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Activation of the glucose transporter GLUT4 by
insulin

L. Michelle Furtado, Romel Somwar, Gary Sweeney, Wenyan Niu, and Amira Klip

Abstract: The transport of glucose into cells and tissues is a highly regulated process, mediated by a family of
facilitative glucose transporters (GLUTs). Insulin-stimulated glucose uptake is primarily mediated by the transporter
isoform GLUT4, which is predominantly expressed in mature skeletal muscle and fat tissues. Our recent work suggests
that two separate pathways are initiated in response to insulin: (i) to recruit transporters to the cell surface from
intracellular pools and (ii) to increase the intrinsic activity of the transporters. These pathways are differentially inhib-
ited by wortmannin, demonstrating that the two pathways do not operate in series. Conversely, inhibitors of p38
mitogen-activated protein kinase (MAPK) imply that p38 MAPK is involved only in the regulation of the pathway
leading to the insulin-stimulated activation of GLUT4. This review discusses the evidence for the divergence of GLUT4
translocation and activity and proposed mechanisms for the regulation of GLUT4.

Key words: glucose transporter 4 (GLUT4), glucose uptake, p38 MAPK, GLUT4 activity.

Furtado et al.Résumé : Le transport du glucose dans les cellules et les tissus est un processus fortement réglé par l’intermédiaire de
transporteurs de glucose facilitant (GLUT). La captation du glucose stimulée par l’insuline est principalement
attribuable à l’isoforme GLUT4 du transporteur, qui est surtout exprimée dans les muscles squelettiques matures et le
tissu adipeux. Nos travaux récents suggèrent que deux voies séparées sont activées à la suite d’une stimulation par
l’insuline : (i) une voie de translocation des transporteurs d’un pool intracellulaire à la surface des cellules et (ii) une
autre voie de stimulation de l’activité intrinsèque des transporteurs. Ces voies sont inhibées différemment par la
wortmannine, ce qui démontre que les deux voies n’opèrent pas en série. Inversement, des inhibiteurs de la protéine
kinase activée par un mitogène (MAPK) p38 indiquent que la MAPK p38 intervient seulement dans la régulation de la
voie d’activation de GLUT4 stimulée par l’insuline. Cette revue discute des éléments de preuve concernant la diver-
gence entre la translocation et la stimulation de l’activité de GLUT4 et des mécanismes proposés de régulation de
GLUT4.

Mots clés : transporteur du glucose 4, GLUT4, captation du glucose, MAPK p38, activité de GLUT4.
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Introduction

The cellular mechanism by which insulin stimulates glu-
cose transport was unknown until approximately 20 years
ago. In 1978, it was first demonstrated that insulin increases
the number of functional glucose transporter units at the cell
surface of isolated rat adipocytes (Wardzala et al. 1978). Fol-
lowing this initial description, two independent studies re-
ported that these transporter units were recruited to the cell
surface from an intracellular site (Cushman and Wardzala
1980; Suzuki and Kono 1980). GLUT4 is the predominant
transporter isoform expressed in mature skeletal muscle and
fat tissues. Insulin elicits translocation of GLUT4 to the sur-
face of fat cells, and our laboratory has established that this

phenomenon also occurs in skeletal muscle of rodents and
humans (Douen et al. 1990; Klip et al. 1987; D. Li et al.
2001; Marette et al. 1992). Insulin-induced translocation of
GLUT4 from an intracellular compartment to the cell sur-
face has been further demonstrated in the insulin-responsive
cell line 3T3-L1 adipocytes (Calderhead et al. 1990) and L6
skeletal myotubes (Mitsumoto and Klip 1992; Tsakiridis et
al. 1995). Intriguingly, despite the implementation of diverse
strategies to assess GLUT4 translocation to the cell surface,
most studies report a consistent discrepancy between the
fold stimulation in the rate of glucose uptake into the tissue
and the fold translocation of GLUT4 to the plasma mem-
brane (Table 1). To explain this difference between the mag-
nitude of GLUT4 translocation and glucose transport, it has
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been suggested that insulin further activates these transport-
ers to take up glucose at a maximal rate.

Development of L6 GLUT4myc cells to
distinguish the effects of insulin on GLUT4
translocation versus GLUT4 activation

Until recently, it was not possible to determine experimen-
tally whether GLUT4 activation occurs in addition to GLUT4
translocation. The available methodologies for measuring
GLUT4 translocation could not account for the net changes
in GLUT4 localization in intact cells. In addition, the only
two cell lines that express GLUT4 and the machinery for its
translocation, 3T3-L1 adipocytes and L6 myotubes
(Mitsumoto and Klip 1992; Robinson et al. 1992), also
abundantly express another transporter, GLUT1, which con-
tributes significantly to glucose uptake. To circumvent these
difficulties and allow valid comparisons of GLUT4
translocation vis a vis glucose uptake, our group developed
and characterized an L6 muscle cell line, which stably ex-
presses myc-tagged GLUT4 (Ueyama et al. 1999; Q. Wang
et al. 1998; Wang et al. 1999), outnumbering endogenous
GLUTs by up to 100 fold (Huang et al. 2002). Since there
are no natural exofacial antigenic sites in GLUT4, the pres-
ence of the tag in its first exofacial loop is key to detect
GLUT4 at the cell surface via enzyme-linked immuno-

cytochemistry or immunofluorescence (Foster et al. 2001; D.
Li et al. 2001).

In characterizing L6-GLUT4myc differentiated myotubes,
we found the following.

(i) GLUT4myc behaves as the endogenous GLUT4
under basal conditions

In spite of overexpression, 90% of GLUT4myc resides
intracellularly in the basal state (D. Li et al. 2001) and all
GLUT4myc molecules participate in normal recycling to the
cell surface (Foster et al. 2001).

(ii) GLUT4myc responds to insulin
Insulin stimulation elicits a rapid (t1/2 = 2.5 min) external-

ization of GLUT4myc (Somwar et al. 2001a) to achieve a
new steady state with 25% of GLUT4myc at the plasma
membrane (D. Li et al. 2001).

(iii) Glucose uptake is mediated exclusively by
GLUT4myc

An inhibitor of HIV proteases, indinavir, rapidly binds and
inhibits GLUT4 but not other GLUTs (Murata et al. 2000).
The presence of indinavir during a 5-min glucose transport
assay inhibited both basal and insulin-stimulated glucose up-
take in L6-GLUT4myc muscle cells but not in L6 cells
overexpressing GLUT1myc (instead of GLUT4). Indinavir
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Glucose uptake fold increase by insulin
GLUT4 in plasma membrane fold increase
by insulin Reference(s)

Rat muscle
2.7 (perfused hq, A/V glc) 1.8 (GLUT4 ib on PM) Klip et al. 1990
3.6 (white muscle PM vesicles) 2.5 (GLUT4 ib on white muscle PM) Goodyear et al. 1991
2.2 (red muscle PM vesicles) 1.6 (GLUT4 ib on white muscle PM)
2.2 (perfused hq, 3OMG, white quadriceps) 1.5 (GLUT4 ibon white muscle PM) Marette et al. 1992
2.5 (perfused hq, 3OMG, red quadriceps

and soleus muscles)
1.7 (GLUT4 ib on red muscle PM)

4.5 (PM vesicles) 1.8 (CB binding), 1.4 (GLUT4 ib on PM) King et al. 1992
6.0 (isolated soleus muscle) 6.0 (ATB-BMPA photolabelling) Lund et al. 1993
3.0 (PM vesicles) 2.0 (CB binding to PM) Rosholt et al. 1994
17 (perfused hq, 2DG uptake) 1.5 (GLUT4 ib on PM) Brozinick et al. 1994
8.6 (isolated soleus muscle) 8.0 (ATB-BMPA photolabelling) Wilson and Cushman 1994
3.1 (isolated epitroclearis muscle) 3.2 (ATB-BMPA photolabelling) Hansen et al. 1998
5.2 (isolated soleus muscle) 4.8 (ATB-BMPA photolabelling) Brozinick et al. 1999
Mouse muscle
3.0 (isolated soleus muscle) 1.4 (GLUT4 ib on PM) Deems et al. 1994a, 1994b
8 (perfused hq) 4.1 (GLUT4 ib on PM) Brozinick et al. 1996
4.8 (isolated soleus muscle) 7.7 (ATB-BMPA photolabelling) Zierath et al. 1997
2.8 (isolated soleus muscle) 2.8 (ATB-BMPA photolabelling) Ryder et al. 1999
Mouse muscle overexpressing GLUT4
2.5 (hyperinsulinemic clamp) 3.1 (GLUT4 ib on PM) Deems et al. 1994b; Ramlal

et al. 1996
10 (perfused hq) 2.6 (GLUT4 ib on PM) Brozinick et al. 1996
3.0 (isolated epitroclearis muscle) 3.0 (EM, ultrathin slices) Wang et al. 1996
Human muscle
3.4 (isolated muscle strips) 1.7 (GLUT4 ib on PM) Guma et al. 1995

Note: perfused hq, glucose uptake into perfused hindquarter; A/V glc, arteriovenus glucose difference; ib on PM, isolated plasma membrane
immunoblotted for GLUT4; 3OMG, 3-O-methyl-D-glucose; 2DG, 2-deoxy-D-glucose; CB, cytochalasin B (3H) binding to isolated membranes; EM, electron
microscopy.

Table 1. Discrepancies between GLUT4 translocation and glucose uptake in response to insulin in skeletal muscle.
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(50 µM) inhibited insulin-stimulated glucose uptake by 80%
in L6-GLUT4myc cells but by less than 9% in L6-
GLUT1myc cells (Huang et al. 2002). Thus, L6-GLUT4myc
cells are ideal to study glucose exclusively through GLUT4,
distinguishing them from all other cell lines available to
study glucose uptake. Since GLUT4 is the major transporter
responsible for glucose uptake in mature tissues, lessons
learned with the L6-GLUT4myc cells may be applicable to
these tissues.

From these studies, we concluded that GLUT4myc cells
constitute a valuable instrument to differentiate the contribu-
tion of GLUT4 translocation and its activity to the final out-
come of glucose uptake. We soon found conditions
segregating GLUT4 translocation from glucose uptake.

Temporal shift between maximal GLUT4 translocation
and glucose uptake

Through research in our laboratory, it was discovered that
GLUT4myc translocation (t1/2 = 2.5 min) precedes the stim-
ulation of glucose uptake (t1/2 = 6 min) (Fig. 1) in response
to insulin. The temporal difference was enhanced when insu-
lin action was studied at 22°C and compared with results ob-
tained at 37°C, indicating that GLUT4 activation is more
temperature sensitive than GLUT4 translocation (Somwar et
al. 2001a).

Glucose uptake has a higher sensitivity to wortmannin
than GLUT4 translocation

GLUT4 translocation requires phosphatidylinositol (PI) 3-
kinase. Wortmannin inhibits PI 3-kinase by covalently modi-
fying a conserved Lys residue within the catalytic domain of
the p110 subunit. This residue is known to be crucial for the

phosphate transfer reaction (Wymann et al. 1996). Interest-
ingly, we found that wortmannin treatment abolished the
stimulation of glucose uptake by insulin with an IC50 of
3 nM, whereas the gain in GLUT4myc at the plasma mem-
brane was less sensitive to inhibition by wortmannin (IC50 =
43 nM). Similar results were obtained in 3T3-L1 adipocytes
(Hausdorff et al. 1999). These results thus reveal that
GLUT4 activity and GLUT4 translocation are regulated by
signalling pathways with high and low sensitivities to
wortmannin, respectively. Class IA PI 3-kinases are inhib-
ited in vitro by wortmannin with IC50 values of 0.1–5 nM
and in intact cells with IC50 values of 10–30 nM (Arcaro and
Wymann 1993; Ui et al. 1995). PI 3-kinase-C2α is inhibited
by wortmannin with an IC50 of 420 nM (Domin et al. 1997).
PI 3-kinase-C2β, on the other hand, is much more sensitive
to inhibition by wortmannin (IC50 = 2 nM), while full inhibi-
tion of PI 3-kinase-C2γ in vitro required 10 µM wortmannin
(Misawa et al. 1998). Hence, inhibition of GLUT4myc
translocation may arise from inhibition of class IA PI 3-
kinases. Stimulation of glucose uptake may involve input
from PI 3-kinase-C2� or from another process with very
high sensitivity to wortmannin.

Possible participation of p38 mitogen-
activated protein kinases (MAPKs) in
GLUT4 activation

p38 MAPK: function, isoforms, and targets
p38 MAPK was first identified as an enzyme activated by

stressors such as hypoxia, hypertonicity, UV light, oxidative
radicals, and protein synthesis inhibitors (Jensen et al. 1997;
Rappsilber et al. 2000). However, through our work and that
of others, it is now clear that p38 MAPK is also activated by
some hormones and growth factors (insulin, IGF-1, and
FGF) (Kyriakis and Avruch 2001; Pawson and Scott 1997;
Somwar et al. 2000) and by muscle contraction (Somwar et
al. 2000). Four p38 MAPK cDNAs encoding proteins of
similar size (360–372 amino acids) have been cloned in
mammals (Kyriakis and Avruch 2001). The proteins p38α,
p38β, p38γ, and p38δ are 60–70% homologous in their
amino acid sequence, and splice variants of p38α (Mxi2)
(Sanz et al. 2000) and p38β MAPK (p38β2) (Kumar et al.
1997) have been described. p38α is widely distributed in
most tissues (mice) and cell lines, whereas p38β shows high-
est expression in heart and skeletal muscle (Kumar et al.
1997). p38γ MAPK is also present primarily in muscle (Li et
al. 1996), and p38δ is enriched in lung, testis, pancreas, and
small intestine (Hu et al. 1999). Emerging evidence suggests
that each isoform has different substrate preference and
function (Balasubramanian et al. 2002; W. Li et al. 2001;
New et al. 1998; Y. Wang et al. 1998), and splice variants
may also exhibit target specificity.

All MAPKs are proline-directed kinases that phos-
phorylate their targets on S or T residues within the mini-
mum consensus P/L-X-(S/T)-P. However, physiological
MAPK substrates also have specific docking sites distant
from the phosphorylated site that permit interaction with se-
lective MAPKs (Barsyte-Lovejoy et al. 2002; Tanno et al.
2001). Proteins identified so far as targets of p38 MAPK in
intact cells and (or) in vitro include transcription factors
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Fig. 1. GLUT4 translocation precedes the stimulation of glucose
uptake by insulin. L6-GLUT4myc myotubes were treated for the
indicated time periods with 100 nM insulin at 37°C. Cell surface
GLUT4myc level (�) was then determined in intact cells. In
parallel, 2-deoxyglucose uptake (�) was measured in the contin-
ued presence of insulin at 37°C. The time of insulin treatment
shown does not include the time of the uptake assay. Results are
the mean ± SE of nine (GLUT4 translocation) or five (2-
deoxyglucose) experiments. Glucose uptake or GLUT4myc
translocation is expressed relative to the respective basal values.
(Adapted from (Somwar et al. 2001a.)
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(e.g., ATF2, MEF2A, and SAP1), certain protein kinases
(MAPKAPK2, MAPKAPK3, MNK1, and PRAK) (Sharrocks
et al. 2000), and the ion transporter NHE1 (Khaled et al.
2001).

Pharmacological inhibitors of p38 MAPK
The most widely used inhibitors of p38α and p38β MAPK

and are of the pyridinylimidazole family, such as SB202190
and SB203580 (Lee et al. 1994). Several other categories of

inhibitors that are structurally different from the pyri-
dinylimidazoles have also been described (de Laszlo et al.
1998; Dumas et al. 2000; Salituro et al. 1999). In vitro,
SB203580 and SB202190 inhibit p38α MAPK with IC50 val-
ues of 50–100 and 10–50 nM, respectively, and p38β2
MAPK with IC50 values of 80–500 and 20–100 nM, respec-
tively (Davies et al. 2000; Kumar et al. 1997). In intact cells,
however, higher concentrations are needed to prevent
phosphorylation of p38 MAPK substrates such as ATF2 and
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Fig. 2. SB202190 and SB203580 reduce insulin-stimulated glucose uptake but not GLUT4 translocation and increase p38 MAPK
phosphorylation. (A) Cells were treated for 20 min with dimethyl sulfoxide vehicle alone or with 10 µM SB202474 (inactive analog),
SB202190, or SB203580 prior to insulin treatment for an additional 20 min. 2-Deoxyglucose was then determined. Open bars, basal;
solid bars, insulin treatment; *P < 0.05 compared with basal, #p < 0.01 compared with insulin-treated control. Results are the mean ±
SE of two to five experiments. Each condition was assayed in triplicate. (B) Surface GLUT4myc levels were determined in cells that
were treated as described. Cell surface GLUT4myc levels are expressed relative to basal levels. Results are the mean ± SE of three ex-
periments. Open bars, basal; solid bars, insulin. (C) Lysates were prepared from cells that were treated with 100 nM insulin for the in-
dicated time periods. Fifty micrograms of total protein was resolved by 10% sodium dodecyl sulfate – polyacrylamide gel
electrophoresis and immunoblotted with a phospho-specific p38 MAPK antibody. A representative immunoblot is shown.
Phosphorylated p38 MAPK was quantitated and is shown in the accompanying graphs. All values are expressed relative to basal
phosphorylation. Results are the mean ± SE of four experiments. (Adapted from Somwar et al. 2001a.)
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MAPKAPK2 (Eyers et al. 1999; Somwar et al. 2001a; Tan
et al. 1996). Intriguingly, SB202190 or SB203580 do not in-
hibit p38γ and p38δ MAPK at concentrations that fully in-
hibit p38α and p38β MAPK (Kumar et al. 1999).

SB202190 and SB203580 reduce the stimulation of 2-
deoxyglucose and 3-O-methylglucose uptake by insulin

SB202474 is a structurally related analogue of SB202190
and SB203580 that is a poor inhibitor of p38 MAPK (Lee et
al. 1994). Our laboratory has determined the effect of pre-
incubation of myotubes with 10 µM SB202190, SB203580, or
SB202474 on the stimulation of glucose uptake and GLUT4
translocation by insulin. This concentration of either
SB202190 or SB203580 fully inhibits the enzymes in in-
tact cells (Eyers et al. 1999). The effect of these drugs on
2-deoxyglucose uptake is shown in Fig. 2. Preincubation of
myotubes with 10 µM SB202474 did not cause a significant
change in basal or insulin-stimulated 2-deoxyglucose uptake.
In contrast, SB202190 or SB203580 reduced insulin-induced
2-deoxyglucose uptake by about 60% (Somwar et al. 2001a).

To explore whether the inhibitory effect of SB203580 on
2-deoxyglucose uptake was due to inhibition of glucose
transport activity per se and not to secondary effects on
posttransport glucose utilization, we measured 3-O-methyl-
glucose transport. This nonmetabolizable analog of glucose
is transported but is not phosphorylated upon entry into the
cell. Importantly, preincubation of cells with 10 µM
SB203580 reduced the ensuing insulin-dependent 3-O-
methylglucose uptake by 56%. These results suggest that the
effect of the p38 MAPK inhibitors was due to inhibition of
glucose transport activity and not to any alteration in

posttransport glucose phosphorylation. Moreover, the action
of SB203580 on insulin-stimulated hexose uptake was one
of reducing the apparent Vmax for transport of either 2-
deoxyglucose or 3-O-methylglucose, without effect on the
apparent Km for either hexose (Somwar et al. 2001a).

To gain additional support for the proposed link between
p38 MAPK activation by insulin and increased glucose up-
take, two azaazulene inhibitors of p38 MAPK, which are
structurally unrelated to SB203580, A291077 and A304000,
were used. As with pyridinyl imidazoles, preincubation of
L6 myotubes with A291077 and A304000 reduced insulin-
stimulated hexose uptake without impinging on GLUT4
translocation (R. Somwar, S. Koteski, G. Sweeney, R.
Sciotti, S. Djuric, J. Trevillyan, C. Berg, P.E. Scherrer, C.M.
Rondinone, and A. Klip, personal communication).

Insulin-stimulated GLUT4 translocation is not reduced
by SB202190 or SB203580

To determine if the reduction in glucose uptake observed
in the presence of the p38 MAPK inhibitors was due to re-
duced GLUT4 translocation, cell surface GLUT4 levels were
measured. Twenty minutes of insulin treatment caused a 2.5-
fold increase in plasma membrane GLUT4myc, and this was
unaffected by preincubation of cells with 10 µM SB202190
or SB203580. Similarly, the stimulation of GLUT4 trans-
location by insulin remained unaffected by up to 50 µM of
either inhibitor. Hence, the reduction in insulin-stimulated
glucose uptake did not arise from a decrease in the number
of GLUT4 molecules at the cell surface. These results are
consistent with the interpretation that, in addition to GLUT4
translocation, insulin increases glucose uptake by increasing
GLUT4 activity and that such activation was prevented by
inhibitors of p38 MAPK.

Insulin increases p38 MAPK phosphorylation and
activity

Activation of p38 MAPK by cytokines requires dual
phosphorylation by specific kinases (MKK3/6) on T180 and
Y182 found within a TGY motif (Raingeaud et al. 1995).
Detecting the phosphorylation on these sites has become a
convenient way to measure p38 MAPK activation. To ex-
plore the effect of insulin on p38 MAPK, we monitored en-
zyme phosphorylation in extracts of L6-GLUT4myc
myotubes stimulated with insulin using an antibody that rec-
ognizes only the doubly phosphorylated protein (Raingeaud
et al. 1995). We observed that phosphorylation of p38
MAPK was rapid and transient, becoming elevated follow-
ing 2 min of insulin stimulation (1.5-fold), reaching a maxi-
mum at 5–10 min (2.3 fold) and declining by 15 min
(Fig. 2). The stimulation of p38 MAPK phosphorylation by
insulin had a calculated t1/2 of approximately 4 min. The
EC50 for this effect of insulin was approximately 26 nM (R.
Somwar, S. Koteski, G. Sweeney, R. Sciotti, S. Djuric, J.
Trevillyan, C. Berg, P.E. Scherrer, C.M. Rondinone, and A.
Klip, personal communication).

The phospho-specific p38 MAPK antibody is expected to
recognize all isoforms of the enzyme. Since the two
pyridinylimidazole derivatives that reduced glucose uptake
inhibit only p38α and p38β MAPK, we also monitored acti-
vation of these two isoforms by insulin. This was achieved
by selective immunoprecipitation of each isoform followed
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Fig. 3. Proposed model for the stimulation of glucose uptake by
insulin. The studies summarized in this review suggest the fol-
lowing scenario. Exposure of muscle or adipose cells to insulin
results in activation of the PI 3-kinase – PKB/Akt signalling
pathway. Based on the use of wortmannin, LY294002, and
dominant-negative mutants of PI 3-kinase and PKB/Akt, this
pathway likely mediates GLUT4 translocation to the cell surface.
Insulin also activates the p38 MAPK signalling pathway via a
cellular target with higher sensitivity towards wortmannin.
GLUT4 is then activated by a p38 MAPK dependent mechanism.
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by an in vitro kinase activity assay using recombinant ATF2
as a substrate. Activation of each isoform was rapid and dis-
played similar time courses (R. Somwar, S. Koteski, G.
Sweeney, R. Sciotti, S. Djuric, J. Trevillyan, C. Berg, P.E.
Scherrer, C.M. Rondinone, and A. Klip, personal communi-
cation). Both enzymes were activated maximally (about 2.5
fold) within 5 min of addition of insulin, paralleling enzyme
phosphorylation (Fig. 2).

Skeletal muscle is the principal site of glucose disposal in
mammals; therefore, we examined whether p38 MAPK is
also activated by insulin in the mature tissue. Four comple-
mentary approaches were used assaying quadriceps and
soleus muscles isolated from rats after insulin administration
in vivo via portal vein injection. First, insulin injection
caused a 2.2-fold increase in p38 MAPK phosphorylation,
detected in muscle extracts using a phospho-specific anti-
body. Second, insulin injection resulted in a 3.2-fold in-
crease in the p38 MAPK signal relative to control when
enzyme activation was determined by immunoprecipitation
with anti-phosphotyrosine antibodies followed by immuno-
blotting using anti-p38α and -p38β MAPK antibodies. Third,
in vivo insulin treatment for 3.5 min increased phos-
phorylation of the p38 MAPK effector CREB by 3.5 fold.
Finally, activation of p38α and p38β MAPK was also mea-
sured in isolated muscle treated with insulin using an in vi-
tro kinase assay (Somwar et al. 2000). Each isoform was
immunoprecipitated with isoform-specific antibodies, and
the ability of the immunopurified enzymes to phosphorylate
myelin basic protein in vitro was determined. Insulin treat-
ment in vivo (3.5 min) increased the activity of p38α MAPK
by 2.1 fold. The kinase activity of p38β MAPK was stimu-
lated by 2.4 fold by in vivo insulin treatment.

Hence, in L6 myotubes and mature skeletal muscle, insu-
lin rapidly stimulated p38α and p38β MAPK, challenging
the concept that these enzymes are only activated by stress
factors.

Activation of p38 MAPK by insulin is prevented by
wortmannin with a potency that parallels the inhibition
of glucose uptake

As discussed above, regulation of GLUT4 activity by insu-
lin occurs via a wortmannin-sensitive mechanism (Somwar et
al. 2001b). These observations led us to hypothesize that acti-
vation of p38 MAPK by insulin may involve a wortmannin-
sensitive target. Interestingly, pretreatment of myotubes with
wortmannin reduced the insulin-stimulated p38 MAPK
phosphorylation with an IC50 of 7 nM. This effect was spe-
cific for insulin, as phosphorylation of p38 MAPK elicited by
treating myotubes with anisomycin or mannitol was not af-
fected by wortmannin pretreatment (C. Huang, R. Somwar,
and A. Klip, personal communication). Moreover, the insulin-
dependent activation of p38 MAPK towards endogenous
CREB and exogenous ATF2 was highly sensitive to inhibition
by wortmannin pretreatment of cells. The IC50 calculated for
this effect was 6 nM.

From all of these studies, a correlation emerged between
the high sensitivity to wortmannin of p38 MAPK activation
and of glucose uptake. Instead, a lower sensitivity to wort-
mannin was displayed by GLUT4 translocation and to the
insulin-stimulated activities of enzymes downstream of PI 3-
kinase such as PKB/Akt and atypical PKC. Our current hy-

pothesis is that the high sensitivity to wortmannin is due to a
signal upstream of p38 MAPK, which is not PI 3-kinase. Fu-
ture work is aimed at examining the nature of this signal.

Expression of a dominant-negative p38 MAPK mutant
(p38AGF) to study the regulation of GLUT4 activity

A mutant p38 MAPK (p38AGF) in which the regulatory
phosphorylation sites have been replaced by alanine and
phenylalanine, respectively, has been used widely to investi-
gate p38 MAPK function in vivo (Ludwig et al. 1998;
Rincon et al. 1998; Y. Wang et al. 1998). We examined the
participation of p38 MAPK in insulin action using a 3T3-L1
cell line that stably expressed this mutant p38 MAPK cDNA
under the control of the lac operon (Engelman et al. 1998).
The major advantage of this system is that is allows rela-
tively tight repression of the transgene in the absence of the
inducer isopropyl thio-β-D-galactoside (IPTG). Treatment of
cells with IPTG overrides this transcriptional repression,
thereby allowing expression of the construct. Insulin treat-
ment (100 nM, 10 min) increased p38 MAPK and CREB
phosphorylation by 2.2-fold relative to basal levels in these
p38AGF-3T3-L1 adipocytes that were not treated with
IPTG. Expression of p38AGF in response to IPTG treatment
abrogated insulin-induced CREB phosphorylation without
any significant effect on basal CREB phosphorylation, sug-
gesting that p38AGF acts as a dominant-negative inhibitor of
endogenous p38 MAPK signalling. Importantly, induction of
p38AGF expression reduced insulin-stimulated glucose up-
take by 40% without affecting basal glucose uptake. More-
over, there was no further reduction in insulin-stimulated
glucose uptake when IPTG-treated p38AGF-3T3-L1 adipo-
cytes were incubated with 10 µM SB203580 prior to insulin
action. In contrast, the gain in surface GLUT4 was not al-
tered. These results support the concept that insulin in-
creased the intrinsic activity of GLUT4 via a p38 MAPK
dependent signal (R. Somwar, S. Koteski, G. Sweeney, R.
Sciotti, S. Djuric, J. Trevillyan, C. Berg, P.E. Scherrer, C.M.
Rondinone, and A. Klip, personal communication).

Possible mechanisms for regulation of
GLUT4

Phosphorylation of GLUT4
The implication of p38 MAPK in the regulation of

GLUT4 activation by insulin begs an examination of the ex-
isting literature regarding the phosphorylation status of
GLUT4. Results from sequential Edman degradation identi-
fied S488 as the major site of phosphorylation of GLUT4 in
unstimulated cells (Lawrence et al. 1990a). Agents that in-
crease cAMP or elevate intracellular calcium or inhibitors of
phosphatases such as okadaic acid (Begum et al. 1993; Law-
rence et al. 1990b; Reusch et al. 1991) increased GLUT4
phosphorylation at its C terminus. Treatment of isolated rat
adipocytes with parathyroid hormone prior to an acute insu-
lin challenge resulted in normal insulin-induced GLUT4
translocation, enhanced GLUT4 phosphorylation, and inhibi-
tion of insulin-induced glucose uptake (Reusch et al. 1993).
Several other studies have confirmed the finding that agents
that elevate GLUT4 phosphorylation reduce the stimulation
of glucose uptake by insulin (Begum et al. 1993; Lawrence
et al. 1990b; Reusch et al. 1991; Schurmann et al. 1992).
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Therefore, studies addressing the functional consequence of
GLUT4 phosphorylation on GLUT4 intrinsic activity argue
for a negative correlation between these two parameters
(Lawrence 1994).

In untreated 3T3-L1 adipocytes, GLUT4 is more phos-
phorylated in the plasma membrane than in internal mem-
branes. Insulin treatment does not cause any significant
change in phosphorylation of total GLUT4. However, insulin
reduced the amount of 32P-labelled GLUT4 in the plasma
membrane (James et al. 1989; Lawrence et al. 1990a;
Reusch et al. 1993).

From the above summary of the literature, it is clear that
additional studies are required to clarify the effect of insulin
on the phosphorylation status of GLUT4 molecules that are
properly inserted into the plasma membrane and to examine
its consequence on insulin-dependent glucose uptake. We
have also measured the level of surface GLUT4 phos-
phorylation in L6-GLUT4myc myotubes (L.M. Furtado and
A. Klip, personal communication). Because the transporters
were immunoprecipitated via the exofacially exposed myc
epitope, this assay probes for phosphorylation of only those
GLUT4 molecules fully inserted into the plasma membrane.
The results confirm that, indeed, insulin treatment lowers the
amount of phosphorylation of surface GLUT4 molecules.
Further studies are required to establish if phosphorylation
of GLUT4 directly controls its activity.

Translocation to the cell surface in response to insulin of a
GLUT4 with an S488A mutation was normal (Marsh et al.
1998). Unfortunately, glucose uptake was not determined in
that study, preventing any correlative relationship between
GLUT4 phosphorylation and intrinsic activity of the trans-
porter upon stimulation by insulin.

Regulatory proteins
It is conceivable that dephosphorylation of GLUT4 could

be necessary to remove inhibitory protein(s) interfering with
GLUT4 function or to permit binding of activator(s) that
may enhance the catalytic activity of GLUT4. Alternatively,
dephosphorylation of the GLUT4 C terminus could induce a
conformational change in the molecule, thereby activating
the transporter.

An important question emerges as to precisely how insu-
lin-dependent p38 MAPK activation leads to enhanced
GLUT4 activity. Although GLUT4 has a C-terminal phos-
phorylation site, it is unlikely that phosphorylation of this
site by p38 MAPK would activate the transporter for two
reasons. First, the sequence surrounding the phospho-
acceptor site (AFRRTPSLL) does not conform to the mini-
mum consensus required for phosphorylation by p38 MAPK
(P/LXPS, where X is any small hydrophobic residue). Sec-
ond, as summarized above, phosphorylation of GLUT4 in
the plasma membrane correlates with inhibition of insulin-
induced glucose uptake (Lawrence 1994). Instead, de-
phosphorylation of GLUT4 by a p38 MAPK activated
phosphatase could conceivably result in activation of the
transporter by alleviating any constraints imposed by the
phosphorylated C terminus, as mentioned above.

The GLUT4 C terminus has indeed been implicated in
regulating transport activity of the molecule. Expression of a
GLUT4 mutant lacking 20 C-terminal amino acids in
Xenopus oocytes enhanced the turnover number of the trans-

porter by 3.5-fold (Dauterive et al. 1996). This result sug-
gests that GLUT4 activity may be restricted by its C termi-
nus. Consistent with this finding, the GLUT4 C terminus
becomes more accessible to antibodies in response to insulin
(Smith et al. 1991; Wang et al. 1996). This could be due to a
conformational change or to dissociation of an inhibitory
protein. Association of this inhibitor with GLUT4 in resting
cells could be dependent or independent of GLUT4 phos-
phorylation.

Regrettably, of the proteins known to date to interact with
GLUT4, none have been shown to dissociate from the trans-
porter in an insulin-dependent manner. In addition, none of
these proteins are known to be substrates of p38 MAPK.
Most of the p38 MAPK substrates identified so far are either
transcription factors or, with less frequency, protein kinases
or phosphatases (Cohen 1997; Ono and Han 2000). We spec-
ulate that one of these protein kinases may act at an interme-
diate step to phosphorylate a GLUT4-binding protein,
resulting in the dissociation of the GLUT4–inhibitor com-
plex. Alternatively, p38 MAPK could allow a phosphatase to
dephosphorylate S488 on GLUT4.

Conclusions

The studies summarized here indicate that insulin stimu-
lates glucose uptake in muscle and fat cells by activating at
least two signalling cascades (Fig. 3). One of these governs
GLUT4 translocation and the other facilitates GLUT4 acti-
vation. Translocation of GLUT4 to the plasma membrane is
regulated by the PI 3-kinase signalling network, whereas
GLUT4 activation is possibly regulated by a p38 MAPK sig-
nalling pathway.
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