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Abstract

Aims/hypothesis. Insulin stimulates glucose transport
in adipose and muscle tissue by the translocation of
a specialised pool of intracellular GLUT4-containing
vesicles to the cell surface. It is well established that
defective insulin-stimulated GLUT4 translocation is
associated with insulin resistance. Long-term insulin
treatment (500 nmol/l for 24 h) of 3T3-L1 adipocytes
has previously been shown to decrease cellular
GLUT4 content and reduce insulin-stimulated
GLUT4 translocation. Here, we test the hypothesis
that the insulin resistance observed after long-term
insulin treatment arises by the selective loss of
GLUTH4 from a specific intracellular compartment.
Methods. Using iodixanol gradient centrifugation we
have separated intracellular GLUT4 containing
membranes into two distinct populations correspon-
ding to recycling endosomes and a distinct intracellu-
lar compartment which probably represents GLUT4
storage vesicles (GSVs).

Results. A short-term insulin stimulation reduced the
content of GLUT4 in the GSV fraction (51 +3.5%)
with only a modest decrease from the endosomal
fraction (23 +2.6%). Long-term insulin treatment
decreased cellular GLUT4 content by about 40%
and diminished the ability of a short-term insulin
challenge to promote GLUT4 translocation. We fur-
ther show that this depletion of cellular GLUT4 is se-
lectively from the GSV fraction (68 +7% decrease
compared to untreated cells).
Conclusions/interpretation. Such data argue that
long-term insulin treatment results in the mis-targe-
ting of GLUT4 such that it no longer accesses the
GSV compartment. These data imply that defective
targeting of GLUT4 away from the GSV compart-
ment plays an important role in the aetiology of insu-
lin resistance. [Diabetologia (2000) 43: 1273-1281]

Keywords Glucose transport, GLUT4, endosome, in-
sulin resistance, insulin.

Insulin stimulates glucose transport in muscle and ad-
ipose cells by virtue of the expression of a unique glu-
cose transporter, GLUT4. Unlike other GLUT iso-
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forms, in the absence of insulin more than 95% of
GLUT4 is intracellularly sequestered but translo-
cates rapidly to the cell surface in response to insulin
stimulation [1]. Although other molecules such as
the transferrin receptor (TfR) and GLUT1 also un-
dergo insulin-dependent movement to the cell sur-
face, the magnitude of these effects is much smaller
than that of GLUT4 (~twofold increase compared
with ~ 15 to 20-fold, respectively) [2,3], a difference
which seems to be due to a unique intracellular traf-
ficking event involving the sorting of GLUT4 from
other endosomal traffic. Although a proportion of
GLUT4 is found in endosomes and the TGN [4,5] a
significant proportion ( ~ 60 %) is localised to a dis-
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crete vesicle pool termed GLUT4 storage vesicles
(GSVs) [6, 7, 8, 9]. This discrete vesicle pool could
represent GLUT4 within a specialised intracellular
compartment or GLUT4 localised within a slowly re-
cycling subdomain of the endosomal system. The ma-
jor function of this distinct intracellular GLUT4 com-
partment seems to be to sequester GLUT4 away
from the recycling endosomal system and to store it
intracellularly until such time as insulin mobilises
this fraction of GLUT4 to the cell surface.

It is well established that people with insulin resis-
tance or Type II (non-insulin-dependent) diabetes
mellitus have blunted insulin-stimulated GLUT4
translocation, presumably as a consequence of a di-
minished ability of insulin to recruit GLUT4 to the
cell surface from intracellular stores [10, 11, 12, 13].
One potential explanation for this reduced GLUT4
translocation is that GLUT4 is incorrectly sorted
within peripheral tissues, such that it no longer re-
sides in an insulin-responsive subcellular location.
Although some studies have suggested that such traf-
ficking defects are associated with some subjects with
gestational and Type II diabetes [10,11], detailed in-
formation has been hampered by an inability to bio-
chemically resolve the distinct intracellular pools of
GLUT4.

A recent study used iodixanol gradient centrifuga-
tion to analyse the subcellular distribution of GLUT4
within 3T3-L1 adipocytes and muscle [14]. With this
approach, two distinct intracellular pools of GLUT4
were resolved, one which seems to be endosomal in
origin and which is enriched in transferrin receptors
and early endosomal rab proteins, and a second,
denser fraction, which is relatively devoid of endoso-
mal markers and which could correspond to the
GLUTH4 storage vesicle. The study showed that insu-
lin stimulation results in a great loss of GLUT4 from
this latter fraction, consistent with this pool being
comprised of the major fraction of GLUT4 which is
mobilised in response to insulin [14]. One attractive
hypothesis which could explain reduced or defective
GLUTH4 translocation in insulin resistance or Type 11
diabetes is that GLUT4 is unable to gain access to
the GSV compartment or that this compartment is
absent.

To test this hypothesis, we have used chronically
insulin treated 3T3-L.1 adipocytes as an experimental
model of hyperinsulinaemia [15]. Previous studies
have shown that long-term treatment of 3T3-L.1 adi-
pocytes with insulin (500 nmol/l for 24 h) results in a
partial down-regulation of total cellular GLUT4 and
an inability of a subsequent short-term insulin chal-
lenge to promote GLUTH4 translocation [15]. Here,
we show that long-term insulin treatment of these
cells results in a selective loss of GLUT4 from the
GSYV fraction identified by iodixanol gradient centrif-
ugation and a concomitant reduction in insulin-stimu-
lated GLUT4 translocation. Moreover, the targeting
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of the insulin-responsive aminopeptidase (IRAP) is
similarly affected such that the content of this protein
in the GSV fraction were greatly reduced and the
protein accumulates in an endosomal compartment.
Such data suggest that the mis-targeting of GLUT4
away from GSVs or the selective loss of the GSV
compartment are important causal factors in the de-
velopment of insulin resistance in peripheral tissues.

Materials and methods

Materials. Todixanol was from Gibco/Life Technologies (Pais-
ley, Scotland) and porcine insulin was generously provided by
Dr G. Danielson (Novo Nordisk, Denmark). All other materi-
als were as described previously [16,17,18].

3T3-L1I adipocyte growth and differentiation. We grew 3T3-L1
fibroblasts in 10 % newborn calf serum in DMEM at 37°C in
10% CO,. Cells were differentiated into adipocytes as de-
scribed [19] and were used 8-12 days after differentiation and
between passages 4 and 12.

Long-term insulin stimulation of 3T3-L1 adipocytes was
carried out as outlined in [15]. The 3T3-L1 adipocytes were in-
cubated with or without 500 nmol/l insulin for 24 h. After this
time the plates were transferred onto a 37 °C hotplate and wa-
shed four times over the course of 80 min with KRM Buffer
pH6 (136 mmol/l NaCl, 4.7 mmol/l KCI, 1.25 mmol/l CaCl2,
1.25 mmol/l MgSO4, 10 mmol/l MES, 25 mmol/l Glucose, pH
6.0). The cells were quickly washed once with warm PBS, se-
rum-free DMEM was added and cells were transferred back
into an incubator at 37 °C for 2 h. Total membranes or subcel-
lular fractions were then prepared as outlined below.

For plasma membrane lawn assays of GLUT4 translocation
in response to short-term insulin addition, the above proce-
dure was modified such that after incubation in serum-free
DMEM for 2 h, the plates were washed three times over
30min with KRH (136 mmol/l NaCl, 4.7 mmol/l KCI,
1.25 mmol/l CaCl2, 1.25 mmol/l MgSO4, 10 mmol/l HEPES,
pH 7.4) and then stimulated in this buffer with or without
1 umol/l insulin for 30 min [15]. After this time subcellular
fractionation, or plasma membrane lawn assays were done as
outlined below.

Plasma membrane lawn assays for GLUT translocation. After
experimental manipulations, coverslips of adipocytes were
rapidly washed in ice-cold buffer for the preparation of plasma
membrane (PM) lawns exactly as described previously [17].
Triplicate coverslips were prepared at each experimental con-
dition and five to ten random images of plasma membrane
lawns collected from each. These were quantified using Meta-
Morph (Universal Imaging, West Chester, Pa., USA) software
as described previously [18].

Subcellular fractionation of adipocytes. Adipocytes were sub-
jected to a differential centrifugation procedure as described
previously [6, 16]. Briefly, cells were scraped and homogenised
in ice-cold HES (20 mmol/l HEPES, 1mmol/l EDTA,
250 mmol/l sucrose, pH7.4; 5 ml per 10 cm plate) containing
complete protease inhibitor tablets (Boehringer Mannheim,
Lewes, East Sussex, UK). The homogenate was subjected to a
differential centrifugation procedure isolate low-density mi-
crosomal membranes or a total membrane fraction, essentially
as outlined previously [17]. Briefly, for preparation of low-den-
sity microsomes (LDMs), the homogenate was centrifuged at
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41000 g for 20 min at 4°C. The supernatant from this step was
further sedimented at 180000 g for 1 h to pellet the LDM frac-
tion. For total membranes, the homogenate was sedimented
at 180000 g for 1 h to pellet total cellular membranes. For sep-
aration of LDM, high-density microsomes (HDM) and PM
fractions, the homogenate was subjected to the analysis out-
lined previously [17].

lodixanol gradient analysis of intracellular membranes. The
LDM fraction isolated above was subjected to further analysis
on OptiPrep (iodixanol: (5,5’[(2-hydroxy-1-3propanediyl) —
bis (acetylamino)] bis [N,N’ - bis (2,3-dihydroxypropyl-
2,4 6triiodo-1,3-benzenecarboxamide]; Nycodenz-Pharma AS,
Oslo, Norway) gradients using a modification of the methods
described previously [14]. The LDM pellet was resuspended
in HES buffer and iodixanol added to 14 % and gently mixed.
This was then centrifuged at 295000 g in a near-vertical rotor
(Beckman TLN 100) for 1 h at 4°C and decelerated with the
brakes off. Fractions of 300 ul were collected from the bottom
of the tube and analysed by immunoblotting as outlined. Frac-
tions 2—4 were designated the GSV fraction and fractions 9-12
designated the TGN/endosomal fractions based upon the anal-
ysis of marker proteins (see Results and [14]).

Electrophoresis and immunoblotting. Proteins were electro-
phoresed on SDS-polyacrylamide gels and transblotted onto
nitrocellulose as described [17]. Immunolabelled proteins
were visualised using HRP-conjugated secondary antibody
and quantitated by densitometry as described previously [20].

Antibodies. Antibodies to GLUT4 were those described previ-
ously [21] and antibodies against IRAP were generously pro-
vided by Drs M. Birnbaum and L. Garza (University of Penn-
sylvania, Pa., USA). Anti-transferrin receptor antibodies
were from Zymed Laboratories (Cambridge, UK) and anti-
vesicle-associated membrane protein 2 (VAMP2) and anti-cel-
lubrevin serum were generously provided by Professor D.
James (University of Queensland, Australia) and have been
described elsewhere [6]. Anti-y-adaptin was provided by Dr
M. Robinson (University of Cambridge, UK) [22] and antibod-
ies specific for the cation-dependent mannose-6-phosphate re-
ceptor by Dr A. Hille-Rhefeld (University of Goéttingen, Ger-
many).

Statistical analysis. Statistical analysis was performed using
StatView software. A p value of < 0.05 was considered signifi-
cant in all analyses.

Results

Iodixanol gradient centrifugation has been success-
fully used to resolve two distinct intracellular
GLUT4 pools in 3T3-L1 adipocytes. One of these
pools (fractions 9-12) is TGN/endosomal in origin
and is enriched in transferrin receptors (TfR), early
endosomal Rab proteins and markers for the TGN.
The second, denser pool (fractions 2-4), is relatively
devoid of endosomal markers and corresponds to
GLUT4 storage vesicle (GSVs) [14]. Insulin stimula-
tion results in a dramatic loss of GLUT4 from this lat-
ter pool, consistent with this being comprised of the
major fraction of GLUT4 which is mobilised in re-
sponse to insulin [14].
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We have recapitulated this data in 3T3-L1 adipo-
cytes (Fig.1). By this means we have resolved two dis-
tinct populations of intracellular GLUT4- and insulin-
responsive aminopeptidase (IRAP)-containing vesi-
cles. The first peak (peak 1) contains 40 + 5 % of the to-
tal GLUT4 present within the LDM fraction andis des-
ignated the GSV-containing fraction. The second peak
is enriched in markers for the TGN and endosomal
compartments and contains 45 + 8 % of the GLUT4
present within the LDM fraction. Consistent with the
data reported previously [14], we observe a dramatic
reduction in the GLUT4 content of peak 1 in response
to short-term insulin stimulation (51 +3.5% reduc-
tion; Fig. 1A,B) consistent with this fraction containing
the majority of the GLUT4 mobilised in response to
insulin. Here, we extend the earlier studies [14] to
show that insulin stimulation also resulted in a signifi-
cant decrease in the IRAP content of peak 1
(61 £6.3% reduction). This is consistent with
GLUT4 and IRAP residing in the same intracellular
compartment [23-25]. The reduction in the GLUT4
and IRAP content of peak 2 in response to insulin was
significantly smaller (23 + 2.6 % for GLUT4,30 + 4%
for IRAP), in agreement with previous studies [14].
We further show that the GSV peak co-segregates
with the vesicle-associated N-ethylmaleimide-sensi-
tive factor attachment protein receptor (v-SNARE)
VAMP?2, and the TGN/endosomal peak is enriched in
the v-SNARE cellubrevin (Fig.1C), consistent with
published data on the co-localisation of these different
v-SNARESs within different GLUT4 compartments in
3T3-L1 adipocytes [6,17,18]. Moreover, insulin-stimu-
lation resulted in a decrease in VAMP?2 content of the
GSYV fraction (Fig. 1C), consistent with this v-SNARE
having a fundamental role in GLUT4 vesicle fusion at
the plasma membrane [17,18].

Treatment of 3T3-L1 adipocytes with 500 nmol/l
insulin for 24 h resulted in the down-regulation of
the total cellular GLUT4 protein content by about
40% (Fig.2A, B) [20]. Moreover, such treatment ren-
ders these cells refractory to subsequent short-term
insulin stimulation, such that a significant reduction
in insulin-stimulated GLUT4 and IRAP transloca-
tion is evident, as assessed by the plasma membrane
lawn assay (Fig.2C). This reduction cannot be ex-
plained solely by the reduction in GLUT4 content of
the cells [15], but rather is likely to reflect both a re-
duced GLUT4 content and other alterations in either
the translocation machinery or the insulin signalling
system induced by long-term insulin treatment. Nota-
bly, long-term insulin treatment did not result in a de-
crease in the cellular content of IRAP (Fig.2A, B)
but the extent of insulin-stimulated IRAP transloca-
tion was, like that of GLUT4, considerably reduced
in long-term insulin treated cells (Fig.2C).

We therefore sought to find whether long-term in-
sulin treatment resulted in an alteration in the pattern
of GLUTH4 localisation between the two fractions
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identified using iodixanol gradient centrifugation. A
representative immunoblot is shown in Figure3A.
Analysis of the effect of long-term insulin treatment
on the relative GLUT4 content of peaks 1 and 2 is
presented in Figure 3B. When the amount of
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Fig.1A-C. Iodixanol gradient sedimentation analysis intra-
cellular membranes in 3T3-L1 adipocytes containing GLUT4,
IRAP, VAMP?2 and cellubrevin. 3T3-L1 adipocytes were treat-
ed with (I) or without (B) 1 umol/l insulin for 30 min and LDM
fractions subjected to iodixanol density gradient analysis. Frac-
tions were collected from the bottom of the gradient and ana-
lysed by SDS-PAGE and immunoblotting. A typical immu-
noblots for GLUT4 and IRAP in basal and insulin treated
cells. Peak 1 represents GLUT4 storage vesicles (GSV) and
peak 2 corresponds to endosomes/TGN. Quantification of
this data showed that peak 1 contained 40 + 5% of the total
GLUT4 present within the LDM fraction of basal cells and
peak 2 contained 45 + 8 % (means + SD, n = 4). B the quantifi-
cation of three independent experiments of this type in which
the % change in GLUT4 ([J) or IRAP (M) in each of the two
peaks was quantified relative to the distribution in the absence
of insulin. The greater magnitude of reduction in peak 1 com-
pared to peak 2 was significant for both proteins (p < 0.05).
C The distribution of VAMP2 and cellubrevin in the same
fractions as A. A representative immunoblot is shown

GLUTH4 present in either peak are expressed as a per-
centage of the content in control (untreated) cells,
this data clearly shows that long-term insulin treat-
ment results in the selective loss of GLUT4
(68 £ 7% reduction) from peak 1 on the iodixanol
gradient. As this fraction seems to contain the major-
ity of the insulin-sensitive GSVs, this observation
suggests that long-term insulin treatment has resulted
in the selective depletion of the insulin-sensitive in-
tracellular GLUT4 pool. The depletion of GLUT4
from peak 2 was, by contrast, considerably less
(19 + 4.5% reduction). Several experiments of this
type are quantified in Figure 3B.

In control cells, peak 1 contains 40 + 5% of the to-
tal GLUT4 present within the LDM fraction and
peak 2 contained 45 + 8% of the total GLUT4 pre-
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sent within the LDM fraction. After long-term insulin
treatment, these values were 26 % in peak 1 and 73 %
in peak 2 (Fig.3C). Note that the total amount of
GLUT4 in the LDM fraction is about 40 % lower af-
ter long-term insulin treatment, hence the fraction of
total GLUT4 in peak 2 seems to increase relative to
control cells. This alternative means of displaying
the data further shows that in response to long-term
insulin treatment, the amount of GLUT4 in peak 1 is
considerably reduced and the majority of the
GLUT4 present within intracellular membranes is
now localised to the TGN/endosomal fraction.

We have also examined the subcellular distribu-
tion of the insulin-responsive aminopeptidase
(IRAP) under the same conditions. This protein has
been shown to have a high degree of co-localisation
with GLUT4 in all cells studied to date [23, 26-28].
The cellular content of IRAP was not reduced by
long-term insulin treatment, a result which strongly
contrasts to that for GLUT4 (Fig.2A, B), which sug-
gests that although similarly targeted in cells, the
mechanism(s) by which the cellular content and lo-
calisation of these proteins are controlled is subtly
distinct. Long-term insulin treatment of 3T3-L1 adi-
pocytes resulted in an increased amount of IRAP at
the plasma membrane and a reduction in the extent
of insulin-stimulated IRAP translocation (Fig.2C),
as assayed using the plasma membrane lawn assay.
The reduction in the magnitude of insulin-stimulated
IRAP translocation is similar to that observed for
GLUT4. The behaviour of IRAP is, however, distinct
in that (1) the cellular content of this protein is not re-

<

Fig.2 A-C. IRAP and GLUT4 are differentially modulated by
long-term insulin treatment and show reduced insulin respon-
siveness. Total membranes from control (B) and long-term in-
sulin-treated (CI) 3T3-L1 adipocytes were prepared as out-
lined. A representative immunoblots for GLUT4 and IRAP
in the indicated amounts of total membrane protein. B the
quantification of this data and of similar analyses for transfer-
rin receptor and TGN38. Protein content in control cells is asc-
ribed a value of 100 % and the effect of long-term insulin treat-
ment is expressed as a % change from this value. * indicates a
significant change, p < 0.05. C Insulin-stimulated GLUT4 ([J)
and IRAP (M) translocation in cells treated with or without
500 nmol/l insulin for 24 h. After washing, cells were stimula-
ted with 1 umol/l insulin for 30 min and the extent of GLUT4
and IRAP translocation measured using the PM lawn assay.
Shown is the fold translocation over basal from two (IRAP)
and four (GLUT4) experiments (means + SD). B = basal cells,
I = control cells subsequently given a short-term insulin chal-
lenge. CI = long-term insulin treated cells and CI + I = long-
term insulin treated cells subsequently challenged with a
short-term exposure to insulin. * indicates a significant differ-
ence increase in cell surface IRAP content compared with ba-
sal cells (B), p = 0.02. ** indicates a significant reduction in in-
sulin-stimulated GLUT4 translocation compared with I,
p <0.01 and ¥ indicates a significant reduction in insulin-stimu-
lated IRAP translocation compared with I, p < 0.05
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duced upon long-term insulin treatment (see below)
and (2) the amount of IRAP at the cell surface in cells
treated long-term with insulin are higher in the ab-
sence of insulin than in cells not treated with long-
term insulin (Fig.2C; see below). We have recapitu-
lated these data using subcellular fractionation and
immunoblotting. This approach also showed in-
creased IRAP association with the plasma membrane
after long-term insulin treatment (Fig.4).

Analysis of the distribution of IRAP within intra-
cellular membranes by iodixinal centrifugation
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Fig.3 A-C. Iodixanol gradient sedimentation analysis of intra-
cellular membranes from 3T3-L1 adipocytes containing
GLUT4 and IRAP treated with or without long-term insulin
treatment. LDM fractions from 3T3-L1 adipocytes treated
with (CI) or without (B) insulin at 500 nmol/l for 24 h were
analysed by iodixanol density gradient analysis. Fractions
were collected from the bottom of the gradient and immuno-
blotted for GLUT4 or IRAP. A typical GLUT4 and IRAP im-
munoblots. B quantifies four independent experiments of this
type in which the per cent change in GLUT4 ([J) and IRAP
(M) in each of the two peaks in long-term insulin-treated cells
was expressed relative to that in control cells. The reduction
in GLUT4 and IRAP content of peak 1 were both statistically
significant *p < 0.02. The increased amount of IRAP in peak
2 in long-term insulin cells was statistically significant com-
pared with basal cells ('p=0.04). C the changes in the
GLUT4 content of peaks 1 and 2 expressed as a fraction of
the total GLUT4 loaded on the iodixanol gradient. Note that
under these conditions, long-term insulin-treated cells show a
40 % reduction in GLUT4 content and the LDM fraction con-
tains a correspondingly reduced GLUT4 content. Thus, long-
term insulin treatment elicited a considerable redistribution
of GLUT4, such that the fraction of the total present in peak
1 was reduced and that in peak 2 increased. Note that com-
pared with control cells, the absolute GLUT4 content of peak
2 is, however, slightly reduced (see B). [], basal insulin;
M, long-term insulin

showed that long-term insulin treatment resulted in
a significant redistribution of IRAP from peak 1 to
peak 2. When expressed as a percentage change rela-
tive to control cells, there is a 62 + 6% reduction in
peak 1 and a 38 + 6% increase in peak 2 (Fig.3A,
B). Hence, IRAP behaved like GLUT4 in that the
IRAP was significantly reduced in the GSV compart-
ment (peak 1), but differs from GLUT4 in that IRAP
was increased in the fractions proposed to correspond
to TGN/endosomes (peak 2). The increased content
of IRAP in the TGN/endosomal fractions could also
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Fig.4. Distribution of GLUT4 and IRAP in subcellular frac-
tions. 3T3-L1 adipocytes were treated with or without insulin
at 500 nmol/l for 24 h, then subjected to a short-term insulin
challenge (1 umol/l for 30 min) after washing. PM, LDM and
HDM fractions were prepared and the distribution of GLUT4
and IRAP analysed by immunoblotting. Data from a typical
experiment is presented, which was repeated with similar re-
sults. In control cells in the absence of insulin, GLUT4 was dis-
tributed 5 % in the PM fraction, 58 % in the LDM fraction and
37 % in the HDM fraction

explain the higher amount of IRAP observed in the
plasma membrane of cells treated long-term with in-
sulin compared with untreated cells (see Figs. 2C, 4).
The increased amount of IRAP in the TGN/endoso-
mal fraction together with the increased plasma
membrane content of IRAP account for the loss of
IRAP from the GSV compartment.

To be certain that the effect of long-term insulin
treatment on GLUT4 and IRAP localisation were se-
lective, we did a series of immunoblot analyses to ex-
amine the distribution of other membrane proteins
between the GSV and TGN/endosomal peaks. Figure
5 shows typical immunoblots in which the distribu-
tion of cellubrevin, VAMP2 and the AP-1 adaptor
sub-unit y-adaptin were examined. Long-term insulin
treatment did not significantly reduce the cellubre-
vin, VAMP?2 or y-adaptin content of peak 1, arguing
that the effects of long-term insulin on GLUT4 and
IRAP (shown in Fig.3) are not simply a reflection of
a generalised alteration in membrane trafficking.
Rather, we suggest that the effects on GLUT4 and
IRAP are specific and selective. Similarly, in data
not shown here, we have observed no changes in the
distribution of the cation-dependent mannose-6-
phosphate receptor upon long-term insulin treat-
ment. Long-term insulin treatment did, however,
modestly increase the total cellular content of
VAMP2, as we have described previously [20].

Discussion
Using iodixanol gradient centrifugation we have sep-

arated intracellular GLUT4 containing membranes
into two distinct populations corresponding to recy-
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Fig.5. Long-term insulin treatment does not significantly alter
the distribution of cellubrevin, VAMP2 or y-adaptin on iodixa-
nol gradients. Iodixanol fractions prepared as outlined in the
legend to Fig.3 from control (B) and long-term insulin-treated
(CI) cells were analysed by immunoblotting with antibodies
against cellubrevin (VAMP3), VAMP?2 and y-adaptin, a com-
ponent of the AP-1 complex. Shown are the data from a typical
experiment. Quantification of several experiments of this type
showed that there are no statistically significant changes in
the distribution of these three proteins among the two peaks
after long-term insulin treatment

cling endosomes and a distinct intracellular compart-
ment which likely represents GLUT4 storage vesicles
(GSVs). Long-term insulin treatment decreased cel-
lular GLUT4 content by about 40 % and diminished
the ability of a short-term insulin challenge to pro-
mote GLUTH4 translocation. Our data is consistent
with this depletion of cellular GLUT4 arising selec-
tively from the GSV fraction. Such data argue that
long-term insulin treatment results in the mis-target-
ing of GLUT4 such that it no longer accesses the
GSV compartment. These data imply that defective
targeting of GLUT4 away from the GSV compart-
ment may play an important role in the aetiology of
insulin resistance.

We offer the following model to account for our
experimental data. Long-term insulin treatment re-
sults in the mobilisation of almost all of the GSV
compartment to the cell surface from where GLUT4
and IRAP gain access to the recycling endosomal sys-
tem. Long-term insulin treatment bias the trafficking
of these proteins such that they no longer return to
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the GSV compartment during their recycling itiner-
ary. Cellular GLUT4 is decreased by the selective
trafficking of a fraction of GLUT4 to a lysosomal
pathway for degradation. By contrast, IRAP does
not follow this pathway presumably as a consequence
of subtle differences in the targeting signals within
the cytoplasmic domains of these two proteins and
the cellular content of IRAP is not depleted. In this
model, the consequence of long-term insulin treat-
ment would be reduced amounts of GLUT4 and
IRAP in the GSV compartment (as shown in Fig.3)
and an increased fraction of IRAP in the recycling
endosomal pathway in response to long-term insulin
(Fig.3). The consequence of these perturbations
would be a reduction in insulin-stimulated GLUT4
and IRAP translocation in response to short-term in-
sulin challenge (Fig.2C) and a modest increase in the
plasma membrane content of IRAP upon long-term
insulin treatment as the fraction of IRAP in the en-
dosomal system increased (Figs. 2-4). It is important
to recognise that long-term insulin treatment, in addi-
tion to the trafficking defects reported here, also has
been shown to result in significant changes to both
the cellular content and activities of key molecules in-
volved in the propagation of the insulin signal [29,30].
Whether the changes reported here or those de-
scribed in [29, 30] are causal or adaptive is not known.
Nevertheless, our data are consistent with a defect in
GLUTH4 trafficking associated with long-term insulin
treatment that seems to account for the reduction in
insulin-stimulated GLUT4 translocation under these
experimental conditions.

These data offer new insight into the trafficking of
GLUT4 and IRAP in insulin-sensitive cells. The data
presented are consistent with the biochemical resolu-
tion of a distinct intracellular GLUT4/IR AP-contain-
ing compartment (GSVs) which is selectively mobi-
lised in response to insulin and further show that the
down-regulation of intracellular GLUT4 known to
accompany long-term insulin treatment results in the
selective loss of GLUT4 from such a compartment.
The data also suggest the hypothesis that mis-target-
ing of GLUT4 in part accompanies the development
of insulin resistance. Mis-targeting of GLUT4 has
been reported in some cohorts of Type II diabetic
and gestational diabetic subjects [10, 11] the precise
defect remains, however, elusive. We suggest that
this mis-targeting involves an inability of GLUT4 to
be correctly localised to the insulin-responsive GSV
compartment. Finally, these data illustrate that the
trafficking of IRAP and GLUT4 and the cellular
mechanisms responsible for their homeostasis are dis-
tinct, the former presumably arising as a consequence
of differences in the targeting information contained
within the cytosolic domains of these two proteins.
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