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Insulin Signaling and the Regulation of Glucose Transport

Louise CHANG, SHIAN-HUEY CHIANG, AND ALAN R SALTIEL

Gaps remain in our understanding of the precise molecular mechanisms by which insulin regulates glucose uptake in fat and
muscle cells. Recent evidence suggests that insulin action involves multiple pathways, each compartmentalized in discrete
domains. Upon activation, the receptor catalyzes the tyrosine phosphorylation of a number of substrates. One family of these,
the insulin receptor substrate (IRS) proteins, initiates activation of the phosphatidylinositol 3-kinase pathway, resulfing in stimu-
lation of protein kinases such as Akt and atypical protein kinase C. The receptor also phosphorylates the adapter protein APS,
resulting in the activation of the G protein TC10, which resides in lipid rafts. TC10 can influence a number of cellular processes,
including changes in the actin cytoskeleton, recruitment of effectors such as the adapter protein CIP4, and assembly of the

exocyst complex. These pathways converge to control the recycling of the facilitative glucose transporter Glut4.
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INTRODUCTION

Insulin is the most potent physiological anabolic agent known,
promoting the storage and synthesis of lipids, protein, and carbo-
hydrates and inhibiting their breakdown and release into the cir-
culation (1). The first step by which insulin increases energy stor-
age or utilization involves the regulated transport of glucose into
the cell, mediated by the facilitative glucose transporter Glut4.
Insulin increases glucose uptake mainly by enriching the concen-
tration of Glut4 proteins at the plasma membrane, rather than by
increasing the intrinsic activity of the transporter (2,3). The cellu-
lar location of Glut4 is governed by a process of regulated recy-
cling, in which endocytosis, sorting into specialized vesicles, exo-
cytosis, tethering, docking, and fusion of the protein are tightly
regulated. We discuss here the molecular basis for these events
and the signaling pathways by which they are controlled.

GLUT4 TRANSLOCATION OCCURS IN MULTIPLE STAGES

In the absence of insulin, Glut4 slowly recycles between the plasma
membrane and vesicular compartments within the cell, where most
of the Glut4 resides. Insulin stimulates the translocation of a pool of
Glut4 to the plasma membrane, through a process of targeted exo-
cytosis (4,5) (Figure 1). At the same time, Glut4 endocytosis is atten-
uated (6,7). Thus, the rate of glucose transport into fat and muscle
cells is governed by the concentration of Glut4 at the cell surface
and the duration for which the protein is maintained at this site.
There is substantial evidence that Glut4 exists in specialized
vesicles sequestered within the cell, but the precise intracellular
location and trafficking pathways of these vesicles are unclear.
Following internalization, Glut4 is localized into tubulovesicular
and vesicular structures that are biochemically distinct from but
possibly interacting with the recycling endosomal network (8). In
adipocytes, these vesicles are retained in a perinuclear region in

the cell via an unknown mechanism that might involve a tethering
protein (9) or continuous futile recycling (10). The Glut4 compart-
ment is enriched in the v-SNARE (soluble N-ethylmaleimide sensi-
tive factor attachment protein) protein VAMP2 (vesicle-associated
membrane protein 2) but not the related VAMP3/cellubrevin
isoform that is present in recycling endosome (11). Consistent with
these data, ablation of transferrin receptor containing endosomes
does not impair insulin-stimulated Glut4 translocation (12).

The microtubule network and actin cytoskeleton play a role in
Glut4 trafficking, either by linking signaling components or by
directing movement of vesicles from the perinuclear region to the
plasma membrane in response to insulin. Cortical actin is required
for Glut4 translocation to the plasma membrane in response to
insulin (13-15), which is regulated by TC10 (see Insulin Signaling
From Lipid Rafts, below) (14,16). In addition, microtubule motor
proteins kinesin KIF5b and KIF3 have been shown to facilitate
insulin-stimulated Glut4 transit to the plasma membrane (17,18).
Thus, it is likely that molecular motors move the Glut4 vesicles
along tracks involving the microtubule and actin cytoskeletons,
which may undergo dynamic remodeling in response to insulin.

As mentioned above, Glut4-containing vesicles contain the
v-SNARE protein VAMP2. During Glut4 vesicle docking,
VAMP2 interacts directly with its t-SNARE counterpart syntaxin
4 in the plasma membrane (3). Although these SNARE interac-
tions are essential, none of the core proteins appear to be direct
targets of insulin action. On the other hand, several important
SNARE accessory proteins such as Muncl8c, Synip, and NSF
(N-ethylmaleimide sensitive factor) may be involved in the con-
trol of Glut4 docking and fusion events and might be targets of
insulin action (19-22). In fact, Munc18c heterozygous knockout mice
are less insulin sensitive than wild-type mice, with reduced insulin-
stimulated Glut4 translocation in skeletal muscle (23). However,
opposite results were seen with isolated adipocytes from
homozygous Munc18c knockout mice (24).
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Figure 1. Recycling of Glut4. The cellular location of Glut4 is governed by a process of regulated recycling, in which the endocytosis, sorting into spe-
cialized vesicles, exocytosis, tethering, docking, and fusion of the protein are tightly regulated. In the absence of insulin, Glut4 slowly recycles between
the plasma membrane and vesicular compartments within the cell, where most of the Glut4 resides. Insulin stimulates the translocation of a pool of
Glut4 to the plasma membrane, through a process of targeted exocytosis. The microtubule network and actin cytoskeleton play a role in Glut4 traf-
ficking, either by linking signaling components or by directing movement of vesicles from the perinuclear region to the plasma membrane in response
to insulin. Once at the plasma membrane, the Glut4 vesicles dock and fuse, allowing for extracellular exposure of the transporter.

SIGNALING FROM THE INSULIN RECEPTOR

The insulin receptor (IR) is a heterotetrameric bifunctional com-
plex, consisting of 2 extracellular o subunits that bind insulin and
2 transmembrane B subunits with tyrosine kinase activity. Insulin
binding to the o subunit induces the transphosphorylation of one
B subunit by another on specific tyrosine residues in an activation
loop, resulting in the increased catalytic activity of the kinase
(3,25). The receptor also undergoes autophosphorylation at other
tyrosine residues in the juxtamembrane regions and intracellular
tail (Figure 2). The activated IR then phosphorylates tyrosine
residues on intracellular substrates that include the insulin recep-
tor substrate family (IRS1 through 4), IRS5/DOK4, IRS/DOKS5,
Gab-1, Cbl, APS and Shc isoforms, and signal regulatory protein
(SIRP) family members (3,25). Some of these proteins, including
IRS and Shc, are recruited to a juxtamembrane region in the recep-
tor containing an NPXY motif, while others, such as APS, bind
directly to the activation loop. Upon phosphorylation, these sub-
strates interact with a series of effector or adapter molecules con-
taining Src homology 2 (SH2) domains that specifically recognize
different phosphotyrosine motifs. Among these substrates, the
best characterized are the IRS family of proteins.

Even though the IRS proteins share a high degree of homology,
studies in knockout mice and cell lines indicate specific roles in
insulin/insulin-like growth factor (IGF)-1 action (3,25). IRS-1

knockout mice are growth retarded and do not appear to develop
diabetes, but are insulin resistant in peripheral tissues, with defec-
tive glucose tolerance (26). IRS-2 knockout mice are insulin resist-
ant in both peripheral tissues and liver and develop type 2 diabetes
due to insulin resistance along with decreased B-cell function (27).

THE PHOSPHATIDYLINOSITOL 3-KINASE SIGNALING
PATHWAY

The stimulation of glucose uptake by insulin is mediated by phos-
phatidylinositol (PI) 3-kinase-dependent and -independent path-
ways (3,25). Upon tyrosine phosphorylation, IRS proteins interact
with the p85 regulatory subunit of PI 3-kinase, leading to the acti-
vation of the enzyme and its targeting to the plasma membrane.
The enzyme generates the lipid product phosphatidylinositol
3,4,5-trisphosphate (PIP;), which regulates the localization and
activity of numerous proteins (28). PI 3-kinase activation is atten-
uated by PIP; dephosphorylation via 3" phosphatases such as
PTEN (29) or 5" phosphatases such as SHIP2 (30,31).

PI 3-kinase plays an essential role in glucose uptake and Glut4
translocation. Inhibition of the enzyme with pharmacological
inhibitors such as wortmannin completely blocks the stimulation of
glucose uptake by insulin (32). Additionally, overexpression of
dominant-interfering forms of PI 3-kinase can block glucose uptake
and Glut4 translocation, and overexpression of constitutively
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Figure 2. Activation of insulin receptor. The insulin receptor consists of 2 extracellular a subunits that bind insulin and 2 transmembrane B subunits with
tyrosine kinase activity. Insulin binding to the o subunit induces the transphosphorylation of one B subunit by another on specific tyrosine residues in
an activation loop, resulting in the increased catalytic activity of the kinase. The receptor also undergoes autophosphorylation at other tyrosine
residues in the juxtamembrane regions and intracellular tail The activated IR then phosphorylates tyrosine residues on intracellular substrates.

active forms can partially mimic insulin action (33,34). Targeted
deletion of the p85 PI 3-kinase regulatory subunit in mice results in
increased insulin sensitivity (35-37). Conversely, gene knockout of
the catalytic subunit results in insulin resistance and glucose intol-
erance (38). Collectively, these studies demonstrate that PI 3-kinase
is required for insulin-stimulated glucose transport.
Insulin-stimulated increases in PIP; result in the recruitment
and/or activation of pleckstrin homology (PH) domain-containing
proteins, including various enzymes, their substrates, adapter
molecules, and cytoskeletal proteins. Among these is the Ser/Thr
kinase PDK1, which phosphorylates and activates several down-
stream kinases, including Akt1 through 3, protein kinase C (PKC){/A,
and serum and glucocorticoid-inducible kinase (SGK) (39). PIP,
appears to mediate the translocation of Akt to the plasma mem-
brane, via its PH domain (40). Additionally, the protein kinase
mTOR (mammalian target of rapamycin), complexed to the regu-
latory protein rictor, has been recently identified as PDK2 (phos-
phoinositide-dependent kinase 2), which phosphorylates Ser4”3
on Akt (41). Overexpression of a membrane-bound form of Akt in
3T3L1 adipocytes resulted in increased glucose transport and
localization of Glut4 to the plasma membrane (42,43). Insulin-
stimulated Glut4 translocation was also inhibited by expression

of a dominant-interfering Akt mutant (44,45).

Interestingly, the isoforms of Akt, Aktl, and Akt2 are not
functionally redundant. Mouse gene knockout studies, as well as
knockdown studies in 3T3L1 adipocytes using small-interfering
RNA (siRNA), have shown that reducing only Akt1 does not alter
insulin sensitivity, whereas reducing Akt2 levels decreases insulin
sensitivity and reduces glucose disposal. In addition, the meta-
bolic phenotype was more profound when both Aktl and Akt2
protein levels were reduced (46-48), suggesting that both Aktl
and Akt2 are required for insulin signaling.

Although several putative substrates of Akt potentially
involved in the regulation of glucose transport have been identi-
fied, only a few have been studied extensively. The Rab-GTPase
activating protein (Rab-GAP), AS160, undergoes phosphorylation
in response to insulin and contains multiple Akt phosphorylation
sites (49). Overexpression of a mutant AS160 that cannot undergo
phosphorylation blocks insulin-stimulated Glut4 translocation. This
inhibition requires an intact GTPase activating domain (GAP)
(49,50). Moreover, insulin-stimulated AS160 phosphorylation was
reduced in patients with type 2 diabetes (51). Although the GAP
activity of AS160 appears to be specific for Rabs 2A, 8A, and 14 in
vitro (52), the precise target remains unclear.
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Figure 3. A model for diverse signaling pathways in insulin action. Two signaling pathways are required for the translocation of the glucose transporter
Glut4 by insulin in fat and muscle cells. Tyrosine phosphorylation of the IRS proteins after insulin stimulation leads to an interaction with and subsequent
activation of Pl 3-kinase, producing PIP,, which in turn activates and localizes protein kinases such as PDK1. These kinases then initiate a cascade of
phosphorylation events, resulting in the activation of Akt and/or atypical PKC. AS160, a substrate of Akt, plays an as yet undefined role in Glut4 translo-
cation through its Rab-GTPase activating domain. A separate pool of the insulin receptor can also phosphorylate the substrates Cbl and APS. Cbl
interacts with CAP, which can bind to the lipid raft protein flotillin. This interaction recruits phosphorylated Cbl into the lipid raft, resulting in the recruit-
ment of Crkll. Crkll binds constitutively to the exchange factor C3G, which can catalyze the exchange of GDP for GTP on the lipid-raft-associated
protein TC10. Upon its activation, TC10 interacts with a number of potential effector molecules, including CIP4, Exo70, and Paré/Par3/PKCA, in a GTP-

dependent manner.

Despite the evidence supporting an important role for the PI
3-kinase pathway, activation of this enzyme is not sufficient for
increased glucose transport observed in response to insulin.
Stimulation of PI 3-kinase activity by platelet-derived growth
factor (PDGF) or interleukin-4 does not increase glucose uptake
(53,54). Overexpression of the IRS1 phosphotyrosine binding
(PTB) or Shc and IRS1 NPXY binding (SAIN) domains decreased
IRS1-associated PI 3-kinase activity, but was without effect on
insulin-stimulated glucose uptake (34). Moreover, addition of a
membrane-permeable analog of PIP;, the product of PI 3-kinase,
did not stimulate glucose uptake in the absence of insulin (55). Con-
sistent with this, overexpression of constitutively active PI 3-kinase
mutants did not fully mimic insulin-stimulated Glut4 translocation
to the plasma membrane (33). Together these data suggest that
PI 3-kinase activation is not sufficient to stimulate glucose uptake,
suggesting that more than one signaling pathway is required.

INSULIN SIGNALING FROM LIPID RAFTS

Several studies have shown that a separate insulin signaling path-
way is localized in lipid raft microdomains, specialized regions of
the plasma membrane enriched in cholesterol, sphingolipids,
lipid-modified signaling proteins, glycosylphosphotidylinositol

(GPI)-anchored proteins, and glycolipids (56). At least some of the
insulin receptor has been shown to reside in these microdomains
(57-59), perhaps through its interaction with the raft protein cave-
olin (57-59). Activation of the insulin receptor in these plasma
membrane subdomains stimulates the tyrosine phosphorylation
of the proto-oncogenes c-Cbl and Cbl-b. This phosphorylation
step requires recruitment of Cbl to the adapter protein APS, which
contains SH2 and PH domains (59-61). APS exists as a preformed
homodimer and interacts with the 3 phosphotyrosines in the acti-
vation loop of the insulin receptor upon its activation via its
SH2 domain (62). Each partner in the APS homodimer binds to a
B-subunit of the receptor, so that 1 receptor recruits 2 APS mole-
cules (62). Upon binding to the receptor, APS is phosphorylated
on a C-terminal tyrosine, resulting in the recruitment of Cbl via
the SH2 domain of the latter protein. Cbl subsequently undergoes
phosphorylation on 3 tyrosines (60).

The Cbl associated protein (CAP) is recruited with Cbl to the
insulin receptor:APS complex (60). CAP is a bifunctional adapter
protein with 3 SH3 domains in its COOH-terminus, and an NH,-
terminal region of similarity to the gut peptide sorbin, called the
sorbin homology (SoHo) domain (63). CAP expression correlates
well with insulin sensitivity. The protein is found predominantly
in insulin-sensitive tissues, and expression is increased upon acti-



vation of the nuclear receptor PPARY (peroxisome proliferator-
activated receptor v), the receptor for the thiazolidinedione class
of insulin-sensitizing drugs (64). CAP also binds directly to the
cytoskeletal protein vinculin and is found in focal adhesions in
other cell types (65).

The COOH-terminal SH3 domain of CAP associates with a
PXXP motif in Cbl, such that these proteins are constitutively
associated. Upon recruitment to the insulin receptor, CAP inter-
acts with the lipid raft domain protein flotillin, via the SoHo
domain of the former protein (63,66). Overexpression of domi-
nant-interfering CAP mutants that do not bind to Cbl (CAPASH3)
or flotillin (CAPASoHo) blocked translocation of phosphorylated
Cbl to lipid rafts, and also prevented insulin-stimulated glucose
uptake and Glut4 translocation (61,63). Interestingly, CAPASH3
expression did not affect PI 3-kinase activity, suggesting that the
CAP/Cbl complex plays a critical role in insulin-stimulated glu-
cose utilization through a PI 3-kinase-independent pathway (61).
Consistent with these studies, siRNA knockdown of APS or c-Cbl
plus Cbl-b results in inhibition of insulin-stimulated glucose
uptake (67), although Czech and colleagues showed that siRNA
knockdown of c-Cbl and Cbl-b or CAP was without effect on
insulin-stimulated glucose transport (68,69). The discrepancy
between these two studies is not understood.

Upon tyrosine phosphorylation, Cbl interacts with the pro-
tein CrklIl, an SH2/SH3-containing adapter protein (70). CrkII
binds to specific phosphorylation sites on Cbl via its SH2 domain
(70) and is constitutively associated with the nucleotide exchange
factor C3G via its SH3 domain (71). Thus, insulin stimulates the
translocation of both CrklIl and C3G to lipid rafts, an effect of the
hormone that can be blocked by transfection of cells with
CAPASH3 or CAPASoHo (61,63).

Upon its translocation to lipid rafts, C3G can catalyze the acti-
vation of the small G proteins TC10c. and TC10B (72,73). This
effect of insulin requires the CAP/Cbl complex, because overex-
pression of CAPASH3 blocked TC10 activation by insulin.
Together these data indicate that the CAP/Cbl/TC10 pathway is
required for insulin-stimulated glucose uptake in parallel with
and independent of the PI 3-kinase signaling cascade (72,73).

Overexpression of a dominant-interfering TC10 mutant inhibits
insulin-stimulated glucose uptake and Glut4 translocation (72,73).
Surprisingly, the overexpression of the wild-type TC10 protein also
blocked insulin action, reminiscent of effects observed with the Rab
family of small GTP-binding proteins that are also involved in vesic-
ular trafficking (74). The Rab proteins cycle between GTP- and GDP-
bound states to affect vesicle budding from donor membranes and
fusion with acceptor membranes. Overexpression of wild-type Rab
titrates out key exchange factors, thereby preventing Rab GTP/GDP
exchange. Upon overexpression, a large fraction of TC10 might sat-
urate the endogenous exchange factor, without producing a down-
stream signal in the appropriate cellular compartment. Alterna-
tively, activated TC10 may play a scaffolding role by simultaneously
bridging several effectors together. Overexpression of wild-type
TC10 may alter this binding stoichiometry, attenuating the down-
stream signaling pathway.

Upon its activation, TC10 interacts with a number of potential
effector molecules. One of these is a splice variant of the adapter
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protein, CIP4, first identified as an effector of Cdc42. The mul-
tidomain structure of CIP4 isoforms suggests that this family of
proteins may serve an adapter function. CIP4 contains 1 FCH
domain, 2 coiled-coil domains, and 1 SH3 domain. The FCH
domain interacts with microtubules, and the 2nd coiled-coil
domain interacts with TC10 in a GTP-dependent manner. CIP4
localizes to an intracellular compartment under basal conditions,
and translocates to the plasma membrane upon insulin stimula-
tion (75). Overexpression of mutant forms of CIP4/2 containing
an NH,-terminal deletion or with diminished TC10 binding
inhibits insulin-stimulated Glut4 translocation, suggesting that
CIP4/2 may play an important role in insulin-stimulated glucose
transport as a downstream effector of TC10 (75).

Upon its activation, TC10 also interacts with Exo70, a compo-
nent of the exocyst complex (76). The exocyst complex has been
implicated in the tethering or docking of secretory vesicles. A
mutant form of Exo70 inhibited insulin-stimulated glucose uptake
by preventing fusion of the Glut4 vesicle with the plasma mem-
brane; however, overexpression of wild-type Exo70 increased
insulin-stimulated glucose transport (76). Additionally, overex-
pression of sec8 and sec6, components of the exocyst complex,
increased glucose transport following insulin stimulation in 3T3-
L1 adipocytes (77). Together, these studies indicate that the exocyst
complex is involved in insulin-regulated Glut4 exocytosis.

INTERSECTING INSULIN SIGNALING PATHWAYS

Consistent with the notion of a two-step regulation of Glut4 traf-
ficking in response to insulin, it is now clear that previously con-
sidered independent and parallel pathways such as PI 3-kinase,
atypical protein kinase C (PKC{/A), and the CAP/Cbl/Crk/
C3G/TC10 signaling cascades intersect (Figure 3). Atypical PKCs
belong to the AGC subfamily of protein kinases that can be phos-
phorylated by PDK1 downstream of PI 3-kinase. PKC{/A is then
recruited to lipid rafts in a TC10-dependent manner, via Par3 and
Par6 proteins (78). Thus, atypical PKC may represent a point of
convergence for the PI 3-kinase and TC10 signaling pathways. It
is likely that other effectors of TC10 and related proteins will be
targets of PI 3-kinase signaling, perhaps explaining the network
of signaling pathways that govern the complex series of events
involved in the regulation of Glut4 recycling by insulin.
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