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In fat and muscle tissues, insulin stimulates cellular
glucose uptake by initiating a phosphorylation cas-
cade which ultimately results in the translocation of
the GLUT4 glucose transporter isoform from an intra-
cellular vesicular storage pool(s) to the plasma mem-
brane in fat and to t-tubules in skeletal muscle. Insulin
receptor substrate-1 (IRS-1) and phosphatidylinositol
3-kinase (PI13-kinase) are known to be involved in cel-
lular responses to insulin such as GLUT4 transloca-
tion, but the biochemical mechanism(s) connecting
IRS-1 and PI3-kinase to GLUT4-containing intracellu-
lar membranes remains unclear. Here, in control and
insulin-stimulated rat skeletal muscle, the intracellu-
lar localization of these two proteins was compared
to that of GLUT4 using subcellular fractionation by
sucrose velocity gradients followed by immunoblot-
ting. Our data show that insulin-sensitive GLUT4-con-
taining vesicles are present in fractions 1 through 10,
whereas IRS-1 and P13-kinase are found in fractions 16
through 24. These results indicate that in intracellular
fractions derived from skeletal muscle, IRS-1 and PI13-
kinase are excluded from membranes harboring
GLUT4. © 1998 Academic Press

Insulin, a key regulator of glucose homeostasis, ex-
erts its effects by binding to the transmembrane insulin
receptor/kinase, inducing receptor autophosphoryla-
tion of its B-subunit (1, 2) and initiating a series of
phosphorylation reactions emanating from its intrinsic
tyrosine kinase activity (3-5). This signaling cascade
results in the translocation of GLUT4-containing vesi-
cles from an intracellular storage pool(s) to the plasma
membrane and t-tubules thereby facilitating the re-
moval of glucose from the blood (6-8). The exact mecha-
nism by which insulin mediates GLUT4 vesicular traf-
ficking remains to be defined.
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The IRS-1/P13-kinase pathway, in particular, has
been implicated as a key player in mediating GLUT4
activation. The activated insulin receptor phosphory-
lates tyrosine residues in IRS-1, thereby promoting the
association of Src homology (SH) 2 domain containing
proteins (9), such as PI13-kinase, with IRS-1 (10). Upon
binding of the p85 regulatory subunit of this lipid Ki-
nase to tyrosine phosphorylated IRS-1, the p110 cata-
lytic subunit of PI13-kinase is activated (5, 10, 11). The
regulation of this signaling pathway by insulin has
been extensively studied using two specific inhibitors
of P13-kinase, LY294002 and wortmannin. Both inhibi-
tors have been shown, independently, to block glucose
uptake and the translocation of GLUT4 from an intra-
cellular compartment to the plasma membrane of adi-
pocytes, L6 cells and to the t-tubules of rat skeletal
muscle (12-20).

In efforts to understand the coupling of P13-kinase
activation to GLUT4 translocation in fat cells, the local-
ization of these proteins has been examined by immu-
noadsorption (21) and by sedimentation analysis in su-
crose gradients (22). This studies have led to conflicting
results concerning GLUT4 and PI3-kinase co-localiza-
tion, the former study supports this hypothesis and the
latter not. Here, we examined the distribution of IRS-
1, PI3-kinase, and GLUT4 proteins in intracellular
fractions obtained from insulin-treated and untreated
rat skeletal muscle using a newly developed muscle
fractionation procedure (23). Our results show that in-
sulin causes a decrease in intracellular GLUT4 vesi-
cles, presumably due to their translocation to the
plasma membrane and t-tubules of the skeletal muscle.
The GLUT4 vesicles do not contain IRS-1 or P13-kinase
to any detectable extent. Rather, IRS-1 and P13-kinase
are partially co-located in similar fractions devoid of
GLUT4-containing vesicles.

MATERIALS AND METHODS

Materials. Male Sprague-Dawley rats were purchased from Ta-
conic Farms (Germantown, NY) or Charles River Laboratories (Wil-
mington, MA). The polyclonal antibodies against p85 P13-kinase and
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IRS-1 were obtained from Upstate Biotechnology Incorporated (Lake
Placid, NY). Monoclonal anti-GLUT4 antibody was used as described
(24). Insulin from bovine pancreas and goat secondary anti-rabbit
antibody conjugated with horseradish peroxidase were purchased
from Sigma (St. Louis, MO). The bicinchoninic acid (BCA) determina-
tion kit was obtained from Pierce (Rockford, IL). The chemilumines-
cent detection system (ECL) was purchased from Amersham (Arling-
ton Heights, IL). Bio-Rad Laboratories (Hercules, CA) supplied the
kaleidoscope molecular weight prestained standards.

Insulin stimulation of rat skeletal muscle in vivo. Male Sprague-
Dawley rats with a body weight ranging from 150 to 175 g were
anaesthetized with an intraperitoneal injection of sodium pentobar-
bital (5 mg/100g body wt) in 0.9% saline solution. Rats fully anaesthe-
tized were injected into the portal vein with either vehicle or 1.5
units of bovine insulin and tissue removal was performed 8 min after
insulin injection.

Cell fractionation. Rat hindlimb muscles were excised and ho-
mogenized with a polytron (15 sec. Ultra Turrax T25 homogenizer,
13, 500 rpm) in a buffer containing 20 mM Hepes, 250 mM sucrose,
1 mM EDTA, 5 mM benzamidine, 1 mM pepstatin, 1 mM PMSF, 1
mM aprotinin, 1 mM leupeptin, 200 xM sodium orthovanadate and
20 mM sodium fluoride at pH 7.4, and subcellular fractionation was
performed in a new protocol (23) that modifies previous muscle frac-
tionation procedures (25, 26). Briefly, the homogenate was centri-
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fuged at 2000 x g for 10 min (all centrifugations were performed at
4°C) the pellet was discarded and the supernatant was spun at 9000
x g for 20 min. The resultant supernatant was centrifuged for 90
min at 180,000 x g to sediment total membranes. The pellet was
resuspended in phosphate-buffered saline (PBS) containing protease
and phosphatase inhibitors. Protein content was measured using
BCA assay with bovine serum albumin as standard. Two mg of total
protein was loaded on a 4.6 ml 10-30% (W/V) continuous sucrose
gradient and centrifuged at 100,000 x g for 1 h. Fractions (250 ul)
were collected from the sucrose gradient and equal volumes of sam-
ples were analyzed by Western blotting.

Gel electrophoresis and Western blotting. Proteins samples were
solubilized in Laemmli sample buffer (27) and separated on 8% and
10% polyacrylamide gels in the presence of SDS along with
prestained molecular weight standards. After electrophoretic separa-
tion, proteins were transferred to nitrocellulose membranes (0.45
uM, Bio-Rad Laboratories, Hercules, CA) at 4°C for 16 h. The mem-
branes were blocked in PBST (0.05% Tween-20, pH = 7.4) containing
5% nonfat dry milk for 1 hr at 25°C, then probed with the appropriate
antibody for two hours. To detect the antigen-bound antibody the
blots were treated with secondary antibody conjugated with horse-
radish peroxidase. Immunoreactivity was visualized by enhanced
chemiluminescence and quantified by using a computing densitome-
ter (Molecular Dynamics, Sunnyvale, CA). The data shown are repre-
sentative of two experiments.
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Insulin stimulates the translocation of GLUT4 vesicles in rat skeletal muscle. Muscle membranes (2 mg of protein) from

untreated and insulin-treated (1.5 units/rat for 8 min) rat skeletal muscle were centrifuged in a 10-30% sucrose gradient (4.6 ml) as described
under Materials and Methods. 100 ul of each collected gradient fraction were separated by SDS-PAGE (10% acrylamide), transferred
to nitrocellulose, and probed with anti-GLUT4 antibody. (A) Autoradiogram of the GLUT 4 immunoblot following detection with the
chemiluminescent detection system (ECL). (B) Densitometric analysis of the blot expressed as arbitrary units. (C) Total protein values of

the fractions.
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FIG. 2.

IRS-1 and PI13-kinase partially co-localize in vesicles with the same density. 100 pl of each fraction collected from the sucrose

velocity gradient performed as indicated in Fig. 1 was separated by SDS-PAGE (8% acrylamide), transferred to nitrocellulose membranes,
and incubated with polyclonal anti-IRS-1 and anti-p85 antibodies as described under Materials and Methods. Autoradiograms of the IRS-
1 (A) and PI3-kinase (B) immunoblots from untreated and insulin-treated rat skeletal muscle.

RESULTS AND DISCUSSION

Insulin administered in vivo induces translocation
of GLUT4 vesicles. Male Sprague-Dawley rats were
exposed to insulin or saline solution for 8 min via portal
vein injections. Following removal of the entire hind-
limb muscle, the samples were homogenized, fraction-
ated and muscle membranes were centrifuged by a su-

crose velocity gradient as described in the Methods sec-
tion. Immunoblot analysis of the fractions from the
gradient with a anti-GLUT4 antibody showed that frac-
tions 1 through 10 contained the insulin-sensitive glu-
cose transporter (Figure 1A). In addition, insulin
caused a decrease in the GLUT4 immunoreactivity
thus demonstrating the insulin-induced translocation
of GLUT4-containing vesicles from the intracellular
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membrane vesicles to the plasma and t-tubule mem-
branes (23). To quantify the immunoblot data, densito-
metric analysis was performed and as illustrated in
Figure 1B, GLUTA4 levels decreased by 35% from the
intracellular vesicles in response to insulin. The major-
ity of GLUT4 vesicles (>98%) were isolated in fractions
1 through 10 and no GLUT4 was detected in fractions
11 through 24 (Figures 1A & 1B) even upon gross over
exposure (data not shown).

To confirm that the observed decrease in GLUT4 was
not due to unequal protein loading, the protein content
in each gradient fraction was measured. As shown in
Figure 1C, fractions from the control and insulin-stim-
ulated animals contained similar concentrations of to-
tal protein as was previously shown (23, 26).

IRS-1 and PI3-kinase do not associate with GLUT4-
containing vesicles isolated from rat skeletal muscle.
To determine if IRS-1 is associated with GLUT4-con-
taining vesicles, fractions collected from sucrose veloc-
ity gradients were analyzed by Western blotting using
a polyclonal anti-IRS-1 antibody. As shown in Figure
2A, fractions 20 through 24 from control animals con-
tain IRS-1 while fractions 1 through 10, which con-
tained the GLUT4 vesicles, did not display any immu-
noreactivity with the IRS-1 antibody. The in vivo insu-
lin stimulation resulted in a shift of the IRS-1 signal
from fractions 20-24 to fractions 16-22 (Figure 2A), and
the latter corresponds to the peak of the p85 signal (see
Figure 3B).

In fractions identical to those described for analyzing
GLUT4 and IRS-1, P13-kinase content was determined
by immunoblotting with a polyclonal antibody against
the p85 regulatory subunit of this kinase. Figure 2B
shows that the PI3-kinase distribution partially over-
laps with IRS-1 in the gradient. The PI3-kinase was
localized to fractions 16 to 23 and no signal was de-
tected in fractions 1 to 10 corresponding to the GLUT4
distribution. As shown in Figure 3A and 3B, insulin
mediated a 65% decrease in the PI3-kinase levels. It is
unclear why this signal decreases in response to insu-
lin, but in rat adipocytes and in 3T3-L1 cells, over 60%
of p85 is cytosolic (21, 28) and thus the amount in fat
LDM, the equivalent fraction to that shown in the gra-
dient (21, 28), is only a small amount of the total. Nev-
ertheless and importantly, the signals for IRS-1 and
p85 completely overlap in muscle membranes isolated
from insulin-treated animals, presumably as a result
of p85 interaction with tyrosine phosphorylated IRS-1
as other have shown (29).

Recent studies with rat adipocytes, L6 muscle cells
and rat skeletal muscle have indicated that both IRS-
1 and PI3-kinase play an important role in inducing
GLUT4 translocation and glucose uptake (12-21, 30).
The subcellular localization and trafficking of these
molecules, however, remains controversial. In 3T3-L1
adipocytes, immunoadsorbed GLUT4-containing vesi-
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FIG. 3. Quantification of IRS-1 and PI3-kinase distribution in
cell fractions separated by a sucrose velocity gradient. Densitometric
analysis of data shown in Fig. 2 was performed and results expressed
as arbitrary units. IRS-1 and P13-kinase from untreated (A) or insu-
lin-treated (1.5 units/rat for 8 min) (B) rat skeletal muscle.

cles were shown to contain P13-kinase/IRS-1 complexes
as well as PI3-kinase activity (23). However in other
studies, GLUT4 vesicles fractionated from rat adipo-
cytes (28) and from 3T3-L1 cells (22) have been shown
not to contain IRS-1 or P13-kinase.

The lack of PI13-kinase and IRS-1 in GLUT4 vesicles
suggests that additional signaling molecules may play
a role in transducing the signal between the activated
IRS-1/P13-kinase complex and the GLUT4-containing
vesicles. In fact, it has recently been shown that the
serine/threonine protein kinase known as Akt/RAC/
PKB requires PI3-kinase for activation and activated
Akt is capable of stimulating GLUT4 translocation as
well as glucose uptake in 3T3-L1 adipocytes (31-33).
Moreover, we have recently shown that Akt-2 associ-
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ates with GLUTA4 vesicles in an insulin-dependent and
wortmannin inhibitable fashion (34). Therefore, activa-
tion of additional intermediate signaling molecules
may be responsible for linking PI3-kinase to GLUT4
translocation.

Finally, recent evidence indicates that an intact actin
network may be necessary for the translocation of
GLUT4 and that IRS-1 may associate with the cy-
toskeleton in order to induce P13-kinase activation (35).
Treatment of the differentiated L6 muscle cell line with
Cytochalasin D, a specific inhibitor of actin filament
assembly, prevented insulin-induced GLUT4 translo-
cation (35). More recently, Clark et al. (24) showed that
in differentiated 3T3-L1 cells, IRS-1 associated with
cytoskeletal-like filaments and was localized indepen-
dently of GLUT4-containing vesicles. Our current data
are completely consistent with these latter findings in
that IRS-1 isolated from muscle (Fig. 2A) sediment sim-
ilarly to IRS-1 isolated from cultured fat cells (24).

In summary, these are the first in vivo studies using
rat skeletal muscle that demonstrate the differential
localization of IRS-1 and PI13-kinase-containing struc-
tures from GLUT4-containing vesicles, thus further
strengthening the hypothesis that additional signaling
molecules downstream of PI13-kinase may play a role
in regulating glucose uptake and homeostasis. In addi-
tion, emerging evidence indicates that IRS-1’s associa-
tion with the cytoskeleton may serve an important role
in activating PI13-kinase and transmitting the insulin
signal.
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