Diabetes Metab (Paris)
2002, 28, 85-92

M INI REVIEW

MOLECULAR MECHANISMS OF
INSULIN-STIMULATED GLUCOSE UPTAKE IN
ADIPOCYTES

P-H. DUCLUZEAU (1, 2), LM. FLETCHER (1), H. VIDAL (2), M. LAVILLE (2), J.M. TAVARE (1)

SUMMARY - The stimulation of muscle and adipose tissue glucose
metabolism, which is ultimately responsible for bringing about post-
absorptive blood glucose clearance, is the primary clinically relevant
action of insulin. Insulin acts on many steps of glucose metabolism, but
one of the most important effects is its ability to increase the rate of
cellular glucose transport. This results from the translocation of the
insulin-responsive transporter isoform, GLUT4, from intra-cellular ve-
sicular storage sites to the plasma membrane. In adipocytes, a substan-
tial amount of cellular GLUT4 is located in a specific highly insulin-
responsive storage pool, termed GLUT4 Storage Vesicles (GSVs). GLUT4
can also translocate to the plasma membrane from the recycling endo-
somal pool which also additionally contains the GLUT1 isoform of glucose
transporter and the transferrin receptor. In this article we review the
molecular mechanism by which insulin stimulates GLUT4 translocation in
adipose cells, including the nature of the signaling pathways involved
and the role of the cytoskeleton.
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RESUME - Transport du glucose induit par I'insuline dans le tissu
adipeux : de la localisation a la translocation.

La principale action de l'insuline est de stimuler I'utilisation post-
absorptive du glucose par les muscles et le tissu adipeux. L'insuline mo-
difie plusieurs étapes clés du métabolisme du glucose mais I'un des ef-
fets les plus spectaculaires est sa capacité a augmenter rapidement le
transport cellulaire du glucose. Ceci résulte de la translocation du trans-
porteur insulino-dépendent du glucose, GLUT4, d'un compartiment intra-
cellulaire a la membrane plasmatique. Dans les adipocytes prés de la
moitié des GLUT4 sont localisés dans des vésicules intracellulaires spé-
cifiques et trés sensibles a l'insuline, appelé GLUT4 Storage Vesicles
(GSV). GLUT4 peut aussi étre recruté a la membrane plasmatique a partir
des vésicules endosomales ou il est exprimé conjointement avec GLUT1
et le récepteur de la transferrine. Cette revue décrit les mécanismes
moléculaires par lesquels I'insuline stimule la translocation des GLUT4
dans les adipocytes, en distinguant les différentes voies de signalisation
impliquées et le réle du cytosquelette.

Mots-clés : insuline, GLUT4, signalisation, adipocytes, cytosquelette.
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nsulin resistance is defined as an inability of
insulin to promote normal cellular glucose
uptake at a given insulin concentration. In
muscle cells and adipocytes insulin-
stimulated cellular glucose transport is driven
by the appearance of the insulin responsive glucose
transporter, GLUT4, at the plasma membrane [1, 2].
Importantly, in various human insulin resistant states,
the expression level of the GLUT4 gene is altered,
although the effects on muscle and adipose tissue
GLUT4 differ. For example, adipocyte GLUT4 gene
expression has been reported to be reduced in obese,
glucose intolerant or diabetic subjects, whilst that in
muscle is not affected [3-5]. This highlights the fact
that the diminished insulin-stimulated glucose uptake
observed in diabetes can not be wholly explained by a
decrease in cellular GLUT4 gene expression.

The precise steps in insulin action on glucose up-
take that become resistant in type 2 diabetes remain
remarkably elusive. Abnormalities have been ob-
served in the proteins that mediate GLUT4 vesicle
fusion and docking with the plasma membrane. For
example, it has been reported that the levels of cellu-
brevin, VAMP-2, and syntaxin 4 are elevated in skel-
etal muscle from Zucker diabetic fatty rats compared
with lean controls, and that this increase in is partially
reversed by treatment with rosiglitazone [6]. Whether
such changes occur in human diabetes remains to be
fully established.

Insulin-induced glucose transport defects may also
result from problems in GLUT4 sequestration into the
GLUT4 storage vesicular pool. However, morphologi-
cal examination of GLUT4 distribution does not sup-
port this hypothesis, although it is questionable
whether such defects would be detectable given the
resolution of current technologies [7, 8]. Currently, the
most likely explanation is that decreased insulin-
stimulated glucose uptake results from abnormalities
in the insulin signaling pathway(s) that control
GLUT4 translocation to the plasma membrane.

While insulin-stimulated glucose uptake by adipose
tissue accounts for less than 10% of the whole body
glucose uptake, surprising results have been observed
in mice carrying an adipose-specific deletion of the
GLUT4 gene. These rodents rapidly develop marked
muscular and hepatic insulin resistance, preceding hy-
perglycaemia, despite normal fat mass, muscle and
hepatic triglyceride content, and normal serum leptin
levels [9]. In contrast, mice carrying a muscle-specific
deletion of GLUT4 develop hepatic and adipose insu-
lin resistance secondary to the resulting hyperglycae-
mia; such a resistance can be treated by correcting the
glycaemia with phlorizin [10]. In the same extend
lipodystrophic patients develop a generalised insulin
resistance [11, 12]. Taken together these data suggest
that adipose tissue plays a more important role in
whole body glucose homeostasis than was previously
thought. In conclusion, therefore, while adipose tissue

glucose uptake accounts for a small part of whole
body glucose disposal, an understanding of the
mechanism of insulin actions involved in this tissue is
of utmost importance.

H THE NATURE OF THE GLUT4-VESICLE
COMPARTMENT IN ADIPOCYTES

In 1955, two pioneering studies revealed that a
major metabolic effect of insulin was to stimulate the
uptake of glucose into skeletal muscle and adipose
tissue [13, 14]. In the ensuing years, this topic be-
came, and remains, a major focus of research and
more recent studies using nuclear magnetic resonance
have clearly shown that glucose transport across the
plasma membrane is the main rate limiting step for
glucose metabolism in normal, obese or diabetic sub-
jects [15, 16]. A major breakthrough occurred in 1980
when it was found that the action of insulin on glucose
uptake was mediated through the translocation of a
"glucose transport activity’ from an intracellular site to
the plasma membrane independently of de novo pro-
tein synthesis [17]. The first glucose transporter was
cloned in 1985 and since this time it has emerged that
a large family of similar transporters exist [18, 19]
(Table I). Among this family only GLUT4 has been
demonstrated to be highly insulin sensitive, with ex-
pression restricted to muscle cells and adipocytes.
Nevertheless insulin also causes a translocation of
GLUTT! from the recycling endosomal pool along with
the receptors for IGF II/mannose-6-phosphate and
transferrin.

The Insulin Responsive Amino-Peptidase (IRAP or
gp160) has been shown to completely co-localise with
GLUT4 and displays identical trafficking kinetics and
insulin responsiveness [20]. This peculiarity makes
IRAP the only bona fide marker of GLUT4 vesicles
known, other than GLUT4 itself. Other residents of
intracellular GLUT4 compartments are proteins in-
volved in the docking and fusion process of the
vesicles with the plasma membrane. This includes the
vesicle-associated ~ membrane protein (VAMP)
3/cellubrevin [21], and VAMP2 [22], small GTP-
binding proteins involved in regulating membrane
traffic, such as Rab4 [23], as well as proteins of
unknown function including sortilin [24] and panto-
physin [25]. New residents of GLUT4 compartments
continue to be identified; recent studies report the
association of carboxyl esterase, PKBf, PI 3-kinase
and PI 4-kinase with GLUT4 vesicles, supporting the
necessity of a close relation between known insulin
signaling molecules and GLUT4 containing vesicles
[26].

Several lines of evidence suggest that the intracel-
lular GLUT4 pool is not a homogenous population of
vesicles. Rather, GLUT4 appears to reside in at least
two distinct, but inter-related, vesicular pools both in
terms of protein content and sensitivity to insulin
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TABLE . Mammalian family of facilitative glucose transporters (GLUTs). Note that GLUT6 was cloned by virtue of homology with other GLUT
family members but found to be a pseudogene containing multiple stop codons therefore is not believed to be expressed as a functional glucose

transporter.
Name Tissue distribution Functions
GLUT1 Wide distribution, abundant in red blood cells, Basal glucose uptake in many cells (incl. insulin
endothelial cells and tissue culture cell lines sensitive cells), transport in growing cells and
across blood-brain barrier
GLUT2 Limited to pancreatic 3 cells, hepatocytes, intestine,  Glucose-sensing in f cells, high capacity transport,
kidney trans-epithelial transport, major transporter in liver
GLUT3 Wide distribution in humans, limited to brain in Basal transport, uptake from cerebral fluid
some species
GLUT4 Largely expressed in insulin-responsive tissues of Insulin-sensitive glucose uptake, vital in
skeletal and cardiac muscle, and adipose postprandial glucose disposal
GLUTS Primarily intestine, small amounts in adipose, Absorption of fructose in intestine
muscle, brain, kidney
GLUT7 Gluconeogenic tissues: hepatocytes Release of glucose from gluconeogenesis from ER
lumen
GLUT8 Blastocyst, possibly other tissues Insulin-stimulated glucose uptake into blastocyst
and possible other tissues lacking GLUT4
GLUTX1 High in testis, moderate in central nervous system, ? Sequestered intracellularly therefore may play a

low in insulin responsive tissues

role in regulatable glucose uptake

stimulation. Electron microscopy of rat adipocytes or
3T3-L1 adipocytes has revealed multiple membrane
sub-compartments including clathrin-coated pits,
small vesicles close to the plasma membrane, and
tubulo-vesicular structures in the perinuclear region.
Morphological analysis by immunofluorescence, and
subcellular fractionation, suggests that a significant
proportion of the GLUT4 vesicles in adipocytes reside
in an endosomal pool that is continuously recycling
between the plasma membrane and the cell interior
[27]. Consistent with this, insulin also causes translo-
cation of other proteins resident in the recycling endo-
somal system such as the transferrin receptor and
GLUT1 [28, 29].

GLUT#4 also resides in a compartment that appears
to lack endosomal markers. This pool has been called
the “GLUT4 storage vesicle” (GSV) compartment by
James and his colleagues and may contain up to 60%
of the insulin-responsive GLUT4 present in adipo-
cytes [30]. The precise machinery required for the
formation of the highly insulin-responsive compart-
ment (the GSV) is still a matter of debate; nonetheless
the GSV pool may act as a reservoir of GLUT4 that is
much more efficiently mobilised by insulin compared
to the GLUT4 residing in recycling endosomes
(Fig. 1).

This specific compartmentalisation of GLUT4 pro-
vides a mechanism by which insulin can stimulate a
pronounced translocation of GLUT4 while only
mildly stimulating the translocation of recycling pro-

teins. In the basal state, GLUT4 cycles slowly be-
tween the plasma membrane and, at least, the endoso-
mal compartment, thus the majority of the GLUT4 is
located within the cell interior [31]. Insulin stimula-
tion triggers a large increase in the rate of GLUT4
vesicle exocytosis (mainly from the GSV pool), and a
small decrease in the rate of internalisation by endocy-
tosis which together result in a net increase in GLUT4
protein content in the plasma membrane, and thus
glucose uptake.

H ROLE OF THE CYTOSKELETON

It has become increasingly clear that the cytoskel-
eton plays a crucial role in vesicle trafficking and
recent studies using cytoskeletal disrupting agents
have implicated these structures in GLUT4 vesicle
trafficking itself [32, 33]. For example, colchicine,
vinblastine, or nocodazole have been reported to block
GLUT4 vesicle movements in living cells and to in-
hibit insulin-stimulated glucose uptake and GLUT4
translocation [34, 35]. This appears to exclusively
affect the trafficking of GLUT4 present in the GSV
pool, but not the endosomal pool, because microtubule
disruption did not inhibit insulin-stimulated transferrin
receptor translocation [32]. These data were inter-
preted in terms of a role for microtubules in maintain-
ing, if not generating, the organisation of the GSV
compartment in the basal state. It is currently unclear
whether microtubules play any role in directly trans-
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locating GLUT4 vesicles to the plasma membrane as,
unlike in fibroblasts, microtubules are highly frag-
mented in 3T3-L1 adipocytes and thus unlikely to be
capable of playing such a role (Fig. 2).

Actin stress fibres in 3T3-L1 adipocytes are also
largely depolymerized during the differentiation pro-
cess of 3T3-L1 adipocytes (Fig. 2). In adipocytes the
predominant actin structures that remain are those that
make up the cortical actin network underlying the
plasma membrane. Interestingly, the actin cytoskel-
eton has also been proposed to play an important role
in insulin-stimulated GLUT4 translocation, and insu-
lin has been shown to promote as significant accumu-
lation of cortical actin in 3T3-L1 adipocytes [36].
Actin disrupting agents (e.g cytochalasin D or latrun-
culin A) partially inhibit insulin-stimulated GLUT4
translocation and glucose uptake, suggesting that this
cortical actin plays an important role. While the pre-
cise molecular details of this role have not been estab-
lished, several possibilities can beproposed. This in-
cludes a role as a scaffold for the assembly of
signaling molecules such as IRS-1 immediately be-
neath the plasma membrane [37]. Consistent with this
hypothesis, disruption of the actin cytoskeleton in
3T3-L1 adipocytes results in a significant loss in
insulin-induced activation of PKB [38], a process
which is IRS-1 dependent. Alternatively, the cortical
actin network could act to trap GLUT4 vesicles close
to the plasma membrane thus indirectly increasing the
frequency of fusion events with the plasma mem-
brane. Indeed, by time-lapse confocal microscopy
rapid movements of GFP-GLUT4 containing vesicles
can be readily observed in the gap region between the
plasma membrane and the cortical actin network (J.M.
Tavaré, unpublished data).

o
f

FIG. 1. Possible model by which insulin
may stimulate GLUT4 translocation and
cellular glucose uptake. GLUT4 is found
in both a unique pool (GLUT4 storage

vesicles;, GSVs) as well as in the recy-
cling endosomes where it co-localises
with GLUTI and transferrin receptors.
The GSVs are stimulated to move di-
rectly to the surface in response to insu-
lin. Insulin also increases the rate of

@ GLUT4/IRAP
GLUTI
R Transferrin Recepior

recycling of the endosomal system.

H SIGNALING TO GLUT4 THROUGH A
Pl 3-KINASE-DEPENDENT PATHWAYS

Insulin fixation on its plasma membrane receptor
activates the B-subunit kinase activity and induce ty-
rosine phosphorylation of IRS family members (IRS1,
2, 3 and/or 4). The phosphorylated IRS proteins re-
cruit the phosphatidylinositol 3-kinase (PI3K) by its
associations with the regulatory sub-unit p85a. Cen-
tral to the actions of insulin is the lipid kinase, PI
3-kinase. This enzyme, activated by insulin, rapidly
generates from cellular membrane the lipid mediator
of insulin action on  glucose  transport,
phosphatidylinositol-3,4,5-triphosphate (PIP;). Block-
ing insulin-induced PIP; generation with wortmannin,
an irreversible PI 3-kinase inhibitor, or a dominant-
negative PI3-kinase mutant, almost completely blocks
the ability of insulin to induce GLUT4 translocation in
adipocytes [39]. This demonstrates the absolute re-
quirement for the activation of PI 3-kinase in insulin-
induced translocation of GLUT4 from both the endo-
somal and GSV pools.

Insulin-stimulated PIP; generation leads to the re-
cruitment of the Akt/protein kinase B (PKB) to the
plasma membrane where PIP; dependent kinase 1
(PDK1) fully activate the serine/threonine kinase PKB
by phosphorylating critical threonine residues in its
activation loops [40]. PIP; alone and PDKI1 are also
involved in the insulin activation of atypical protein
kinase Cs (PKCMQ) [41]. Recent findings suggest that
atypical PKCs and PKB serve as important positive
regulators of insulin-stimulated glucose metabolism,
and active forms of these two enzymes appears to be
required for insulin-induced GLUT4 translocation to
the plasma membrane [42] (Fig. 3). We have previ-
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ously shown that constitutively-active forms of pro-
tein kinase B induce the translocation of GLUT4
present only in the GSV compartment, but not of the
GLUTH4 that resides in recycling endosomes [43]. This
argues for the existence of distinct mechanisms oper-
ating downstream of PI 3-kinase mediating insulin
effect on GLUT4 vesicles issued from the GSV or
from the endosomal pool.

Despite this, it has been known for some time that
the addition of platelet-derived growth factor to
3T3-L1 adipocytes promotes PI 3-kinase activation
but does not stimulate glucose uptake or cause

Actin

FIG. 2. Sub-cellular distribution of microtu-
bules and actin filaments during the differ-
entiation of 3T3-L1 fibroblasts into adipo-
cytes. 3T3-L1 fibroblasts were induced to
differentiate in adipocytes. The cells were
fixed at day O (a, b), day 3 (c, d) or day 7
(e, f) and co-stained for the presence of
microtubules, using anti-tubulin antibodies
(a, ¢, e), or actin filaments, using
rhodamine-phalloidin (b, d, f). Images are
presented as projections, captured using a
Leica laser scanning Confocal Imaging
Spectrophotometer. During the course of
differentiation, significant changes in the
structure of the cytoskeleton occurs such
that microtubules become fragmented and
actin filaments are largely depolymerised.

GLUT4 translocation [44]. While PDGF can activate
PI3-kinase it does not appear to induce the generation
of significant amounts of PIP; in the plasma mem-
brane, for reasons which are not yet apparent [45].
Furthermore, a cell-permeant analogue of PIP; cannot
induce GLUT4 translocation in adipocytes unless
added simultaneously with insulin [46]. Taken to-
gether, the data suggest that while there is an absolute
requirement for PI 3-kinase-mediated PIP, generation
in insulin-stimulated glucose uptake, the activation of
PI 3-kinase alone is not sufficient. Consistent with
this, constitutively-active mutants of PI 3-kinase are
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F1G. 3. Insulin signaling pathways involved in the GLUT4 translocation process. Protein kinase B as well as atypical PKC seems to be involved in the
first insulin effects on the Glut4 translocation process, may be at the level of GSV themselves. This involved an insulin-dependent activation of the PI
3-kinase. In addition, insulin-induced TCI10 activation at the level of lipid raft, independent of PI 3-Kinase activity, is also necessary for a complete
and efficient Glut4 translocation. The second pathway probably involved insulin-stimulated actin filament remodeling that could be imply in the final

steps of the translocation process.

often not very effective at inducing glucose uptake.
This suggests that a second PI 3-kinase-independent
insulin signaling cascade is additionally required in
addition to a PI 3-kinase-dependent pathway to fully
induce glucose uptake.

H SIGNALING TO GLUT4 THROUGH A
Pl 3-KINASE-INDEPENDENT
PATHWAYS

A recent series of experiments have begun to un-
ravel this PI 3-kinase-independent pathway. The adi-
pocyte plasma membrane is characterised by the pres-
ence of multiple caveolae [47]; large vesicular
invaginations of the plasma membrane. Caveolae have
recently been proposed as being crucial in initiating
the PI 3-kinase-independent signal transduction path-
way. Caveolae are found in specialised cholesterol-
rich regions of the plasma membrane termed “lipid
rafts”. The cholesterol content of lipid rafts is known
to be important for their structure and function. Inter-

estingly, depletion of membrane cholesterol from lipid
rafts using methyl-B-cyclodextrin markedly inhibits
insulin-stimulated glucose uptake [48].

Caveolae appear to play an important role in the
insulin-induced tyrosine phosphorylation of a protein
called c-Cbl by the activated insulin receptor [49].
This protein is recruited to lipid rafts as a complex
with an adaptor protein called CAP, that bind the
flotillin (Fig. 3). As such, CAP also appears to aid
c-Cbl recruitment to, and phosphorylation by, acti-
vated insulin receptors. This pathway is of particular
interest because CAP expression is restricted to the
adipose tissue and its expression is increased by the
thiazolinediones, which may provide another explana-
tion for their facilitating action on insulin sensitivity
in this tissue [50]. Moreover, over-expression of a
dominant-negative CAP in adipocytes blocks insulin-
stimulated glucose uptake [51].

Our understanding of the role of the CAP pathway
was recently boosted by the observations that it con-
trols the activity of another protein associated with
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lipid rafts called TC10, a Rho family GTPase ex-
pressed in muscle and adipose tissue [52]. Phosphory-
lated c-Cbl appears to recruit C3G (a guanylnucleotide
exchange factor acting on TC10), via an SH2 domain-
containing adaptor, CrklIl. Thus the insulin-induced
localisation of the CAP/Cbl/CrkIl/C3G complex pro-
motes the conversion of GDP-bound TCI10 to its ac-
tive GTP-bound state. While the molecular target of
TCI10 is currently unknown, TC10 activation seems to
be required for insulin-stimulated GLUT4 transloca-
tion from the GSV pool, with no apparent effect on
GLUT4 in the endosomal pool [53]. Interestingly,
TC10 has also been proposed to be responsible for the
actin remodelling effects of insulin.

Importantly, growth factors other than insulin are
not able to activate TC10 in adipocytes, providing a
possible explanation for the ability of growth factors
to stimulate PI 3-kinase but not glucose transport.

l CONCLUSION

Cellular glucose uptake is the major rate limiting
step in the regulation of glucose metabolism by insu-
lin and, as such, defects in its regulation lead to
insulin resistant states. Since the early 1920’s science
has striven to elucidate insulin’s mechanism of action.
Only now, however, is an understanding of this pro-
cess becoming unravelled to a point at which we are
beginning to identify some of the signaling proteins
that may be defective in insulin resistance in humans
and which may represent future targets for therapy.

Indeed, the biology underlying insulin action on
glucose transport is immensely complex, which means
that we still have a long way to go until we have a
complete picture. At least in adipocytes, this insulin-
stimulated glucose transport process involves at least
two distinct but complementary signaling cascades.
One route involves the PI 3-kinase dependent activa-
tion of specific serine/threonine kinases (PKB and
atypical PKCs). The other appears to involve remod-
elling of the cortical actin cytoskeleton in a TC10-
dependent manner. Hence, a “new” role is emerging
for the cytoskelon in cells that lost their ability to
move during their differentiation process (fibroblast in
adipocyte and myoblast in myotube). Any biochemical
or morphological disruption of these complex inter-
relationships could generate an insulin resistant state.
Furthermore, obesity is characterised by a dramatic
increase in adipose cell size, which could turn up a
such disruption, between cell cytokeleton and insulin
signaling molecules, then, exacerbating an obesity-
induced insulin resistance state. The next goal must be
to confirm and extend these findings and finally iden-
tify the molecular target(s) that are defective in type 11
diabetes — a holy grail for diabetes research.

REFERENCES

—_

James DE, Piper RC. Insulin resistance, diabetes, and the insulin-
regulated trafficking of GLUT-4. Journal of Cell Biology, 1994, 126,
1123-1126.

2 Holman GD, Kasuga M. From receptor to transporter: insulin signal-
ing to glucose transport. Diabetologia, 1997, 40, 991-1003.

Garvey WT, Maianu L, Huecksteadt TP, Birnbaum MJ, Molina JM,
Ciaraldi TP. Pretranslational suppression of a glucose transporter
protein causes insulin resistance in adipocytes from patients with
non-insulin-dependent-diabetes mellitus and obesity. J Clin Invest,
1991, 87, 1072-1081.

4 Andersen PH, Lund S, Vestergaard H, Junker S, Kahn BB, Pedersen
O. Expression of the major insulin regulatable glucose transporter
(Glut 4) in skeletal muscle of non insulin dependent diabetic patients
and healthy subjects before and after insulin infusion. J Clin Endo-
crinol Metab, 1994, 77, 27-32.

Ducluzeau PH, Perretti N, Laville M, Andreelli F, Vega N, Riou JP,
Vidal H. Regulation by Insulin of Gene Expression in Human Skeletal
Muscle and Adipose Tissue: Evidence for Specific Defects in Type II
Diabetes Mellitus. Diabetes, 2001, 50, 1134-1142.

6 Maier VH, Melvin DR, Lister CA, Chapman H, Gould GW, Murphy
GJ. v- and t-SNARE protein expression in models of insulin resis-
tance: normalization of glycemia by rosiglitazone treatment corrects
overexpression of cellubrevin, vesicle-associated membrane
protein-2, and syntaxin 4 in skeletal muscle of Zucker diabetic fatty
rats. Diabetes, 2000, 49, 618-625.

Malide D, Dwyer NK, BlanchetteMackie EJ, Cushman SW. Immuno-
cytochemical evidence that GLUT4 resides in a specialized translo-
cation post-endosomal VAMP2-positive compartment in rat adipose
cells in the absence of insulin. J Hist Cytochem, 1997, 45, 1083-1096.

Oatey PB, VanWeering DHJ, Dobson SP, Gould GW, Tavaré JM.
GLUT#4 vesicle dynamics in living 3T3 L1 adipocytes visualized with
green-fluorescent protein. Biochem J, 1997, 327, 637-642.

Abel ED, Peroni O, Kim JK, Kim YB, Boss O, Hadro E, Minnemann
T, Shulman GI, Kahn BB. Adipose-selective targeting of the GLUT4
gene impairs insulin action in muscle and liver. Nature, 2001, 409,
729-733.

10 Kim JK, Zisman A, Fillmore JJ, Peroni OD, Kotani K, Perret P, Zong
H, Dong J, Kahn CR, Kahn BB, Shulman GI. Glucose toxicity and
the development of diabetes in mice with muscle-specific inactivation
of GLUT4. J Clin Invest, 2001, 108, 153-160.

Crome P, Keen H. Partial lipodystrophy and insulin-resistant diabetes.

Diabetes Metab, 1978, 4, 81-84.

12 Vigouroux C, Bourut C, Guerci B, Ziegler O, Magre J, Capeau J,
Meyer L. A new missense mutation in the calcium-sensing receptor in
familial benign hypercalcaemia associated with partial lipoatrophy
and insulin resistant diabetes. Clin Endocrinol (Oxf), 2000, 53, 393-
398.

13 Park CR, Johnson LH. Effect of insulin on transport of glucose and
galactose into cells of rat muscle and brain. Am J Physiol, 1955, 182,
17-23.

14 Levine R, Goldstein MS. On the mechanism of action of insulin.
Recent Prog Horm Res, 1955, 11, 343-80.

15 Cline GW, Petersen KF, Krssak M, Shen J, Hundal RS, Trajanoski Z,
Inzucchi S, Dresner A, Rothman D, Shulman GI. Impaired glucose
transport as a cause of decreased insulin-stimulated glycogen synthe-
sis in Type 2 diabetes. New Eng J Med, 1999, 341, 240-246.

16 Shulman GI. Cellular mechanisms of insulin resistance. J Clin Invest,
2000, 106, 171-176.

17 Cushman SW, Wardzala LJ. Potential mechanism of insulin action on
glucose transport in the isolated rat adipose cell. J Biol Chem, 1980,
255, 4758-4762.

18 Baldwin SA. Mammalian passive glucose transporters: members of
an ubiquitous family of active and passive transport proteins. Biochim
Biophys Acta, 1993, 1154, 17-49.

19 Mueckler M. Facilitative glucose transporters. Eur J Biochem, 1994,
219, 713-725.

20 Kandror KV, Pilch PF. gp160, a tissue-specific marker for insulin-

activated glucose transport. Proc Natl Acad Sci USA, 1994, 91,

8017-8021.

Volchuk A, Sargeant R, Sumitani S, Liu Z, He L, Klip A. Cellubrevin
is a resident protein of insulin-sensitive GLUT4 glucose transporter
vesicles in 3T3-L1 adipocytes. J Biol Chem, 1995, 270, 8233-8240.

W

w

~

oo

=}

1

2

—_



92

P.-H. DUCLUZEAU et al.

Diabetes Metab

22

23

24

25

26

27

28

29

30

3

—

32

33

34

35

36

37

38

39

Martin S, Tellam J, Livingstone C, Slot JW, Gould GW, James DE.
The glucose transporter (GLUT-4) and vesicle-associated membrane
protein-2 (VAMP-2) are segregated from recycling endosomes in
insulin- sensitive cells. J Cell Biol, 1996, 134, 625-635.

Cormont M, Bortoluzzi MN, Gautier N, Mari M, van Obberghen E,
Le Marchand-Brustel Y. Potential role of Rab4 in the regulation of
subcellular localization of Glut4 in adipocytes. Mol Cell Biol, 1996,
16, 6879-6886.

Lin BZ, Pilch PF, Kandror KV. Sortilin is a Major Protein Component
of Glut4-containing Vesicles. J Biol Chem, 1997, 279, 24145-24147.

Brooks CC, Scherer PE, Cleveland K, Whittemore JL, Lodish HF,
Cheatham B. Pantophysin is a phosphoprotein component of adipo-
cyte transport vesicles and associates with GLUT4-containing
vesicles. J Biol Chem, 2000, 275, 2029-2036.

Calera MR, Martinez C, Liu H, Jack AK, Birnbaum MJ, Pilch PF.
Insulin increases the association of Akt-2 with Glut4-containing
vesicles. J Biol Chem, 1998, 273, 7201-7204.

Rodnick KJ, Slot JW, Studelska DR, Hanpeter DE, Robinson LJ,
Geuze HJ, James DE. Immunocytochemical and biochemical studies
of GLUT4 in rat skeletal muscle. J Biol Chem, 1992, 267, 6278-6285.

Davis RJ, Corvera S, Czech MP. Insulin stimulates cellular iron
uptake and causes the redistribution of intracellular transferrin recep-
tors to the plasma membrane. J Biol Chem, 1986, 261, 8708-8711.

Clarke JF, Young PW, Yonezawa K, Kasuga M, Holman GD. Inhibi-
tion of the translocation of GLUT1 and GLUT4 in 3T3-L1 cells by
the phosphatidylinositol 3-kinase inhibitor, wortmannin. Biochem J,
1994, 300, 631-635.

Rea S, James DE. Moving GLUT4: the biogenesis and trafficking of
GLUT#4 storage vesicles. Diabetes, 1997, 46, 1667-1677.

Yang J, Holman GD. Comparison of GLUT4 and GLUT!1 subcellular
trafficking in basal and insulin-stimulated 3T3-L1 cells. J Biol Chem,
1993, 268, 4600-4603.

Fletcher LM, Welsh GI, Oatey PB, Tavare JM. Role for the microtu-
bule cytoskeleton in GLUT4 vesicle trafficking and in the regulation
of insulin-stimulated glucose uptake. Biochem J, 2000, 352, 267-276.

Kanzaki M, Pessin JE. Insulin-stimulated GLUT4 Translocation in
Adipocytes Is Dependent upon Cortical Actin Remodeling. J Biol
Chem, 2001, 276, 42436-42444.

Olson AL, Trumbly AR, Gibson GV. Insulin-mediated GLUT4 trans-
location is dependent on the microtubule network. J Biol Chem, 2001,
276, 10706-10714.

Guilherme A, Emoto M, Buxton JM, Bose S, Sabini R, Theurkauf
WE, Leszyk J, Czech MP. Perinuclear localization and insulin respon-
siveness of GLUT4 requires cytoskeletal integrity in 3T3-L1 adipo-
cytes. J Biol Chem, 2000, 275, 38151-38159.

Omata W, Shibata H, Li L, Takata K, Kojima I. Actin filaments play
a critical role in insulin-induced exocytotic recruitment but not in
endocytosis of GLUT4 in isolated rat adipocytes. Biochem J, 2000,
346, 321-328.

Clark SF, Martin S, Carozzi AJ, Hill MM, James DE. Intracellular
localization of phosphatidylinositide 3-kinase and insulin receptor
substrate-1 in adipocytes: Potential involvement of a membrane skel-
eton. J Cell Biol, 1998, 140, 1211-1225.

Peyrollier K, Hajduch E, Gray A, Litherland GJ, Prescott AR, Leslie
NR, Hundal HS. A role for the actin cytoskeleton in the hormonal and
growth-factor-mediated activation of protein kinase B. Biochem J,
2000, 352, 617-622.

Okada T, Kawano Y, Sakakibara T, Hazeki O, Ui M. Essential Role of
Phosphatidylinositol 3-Kinase in Insulin-Induced Glucose Transport

and Antilipolysis in Rat Adipocytes — Studies with a Selective
Inhibitor Wortmannin. J Biol Chem, 1994, 269, 3568-3573.

40

4

42

43

44

45

46

47

48

49

50

5

—_

52

53

Alessi DR, Andjelkovic M, Caudwell B, Cron P, Morrice N, Cohen P,
Hemmings BA. Mechanism of activation of protein kinase B by
insulin and IGF-1. EMBO J, 1996, 15, 6541-6551.

Standaert ML, Galloway L, Karnam P, Bandyopadhyay G, Moscat J,
Farese RV (1997). Protein kinase C-zeta as a downstream effector of
phosphatidylinositol 3-kinase during insulin stimulation in rat adipo-
cytes. Potential role in glucose transport. J Biol Chem, 1997, 272,
30075-30082.

Bandyopadhyay G, Standaert ML, Zhao L, Yu B, Avignon A, Gallo-
way L, Karnam P, Moscat J, Farese RV. Activation of protein kinase C
(alpha, beta, and zeta) by insulin in 3T3/L1 cells. Transfection studies
suggest a role for PKC-zeta in glucose transport. J Biol Chem, 1997,
272, 2551-2558.

Foran PGP, Fletcher LM, Oatey PB, Mohammed N, Dolly JO, Tavaré
JM. Protein kinase B stimulates the Translocation of GLUT4 but not
GLUT!1 or Transferrin Receptors in 3T3-L1 Adipocytes by a Pathway
Involving SNAP-23, Synaptobrevin-2, and/or Cellubrevin. J Biol
Chem, 1999, 274, 28087-28095.

Ricort JM, Tanti J-F, Van Obberghen EV, Le Marchand-Brustel Y.
Different effects of insulin and PDGF on PI-3-Kinase at the subcel-
lular level in 3T3-L1 adipocytes. A possible explanation for their
specific effects on glucose transport. Eur J Biochem, 1996, 239,
17-22.

Oatey PB, Venkateswarlu K, Williams AG, Fletcher LM, Foulstone
EJ, Cullen PJ, Tavaré JM. Confocal imaging of the subcellular distri-
bution of phosphatidylinositol 3,4, 5-trisphosphate in insulin- and
PDGF- stimulated 3T3-L1 adipocytes. Biochem J, 1999, 344, 511-
518.

Jiang T, Sweeney G, Rudolf MT, Klip A, Traynor-Kaplan A, Tsien
RY. Membrane-permeant esters of phosphatidylinositol 3.4,
5-Trisphosphate. J Biol Chem, 1998, 273, 11017-11024.

Kandror KV, Stephens JM, Pilch PF. Expression and compartmental-
ization of caveolin in adipose cells: coordinate regulation with and
structural segregation from GLUT4. J Cell Biol, 1995, 129, 999-1006.

Le Lay S, Krief S, Farnier C, Lefrere I, Le Liepvre X, Bazin R, Ferre
P, Dugail I. Cholesterol, a cell size-dependent signal that regulates
glucose metabolism and gene expression in adipocytes. J Biol Chem,
2001, 276, 16904-16910.

Ribon V, Printen JA, Hoffman NG, Kay BK, Saltiel AR. A novel,
multifuntional c-Cbl binding protein in insulin receptor signaling in
3T3-L1 adipocytes. Mol Cell Biol, 1998, 18, 872-879.

Ribon V, Johnson JH, Camp HS, Saltiel AR. Thiazolidinediones and
insulin resistance: peroxisome proliferatoractivated receptor gamma
activation stimulates expression of the CAP gene. Proc Natl Acad Sci
U S A, 1998, 95, 14751-14756.

Baumann CA, Ribon V, Kanzaki M, Thurmond DC, Mora S, Shige-
matsu S, Bickel PE, Pessin JE, Saltiecl AR. CAP defines a second
signalling pathway required for insulin-stimulated glucose transport.
Nature, 2000, 407, 202-207.

Chiang SH, Baumann CA, Kanzaki M, Thurmond DC, Watson RT,
Neudauer CL, Macara IG, Pessin JE, Saltiel AR. Insulin-stimulated
GLUT4 translocation requires the CAP-dependent activation of
TC10. Nature, 2001, 410, 944-948.

Watson RT, Shigematsu S, Chiang SH, Mora S, Kanzaki M, Macara
IG, Saltiel AR, Pessin JE. Lipid raft microdomain compartmentaliza-
tion of TC10 is required for insulin signaling and GLUT4 transloca-
tion. J Cell Biol, 2001, 154, 829-840.

© Masson, Paris, 2002



