur-
face GLUT4myc. After insulin stimulation, addition
of 50 µmol/l indinavir for 5 min did not affect the gain
in surface GLUT4myc exposure (basal + indinavir:
1.1±0.1-fold, insulin-stimulated + indinavir: 1.9±0.1-
fold, relative to basal surface GLUT4myc in the ab-
sence of indinavir). Similarly, indinavir did not alter
surface GLUT1myc densities in either basal (1.2±0.2-
fold of myc signal in the absence of indinavir), or in-
sulin-stimulated conditions (1.5±0.1 and 1.4±0.2-fold
of basal in the absence or presence of indinavir, re-
spectively). These findings exclude the possibility that
a rapid occlusion of glucose transporters is induced by
indinavir. Furthermore, insulin stimulated Akt phos-
phorylation was unaltered by the 5-min exposure 
to indinavir after insulin stimulation (not shown). 
Collectively, the data suggest that the activity of sur-
face GLUT4myc is much more sensitive to direct in-
hibition by indinavir than that of GLUT1myc, consis-
tent with the reported selective capacity of indinavir to
inhibit the untagged, wild-type GLUT4 versus
GLUT1 reported in Xenopus oocytes [12].
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Fig. 3A–D Indinavir-mediated inhibition of glucose uptake in
3T3-L1 adipocytes and its relation to GLUT4 and GLUT1
translocation. 3T3-L1 adipocytes were treated as described
above for L6 cells. A Basal (open bars) and insulin-stimulated
glucose uptake (100 nmol/l, full bars) were measured in the
absence or presence of 50 or 100 µmol/l indinavir in the trans-
port solution. Results are the means ± SE of five independent
experiments, each carried out in duplicate. #p<0.001 compared
to insulin-stimulated glucose uptake in the absence of indina-
vir. B The net insulin effect above basal was calculated for
each dose of indinavir. #p<0.001 compared to insulin-stimulat-
ed glucose uptake in the absence of indinavir. C After treat-
ment of 3T3-L1 adipocytes with the indicated concentrations
of insulin, glucose uptake was measured, and expressed as the
% inhibition by indinavir of the net insulin response. Results
are means ± SE of four independent experiments, carried out
in duplicate. D Plasma membrane lawns were prepared as stat-
ed in Methods and immunostained with either anti-GLUT1 or
anti-GLUT4 antibodies. Values were expressed as the percent
of the maximal fluorescent signal observed with each GLUT.
The maximum fold-stimulation over basal was 3.91±1.10 and
2.21±0.19-fold for GLUT4 (full bars) and GLUT1 (open bars),
respectively. Results are the means ± SE of values from four
independent experiments. *p<0.05 and **p<0.01



The selective effect of indinavir on L6GLUT4myc
cells contrasted with that of forskolin, an agent previ-
ously reported to inhibit glucose transporters [9, 10,
11]. Forskolin added to the transport solution exerted
some selective inhibition of GLUT4myc at concentra-
tions of 0.1 to 5 µmol/l (Fig. 2C). Yet, such selectivity
was relatively minor compared to that displayed by in-
dinavir, and did not persist when the forskolin concen-
tration was increased above 10 µmol/l.

Indinavir inhibition of glucose uptake in 3T3-L1 adipo-
cytes. We used indinavir to assess the contribution of
GLUT4 and GLUT1 to glucose uptake in 3T3-L1 adi-
pocytes. These cells constitute the most insulin-respon-
sive immortalized cell line available, and are therefore
extensively used to study insulin action and GLUT4 bi-
ology. However, the response of glucose uptake to insu-
lin varies considerably in various reports, potentially re-
flecting batch-to-batch and sub-clone variability. To ad-
dress this biological variability, we incorporated in our
analysis results from different batches of 3T3-L1 adipo-
cytes from two separate laboratories (in Toronto, Cana-
da and in Beer-Sheva, Israel). Basal glucose transport
tended to be decreased by indinavir, although this effect
did not reach ANOVA statistical significance (p>0.05,
Fig. 3A). This behaviour was in contrast to that of L6
muscle cells expressing primarily GLUT1myc or those
expressing primarily GLUT4myc (Fig. 2), as indinavir
did not inhibit glucose uptake in the former and inhibit-
ed profoundly glucose transport in the latter. In 3T3-L1
adipocytes, insulin stimulation resulted in a 9.8±1.2-
fold increase in 2-deoxyglucose uptake activity, with a
range between individual batches of 5- to 20-fold. On
average, 50 and 100 µmol/l indinavir inhibited the net
insulin effect in these cells by 49.1±1.3% and
67.2±3.0%, respectively (Fig. 3B, p<0.001). Since this
mean fractional inhibition by indinavir seemed lower
than that observed with the L6 cells (particularly by
50 µmol/l indinavir), we addressed the possibility that
in 3T3-L1 adipocytes indinavir required a longer time
to interfere with 2-deoxyglucose uptake. Pre-incubation
of the cells for 5 min before and during the 2-deoxyglu-
cose transport assay had an identical inhibitory effect to
that observed in the absence of a pre-incubation period.
In addition, indinavir in the transport solution blocked
the uptake of 3-O-methylglucose by similar degree with
respect to its effect on 2-deoxyglucose, despite the
shorter duration of the assay (up to 1 min). These re-
sults show that the inhibitory effect of indinavir on hex-
ose transport occurs very rapidly, and probably repre-
sents interaction of the drug with GLUT4 rather than
with hexokinase. The latter is also supported by the
findings shown in Fig. 2A,B, of a differential effect of
indinavir on cells overexpressing GLUT4myc or
GLUT1myc, where hexokinase amounts are deemed
similar.

Given the large range of the fold response to insu-
lin observed among different batches of 3T3-L1 adi-

pocytes, we addressed the possibility that this variabil-
ity reflects different contributions of GLUT4 to glu-
cose transport. Pearson correlation between the fold
response to insulin and the percent inhibition of the
net insulin effect by indinavir showed coefficients of
correlation of r=0.61 (p=0.03) and r=0.93 (p=0.02) for
50 and 100 µmol/l indinavir, respectively. A statisti-
cally significant correlation was not observed between
the fold insulin response and the inhibition of basal
glucose uptake by indinavir. Thus, significant variabil-
ity between batches of 3T3-L1 adipocytes occurs with
different contributions of GLUT4 to insulin-stimulat-
ed glucose uptake. Higher fold stimulation of glucose
uptake by maximal insulin concentrations correlate
with higher fractional contribution of GLUT4, which
can be unraveled by indinavir.

The variable contribution of GLUT4 to glucose up-
take in maximally insulin-stimulated 3T3-L1 adipo-
cytes (100 nmol/l insulin) revealed by indinavir,
prompted us to assess the contribution of GLUT4 to
overall glucose influx following sub-maximal insulin
concentrations. The indinavir-inhibitable fraction of
glucose uptake was measured after stimulation with
different insulin doses, and was compared to the trans-
location of GLUT4 or GLUT1 to the plasma mem-
brane. In this set of experiments 50 µmol/l indinavir
inhibited approximately 20% of basal glucose uptake,
consistent with a small contribution of GLUT4 under
this condition. After insulin stimulation, indinavir in-
hibited 80% of the net effect induced by 0.01 nmol/l
insulin (1.6-fold stimulation of basal), 65% of the ef-
fect by 0.1 nmol/l (3–4-fold stimulation of basal), but
only 50% of the net increase in glucose uptake in-
duced by 10 and 100 nmol/l insulin (8–9-fold stimula-
tion in this sub-set of experiments, Fig. 3C). These 
results suggest that GLUT4 contributes to a larger 
extent to the stimulation of glucose uptake caused by
lower than by higher doses of insulin. To examine
whether this difference arises form different gains in
GLUT4 and GLUT1, translocation of each transporter
using corresponding C-terminal antibodies was as-
sessed. Only GLUT4 was recruited to the plasma
membrane at 0.01 and 0.1 nmol/l insulin (Fig. 3D),
coinciding with the high susceptibility of glucose up-
take to indinavir (Fig. 3B). With increasing insulin
concentrations, GLUT1 was recruited in addition to
GLUT4, coinciding with a smaller fractional inhibi-
tion of glucose uptake by the drug.

GLUT4-mediated glucose uptake in 3T3-L1 adipo-
cytes and primary murine white and brown adipo-
cytes. Since the mouse-derived 3T3-L1 adipocyte cell
line is frequently used as a model of adipose tissue,
we analysed the capacity of indinavir to inhibit glu-
cose uptake in primary murine white and brown adi-
pocytes. Table 1 shows the fractional inhibition of
basal and maximally insulin-stimulated glucose up-
take by indinavir added to the transport solution. Bas-
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al state glucose uptake was less sensitive to indinavir
in brown adipocytes than in white adipocytes, and
similar to that observed in 3T3-L1 adipocytes, sug-
gesting a relatively higher contribution of GLUT4 to
basal glucose uptake in WAT. After insulin stimula-
tion, 100 µmol/l indinavir inhibited glucose uptake by
more than 75% in both primary cell types. These re-
sults suggest that GLUT4 could have a greater role in
glucose uptake in unstimulated white adipocytes com-
pared to brown adipocytes or 3T3-L1 adipocytes.
Moreover, both cell types depend greatly on GLUT4
in the insulin-stimulated state. This feature largely ex-
ceeds the contribution of GLUT4 in 3T3-L1 adipo-
cytes.

GLUT4 contributes to basal and insulin-stimulated
glucose uptake in isolated mouse soleus and EDL
skeletal muscles.

The results observed in Table 1 prompted us to in-
vestigate whether a discrepancy in indinavir sensitivi-
ty also exists between ex-vivo skeletal muscle prepa-
rations and L6GLUT4myc myotubes. Table 2 presents
the fractional inhibition by indinavir of basal and in-
sulin-stimulated glucose uptake in L6GLUT4myc
myotubes, isolated mouse soleus and extensor digito-
rum longus (EDL) muscles. Both basal and insulin-
stimulated glucose uptake were markedly inhibited by
indinavir in soleus or EDL muscle. In the basal state,
glucose uptake was inhibited between 60 and 70% in
both muscle types. In the soleus muscle the fractional
inhibition of glucose uptake by indinavir was similar
in the insulin-stimulated and basal states. In the EDL,
insulin-stimulated glucose uptake was inhibited by in-
dinavir more than in the basal state, but this difference

did not reach statistical significance (Table 2). More-
over, the fractional inhibition was similar to that ob-
served in primary white adipocytes (Table 1), and
higher than in 3T3-L1 adipocytes.

Discussion

It is widely accepted that the main glucose transporter
responsible for insulin-stimulated glucose uptake is
GLUT4. Yet, this common assumption, based on ex-
pression levels and changes in localization upon insu-
lin stimulation, has not been ‘functionally’ confirmed
in normal tissues and cells. Furthermore, the contribu-
tion of other glucose transporter(s) such as GLUT1
under both physiological and pathological conditions
(like insulin resistance) is not known. In fact, whether
GLUT1 is actually expressed in skeletal myocytes has
been the subject of debate. In mouse adipocytes,
GLUT4 and not GLUT1 was estimated to be responsi-
ble for as much as 90% of insulin-stimulated glucose
uptake [28]. However, since GLUT4 expression is de-
creased in adipocytes of insulin resistant subjects [29,
30], the relative contribution of GLUT1 and other
GLUTs to overall glucose influx could be more pro-
nounced in this condition. Likewise, slow-twitch fi-
bers of skeletal muscle are specifically depleted of
GLUT4 in diabetes [31], raising again the possibility
that other GLUTs could functionally contribute to glu-
cose uptake. The importance of other glucose trans-
porters is highlighted in animal models with genetic
ablation of GLUT4, where glucose entry into skeletal
muscle is not ablated, thus preventing the expected
development of diabetes [3, 6]. All these findings beg
the question of what is the relative functional contri-
bution of GLUT4 to the overall glucose influx into
normal skeletal muscle or adipocytes.

The HIV-1 protease inhibitor indinavir is a potent
anti-retroviral agent commonly used in the treatment
of HIV infection, frequently in combination with other
HPIs, nucleoside analogues and non-nucleoside ana-
logues [32]. This therapy, while improving the prog-
nosis of patients infected by HIV, has been associated
with the development of a cluster of metabolic side ef-
fects including peripheral insulin resistance, resem-
bling the “metabolic syndrome” [33, 34, 35]. Affected
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Table 1 Percent inhibition of glucose uptake by indinavir in 3T3-L1 adipocytes, primary mouse white and brown adipocytes

Basal Insulin

50 µmol/l indinavir 100 µmol/l indinavir 50 µmol/l indinavir 100 µmol/l indinavir

3T3-L1 adipocytes 29.7±5.9 45.4±6.6 47.0±2.4 61.3±4.1
WAT 67.4±8.9a 93.2±2.4a 61.2±7.9 78.1±4.9
BAT – 48.7±18.1 – 93.2±3.5b

a p<0.01, and bp<0.001 compared to 3T3-L1 adipocytes at corresponding indinavir dose. The fold stimulation of 2DG uptake by
insulin was 9.8±1.2, 3.1±0.6 and 5.2±1.0 for 3T3-L1 adipocytes, WAT and BAT, respectively

Table 2 Percent inhibition of glucose uptake by indinavir
(100 µmol/l) in L6 GLUT4myc myotubes, isolated mouse so-
leus and extensor digitorum longus (EDL) muscles

Basal Insulin

L6 GLUT4myc myotubes 80.0±2.1 73.2±2.6
soleus 61.1±4.8 64.8±7.4
EDL 67.9±12.8 80.3±4.9

The fold stimulation of 2DG uptake by insulin was 1.7±0.1,
2.3±0.3 and 3.2±0.8 for L6 GLUT4myc myotubes, soleus and
EDL, respectively



patients are at risk for developing new-onset Type 2
diabetes and cardiovascular morbidity [36, 37, 38].
Although nucleoside analogues and the HIV infection
itself cause metabolic alterations, recent data support a
causative role for HIV protease inhibitors in the devel-
opment of the metabolic side-effects [39, 40, 41, 42].
Different cellular mechanisms have been suggested to
explain insulin resistance induced by HIV protease in-
hibitors [12, 43, 44]. In addition, recent studies offer
convincing evidence that indinavir and other HIV pro-
tease inhibitors directly interfere with the activity of
glucose transporters, with selectivity towards GLUT4
over GLUT2, GLUT3, GLUT1, or GLUT8 [12, 13].
Glucose uptake into Xenopus oocytes expressing
GLUT4 was inhibited by indinavir (IC50 50–100 µmol/l)
added to the transport solution. Indinavir caused a de-
crease in affinity photolabelling of GLUT4 in skeletal
muscle, raising the question of whether indinavir pre-
vented GLUT4 translocation or activity in skeletal
muscle [45]. We report that surface exposure of the
myc epitope of GLUT4myc in mammalian cells is not
altered by indinavir present after insulin stimulation
only in the transport solution, excluding the possibili-
ty that indinavir causes acute occlusion of GLUT4
within the plasma membrane. Thus it seems probable
that upon short exposure indinavir directly interacts
with unique epitopes of GLUT4 transporters present
at the cell surface, which are required for its capacity
to function as a glucose transporter.

Indinavir is a rather selective inhibitor of glucose
transport through GLUT4 in mammalian cells. We
have shown that indinavir inhibits basal and insulin-
stimulated glucose uptake much more efficiently in
L6GLUT4myc cells than in GLUT1myc cells (~80%
vs ~25%, respectively), with an IC50 value of less than
20 µmol/l in L6GLUT4myc (myoblasts or myotubes).
These findings confirm significant selectivity of indi-
navir to inhibit GLUT4-mediated transport [12],
which is superior to that of forskolin (Fig. 2C). The
molecular basis for such selectivity is not known. It
could arise from unique structural elements in
GLUT4, which are defined by the primary sequence
or by post-translational modifications of the protein,
such as glycosylation. The fact that indinavir behaved
similarly in the basal and insulin-stimulated states,
suggests that in these cells the over-expressed GLUT,
be it GLUT4myc or GLUT1myc, becomes the pre-
dominant transporter isoform responsible for glucose
uptake. This is in contrast to wild-type L6 cells, in
which basal glucose uptake was inhibited by 25%
whereas the net response to insulin was largely re-
duced by indinavir (Fig. 1A,B). Therefore, in wild-
type L6 myotubes, GLUT4 contributes little to basal
glucose uptake, but is the glucose transporter largely
responsible to the net response to insulin.

In primary adipocytes and in isolated skeletal mus-
cle preparations, insulin-stimulated glucose uptake

was highly sensitive to indinavir, suggesting a large
contribution of GLUT4. In addition, GLUT4 had a
major role in basal glucose influx in white adipocytes
and skeletal muscle tissues isolated from mice. Since
this feature was also seen in L6 cells over-expressing
GLUT4myc, this cell line offers a good in-vitro cellu-
lar model of insulin responsive tissues for analysis of
glucose uptake through the GLUT4 system.

Indinavir unravels a variable contribution of GLUT4
to insulin-stimulated glucose uptake in 3T3-L1 adipo-
cytes compared to primary adipocytes. 3T3-L1 adipo-
cytes are commonly used for studies related to the
regulation of glucose uptake and GLUT4 traffic. It is
therefore essential to assess the functional contribu-
tion of GLUT4 to glucose uptake in this cell model.
Here we have reported that the well-known batch-to-
batch variability in the responsiveness to insulin could
reflect different functional contribution of GLUT4 to
glucose uptake, which can be documented by indina-
vir. In batches with a 6- to 8-fold response in glucose
uptake to insulin, GLUT1 could contribute up to 50%
of the total response. Such a contribution is not ob-
served in either primary mouse adipocytes, skeletal
muscle preparations, or L6GLUT4myc cells, in which
indinavir inhibits a larger portion of the insulin-stimu-
lated response.

Three conclusions arise from these studies in 3T3-
L1 adipocytes: (i) 3T3-L1 adipocyte clones with ex-
quisite insulin responsiveness (>10–12-fold) rely
more heavily on GLUT4 than clones with lower re-
sponsiveness; (ii) because such high responsiveness
can be difficult to maintain over multiple cell passages
it becomes important to document the fractional con-
tribution of GLUT4 in each case. Our data suggest
that indinavir can be used for this purpose; (iii)
GLUT4 contributes to a larger extent to glucose up-
take at submaximal than at maximal insulin concen-
trations. Typically, 100 pmol/l insulin can induce a 3-
to 4-fold increase in 2-deoxyglucose uptake, 75% of
which is indinavir inhibitable. Consistent with a major
contribution of GLUT4 at low insulin doses is the
finding that under these conditions primarily GLUT4
is mobilized to the plasma membrane. Therefore we
propose that the GLUT4 system is more sensitive to
insulin than GLUT1 in 3T3-L1 adipocytes.

The newly identified difference in the sensitivity of
GLUT4 and GLUT1 translocation to insulin stimula-
tion, raises intriguing questions regarding the potential
role that these two transporters could play in states of
impaired insulin sensitivity and/or responsiveness. In-
dinavir could prove to be a valuable tool for the direct
analysis of the contribution of GLUT4 to overall glu-
cose uptake in the context of insulin resistance [46].

In conclusion, in L6 GLUT4myc cells, primary adi-
pocytes and skeletal muscle preparations, but not in
wild-type L6 cells or 3T3-L1 adipocytes, GLUT4(myc)
is the predominant transporter responsible for both
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basal and insulin-stimulated glucose uptake. GLUT4
contributes more to glucose influx into 3T3-L1 adipo-
cytes stimulated with picomolar rather than higher
concentrations of insulin. Indinavir could be utilized
to analyse the ‘functional relevance’ of known chang-
es in GLUT4 expression and/or activity associated
with insulin resistance.
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