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Differentiating 3T3-L1 cells exhibit a dramatic increase in the rate of insulin-stimulated
glucose transport during their conversion from proliferating fibroblasts to nonprolifer-
ating adipocytes. On day 3 of 3T3-L1 cell differentiation, basal glucose transport and cell
surface transferrin binding are markedly diminished. This occurs concomitant with the
formation of a distinct insulin-responsive vesicular pool of intracellular glucose trans-
porter 1 (GLUT1) and transferrin receptors as assessed by sucrose velocity gradients. The
intracellular distribution of the insulin-responsive aminopeptidase is first readily detect-
able on day 3, and its gradient profile and response to insulin at this time are identical to
that of GLUT1. With further time of differentiation, GLUT4 is expressed and targeted to
the same insulin-responsive vesicles as the other three proteins. Our data are consistent
with the notion that a distinct insulin-sensitive vesicular cargo compartment forms early
during fat call differentiation and its formation precedes GLUT4 expression. The devel-
opment of this compartment may result from the differentiation-dependent inhibition of
constitutive GLUT1 and transferrin receptor trafficking such that there is a large increase
in, or the new formation of, a population of postendosomal, insulin-responsive vesicles.

INTRODUCTION

The insulin-stimulated glucose transport that regu-
lates postprandial blood glucose levels occurs princi-
pally as a result of the insulin-dependent translocation
of glucose transporters from an intracellular storage
pool to the cell surface (for review, see Kandror and
Pilch, 1996a; Rea and James, 1997). The tissue-specific
glucose transporter isoform glucose transporter 4
(GLUT4)1 (Kandror and Pilch, 1996a; Rea and James,
1997) is responsible for most of the transport function
in fat and muscle, but the ubiquitous GLUT1 glucose
transporter isoform is expressed to an appreciable ex-
tent in adipocytes, where it also shows insulin-depen-

dent translocation to the cell surface (Zorzano et al.,
1989; Holman et al., 1990). Despite extensive study (for
review, see Kandror and Pilch, 1996a; Rea and James,
1997), much remains unknown about the cellular traf-
ficking pathway of GLUT4, including its biochemical
basis and relationship to other established cellular
pathways of protein traffic and secretion. In particular,
it is not yet clear whether the GLUT4-containing com-
partment represents a specialized secretory organelle,
analogous to synaptic vesicles in the brain and unique
to fat and muscle, or whether, during the process of
differentiation, insulin sensitivity has been applied to
a preexisting recycling pathway(s), such as endosome
to cell surface recycling, which is present in nondif-
ferentiated precursors.

Morphological studies of GLUT4 distribution in a
variety of insulin-sensitive tissues have used immu-
nogold electron microscopy to determine that intracel-
lular GLUT4 is localized principally in small uniform
vesicles near the cell surface, as well as in small tubu-
lovesicular elements. These tissues include delipi-
dated brown fat (Slot et al., 1991), white fat (Smith et
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al., 1991) and skeletal muscle (Wang et al., 1996; Ploug
et al., 1998). We have also determined, on the basis of
sucrose gradient sedimentation analysis, that GLUT4-
containing vesicles from skeletal muscle and fat are
mainly of a small uniform size (Kandror et al., 1995a).
Morphologically, the GLUT4-containing vesicles re-
semble those of the endosomal pathway, such as is
seen for the localization of the asialoglycoprotein re-
ceptor in liver (Geuze et al., 1982), a classical endoso-
mal trafficking protein. However, there is mixed evi-
dence for the colocalization of GLUT4 with endosomal
markers present in fibroblasts and fat cells, such as the
transferrin receptor (TfR).

In transfection studies involving ectopic expression
of GLUT4 in 3T3-L1 fibroblasts, some colocalization of
transfected GLUT4 with TfRs was observed (Hudson
et al., 1992). On the other hand, transfected GLUT4 and
endogenous TfRs segregate immediately upon endo-
cytosis in Chinese hamster ovary (CHO) cells (Wei et
al., 1998). In cultured murine fat cells, we (this paper)
and others (Tanner and Lienhard, 1989) show that a
portion of the TfR traffics very similarly to glucose
transporters, whereas Martin et al. (1996) have found
evidence for segregation of GLUT4 from TfRs in
3T3-L1 cells. Likewise, in rat fat cells studied by means
of transporter-specific immunoadsorption, we have
reported that 50% of the TfR colocalizes with GLUT4
(Kandror and Pilch, 1998). Malide et al. (1997a) do not
observe this colocalization when using confocal mi-
croscopy procedures.

To gain further information concerning the nature of
GLUT4 trafficking, we and others have determined the
identity of a number of proteins colocalized in
GLUT4-containing vesicles. As expected, proteins that
are believed to constitute part of the membrane fusion
machinery (Rothman and Söllner, 1997) required for
vesicular trafficking are present in GLUT4 vesicles.
These include members of the vesicle-associated mem-
brane protein/cellubrevin family (Cain et al., 1992;
Volchuk et al., 1995; Cheatham et al., 1996; Timmers et
al., 1996) and secretory carrier-associated membrane
proteins (Laurie et al., 1993; Thoidis et al., 1993). Two
abundant GLUT4 vesicular proteins, visible by silver
staining of immunoisolated membranes, have been
identified by microsequencing and cloning. One is a
novel aminopeptidase (insulin-responsive aminopep-
tidase [IRAP]) (Kandror et al., 1994; Keller et al., 1995),
and the other is a type of sorting receptor, sortilin, of
unknown physiological function (Lin et al., 1997; Mor-
ris et al., 1998) that is related to the receptor for man-
nose-6-phosphate. A small proportion (10–15%) of the
latter protein (Kandror and Pilch, 1996b) is also colo-
calized with GLUT4 in the basal state in rat adipo-
cytes, and this population appears to cycle to and from
the cell surface along with GLUT4 (Kandror and Pilch,
1996b, 1998). A very important finding regarding the
constituent vesicle proteins is that IRAP traffics in an

insulin-sensitive manner indistinguishable from
GLUT4, and this, along with the data for the three
receptors noted above, suggests the possibility that the
GLUT4-containing compartment has multiple cargo
components, and that the presence or absence of one
or more components may not be critical for its insulin-
dependent response. To address this possibility, we
examined the development of insulin-responsive ve-
sicular trafficking as a function of 3T3-L1 fat cell dif-
ferentiation in cell culture.

Green and Kehinde (1975) first demonstrated that
confluent 3T3-L1 cells could be hormonally induced to
differentiate into adipocytes over the course of 6–9 d.
The differentiation process is characterized by cell
rounding and accumulation of large lipid droplets and
biochemically by the expression of various enzymes of
lipid metabolism (for review, see Brun et al., 1996;
Gregoire et al., 1998). Importantly, differentiation of
3T3-L1 cells also leads to a dramatic increase in the
expression of insulin receptors (Reed et al., 1977; Rubin
et al., 1978), GLUT4 (Garcia de Herreros and Birn-
baum, 1989), and insulin receptor substrate 1 (IRS-1)
(Rice and Garner, 1994), and the cells markedly in-
crease their insulin-sensitive glucose uptake. In differ-
entiated fat cells, insulin stimulates the rate of hexose
transport 5- to 10-fold (see Figures 1 and 8), whereas
their fibroblast precursors respond weakly (;1.5-fold)
(Resh, 1982; Garcia de Herreros and Birnbaum, 1989;
Weiland et al., 1990; Yang et al., 1992). Although the
proteins noted just above are necessary for the maxi-
mal insulin response, we demonstrate here that the
onset of insulin-sensitive glucose uptake is a result of
major changes, early in the fat cell differentiation pro-
gram, in the physical and biochemical characteristics
of intracellular vesicles containing glucose transport-
ers, TfRs, and IRAP. Our data are consistent with the
notion that the development of this compartment re-
sults from the expression of as yet unknown genes,
and it precedes and may be independent of expression
of its major cargo protein, GLUT4.

MATERIALS AND METHODS

Materials
Dexamethasone, 3-isobutyl-1-methylxanthine, insulin, benzami-
dine, wortmannin, and digitonin were purchased from Sigma (St.
Louis, MO). Aprotinin, leupeptin, pepstatin A, and PMSF were
obtained from American Bioanalytical (Natick, MA). Fetal bovine
and calf sera were purchased from Life Technologies (Gaithersburg,
MD) and Dulbecco’s modified Eagle’s medium (DMEM) was from
BioWhittaker (Walkersville, MD). 3H-2-Deoxyglucose and 125I-
transferrin were purchased from New England Nuclear (Boston,
MA).

Antibodies
In the present study, we used the monoclonal anti-GLUT4 antibody
1F8 (James et al., 1988), a goat polyclonal anti-GLUT4 antibody (a
kind gift from Dr. Morris J. Birnbaum, Howard Hughes Medical
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Institute, University of Pennsylvania, Philadelphia, PA), a poly-
clonal antibody against GLUT1 (a kind gift from Dr. C. Carter-Su,
University of Michigan, Ann Arbor, MI), monoclonal anti-TfR anti-
body H68 (Zymed Laboratories, South San Francisco, CA), mono-
clonal anti-caveolin-1 antibody (Transduction Laboratories, Lexing-
ton, KY), and anti-IRAP serum (Kandror and Pilch, 1994).

Cell Culture
Murine 3T3-L1 preadipocytes were cultured, maintained, and dif-
ferentiated as described previously (Stephens et al., 1997). Briefly,
cells were plated and grown for 2 d after confluence in DMEM
supplemented with 10% calf serum. Differentiation was then in-
duced (day 0) by changing the medium to DMEM containing 10%
fetal bovine serum, 0.5 mM 3-isobutyl-1-methylxanthine, 1 mM
dexamethasone, and 1.7 mM insulin. After 48 h, the differentiation
medium was replaced with maintenance medium containing
DMEM supplemented with 10% fetal bovine serum. The mainte-
nance medium was changed every 48 h until the cells were used for
experimentation.

3H-2-Deoxyglucose Uptake
This assay was performed in 3.5-cm dishes as previously described
(Stephens et al., 1997). Briefly, the monolayers were washed twice
with serum-free DMEM and deprived of serum for 2 h. Medium
was replaced with DMEM containing either 100 nM insulin or
carrier (1 mM HCl, 1003 dilution), and cells were placed at 37°C for
15 min. Each well was then washed twice with 2 ml of Krebs-Ringer-
HEPES (KRH) buffer (121 mM NaCl, 4.9 mM KCl, 1.2 mM MgS04,
0.33 mM CaCl2, 12 mM HEPES, pH 7.4) at 22°C. The assay was
carried out in 1 ml KRH buffer per 3.5-cm well for 15 min at 22°C.
The concentration of 2-deoxyglucose was 0.1 mM with 1 mCi of
3H-2-deoxyglucose/ml. The transport assay was terminated by as-
pirating the radioactive mixture and washing the monolayer three
times with 2 ml of ice-cold KRH containing 25 mM d-glucose. Each
monolayer was then solubilized in 1 ml of a buffered digitonin
solution, and a 0.3-ml aliquot was removed for determination of
radioactivity by liquid scintillation counting. Under these condi-
tions, hexose uptake was linear for at least 30 min. Measurements
were made in duplicate and corrected for specific activity and
nonspecific diffusion (as determined in the presence of 5 mM cy-
tochalasin B), which was ,10% of the total uptake. The protein
concentration was determined using the Bio-Rad (Hercules, CA)
protein assay kit and was used to normalize counts.

When indicated, serum-starved cells were incubated for 30 min
(37°C) in DMEM containing 1 mM wortmannin (Sigma) or carrier
(DMSO; 10003 dilution). Wortmannin (or DMSO) was also in-
cluded during incubation with insulin (or carrier).

Cell Surface 125I-Transferrin Binding
This assay was based on the method described previously (Tanner
and Lienhard, 1987). At the indicated times, cell monolayers in
3.5-cm dishes were washed twice with serum-free DMEM and
serum starved for 2 h. Cells were then washed with three 1-ml
aliquots of Krebs-Ringer-phosphate (KRP; 12.5 mM HEPES, 120 mM
NaCl, 6 mM KCl, 1.2 mM MgSO4, 1 mM CaCl2, 1 mM Na2HPO4, pH
7.4) buffer at 37°C followed by addition of 2 ml KRP containing
either 100 nM insulin or carrier (1 mM HCl; 1003 dilution). After a
15-min incubation at 37°C, dishes were placed on ice, and each well
was washed immediately with three 1-ml aliquots of ice-cold KRP.
Each monolayer was then incubated for 2 h at 4°C with 1 ml of 0.945
nM 125I-transferrin (65,000–80,000 cpm/well) in KRP containing 1
mg/ml BSA (Tanner and Lienhard, 1987). Unbound ligand was
subsequently aspirated, and wells were washed (1 min/wash) with
three 1-ml aliquots of ice-cold KRP. Each monolayer was then
solubilized in 1 ml of 1 N NaOH, and the radioactivity was counted
in an LKB (Piscataway, NJ) gamma counter. Nonspecific binding,

determined by including 1 mM unlabeled diferric transferrin in the
radioactive mixture, was subtracted from the total binding to deter-
mine receptor-specific binding. All data have been normalized to
the protein concentration (Bio-Rad kit).

Preparation of Postnuclear Membranes
At the indicated times, 3T3-L1 cells grown in 10-cm dishes were
rinsed with 37°C buffer A (250 mM sucrose, 20 mM HEPES, 1 mM
EDTA, pH 7.4, 5 mM aprotinin, 10 mM leupeptin, 5 mM pepstatin, 5
mM benzamidine, and 1 mM PMSF) and then harvested in 2 ml of
ice-cold buffer A. Cells were then homogenized using a Potter-
Elvehjem Teflon pestle, and the homogenate was centrifuged for 20
min at 3000 3 g. The membranes in the resulting supernatant were
collected by centrifugation at 250,000 3 g for 90 min and were
resuspended in buffer A containing 1% SDS. Samples were stored at
280°C until ready to be analyzed. Protein content was determined
using a bicinchoninic acid (BCA) kit (Pierce Chemical, Rockford, IL).

Subcellular Fractionation of 3T3-L1 Cells
Sixteen 10-cm dishes were used per condition. Before harvesting,
cells were washed twice with 37°C serum-free DMEM and then
serum starved for 2 h. Insulin (100 nM final concentration) or carrier
(1 mM HCl, 1003 dilution) was added for 30 min at 37°C. KCN was
then added to a final concentration of 2 mM, and cells were left for
5 min at room temperature. Cells were washed twice with 37°C
buffer A, harvested in ice-cold buffer A, and homogenized using a
Potter-Elvehjem Teflon pestle. Total membranes were pelleted at
250,000 3 g for 90 min, resuspended in buffer B (20 mM HEPES, 1
mM EDTA, pH 7.4) containing the same standard mixture of pro-
tease inhibitors present in buffer A, and fractionated by differential
centrifugation into plasma membrane, heavy microsomes, light mi-
crosomes, and a nuclear and mitochondrial fraction as previously
described (Stephens et al., 1997). These fractions were resuspended
in buffer B, and protein content was determined using a BCA kit
(Pierce).

Sedimentation of Light Microsomes in Sucrose
Velocity Gradients
Light microsomes, resuspended in buffer B, were loaded onto a
4.6-ml 10–30% (wt/vol) continuous sucrose gradient and centri-
fuged at 48,000 rpm in a Beckman Instruments (Palo Alto, CA)
SW-50.1 rotor for 55 min at 4°C. The sucrose gradients were pre-
pared in a buffered solution composed of 20 mM HEPES, pH 7.4, 100
mM NaCl, and 1 mM EDTA. Membranes from the gradients were
collected in 33–34 fractions starting from the bottom of the tubes.
The protein profile was determined using the BCA kit (Pierce), and
the linearity of the gradients was confirmed by measuring the
refractive index of fractions. The position of the TfR, GLUT1,
GLUT4, and IRAP was determined by Western blot analysis.

Immunoadsorption of GLUT4-containing Vesicles
Protein A–purified 1F8 antibody as well as nonspecific mouse im-
munoglobulin G (IgG, Sigma) were each coupled to acrylic beads
(Reacti-Gel GF 2000, Pierce) at a concentration of 0.8–1.1 mg of
antibody/ml of resin according to the manufacturer’s instructions.
Before use, the antibody-coupled beads were saturated with 1%
BSA in PBS for 1 h at room temperature, followed by three washes
in cold (4°C) PBS. Light microsomes (in PBS, 200 mg) from basal and
insulin-treated 3T3-L1 adipocytes were incubated with 5, 10, 20, and
40 ml of 1F8-coupled beads or with 40 ml of nonspecific antibody-
coupled beads overnight at 4°C with mixing. The beads were
washed three times with cold PBS, and the adsorbed material was
subsequently eluted with 1% Triton X-100 in PBS and nonreducing
Laemmli sample buffer. Before the second elution, the beads were
washed three times with 1% Triton X-100 in cold PBS.
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Gel Electrophoresis and Immunoblotting
Proteins were separated in SDS-polyacrylamide (acrylamide from
National Diagnostics, Atlanta, GA) gels as described by Laemmli
(1970) and transferred to a polyvinylidene difluoride membrane
(Bio-Rad) in 25 mM Tris and 192 mM glycine. After transfer, the
membrane was blocked with 10% nonfat dry milk in PBS for 1 h at
room temperature. After incubation with the primary antibodies
specified above, HRP-conjugated secondary antibodies (Sigma) and
an enhanced chemiluminescent substrate kit (Amersham, Bucking-
hamshire, England) were used for detection.

Oil Red O Staining
Oil Red O staining was performed following the procedure de-
scribed by Green and Kehinde (1975) with minor modifications.
Briefly, cells were washed twice with PBS and fixed with 10%
formaldehyde in PBS for 15 min. Cells were then stored at room
temperature in distilled water containing 0.02% sodium azide until
ready to be stained. Staining was carried out for 1 h in freshly
diluted Oil Red O solution (six parts Oil Red O stock solution and
four parts water; Oil Red O stock solution is 0.5% Oil Red O in
isopropanol). This stain was then removed, and the cells were
washed five times with water. The cells were then photographed
using phase-contrast microscopy.

Quantification of Proteins after Western Blotting
Autoradiographs were scanned in a computing densitometer (Mo-
lecular Dynamics, Sunnyvale, CA) and graphed as arbitrary units.

RESULTS

Basal and insulin-treated 3T3-L1 cells were assayed
for 3H-2-deoxyglucose uptake (Figure 1A) and the
number of cell surface TfRs was determined by equi-
librium binding of 125I-transferrin (Figure 1C). On day
3 of differentiation, we see a dramatic decrease in basal
glucose transport and transferrin binding, which ac-
counts for the sudden increase in insulin responsive-
ness (Figure 1, B and D) at this time. The magnitude of
insulin-stimulated 2-deoxyglucose transport is essen-
tially constant between days 0 and 4 but increases
from day 5 onward approximately proportionally to
GLUT4 protein expression (Figure 2A). The number of
cell surface TfRs in the insulin-stimulated state is also
relatively constant between days 0 and 4 of the differ-
entiation program. The decreased level of transferrin
binding on day 1 is a variable result, which happens to
be present in the representative experiment shown.
Interestingly, there is a gradual decrease in cell surface
TfRs after day 5, despite an increasing level of expres-
sion (Figure 2A). The accumulation of lipid droplets
that occurs during the differentiation of 3T3-L1 cells
into adipocytes is demonstrated in Figure 2B by Oil
Red O staining of cells on the indicated days after the
induction of differentiation. Significant cell rounding
and lipid accumulation are first evident on day 5,
when GLUT4 expression is first noted, and increase
substantially thereafter, in correlation with GLUT4
expression (Figure 2A).

Most importantly, on day 3 when the cells first
become highly insulin-responsive, GLUT4 is not yet

expressed, and the cells show a fibroblastic morphol-
ogy with minimal lipid accumulation (Figure 2B). This
leaves GLUT1, whose expression is relatively constant
during differentiation (Figure 2A), as the likely medi-
ator of facilitative glucose transport. Subcellular frac-
tionation of basal and insulin-treated 3T3-L1 cells on
day 3 reveals insulin-dependent translocation of
GLUT1 (Figure 3A) and TfR (Figure 3B) before GLUT4
expression, suggesting that this is the mechanism un-
derlying insulin-stimulated 2-deoxyglucose uptake
and cell surface transferrin binding at that time. The
results shown in Figure 3 are reminiscent of previous
studies showing GLUT4 (Clancy and Czech, 1990; Ste-
phens et al., 1997), GLUT1 (Chakrabarti et al., 1994),
and TfR (Tanner and Lienhard, 1989) translocation in
differentiated 3T3-L1 cells. The insulin-sensitive de-
pletion of GLUT1 and TfR from the intracellular pool
is clearly evident in Figure 3, concomitant with their
increase in the crude plasma membrane fraction, al-
though this increase is not striking, as was previously
noted for GLUT4 (Clancy and Czech, 1990; Stephens et
al., 1997), GLUT1 (Chakrabarti et al., 1994), and the TfR
(Tanner and Lienhard, 1989).

The acquisition of insulin-responsive 2-deoxyglu-
cose transport and transferrin binding between days 2
and 3 is characterized by a coordinate decrease in both
parameters under basal conditions (Figure 1, A and C)
despite steady GLUT1 and increasing TfR expression
(Figure 2A). This suggests that intracellular sequestra-
tion of these proteins is taking place during 3T3-L1
differentiation as has previously been demonstrated
for GLUT1 (Yang et al., 1992) and, more recently, for
IRAP (Ross et al., 1998). These previous studies, how-
ever, focused solely on cell surface versus total pro-
tein. Therefore, to characterize the nature of the
GLUT1-, TfR-, and IRAP-containing intracellular
membranes, light microsomes from basal and insulin-
treated 3T3-L1 cells at different stages of differentia-
tion were sedimented in continuous sucrose velocity
gradients. As shown in Figure 4, intracellular GLUT1
shifts from a broad distribution on day 0 to a narrow
and distinct distribution on day 3 that is identical to
that on day 9. This narrowing of GLUT1 distribution is
indicative of the formation of a relatively uniform
vesicular compartment, and acute insulin treatment
causes marked depletion of GLUT1 from this compart-
ment, indicative of its translocation to the cell surface,
on days 3 (Figure 4, C and D) and 9 (Figure 4, E and F),
but not on day 0 (Figure 4, A and B). These data are
entirely consistent with the 2-deoxyglucose uptake
results (Figure 1, A and B). The distribution of GLUT4
in these gradients on day 9 (Figure 4, G and H) com-
pletely overlaps with that of GLUT1, with insulin
stimulating translocation of both transporters, as has
previously been demonstrated in rat (Zorzano et al.,
1989; Kandror et al., 1995a) and 3T3-L1 (Calderhead et
al., 1990; Yang and Holman, 1993) adipocytes. The
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overall distribution of the TfR also shifts to a lower-
sedimenting peak during the differentiation process
(Figure 5). However, the distribution of the TfR in
differentiated cells (day 9; Figure 5, E and F) is still
broader than that of GLUT1 and GLUT4. In agreement
with the transferrin binding data (Figure 1, C and D),
insulin does not markedly stimulate TfR translocation
on day 0 (Figure 5, A and B) but does so on days 3 and

9 (Figure 5, C–F). Importantly, only the fractions that
also contain GLUT1 and GLUT4 (fractions 9–19) ex-
hibit an insulin-elicited decrease in TfRs. This result is
consistent with previous studies, which have revealed
only partial colocalization of TfRs with GLUT4 (Tan-
ner and Lienhard, 1989; Martin et al., 1996; Kandror
and Pilch, 1998; also see Figure 7). The distribution of
IRAP (Figure 6) on days 3 and 9 totally overlaps with

Figure 1. Insulin responsiveness of both 2-deoxyglucose uptake and cell surface transferrin binding by 3T3-L1 cells increases dramatically
between days 2 and 3 of differentiation. On the indicated days after the induction of differentiation, cells were serum starved for 2 h before
treatment with (black bars) or without (striped bars) 100 nM insulin for 15 min at 37°C. 3H-2-deoxyglucose (2-DOG) uptake (A) and cell
surface 125I-transferrin (Tf) binding (C) were then determined as described in MATERIALS AND METHODS. Each bar and error bar
represent the average and difference between duplicate determinations, respectively. The fold stimulation of 2-deoxyglucose uptake (B) and
transferrin binding (D) was then calculated by dividing the average of the insulin-stimulated condition by that of the basal for each time point.
These data are representative of three independent experiments.
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that of GLUT1 and GLUT4 (day 9), and insulin treat-
ment also depletes IRAP from intracellular mem-
branes. Interestingly, IRAP is not detectable in these
gradients on day 0, most likely because of its low level
of expression at that time (Ross et al., 1996; El-Jack et
al., 1999) and because of its subcellular distribution at
that time when a greater proportion is found at the cell
surface than in fully differentiated adipocytes (Ross et
al., 1998). Figure 6E shows a representative profile of
the total protein in these gradients, which does not
change to any significant degree during differentiation
or upon insulin treatment.

In Figure 7, we show a titration experiment in which
light microsomes from basal and insulin-treated
3T3-L1 adipocytes were incubated with an increasing
volume of anti-GLUT4 antibody coupled to acrylic
beads. At the highest antibody amount (correspond-

ing to 40 ml of beads), .90% of GLUT4, IRAP, and
GLUT1 are adsorbed by the beads and are recovered
after elution. IRAP and GLUT1 are not directly bound
to antibody and can be eluted with Triton X-100,
whereas SDS is required to elute GLUT4. The fact that
similar proportions of total IRAP, GLUT1, and GLUT4
are bound at each bead amount tested suggests that
these proteins are extensively colocalized in the same
membrane vesicles obtained from both control and
insulin-treated cells. On the other hand, only 10–20%
of the TfR is bound to the beads and eluted with Triton
X-100. The small degree of colocalization of TfRs with
GLUT4 is consistent with Figure 5 and with previous
studies (Martin et al., 1996; Kandror and Pilch, 1998).
The colocalization of GLUT4 and GLUT1 is also in
agreement with the observation that 3T3-L1 cells, un-
like rat adipocytes (Zorzano et al., 1989), minimally

Figure 2. Oil Red O staining of 3T3-L1 cells
during differentiation and the time course of
GLUT1, GLUT4, and TfR expression. (A) On
the indicated days after the induction of dif-
ferentiation, postnuclear membranes were
prepared from 3T3-L1 cells as described
in MATERIALS AND METHODS. Equal
amounts of protein were electrophoresed
and Western blotted for the indicated pro-
teins. HRP-conjugated secondary antibodies
and a chemiluminescent substrate kit were
used for detection. These data are represen-
tative of three independent experiments. (B)
On the indicated days after the induction of
differentiation, cells were fixed and then
stained with Oil Red O as described in
MATERIALS AND METHODS. Shown are
micrographs taken using phase contrast.
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segregate GLUT1 and GLUT4 (Calderhead et al., 1990).
Caveolin-1, which we have previously shown to be
excluded from GLUT4 vesicles in rat adipocytes (Kan-
dror et al., 1995b), is not brought down with anti-
GLUT4 antibody, indicating that adsorption of the
other proteins is indeed specific, a result also sup-
ported by the use of an IgG control, which adsorbs no
proteins.

In both native rat and 3T3-L1 adipocytes, the spe-
cific phosphatidylinositol-3-kinase (PI3-kinase) in-
hibitor wortmannin completely inhibits insulin-
stimulated GLUT4 translocation and 2-deoxyglucose
uptake (Clarke et al., 1994; Okada et al., 1994). Wort-
mannin has also been shown to inhibit insulin stim-
ulation of GLUT1 (Clarke et al., 1994) and TfR (Shep-
herd et al., 1995) translocation in fully differentiated
3T3-L1 adipocytes. In Figure 8, we show that wort-
mannin strongly inhibits basal and insulin-depen-
dent glucose transport (Figure 8A) and completely
abolishes the stimulatory effect of insulin on this
process (Figure 8B) in 3T3-L1 cells on days 3 and 5
of differentiation as well as in differentiated cells
(day 9), indicating that insulin-sensitive glucose
transport before GLUT4 expression (day 3) also re-
quires PI3-kinase. This also suggests that the bio-
chemical pathway(s) leading to insulin-stimulated
vesicular trafficking is fully operative on day 3 of
the differentiation program.

DISCUSSION

As noted in INTRODUCTION, there have been nu-
merous studies published that followed the develop-
ment of insulin-stimulated glucose transport during
the differentiation of 3T3-L1 cells, including several
that have addressed the subcellular distribution of
glucose transporters (Weiland et al., 1990; Yang et al.,
1992) and IRAP (Ross et al., 1998). However, none of
these characterized the properties of the intracellular,
transporter-containing vesicles during this process as
we have done in the present manuscript. Our results
show that the sedimentational properties of GLUT1-
containing vesicles on day 3 of differentiation are iden-
tical to those of GLUT4 when the cells are fully differ-
entiated (Figure 4). Indeed, an immunoadsorption
experiment (Figure 7) shows that both transporter iso-
forms are present in the same vesicles in mature fat
cells. Our results are consistent with the notion that an
insulin-regulatable vesicular cargo compartment (in-
sulin-responsive vesicles [IRVs]; Yeh et al., 1995) forms
on day 3 of fat cell differentiation when the relatively
broad distribution of GLUT1 and TfRs in sucrose gra-
dients narrows considerably (Figures 4 and 5). At this
time, there is submaximal expression of IRAP and no
GLUT4 expression, but as their expression increases,
they are targeted to these same IRVs (Figure 7). In
Figure 9, we show a model depicting the development
of IRVs during fat cell differentiation that is consistent
with our present data and other data cited below. On
day 0, GLUT1, along with IRAP and the TfR, which
are not illustrated for the sake of clarity, traffics in a
constitutive manner, and the population of postendo-
somal vesicles is small and/or very transient, as has
been previously reported (Ghosh and Maxfield, 1995).
On day 3, we postulate that new gene expression
leads, in the basal state, to blocked movement of this
postendosomal IRV compartment to the cell surface,
and thus, this compartment becomes quantitatively
predominant, and the exocytic step becomes rate lim-
iting (see below). The narrowing of intracellular
GLUT1 and TfR distributions in sucrose gradients
shown in Figures 4 and 5 are indications of the
buildup of the IRV pool.

Our data are consistent with kinetic analyses of
GLUT4 trafficking in rat adipocytes and in 3T3-L1
cultured adipocytes (Holman et al., 1994; Yeh et al.,
1995) that have led to a model describing three major
GLUT4-containing compartments, a plasma mem-
brane pool, an endosomal pool, and a postendosomal
or IRV pool (Yeh et al., 1995). This model is supported
by confocal microscopy analysis of rat adipocytes
(Malide and Cushman, 1997) and by electron micros-
copy data from fat and skeletal muscle that show the
most abundant GLUT4-containing structures to be
small vesicles and short tubules of similar size (Slot et
al., 1991; Smith et al., 1991; Wang et al., 1996; Ploug et

Figure 3. Insulin stimulates translocation of GLUT1 and TfR from
an intracellular pool to the cell surface on day 3 of 3T3-L1 differen-
tiation. Seventy-two hours after the induction of differentiation,
3T3-L1 cells were serum starved for 2 h and treated with (black bars)
or without (hatched bars) 100 nM insulin for 30 min. Subcellular
fractions were prepared as described in MATERIALS AND METH-
ODS. Equal protein from the indicated fractions was electropho-
resed and Western blotted for GLUT1 (A) and TfR (B). HRP-conju-
gated secondary antibodies and chemiluminescence were used for
detection of the blots shown in the upper panels. The data were
scanned using a computing densitometer and displayed as arbitrary
units (A.U.) in the lower panels. PM, plasma membranes; LM, light
microsomes. Shown are representative blots from three indepen-
dent experiments.
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Figure 4. By day 3, GLUT1 resides in a distinct and fully insulin-responsive compartment, which cosediments with GLUT4-containing
vesicles from differentiated cells. On days 0 (A and B), 3 (C and D), and 9 (E-H), 3T3-L1 cells were serum starved for 2 h before treatment
with or without 100 nM insulin for 30 min. Light microsomes (1.5–2 mg) were then isolated and sedimented in a 4.6-ml 10–30% sucrose
gradient as described in MATERIALS AND METHODS. The panels on the left show the Western blots of odd- and even-numbered gradient
fractions, which were immunoblotted for GLUT1 and GLUT4, respectively. Detection was with HRP-conjugated secondary antibodies and
chemiluminescence. These data were quantified by densitometry and are graphically displayed (circles) in the panels on the right as arbitrary
units (A.U.). Open and closed symbols, basal and insulin-stimulated conditions, respectively. A representative profile of the total protein in
these gradients is shown in Figure 6E. These data are representative of three independent experiments.

A.K. El-Jack et al.

Molecular Biology of the Cell1588



al., 1998), by our sedimentational analysis (Kandror et
al., 1995a), and by electron microscopy after vesicle
isolation (James et al., 1987; Kandror et al., 1995a).
Kinetic studies have indicated that insulin’s effect is
predominantly to stimulate the exocytic movement of
the IRV pool to the plasma membrane (Yang and
Holman, 1993; Satoh et al., 1993), although some effect
of insulin to inhibit the endocytosis of GLUT4 may
also occur (Jhun et al., 1992; Czech and Buxton, 1993).

The model we propose in Figure 9 considers the IRV
as an insulin-sensitive cargo compartment whose con-
tents can be varied depending on the differentiation
state of the fat cell, as depicted in the diagram com-
paring day 3 with day 5 and later. The fact that there
is no change in the sedimentation coefficient of the
vesicles in comparing day 3 and day 9 (Figures 4–6)
supports this notion, as does additional data we have
obtained. Overexpression of GLUT4 in fat cells from
transgenic mice results in GLUT4-containing vesicles
indistinguishable from their normal counterparts in

sedimentation behavior, insulin responsiveness, and
protein content other than GLUT4 (Tozzo et al., 1996).
More recently, we have obtained vesicles from dener-
vated rat skeletal muscle, in which GLUT4 expression
is dramatically reduced (Coderre et al., 1992), the op-
posite expression level of the transgenic study, and
again, the resultant vesicles show reduced GLUT4
content, but they sediment at the same rate as those
from normal muscle and show a normal profile of
other vesicle proteins such as IRAP and the receptors
for transferrin and mannose-6-phosphate (Zhou et al.,
1998) Thus, we think that the GLUT4-containing ve-
sicular compartment represents an insulin-regulat-
able, postendosomal cargo vesicle whose behavior is
not dependent on the presence of the major cargo
proteins.

Whether all cargo proteins undergo a complete traf-
ficking cycle through identical compartments is not
clear. Recent studies of GLUT4 trafficking in trans-
fected CHO cells (Wei et al., 1998), compartment abla-

Figure 5. During the course of adipocyte differentiation, the distribution of intracellular TfR in sucrose velocity gradients shifts as insulin
responsiveness is acquired. Various conditions are as in Figure 4, except that odd-numbered fractions were blotted for TfR (A–F).
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tion studies in 3T3-L1 fat cells (Martin et al., 1996), and
confocal microscopy studies of rat adipocytes (Malide
et al., 1997a) suggest that GLUT4 segregates to a sub-
stantial degree from TfRs. Therefore, the trafficking of
GLUT4 and TfRs may be quite different and involve
different postendosomal compartments. Indeed, we
see that most (;90%; see Figure 7) of the TfRs are
excluded from GLUT4-containing vesicles, and that
the distribution of TfRs in sucrose gradients is also
much broader than that of glucose transporters, indi-
cating their presence in a larger number of membrane
compartments. On the other hand, and unlike the
results of Malide et al. (1997a), in rat fat cells, we find
that ;50% of the TfRs colocalize with GLUT4 in the
basal state, and importantly, they remain colocalized
with GLUT4 after cellular insulin exposure, as deter-
mined by cell surface biotinylation and vesicle immu-
noadsorption upon endocytosis (Kandror and Pilch,
1998). GLUT4-transfected CHO cells segregate trans-

porter from TfR upon endocytosis (Wei et al., 1998),
and these proteins appear to have even less overlap
than in the present study. The basis for these discrep-
ancies may be cell type dependent variations in traf-
ficking or methodological, and further investigation of
these issues is warranted.

However, compartment ablation using transferrin-
HRP conjugates to destroy TfR-containing compart-
ments (Martin et al., 1996) used the same 3T3-L1 cell
line as we do, as well as similar immunoadsorption
protocols. Because the ablation protocol destroyed all
the TfRs but only 40% of the GLUT4, the authors
concluded that the latter was segregated into a unique
compartment. We think that interpretation of these
data also depends on the relative amounts of glucose
transporters and TfRs, which were previously calcu-
lated such that one glucose transporter vesicle in three
would have a TfR (Tanner and Lienhard, 1989). Thus,
the results obtained by Martin et al. (1996) are what

Figure 6. IRAP has identical sedimentation distribution as GLUT1 and GLUT4 and is insulin responsive by day 3 of differentiation. Various
conditions are as described in Figure 4, except that even- and odd-numbered fractions were immunoblotted for IRAP on days 3 (A and B)
and 9 (C and D), respectively. Also shown (E) is a representative profile (O.D. 562) of the total protein (triangles) in these gradients (Figures
4–6), which does not change during differentiation or upon insulin treatment.
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one might expect from the ratios of the two proteins,
and not necessarily because of unique compartments.

In any case, further experiments are necessary for
complete resolution of this issue. Our results point out
a possible direction in this regard. We show here that
the development of insulin-dependent vesicular traffic
occurs abruptly during the course of fat cell differen-
tiation, almost certainly as a result of the expression of
one or more presently unknown genes. It remains
undetermined as to what these genes are. Because we
show the translocation process to be wortmannin in-
hibitable on day 3, we do not think the known com-

ponents of the insulin signaling pathway, namely the
insulin receptor, IRS-1, and PI3-kinase, are directly
involved in the acquisition of hormone-sensitive ve-
sicular trafficking. Others have also ruled out insulin
receptor expression in this regard (Rubin et al., 1978;
Resh, 1982), and we see no differences in IRS-1 (data
not shown) and PI3-kinase expression (El-Jack et al.,
1999) between days 2 and 3 of 3T3-L1 cell differentia-
tion. The fact that GLUT4 transfection in various fi-
broblastic cells never results in an insulin response
(Haney et al., 1991; Hudson et al., 1992; Kotliar and
Pilch, 1992) also supports the notion that certain genes
are missing in this latter context. Thus, we are at-

Figure 7. Anti-GLUT4 antibody immunoadsorbs most of GLUT4,
GLUT1, and IRAP and a small proportion of TfR from light micro-
somes of 3T3-L1 adipocytes. The indicated volumes (microliters) of
1F8 antibody- or nonspecific IgG-coupled beads were incubated
with 200 mg of light microsomes (LM) from insulin-treated and
untreated 3T3-L1 adipocytes (day 9), washed, and eluted sequen-
tially with 1% Triton X-100 in PBS followed by SDS-containing
Laemmli sample buffer (nonreducing) as described in MATERIALS
AND METHODS. Equal proportions of light microsomes (LM),
supernatant (unbound), and bound protein were electrophoresed in
10% acrylamide gels and immunoblotted for the indicated proteins.
The goat polyclonal anti-GLUT4 antibody was used for Western
blotting. Detection was with HRP-conjugated secondary antibodies
and chemiluminescence. These data are representative of three in-
dependent experiments. No bands specific for GLUT1, IRAP, and
TfR were detectable upon elution by SDS (data not shown).

Figure 8. Wortmannin completely abolishes insulin stimulation of
2-deoxyglucose uptake by differentiating as well as by mature
3T3-L1 adipocytes. On the indicated days after the induction of
differentiation, cells were serum starved for 2 h, treated or not with
1 mM wortmannin for 30 min, and stimulated or not with 100 nM
insulin for 15 min at 37°C. 3H-2-Deoxyglucose uptake was then
measured as described in MATERIALS AND METHODS. (A) Rates
of 2-deoxyglucose (2-DOG) transport, with each bar and error bar
representing the average and difference between duplicate determi-
nations, respectively. (B) Fold stimulation, which was calculated by
dividing the average value of the insulin-stimulated condition by
that of the basal for each time point. These data are representative of
three independent experiments.
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tempting to identify the gene or genes responsible,
and when we do, it will be possible to test the hypoth-
esis that we can reconstitute, by transfection, insulin-
sensitive vesicular trafficking under various condi-
tions, including in the presence or absence of GLUT4
and IRAP expression, the two GLUT4 vesicle-specific
proteins that, so far, exhibit identical behavior in ma-
ture adipocytes (Kandror and Pilch, 1994; Malide et al.,
1997b).
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