
Abstract

Insulin-stimulated glucose uptake in adipose tissue
and striated muscle is critical for reducing post-pran-
dial blood glucose concentrations and the dysregula-
tion of this process is one hallmark of Type II (non-in-
sulin-dependent) diabetes mellitus. It has been well
established that the insulin-stimulated redistribution of
the insulin responsive glucose transporter, GLUT-4,
from intracellular storage sites to the plasma mem-
brane depends on the production of phosphoinositide
3,4,5 trisphosphate by the Class IA Phosphatidylinosi-
tol 3' kinase. Recent discoveries however, have shown
the presence of a second insulin signalling pathway
leading to GLUT-4 translocation, a pathway depen-
dent on insulin receptor signalling emanating from
caveolae or lipid rafts at the plasma membrane. This
pathway begins with the phosphorylation of the adap-

tor protein Cbl by the insulin receptor, and results in
the activation of a small GTP binding protein, TC10, a
member of the Rho family. TC10 is able to modulate
actin structure in 3T3L1 adipocytes, and its overex-
pression inhibits insulin-stimulated GLUT-4 translo-
cation, an inhibition completely dependent on local-
ization of TC10 to the caveolae or lipid rafts. The spa-
tial compartmentalization of insulin signalling from
caveolae or lipid rafts provides a novel signalling
pathway that functions in concert with general signal-
ling mechanisms in the control of actin dynamics reg-
ulating insulin-dependent GLUT-4 translocation. [Dia-
betologia (2002) 45:1475–1483]

Keywords Diabetes, insulin signalling, GLUT-4, actin,
TC10, translocation, membrane transport, adipocyte,
muscle, PI 3' kinase.

Received: 4 April 2002 / Revised: 12 August 2002
Published online: 18 October 2002
© Springer-Verlag 2002

Corresponding author: Dr. J. E. Pessin, The Department of
Physiology and Biophysics, The University of Iowa, 51 Newton
Road, Iowa City, IA 52242, USA.
E-mail: jeffrey-pessin@uiowa.edu
Abbreviations: IR, Insulin receptor; PTB, protein tyrosine bind-
ing; SH2, Src homology 2; PI3K, phosphatidylinositol 3' ki-
nase; PDK-1, 3' phosphoinositide-dependent kinase-1; PKB,
protein kinase B; PKC, protein kinase C; PI(3,4,5)P3, phos-
phoinositide 3,4,5 trisphosphate; CAP, Cbl associated protein;
APS, associated protein substrate; SH3, Src homology 3;
CAAX, cysteine-aliphatic amino acid-any amino acid; WASP,
Wiskott-Aldrich syndrome protein; N-WASP, neural Wiskott-
Aldrich syndrome protein; Arp, actin related protein; PI(4, 5)
P2, phosphoinositide 4,5 bisphosphate; eGFP, enhanced green
flourescent protein; GTPγ S, guanosine 5' -[γ -thio]triphosphate.

Diabetologia (2002) 45:1475–1483
DOI 10.1007/s00125-002-0974-7

Review

Insulin regulation of glucose uptake: 
a complex interplay of intracellular signalling pathways
A. H. Khan, J. E. Pessin

Department of Physiology and Biophysics, University of Iowa, Iowa City, USA

Type II (non-insulin-dependent) diabetes mellitus is a
clinical disorder of sugar and fat metabolism caused
by an inability of insulin to promote sufficient glucose
uptake into adipose tissue and striated muscle and to
prevent glucose output from the liver. Insulin is the
most important hormone in the regulation of blood
glucose concentrations and is essential in the post-
prandial state. As blood sugar concentrations rise, in-
sulin is secreted into the blood stream by the pancreat-
ic beta cell of the endocrine pancreas. Insulin stimu-
lates glucose uptake into fat and muscle to promote
the storage of sugar as intracellular triglycerides and
glycogen in fat and muscle. In addition, insulin inhib-
its the production and release of glucose from the liver
(gluconeogenesis and glycogenolysis). In a healthy
person, this prevents the rise of blood sugar concen-
trations that would occur after meal ingestion. Howev-



er, in the early stages of Type II diabetes, blood glu-
cose concentrations remain increased, despite the
presence of normal to high insulin concentrations in
the bloodstream. The combined inability of muscle
and adipose tissue to facilitate glucose uptake and of
the liver to suppress glucose output in response to in-
creasing amounts of insulin are referred to as insulin
resistance. It is regarded as the hallmark characteristic
of Type II diabetes. The later stages of Type II diabe-
tes are characterized by low insulin concentrations
and the need for exogenous insulin due to the eventual
exhaustion of insulin secretory ability by the pancreat-
ic beta cells. As blood sugar concentrations remain
persistently high over many years, clinical complica-
tions including retinopathy, nephropathy, neuropathy
and cardiovascular disease develop and thereby in-
crease the patient's morbidity and mortality. The high
incidence of Type II diabetes and the seriousness of its
complications make it imperative to understand the
molecular basis of insulin-stimulated glucose trans-
port and insulin resistance. In this review, we survey
the established role of the insulin signalling pathway
in stimulation of insulin-induced glucose uptake. In
addition, we describe a novel insulin signalling path-
way that functions through restricted spatial compart-
mentalization in the plasma membrane that links insu-
lin receptor signalling in lipid microdomains to chang-
es in the actin cytoskeleton.

Glucose transport and the GLUTs

Glucose transport is mediated through solute carriers
referred to as the GLUT family of facilitative glucose
transporters, each with different tissue distributions,
kinetic properties and sugar specificity. Currently
there are 13 members of this family (GLUT-1–12)
plus the myo-inositol transporter HMIT1. At present,
the best-characterized members of this family are the
class I glucose transporters (GLUT-1–4).

The GLUT-1 transporter is ubiquitously expressed
and responsible for basal glucose uptake. The GLUT-2
isoform is primarily expressed in beta cells and in the
liver, and has a relatively low affinity (high Km) for
glucose. It serves in combination with hexokinase as
part of the glucose sensor. GLUT-3 has the highest af-
finity (lowest Km) and is expressed during fetal devel-
opment and in adult neurons. Similar to the tightly
controlled distribution and functionality of the other
GLUT family members, the GLUT-4 protein is pre-
dominantly restricted to fat and muscle and responsi-
ble for insulin-stimulated uptake.

The insulin stimulation of glucose uptake in adi-
pose and muscle tissue occurs through a complex and
as yet incompletely defined signalling pathway pro-
ceeding through the insulin receptor tyrosine kinase.
The primary effect is to promote the movement of the
GLUT-4 protein from intracellular storage sites to the

plasma membrane. In the basal state, GLUT-4 is local-
ized to a morphologically defined “tubulovesicular
system” present in the intracellular compartment,
while in the presence of insulin, GLUT-4 is immuno-
localized to the plasma membrane of fat, skeletal and
cardiac muscle [1, 2, 3]. The rate-limiting step at
which insulin stimulates uptake of glucose in muscle
and fat is the translocation of GLUT-4 transporters to
the plasma membrane [4].

The classic pathway of insulin signalling

The Insulin Receptor is a heterotetrameric membrane
protein consisting of two identical α and β subunits.
Insulin binds to the α subunits of the insulin receptor
(IR), thereby activating the intrinsic kinase activity in
the β subunit. This results in an intramolecular trans-
autophosphorylation reaction whereby one β subunit
tyrosine phopshorylates the adjacent β subunit. The
insulin receptor substrate (IRS) family of proteins spe-
cifically interacts with the phosphorylated IR through
a phosphotyrosine binding (PTB) module, which then
facilitates phosphorylation of IRS on a number of ty-
rosine residues by the activated IR [5]. These pho-
sphotyrosine residues on IRS proteins provide dock-
ing sites for proteins with Src Homology 2 (SH2) do-
mains with p85 being the most important regulatory
subunit of the Type IA phosphatidylinositol 3' kinase
(PI3K). It exists in the cytosol as a dimer of a regula-
tory p85 subunit and a catalytic p110 subunit [6]. Re-
cruitment of the regulatory subunit brings the catalytic
p110α subunit to the plasma membrane, where it cata-
lyzes the phosphorylation of the 3' position in the ino-
sitol ring of phosphoinositide (PI) lipids. Specifically,
the Type IA PI3K catalyzes the formation of
PI(3,4,5)-trisphosphate from PI(4,5)-bisphosphate,
and PI(3,4)-bisphosphate from PI(4)-phosphate [6].
The phosphorylation of the 3' position recruits and ac-
tivates proteins containing pleckstrin homology do-
mains, including the 3' phosphoinositide-dependent
kinase-1 (PDK-1) and Akt (also known as protein ki-
nase B) [7]. In turn, PDK-1 phosphorylates and acti-
vates downstream effectors including Akt and the
atypical protein kinase C ζ/λ (Fig. 1),The role of this
pathway in insulin-stimulated GLUT-4 translocation
has been confirmed through a series of studies using
chemical and dominant-negative inhibitors of the
PI3K. Chemical inhibitors of the PI3K, including
wortmannin and LY294002, and biological blockade
of the PI3K signalling pathway, including expression
of dominant-negative mutants, all inhibit insulin-stim-
ulated GLUT-4 translocation and glucose uptake [8, 9,
10, 11]. In addition, PI3K blocking antibodies or fu-
sion proteins inhibit GLUT-4 translocation as does
degradation of the PI(3,4,5)P3 by overexpression of 3'
and 5' specific phosphatases[10, 12, 13]. This evi-
dence suggests that activation of the PI3K and the for-
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mation of PI(3,4,5)P3 is necessary to mediate insulin-
stimulated GLUT-4 translocation. Furthermore, over-
expression of constitutively active forms of the PI3K
is able to induce a varying degree of glucose uptake
and GLUT-4 translocation in the absence of insulin.
Overexpression of a constitutively active form of the
catalytic subunit, p110α, increases the basal glucose
uptake and GLUT-4 translocation 50 to 100% of insu-
lin stimulated concentrations, depending on the study
[14, 15, 16, 17]. These data confirm that PI3K is nec-
essary for insulin-stimulated GLUT-4 translocation,
and could be sufficient to account for the entire insu-
lin-stimulated glucose uptake. However, the role of
PI(3,4,5)P3 and its downstream effectors, mainly Akt
and PKC, and their contribution to insulin-stimulated
GLUT-4 translocation are controversial.

Clearly Akt is activated in response to insulin stim-
ulation in a variety of cell types [18]. However, the ef-
fect of overexpression of dominant-negative Akt mu-
tants on glucose uptake has given mixed results.
Whereas expression of the phosphorylation-site-defi-
cient Akt does not affect insulin-stimulated GLUT-4
translocation, a kinase dead and a dual kinase dead
and phosphorylation-deficient construct both inhibit
GLUT-4 translocation, despite the dominant-negative
nature of all three of the constructs [19, 20, 21]. If Akt
is necessary for GLUT-4 translocation, then exoge-
nous activation of Akt should stimulate GLUT-4
translocation. Indeed, expression of a constitutively
active Akt with a membrane targeting sequence pro-

motes GLUT-4 translocation in a hormone-indepen-
dent manner but this apparently requires a substantial-
ly longer time than insulin stimulation [19, 22, 23, 24,
25]. The role of Akt2(PKBβ), the specific Akt isoform
expressed and activated in insulin responsive tissues,
in the whole animal shows a complex role for Akt in
insulin signalling. Mice deficient in Akt2 are insulin
resistant and have higher blood concentrations of glu-
cose and insulin. However, these mice are completely
unable to suppress hepatic glucose output (gluconeo-
genesis) in response to insulin, and have only slightly
decreased insulin-stimulated glucose uptake in glyco-
lytic fast-twitch muscle [26], with the former probably
accounting for the majority of the insulin resistance.
Therefore, the disruption of Akt2 signalling interferes
with insulin signalling and glucose homeostasis in
both liver and muscle, making it more difficult to as-
sess the importance of Akt signalling in insulin-stimu-
lated GLUT-4 translocation. The role of the other iso-
forms suggests that they might not play a primary role
in insulin signalling and GLUT-4 translocation, as the
disruption of Akt1 in mice has no effect on glucose
homeostasis. However, the possibility that the Akt1
isoform compensates for the loss of Akt2 in the Akt2
knockout mice remains to be tested [27]. As an alter-
native to Akt signalling, the atypical PKC isoforms,
PKC-λ and PKC-ζ, are activated by insulin, through a
PI3K dependent pathway [28, 29, 30]. Similar to some
of the data seen with Akt, overexpression of constitu-
tively active forms of the enzymes increases glucose
uptake and GLUT-4 translocation by about 50 to
100% of that of insulin stimulation [31]. Expression
of dominant-negative forms of atypical PKCs contain-
ing a mutation in the critical lysine residue in the ki-
nase domain or a mutation on the PDK-1 target phos-
phorylation site required for activation, inhibits insu-
lin-stimulated glucose uptake and GLUT-4 transloca-
tion by about half of the maximal insulin-stimulated
uptake [30, 31]. Further evidence for the role of atypi-
cal PKCs in insulin stimulated GLUT-4 translocation
comes from inhibition by atypical PKC isotype-spe-
cific interacting protein (ASIP) overexpression [32].

The PI3K independent pathway of insulin signalling

Although the necessity of the PI3K pathway is certain,
the sufficiency of this pathway alone to promote
GLUT-4 translocation and glucose uptake remains un-
proven. First of all, other growth factors, such as the
Platelet-Derived Growth Factor (PDGF), stimulate
PI3K activity but are unable to cause GLUT-4 translo-
cation or glucose uptake [33]. Overexpression of an
activated form of the PI3K increases GLUT-4 translo-
cation and glucose uptake anywhere from 50% to
100% of full insulin-stimulated glucose uptake, yet in-
sulin is able to further increase glucose uptake in the
presence of activated p110α [14, 17]. Further evi-
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Fig. 1. General insulin signalling pathway leading to GLUT-4
translocation: insulin (green) binds to the insulin receptor
(red), activating its tyrosine kinase activity. The activated insu-
lin receptor tyrosine kinase phosphorylates IRS-1 on tyrosine
residues allowing for the recruitment of the p85/p110 phospha-
tidylinositol 3' kinase (PI3K) to the plasma membrane. Activa-
tion and/or recruitment of PI3K generates PI(3,4,5)P3 from
PI(4,5)P2, thereby recruiting the 3' phosphoinositide-dependent
kinase-1 (PDK-1). PDK-1 phosphorylates and activates both
protein kinase B (PKB/Akt) and the atypical PKC λ/ζ
(aPKCs). PKB and the atypical PKCs promote GLUT-4 trans-
location by an as yet unknown downstream signalling pathway



dence to show that activation of the PI3K pathway
might not be sufficient for explaining the full insulin
stimulated glucose uptake came from studies that used
membrane permeant forms of the products of the
PI3K pathway [34]. PI(3,4,5)P3/AM is an acetoxy-
methyl derivative that crosses cell membranes into the
cytosol where the AM groups are hydrolysed by intra-
cellular esterases, resulting in biologically active
PI(3,4,5)P3. The addition of this PI(3,4,5)P3/AM to
3T3L1 adipocytes had no effect on basal glucose up-
take. However, pretreatment with wortmannin, the in-
hibitor of the PI3K pathway, plus addition of both the
PI(3,4,5)P3/AM and insulin resulted in nearly com-
plete restoration of glucose uptake, similar to that seen
with insulin alone. This suggests the presence of a
second pathway that is also activated by insulin, but is
independent of the PI3K pathway and not inhibited by
wortmannin. Thus, the above data indicate the pres-
ence of an insulin signalling pathway that promotes
GLUT-4 translocation independently of the PI3K
pathway.

We have proposed a model for a second pathway of
insulin signalling required for GLUT-4 translocation
and glucose uptake that could proceed through a sig-
nalling pathway originating from lipid rafts and result-
ing in the ultimate activation of a small G-protein,
TC10. A central figure in this pathway is the Cbl-as-
sociated protein, CAP, and the associated protein sub-
strate, APS [35, 36]. Phosphotyrosine residues on Cbl
provide docking sites for the CrkII/C3G complex [37].
CrkII is an adaptor protein that links Cbl to C3G,

while C3G can function as a guanine nucleotide ex-
change factor for the small GTP binding protein,
TC10 [38, 39]. TC10, much like its closest known ho-
mologue, Cdc42, has profound effects on actin struc-
ture, and is thought to contribute to the maintenance
of actin structure in 3T3L1 adipocytes. Transcripts of
both CAP and TC10 are enriched in skeletal and car-
diac muscle, further suggesting a specific role in insu-
lin signalling to glucose uptake [35, 40]. Therefore,
we propose that this PI3K independent pathway ap-
pears to link actin dynamics to GLUT-4 translocation
(Fig. 2).

Although APS provides an important adaptor func-
tion required for tyrosine phosphorylation of Cbl by
the insulin receptor [41], the Cbl-associated protein,
CAP, seems to play a critical role in the membrane
targeting of tyrosine phosphorylated Cbl [38]. CAP
contains an amino terminal Sorbin homology domain,
and 3 carboxyl terminal Src homology 3 (SH3) do-
mains. The sorbin homology domain binds flotillin, a
component of lipid rafts [42, 43], while the third SH3
domain (from the amino terminus) is responsible for
the binding interaction between Cbl and CAP. Thus,
these data suggest that CAP plays the role of an adap-
tor linking Cbl to the plasma membrane lipid raft mi-
crodomains through the interaction of CAP with
flotillin. Consistent with this interpretation, overex-
pression of a Cbl binding deficient CAP∆SH3 mutant,
but not full-length CAP, inhibits GLUT-4 transloca-
tion and glucose uptake independently of the activa-
tion of the PI3K or MAPK pathways [38]. Lipid raft
microdomains contain a unique set of membrane lip-
ids, including sphingolipids and cholesterol, form
their own liquid ordered phase in the plasma mem-
brane and do not laterally mix with the other lipids,
including phospholipids [44]. Lipid rafts share a
unique protein constituency relative to the non-lipid
raft plasma membrane, including GPI-anchored pro-
teins, caveolin, flotillin and palmitoylated proteins.
Caveolae are a specific kind of lipid raft found in the
greatest abundance in adipocytes, skeletal muscle and
endothelial cells. Caveolae (“little caves”) are 50 to
80 nm invaginations of the plasma membrane that
contain the protein caveolin. In 3T3L1 adipocytes,
multiple caveolae are viewed by confocal immunoflu-
orescence in the plasma membrane as a multi-ordered
structure that forms a donut-like complex about 1 mi-
cron in diameter that can be resolved using confocal
microscopy [45, 46]. Electron micrographs show that
the insulin receptor in the plasma membrane is present
in caveolae [45]. However, the effect of disruption of
caveolae with the addition of cholesterol extracting
agents, like β-cyclodextrin or filipin has yielded
mixed results. In the case of β-cyclodextrin, treatment
reduces insulin receptor activity, downstream insulin
signalling, including IRS-1 and Akt phosphorylation,
and insulin-stimulated glucose uptake in a dose de-
pendent manner [45, 47]. However, nystatin and fili-
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Fig. 2. Hypothesized additional pathway necessary for the in-
sulin stimulation of GLUT-4 translocation: insulin (green)
binds to the insulin receptor (red) located in caveolae/lipid
rafts in the plasma membrane. Flotillin (F), located in the
caveolae/lipid rafts, binds the Cbl associated protein (CAP).
CAP targets Cbl to the lipid raft domains and the tyrosine
phosphorylated Cbl recruits the CrkII/C3G complex. C3G, a
guanine nucleotide exchange factor, exchanges GDP for GTP
on TC10. Activated, GTP bound TC10 can now participate in
GLUT-4 translocation, through modification of cortical actin
or stimulating actin polymerization on GLUT-4 compartments



pin, both cholesterol chelating compounds, have no
effect on insulin-stimulated glucose uptake [48]. Cho-
lesterol sequestration through the expression of the
dominant negative Cav3/DGV in 3T3L1 adipocytes
inhibits insulin-stimulated GLUT-4 translocation
while the full-length caveolin 3 has no effect [46].
Thus, lipid raft microdomains are thought to provide a
necessary structural and/or functional component for
insulin-stimulated glucose uptake in 3T3L1 adipo-
cytes.

The recruitment and phosphorylation of Cbl to lipid
raft microdomains in response to insulin permits the
recruitment of the adaptor protein, CrkII. CrkII is an
adaptor protein containing an SH2 domain that binds
to tyrosine phosphorylated Cbl, and Cb2 tandem SH3
domains with the central SH3 domain responsible for
the binding to C3G [49]. The CrkII SH3 domain binds
to a proline-rich motif in C3G in a constitutive man-
ner and seems to provide a mechanism for localizing
the C3G protein. By virtue of its binding to phosphor-
ylated Cbl, the CrkII-C3G complex is therefore re-
cruited to the lipid raft microdomains of 3T3L1 adipo-
cytes in response to insulin stimulation. This recruit-
ment is blocked by overexpression of the CAP∆SH3
mutant. These data indicate that these proteins lie in
the same continuous signalling pathway [39].

C3G is a known guanine nucleotide exchange fac-
tor for the small G-protein Rap1 [50]. Additionally, in
vitro, C3G catalyzes nucleotide exchange on TC10, a
small G-protein, while Sos, a known exchange factor
for Ras, was unable to do the same. TC10, a small G-
protein of the Rho family, is activated in vivo with in-
sulin stimulation, as measured by its binding to a P21-
activated kinase (PAK) binding domain. This activa-
tion is blocked by the co-expression of the CAP∆SH3
mutant [39]. However, activation of TC10 occurs even
in the presence of wortmannin, providing more evi-
dence that TC10 and its upstream signalling compo-
nents are involved in an insulin signalling pathway
that is independent of the PI3K pathway. Like the
functional effect of CAP∆SH3, overexpression of ei-
ther wild-type or a dominant negative TC10, but not
its closest known homologue, Cdc42 inhibits insulin-
stimulated GLUT-4 translocation in 3T3L1 adipo-
cytes. This provides further proof for a functionally
important role for a pathway linking insulin signalling
in caveolae to insulin-stimulated GLUT-4 transloca-
tion.

TC10 and lipid raft localization

TC10 is a close homologue of Cdc42, with a sequence
identity of 69% and sequence similarity of 83%.
Therefore the obvious question arises: why overex-
pression of TC10, but not Cdc42, inhibits insulin-
stimulated GLUT-4 translocation. Given the recruit-
ment of Cbl, and therefore the CrkII/C3G complex, to

caveolae, proper membrane localization of the small
G-protein could distinguish its ability to participate in
or disrupt the signalling pathway. The membrane lo-
calization of small G-proteins is determined by post-
translational modifications in their carboxyl terminal
tail. In this regard, TC10 and Cdc42 display a distinct
divergence at their carboxyl terminal CAAX sequenc-
es that undergoes post-translational modification at
the carboxyl terminal cysteine residues. Cdc42 con-
tains one carboxyl terminal residue that is subjected to
geranylgeranylation whereas the TC10 CAAX box
provides a sequence context for farnesylation. More
importantly, TC10 but not Cdc42 contains two addi-
tional upstream cysteine residues that can undergo
palmitoylation. The presence of these additional
palmitoylation residues in TC10 is similar to that ob-
served for H-Ras which are required for its localiza-
tion to lipid raft microdomains [51, 52]. In contrast,
K-Ras contains a single cysteine that undergoes far-
nesylation but instead of any further cysteine modifi-
cation contains a putative phospholipid binding poly-
basic stretch upstream of the CAAX motif that targets
K-Ras to non-lipid raft domains in the plasma mem-
brane.

In 3T3L1 adipocytes, TC10 localizes to the caveo-
lar donut structures. Given that the targeting of H-ras
to lipid rafts and K-ras to the non-lipid raft plasma
membrane is well established, chimeras of TC10 with
the carboxy terminal 19 amino acids replaced with the
homologous region of either H-Ras or K-Ras provide
an opportunity to investigate the importance of the C-
terminus for localization and to determine whether lo-
calization defines functionality. A TC10/H-Ras chi-
mera targets to caveolin-1 containing rosette struc-
tures in the plasma membrane, and by virtue of this
localization inhibits insulin-stimulated GLUT-4 trans-
location. In contrast, the TC10/K-Ras chimera, which
should be targeted to non-lipid raft plasma membrane,
is localized in a more diffuse pattern in the plasma
membrane and does not have an inhibitory effect on
insulin-stimulated GLUT-4 translocation. As with the
inhibitory effect of TC10 on GLUT-4 translocation,
insulin-stimulated activation of TC10 only occurs
when TC10 is targeted to lipid rafts via the wild-type
or H-Ras but not the K-Ras carboxy terminus, further
suggesting that the upstream signal that activates
TC10 is present only in lipid rafts [46].

Given the importance of TC10 localization to func-
tion, it brings up the question of the downstream ef-
fects and effectors of TC10. Both TC10 and Cdc42
are members of the Rho family of small GTPases;
they have nearly identical effector binding regions and
therefore might share effectors [40]. The Rho family
of GTPases is prominently involved in regulating the
actin cytoskeleton, with overexpression of constitu-
tively active Rac in fibroblasts creating lamellipodia
and membrane ruffling, Rho expression inducing actin
stress fibre remodelling, and Cdc42 expression pro-
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moting outgrowth of microspikes and filopodia [53].
In fibroblasts, overexpression of a constitutively ac-
tive, GTPase deficient TC10 resulted in prominent mi-
crospike formation, illustrating that TC10 can affect
actin dynamics in cells [40]. Therefore, a possible av-
enue of TC10 action on insulin-stimulated GLUT-4
translocation is to regulate the actin cytoskeleton.

Actin and GLUT-4 translocation

Since the GLUT-4 glucose transporter travels from in-
tracellular compartments to the plasma membrane, an
obvious level of regulation is the cytoskeleton, in par-
ticular the actin cytoskeleton. The application of actin
modifying drugs like cytochalasin D which is an actin
filament capping protein that inhibits actin filament
assembly and latrunculin B which is an actin mono-
mer sequestering molecule, both inhibit insulin-stimu-
lated glucose uptake and GLUT-4 translocation in iso-
lated rat and 3T3L1 adipocytes [54, 55, 56]. However,
the activation of TC10 by insulin has given new impe-
tus to study the actin cytoskeleton in the context of a
signalling pathway activated in response to insulin
and involved in promoting GLUT-4 translocation.

Adipocytes have a unique actin cytoskeleton. Un-
like the long stress fibres present in fibroblasts, adipo-
cytes have a layer of short actin filaments underneath
the plasma membrane, known as cortical actin [56]. C.
dificile toxin B, an inactivator of Rho GTPases, inhib-
its insulin-stimulated GLUT-4 translocation and glu-
cose uptake, presumably through the inactivation of
TC10, in concordance with overexpression studies.
Similarly, Toxin B and overexpression of TC10 also
disrupt the cortical actin present underneath the plas-
ma membrane, suggesting that the mere presence of
the actin cytoskeleton could be necessary for insulin-
induced GLUT-4 translocation. However, the role of
actin might not be so simple as the incubation of
3T3L1 adipocytes with jasplakinolide, an actin-fila-
ment-binding protein that stabilizes actin filaments,
also inhibits insulin-induced GLUT-4 translocation
and glucose uptake, despite the presence of actin fila-
ments beneath the plasma membrane. Therefore, the
presence or absence of actin filaments might not be as
important to GLUT-4 translocation as an insulin-in-
duced turnover of actin filaments near the plasma
membrane.

A wealth of knowledge has been uncovered about
the role of the downstream effectors of the Rho family
of GTPases, most prominently Cdc42, in modifying
actin structure in cells. Activated Cdc42 binds and ac-
tivates a number of proteins, and amongst the best
characterized of these in modifying actin structure is
the Wiskott-Aldrich Syndrome Protein (WASP) [53].
Patients with a mutation in WASP have defects in
platelet morphology, macrophage chemotaxis and T-
cell and B-cell function resulting in a number of clini-

cal complications including thrombocytopenia, ecze-
ma and immunodeficiency. WASP and its ubiquitous
homologue, N-WASP are multi-domain proteins that
bind to activated Rho family members, including
Cdc42, and Phosphatidylinositol (4,5) bisphosphate
(PI(4,5)P2) which activates WASP/N-WASP to bind to
the Actin Related Protein 2/3 (Arp2/3) complex of
proteins [57, 58]. The Arp2/3 complex promotes actin
filament polymerization from pre-existing actin fila-
ments by capping the “pointed” (slow growing) end of
actin filaments thereby stabilizing the “barbed” (fast
growing) end, binding to the side of filaments and
forming branches to cross link filaments, and by
weakly nucleating filaments on its own [59]. For ex-
ample, the Arp2/3 complex is recruited to the leading
edge of lamellipodia in hormone activated fibroblasts
and pseudopodia at the leading edge of neutrophils
stimulated with chemoattractants [57, 59, 60]. Acti-
vated small G-proteins recruit the Arp2/3 complex via
N-WASP to sites of activated signalling complexes,
and thereby link signalling to actin dynamics.

Of interest, the Arp2/3 complex has also been im-
plicated in the intracellular spread of pathogens in-
cluding Listeria monocytogenes, Shigella flexneri, and
vaccinia virus [61, 62]. The Listeria protein ActA
binds the Arp2/3 complex and co-opts its actin poly-
merization ability to propel the bacterium into neigh-
bouring cells. The bacteria moves through the cyto-
plasm of an infected cell with a large bundle of actin
treadmilling, referred to as an “actin comet tail”. Simi-
larly, the Shigella protein, IcsA, binds and activates
N-WASP to achieve a similar effect, and the Vaccinia
coat protein, A36R, also activates N-WASP through
the adapter protein Nck to promote intracellular
movement of the viral particles. While this shows the
case of a parasitic organism subverting cellular ma-
chinery for its own purpose, there is some evidence
for actin “comet tailing” in a non-pathogenic setting.
Cdc42 induces actin polymerization on small vesicles
in vitro in Xenopus egg extracts that contain only
GTPγS and Rhodamine actin in an N-WASP depen-
dent manner [6364, 65], in neutrophil extracts [66,
67], or on purified PI(4,5)P2 vesicles [68]. In a cellu-
lar setting actin accumulates in a similar manner
around pinocytic vesicles in mast cells, upon raft de-
rived vesicles in cells overexpressing a phosphatidyl-
inositol phosphate 5' kinase, and in lysosomes of Xe-
nopus oocytes treated with diacylglycerol to activate
PKC [6970, 71]. While there is not enough data to
convincingly say that actin comet tailing occurs physi-
ologically in vivo, one can predict and test whether
TC10 have a role in propelling GLUT-4 vesicles via
an N-WASP dependent mechanism.

In an in vitro setting containing only Xenopus ex-
tracts and a high speed membrane fraction containing
GLUT-4-eGFP vesicles, adding GTPγS or sodium
vanadate or insulin pretreatment can promote actin
comet tailing on GLUT-4-eGFP vesicles [72]. These
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comet tails are inhibited by dominant-negative N-
WASP or by latrunculin B treatment, suggesting an N-
WASP dependent actin polymerization. In addition,
insulin stimulates rhodamine actin comet tailing on
GLUT-4-EGFP vesicles in broken, gently sheared adi-
pocytes, giving rise to the possibility that insulin stim-
ulates comet tailing in vivo as a driving force for
GLUT-4 translocation. However, overexpression of an
N-WASP dominant negative construct that lacks the
ability to link to Arp2/3 (N-WASP∆VCA) has only a
30% inhibitory effect on overall insulin-stimulated
GLUT-4-EGFP translocation, in comparison to the ex-
pression of wild-type N-WASP which has no effect
[72]. Intriguingly, overexpression of N-WASP∆VCA
does not inhibit cortical actin in 3T3L1 adipocytes,
suggesting that N-WASP might not be the TC10 effec-
tor responsible for cortical actin remodelling. There-
fore, while N-WASP could be involved in moving
GLUT-4 vesicles within the cell, its overall role in in-
sulin-stimulated GLUT-4 translocation might not be
as great. However, this does suggest that TC10 could
have dual effects of stimulating actin comet tailing on
GLUT-4 vesicles and maintenance of the cortical actin
required from GLUT-4 translocation, probably
through the use of separate effector proteins.

Conclusions

A commonality present in both of the insulin signal-
ling pathways is how much remains unknown regard-
ing the molecular mechanisms for insulin-stimulated
GLUT-4 translocation. In the classic pathway, the pre-
cise roles of Akt PKC λ/ζ in propagating a further
downstream signal remain enigmatic. For example,
what are their substrates, do they work together or are
they redundant, and how do they directly contribute to
insulin-stimulated GLUT-4 translocation and glucose
uptake? The PI3K independent pathway is still a
work-in-progress, but provides a logical framework in
which to test hypotheses and ideas. Clearly TC10 is a
focal point and it is important to determine through
which effectors does TC10 modify cortical actin struc-
ture, what is the functional role of TC10 in actin com-
et tailing, and ultimately, how does actin and other cy-
toskeletal elements work to promote GLUT-4 translo-
cation? The understanding of these basic processes of
insulin action on cells, tissues and humans will ulti-
mately aid in the understanding of insulin resistance
and Type II diabetes, and will help to clarify how to
therapeutically treat a disease as complex as diabetes.
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