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ABSTRACT

Background: Adipose and muscle tissues express an
insulin-sensitive glucose transporter (GLUT4). This
transporter has been shown to translocate from intracel-
lular stores to the plasma membrane following insulin
stimulation. The molecular mechanisms signalling this
event and the details of the translocation pathway re-
main unknown. In type II diabetes, the cellular transport
of glucose in response to insulin is impaired, partly ex-
plaining why blood-glucose levels in patients are not
lowered by insulin as in normal individuals.
Materials and Methods: Isolated rat epididymal adi-
pocytes were stimulated with insulin and subjected to
subcellular fractionation and to measurement of glucose
uptake. A caveolae-rich fraction was isolated from the
plasma membranes after detergent solubilization and ul-
tracentrifugal floatation in a sucrose gradient. Presence
of GLUT4 and caveolin was determined by immunoblot-
ting after SDS-PAGE.
Results: In freshly isolated adipocytes, insulin induced a

rapid translocation of GLUT4 to the plasma membrane
fraction, which was followed by a slower transition of
the transporter into a detergent resistant caveolae-rich
region of the plasma membrane. The insulin-stimulated
appearance of transporters in the caveolae-rich fraction
occurred in parallel with enhanced glucose uptake by
cells. Treatment with isoproterenol plus adenosine
deaminase rapidly inhibited insulin-stimulated glucose
transport by 40%, and at the same time GLUT4 disap-
peared from the caveolae-rich fraction and from plasma
membranes as a whole.
Conclusions: Insulin stimulates glucose uptake in adi-
pocytes by rapidly translocating GLUT4 from intracellu-
lar stores to the plasma membrane. This is followed by a
slower transition of GLUT4 to the caveolae-rich regions
of the plasma membrane, where glucose transport ap-
pears to take place. These results have implications for an
understanding of the defect in glucose transport involved
in type II diabetes.

INTRODUCTION
Insulin lowers the concentration of glucose in
the blood; failure to do so causes the rapid onset
symptoms of diabetes. Insulin's ability to lower
blood glucose levels is partly explained by an
increase in the transport of glucose into muscle
and adipose tissue. The mechanism involves an
insulin-triggered re-localization of glucose trans-
porter type 4 (GLUT4) from intracellular storage
sites to the plasma membrane of cells (1,2). Fol-
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lowing homogenization of unstimulated cells,
GLUT4 is recovered mainly in the microsomal
fraction, but in insulin-stimulated cells up to half
of the cellular GLUT4 is recovered in the plasma
membrane fraction. The appearance of GLUT4 in
the plasma membrane fraction precedes the in-
crease in glucose uptake, suggesting that there
might be a delayed activation of GLUT4 (3-5). It
has also been found that GLUT4 exists in the
plasma membrane in both surface-accessible and
-nonaccessible states (4,6-11).

We now report that in rat adipocytes insulin
induced a rapid translocation of GLUT4 to the
plasma membrane fraction, followed by a slower
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transition of GLUT4 to a detergent-resistant and
caveolae-rich fraction within the plasma mem-
brane. Appearance of transporters in this caveo-
lae-rich fraction closely and reversibly paralleled
glucose uptake by the cells, suggesting that glu-
cose transport is functional in this fraction of the
plasma membrane.

Caveolae form non-clathrin-coated invagi-
nations of the plasma membrane of many cell
types and are particularly abundant in adipocytes
(12,13). We have previously shown that a phos-
phatidylinositol-glycan precursor of potential
second messengers of insulin is concentrated in
the detergent-insoluble caveolae-rich fraction of
adipocyte plasma membranes (14).

MATERIALS AND METHODS
Materials
2-Deoxy-D- [1 -3H]glucose was from Amersham
(Amersham, United Kingdom). Porcine insulin
from Novo Nordisk (Copenhagen, Denmark),
and adenosine deaminase and fatty acid-free bo-
vine serum albumin from Boehringer Mannheim
(Mannheim, Germany). Cytochalasin B, Triton
X-100 and ±isoproterenol from Sigma Chemical
Co. (St. Louis, MO, U.S.A.). 2-Deoxy-D-glucose
and polyclonal rabbit antibodies against insulin-
regulated glucose transporter (GLUT4) from Cal-
biochem (U.S.A.), mouse anti-caveolin monoclo-
nal antibodies was from Chemicon International
(U.S.A.), and polyclonal rat anti-Na,K-ATPase a
2 subunit fusion protein from Upstate Biotech-
nology Incorporated (U.S.A.). Suppliers of other
materials and equipment are indicated below.

Isolation and Incubation of Adipocytes
Adipocytes were isolated by collagenase diges-
tion from epididymal fat pads of Sprague Dawley
rats (180-250 g; Alab, Stockholm, Sweden) (15).
Cells (final concentration 100 p,l packed cell vol-
ume/ml) were freshly incubated in Krebs-Ringer
solution (0.12 M NaCl, 4.7 mM KCI, 2.5 mM
CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4) con-
taining 20 mM HEPES, pH 7.40, 3.5% (w/v)
bovine serum albumin, 100 nM phenylisopropyl-
adenosine, 0.5 U/ml adenosine deaminase with-
out or with 0.5 mM D-glucose, at 37°C on a
shaking water bath (16). In incubations where
insulin-stimulated glucose transport was re-
versed with isoproterenol and adenosine deami-
nase, cells were stimulated with insulin in the

presence of 0.2 mM adenosine instead of phe-
nylisopropyladenosine and without adenosine
deaminase until the indicated time point.

Subcellular Fractionation
Adipocytes were homogenized in 10 mM Tris-
HCI, pH 7.4, 1 mM EDTA, 0.25 M sucrose (with
protease inhibitors 10 ,uM leupeptin, 1 ,uM pep-
statin, 1 ,uM aprotinin, and 50 ,uM phenylmethyl-
sulfonyl fluoride) using a motordriven Teflon/glass
homogenizer at room temperature. Subsequent
procedures were carried out at 0-4°C. A plasma
membrane-containing fraction was obtained by
centrifugation at 16,000 X g for 20 min (17). The
pellet was resuspended in 10 mM Tris-HCl, pH
7.4, 1 mM EDTA. Highly purified plasma mem-
branes were isolated by sucrose density gradient
centrifugation (3,18). The microsomal fraction
was pelleted by centrifugation of the 16,000 X g
supernatant at 160,000 X 9 (average) for 60 min
(Beckman SW41 rotor).

Aliquots of the plasma membrane fraction in
25 mM HEPES, pH 7.1/0.15 M NaCl were treated
with 1% (w/v) Triton X-100 for 30 min. To thus
solubilized plasma membranes was added solid
sucrose to 40% and layers of 25 and 0% sucrose
were successively layered on top of it. After cen-
trifugation at 200,000 X g (average) for 6.5 hr
(Beckman TLS-55 rotor), the material floating at
the 25-0% interface was collected and referred
to as the caveolae-rich fraction (19,20).

Immunoblotting
After SDS-PAGE (10% acrylamide), separated
proteins were electrophoretically transferred to a
polyvinylidene difluoride blotting membrane
(Immobilone-P, Millipore, Marlborough, MA,
U.S.A.) in 25 mM Tris, 190 mM glycine, 20%
(v/v) methanol, 0.05% (w/v) sodium dodecyl
sulfate, at 50 mA for 20 hr. The wetted mem-
brane was saturated with dry milk, gelatin, or
bovine serum albumin with 0.1% (w/v) Tween-
20. After this blocking procedure the membrane
was incubated with anti-glucose transporter-4
antibodies, anti-caveolin monoclonal antibodies,
or anti-Na,K-ATPase a 2 subunit antibodies in
the same solution. Bound antibodies were then
detected with horse-radish peroxidase-conju-
gated anti-IgG, adhering to the ECL protocol and
reagents from Amersham. Equal amounts of
sample from insulin-treated and nontreated cells
were subjected to SDS-PAGE, while the amount
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of protein is not comparable between the differ-
ent membrane preparations.

Determination of Glucose Transport

Glucose uptake was determined as 2-deoxy-D-
[1_-3H]glucose (50 ,uM) uptake into adipocytes
(100 ,ul packed cell volume/ml, final concentra-
tion) incubated for 60 sec, when glucose trans-
port was interrupted with 25 ,tM cytochalasin B.
Cells were immediately separated from incuba-
tion medium, collected by 5-sec centrifugation
through dinonylphtalate and frozen. 2-Deoxy-D-
[1-3H]glucose uptake was determined by liquid
scintillation counting of cells, after solubilization
in sodium dodecyl sulfate, in Ready Gel (Beck-
man). Nonspecific uptake, determined as the
2-deoxy-D- [1-3H] glucose uptake that was not in-
hibited by cytochalasin B, was subtracted from
all measurements.

RESULTS
Freshly isolated rat adipocytes were incubated
either in the presence or absence of 5 nM insulin
for 10 min prior to homogenization and subcel-
lular fractionation. As expected, insulin caused
an increase of GLUT4 protein in the plasma
membrane (Fig. 1, Lanes 1 and 2) and a decrease
in the microsomal fraction (Fig. 1, Lanes 5 and
6). This was followed by enhanced transport of
glucose into the cells, with half-maximal trans-
port occurring with about 40 pM insulin (not
shown).

A portion of GLUT4 in the plasma membrane
fraction was insoluble in the detergent Triton
X-100 (Fig. 1, Lanes 3 and 4) and incubation
with insulin caused an increase in the amount of
GLUT4 in this detergent-insoluble fraction of the
plasma membrane (Fig. 1, Lanes 3 and 4). The
detergent-insoluble plasma membrane frag-
ments were isolated after ultracentrifugal floata-
tion and characterized as being plasma mem-
brane fragments enriched in caveolae structures.
The fraction of GLUT4 in the plasma membrane
which we recovered in the detergent-insoluble
fraction of unstimulated cells was 5 ± 0.3%
(mean ± SEM; n = 3). The caveolar-marker
protein caveolin also increased in the plasma
membrane and in the detergent-insoluble frac-
tion in response to insulin treatment (Fig. 1).

The time courses of insulin's effects on
GLUT4 translocation from the microsomal to the
plasma membrane, on its transition within the
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FIG. 1. Effects of insulin on GLUT4 subcellular
location.
Rat adipocytes were incubated in the presence or
absence of 5 nM insulin for 10 min and homoge-
nized. Plasma membrane, caveolae, and microsomal
fractions were prepared as described in the Materials
and Methods. Equal amounts of samples obtained
from insulin-treated and nontreated cells were sub-
jected to SDS-PAGE (i.e., the amount of protein is
not comparable between the different membrane
preparations) and immunoblotted for GLUT4, caveo-
lin, or Na,K-ATPase a 2 subunit. (Lanes 1 and 2)
Plasma membranes. (Lanes 3 and 4) Caveolae.
(Lanes 5 and 6) Microsomal fraction. In Lanes 1, 3,
and 5, cells were incubated without insulin; in Lanes
2, 4, and 6, with insulin. The positions of molecular
mass markers (Rainbow, Amersham) are indicated:
ovalbumin, 46 kD; phosphorylase, 97 kD, trypsin
inhibitor, 21 kD.

plasma membrane, and on the stimulation of
glucose uptake were examined. Following addi-
tion of insulin, the amount of GLUT4 rapidly
decreased in the microsomal fraction, and in par-
allel there was a rapid increase (t412: ca. 3 min) in
the amount of GLUT4 in the plasma membranes
(Fig. 2). In the detergent-insoluble fraction of the
plasma membranes, the amount of GLUT4 in-
creased more slowly (t412: ca. 7 min). The in-
crease in glucose uptake coincided with the ac-
cumulation of GLUT4 in the detergent-insoluble
fraction of the plasma membrane, but not with
the considerably more rapid appearance of trans-
porters in the plasma membrane as a whole
(Fig. 2). The level of GLUT4 remained elevated in
this detergent-insoluble fraction of the plasma
membrane (as well as in the plasma membrane
as a whole) for at least 20 min (the longest time
period studied).

The stimulatory effect of insulin on glucose
transport is counteracted by addition of isopro-
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FIG. 3. Time course for isoproterenol/adeno-
sine deaminase inhibition of insulin-stimulated
GLUT4 translocation and glucose transport
Adipocytes were stimulated with 5 nM insulin for 20
min, at which point 1 ,uM isoproterenol and 0.5
U/ml adenosine deaminase were added. Cells were
then sampled at the indicated time points. Subcellu-
lar fractionation, immunoblotting, the amount of
GLUT4, and glucose transport were determined as in
the legend to Fig. 2. Results of GLUT4 quantitation
mean ± SEM (n = 3 separate experiments) and for
glucose uptake (mean ± SEM, n = 3 separate exper-
iments) are expressed as percent of maximally insu-
lin-stimulated controls (5 nM insulin for 20 min)
(error bar is shown only where this value is greater
than the graph symbol). 0, Plasma membranes; 0,
caveolae; V, 2-deoxy-D- [1_-3H]glucose uptake; A,
2-deoxy-D-[1-3H]glucose uptake in control cells
without isoproterenol or adenosine deaminase.
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FIG. 2. Time course of the effects of insulin
stimulation on GLUT4 subcellular localization
and on glucose transport

Adipocytes were sampled before insulin addition at
the indicated time points after the addition of 5 nM
insulin. Subcellular fractions were isolated as in Fig. 1

and the amount of GLUT4 determined after SDS-
PAGE and immunoblotting. Quantitative evaluation
of immunoblots was done by densitometric scanning
(Pharmacia-LKB Ultroscan) of films and integration
of areas under peaks. Glucose transport was deter-
mined as 2-deoxy-D-[1-3H]glucose uptake. (a) Re-
sults of GLUT4 quantitation mean ± SEM (n = 3-12
separate experiments) and for glucose uptake (mean

SEM, n = 3 separate experiments) are expressed
as a percentage of nonstimulated controls (error bar
is shown only where this value is greater than the
graph symbol). (b) Data replotted as a percentage of
the respective maximal (20 min) value. 0, Plasma
membranes; 0, caveolae; *, microsomal fraction; A,

glucose transport.

terenol in combination with adenosine removal
by adenosine deaminase (10). The effects of this
treatment on the distribution of GLUT4 was de-
termined in cells that had been maximally stim-
ulated with 5 nM insulin for 20 min. The combi-
nation of isoproterenol and adenosine deaminase
rapidly reversed insulin-stimulated glucose trans-
port by 40%. In parallel, GLUT4 disappeared from
the detergent-insoluble fraction and from the
plasma membrane as a whole (Fig. 3).

The detergent-insoluble fraction of the
plasma membrane was isolated from the purified
plasma membranes and characterized. It had
several characterstics of isolated caveolae (21), as

demonstrated by: (i) its insolubility in Triton
X-100; (ii) its floatation during density-gradient
ultracentrifugation; (iii) the presence of the
caveolar-marker protein caveolin (Fig. 1), which
is known to be abundant in adipocytes' caveolae
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(12,13); and (iv) the absence of Na,K-ATPase, a
plasma membrane protein not present in caveo-
lae (Fig. 1). In a previous study by our group, this
fraction had been further described (14), show-
ing that in nonstimulated adipocytes the caveo-
lar-marker protein caveolin was 8-fold enriched
compared with plasma membranes, and it con-
tained less than 10% of the plasma membrane
protein with a different protein pattern after
SDS-PAGE.

DISCUSSION
The findings reported here demonstrate that
GLUT4 is translocated to the plasma membrane
in response to insulin and then to specialized
regions of the plasma membrane, which may
represent caveolae, where glucose uptake ap-
pears to take place. Although the detergent-re-
sistant fraction of the plasma membrane may not
necessarily correspond to caveolae alone, it
should represent functional and most likely also
physical microdomains of the plasma membrane.
These are exciting findings in light of our recent
localization of a phosphatidylinositol glycan,
which may be involved in insulin signaling to the
same caveolae-rich fraction (14). It is pertinent
to point out that biochemical studies of GLUT4
localization, commonly involving solubilization
with nonionic detergent and centrifugal removal
of insoluble material prior to GLUT4 quantita-
tion, may exclude GLUT4 present in the deter-
gent-insoluble fraction from quantitation. There
has been some question as to whether a deter-
gent-resistant fraction of the plasma membrane
corresponds to morphologically defined caveolae
(21). Recently, however, it was carefully demon-
strated that the proteins, including glycosylphos-
phatidylinositol-linked proteins, contained in
caveolae isolated as a detergent-insoluble frac-
tion are also found in caveolae isolated by a
procedure totally avoiding detergents (22).

Kandror et al. (13) recently demonstrated
that intracellular vesicles containing GLUT4 were
not associated with caveolin. These investigators,
however, did not examine either plasma mem-
branes or plasma membrane-caveolae structures
for colocalization of GLUT4 and caveolin, and it
is therefore not possible to compare their find-
ings with ours. Their findings were, however,
contradicted by Scherer et al. (12) who also
showed that insulin stimulated a transient in-
crease of GLUT4 in a caveolin containing fraction
prepared from whole 3T3-LI cells. Our results do

not show any evidence of such transient local-
ization of GLUT4 in the caveolae-fraction during
insulin stimulation, possibly because we have
used freshly isolated adipocytes and isolated
caveolae from purified plasma membranes.

Our findings indicate that the following
events occur during insulin stimulation of glu-
cose uptake: (i) a rapid change of the steady-state
distribution of GLUT4 from intracellular loci to
the plasma membrane; (ii) a slower transition of
GLUT4 into a specialized region of the plasma
membrane, which may correspond to caveolae;
and (iii) enhanced glucose uptake. This provides
a mechanistic explanation for the long-standing
discrepancy between the rapid increase of
GLUT4 in the plasma membrane and the slower
increase of glucose uptake (3-5). A number of
investigations have indicated that the glucose
transporter exists in two states in the plasma
membrane: one which is surface accessible and
one occluded (4,6-11). Our findings now indi-
cate that the surface-accessible transporters in
the plasma membrane may correspond to trans-
porters localized to the detergent-insoluble frac-
tion and furthermore that these correspond to
actively transporting GLUT4. In addition, the re-
sults suggest that in response to insulin GLUT4
rapidly appears at the plasma membrane in a
nontransporting state, likely corresponding to
occluded transporters that have not yet reached
the detergent-insoluble region.
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