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Background: Rac-1 is an integral signaling component of insulin-stimulated GLUT4 traffic in muscle cells.
Results: Insulin-independent Rac-1 superactivation results inAkt andAS160 phosphorylation that drivesGLUT4 translocation
and rescues insulin resistance.
Conclusion: Rac-1 superactivation fulfills signaling requirements to elicit an insulin-like response on GLUT4 traffic in muscle
cells.
Significance: Signaling capacity from Rac-1 superactivation can bypass the defects developed during insulin resistance.

Insulin activates a cascade of signaling molecules, including
Rac-1, Akt, andAS160, to promote the net gain of glucose trans-
porter 4 (GLUT4) at the plasma membrane of muscle cells.
Interestingly, constitutively active Rac-1 expression results in a
hormone-independent increase in surfaceGLUT4; however, the
molecular mechanism and significance behind this effect
remain unresolved. Using L6 myoblasts stably expressing myc-
tagged GLUT4, we found that overexpression of constitutively
active but not wild-type Rac-1 sufficed to drive GLUT4 translo-
cation to the membrane of comparable magnitude with that
elicited by insulin. Stimulation of endogenous Rac-1 by Tiam1
overexpression elicited a similar hormone-independent gain in
surface GLUT4. This effect on GLUT4 traffic could also be
reproduced by acutely activating a Rac-1 construct via rapamy-
cin-mediated heterodimerization. Strategies triggering Rac-1
“superactivation” (i.e. to levels above those attained by insulin
alone) produced amodest gain in plasmamembrane phosphati-
dylinositol 3,4,5-trisphosphate, moderate Akt activation, and
substantial AS160 phosphorylation, which translated into
GLUT4 translocation and negated the requirement for IRS-1.
This unique signaling capacity exerted by Rac-1 superactivation
bypassed the defects imposed by JNK- and ceramide-induced
insulin resistance and allowed full and partial restoration of the
GLUT4 translocation response, respectively. We propose that
potent elevation of Rac-1 activation alone suffices to drive insu-
lin-independent GLUT4 translocation in muscle cells, and such
a strategy might be exploited to bypass signaling defects during
insulin resistance.

Insulin-stimulated glucose uptake into skeletal muscle is a
major determinant of whole body glucose homeostasis as mus-
cle is the primary tissue responsible for the vast majority of
dietary glucose disposition (1). Insulin binding to its receptor at
the muscle cell surface initiates a complex signaling cascade
leading to the net recruitment of glucose transporter 4
(GLUT4)4-containing vesicles from an intracellular compart-
ment to the plasma membrane (2). Identifying the full comple-
ment of insulin-triggered signals regulating GLUT4 transloca-
tion in muscle could provide a valuable asset in overcoming
defects that lead to insulin resistance and its consequent type 2
diabetes.
In L6 muscle cells in culture, the first postreceptor event

leading to GLUT4 translocation is the selective tyrosine phos-
phorylation of isoform 1 of the insulin receptor substrate
(IRS-1) (3) with consequent activation of phosphatidylinositol
3-kinase (PI3K) to elevate membrane PI(3,4,5)P3 (4, 5). Down-
stream of PI3K, insulin signaling in muscle cells bifurcates into
two independent pathways characterized, respectively, by acti-
vation of the serine/threonine kinase Akt and the Rho family
GTPase Rac-1 (6–8). Akt in turn phosphorylates the protein
AS160 to inhibit its GTPase-activating protein activity toward
RabGTPases (9–11). This enables the activation (GTP loading)
of Rabs 8A and 13 to prevail and provide mobilization cues for
GLUT4 vesicle delivery to the muscle cell plasma membrane
(12, 13). The other signaling arm involves PI3K-dependent
Rac-1 activation (GTP loading) that triggers a cycle of branch-
ing and severing of cortical actin filaments (14). The resulting
cortical mesh of branched actin filaments may serve as a tether
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for both signaling molecules and GLUT4 vesicles (4, 7, 14–16).
Activation of Rac-1 is thought to depend on either activation of
dedicated guanine exchange factors (GEFs) and/or inhibition of
dedicated GTPase-activating proteins (17, 18).
In vivo, muscle Akt is readily activated in response to insulin,

and Akt-2 gene knock-out mice show reduced insulin-depen-
dent glucose uptake into muscle (19). Similarly, recent studies
show that insulin activates Rac-1 in mouse muscle, and mice
withmuscle-specificRac-1 gene deletion have diminished insu-
lin-dependent GLUT4 translocation and glucose uptake (20,
21). The latter results parallel observations of abated GLUT4
translocation in L6muscle cells in culture depleted of Rac-1 via
siRNA-dependent gene silencing (7).
Importantly, both Akt and Rac-1 are required for proper

insulin-induced GLUT4 translocation as overexpressing dom-
inant-negative mutants of each one or silencing their endoge-
nous gene expression impairs the insulin response of GLUT4
without mutually inhibiting one another (6, 7, 22). Despite this
apparent independence of the Akt and Rac-1 signaling arms,
overexpression of constitutively active Rac-1 in muscle cells
increases surface GLUT4 (23), although the molecular under-
pinnings are unknown. Here, we build on that observation and
unravel the signaling mechanism. Using acute (rapamycin-in-
ducible) and chronic modalities of Rac-1 superactivation (i.e.
activation surpassing the activation levels caused by insulin),
including activation of a Rac-specific GEF, Tiam1, we achieved
an insulin-comparable GLUT4 translocation response without
input from insulin. Unexpectedly, this hormone-independent
Rac-1 activation generated a modest increase in membrane-
associated PI(3,4,5)P3 that in turn caused mild Akt phosphory-
lation. Downstream signaling was amplified, achieving sub-
stantial AS160 phosphorylation and GLUT4 translocation.
Rac-1superactivationbypassedtherequirement for IRS-1phos-
phorylation. Finally, we show that Rac-1 superactivation
relieves theGLUT4 traffic defect imposed by two strategies that
cause insulin resistance: activation of the stress kinase JNK and
ceramide exposure. Hence, Rac-1 is mechanistically identified
as a viable target for the treatment of insulin resistance in a
cellular model. By crossover activation of Akt, Rac-1 activation
enacts the full complement of insulin-derived distal responses
that mobilize GLUT4 in muscle cells independently of IRS-1
participation.

EXPERIMENTAL PROCEDURES

Reagents and Constructs—Polyclonal anti-myc (A-14) anti-
body,monoclonal anti-FLAG antibody, DMSO, and rapamycin
were purchased from Sigma-Aldrich. Monoclonal anti-phos-
photyrosine antibody was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Monoclonal anti-HA antibody was
purchased from Covance Inc. (Princeton, NJ). Polyclonal anti-
P-Akt(308), P-Akt(473), and phosphorylated Akt substrate
were obtained from Cell Signaling Technology (Danvers, MA).
Polyclonal anti-GFP antibody was from Abcam Inc. (Cam-
bridge, MA). Monoclonal P-IRS-1(307) antibody was from
EMDMillipore (Billerica, MA). Cy3- and Cy5-conjugated don-
key anti-rabbit and donkey anti-mouse secondary antibodies
and horseradish peroxidase (HRP)-conjugated goat anti-rabbit
and goat anti-mouse secondary antibodies were purchased

from Jackson ImmunoResearch Laboratories (West Grove,
PA). Human insulin was purchased from Eli Lilly (Indianapolis,
IN). Rhodamine-phalloidin was from Invitrogen. Akt inhibitor
1/2 (Akti1/2), compound C, and latrunculin B (LB) were from
Calbiochem. Wortmannin and C2-ceramide were from Enzo
Life Science (Farmingdale, NY). The cDNA constructs (Lyn-
FRB, YFP-tagged FK506-binding protein (FKBP) (YF), YF-CA-
Rac, YF-Tiam1, and YF-DN-Rac) used for rapamycin-induced
heterodimerization have been described previously and were
generously provided by Dr. Mary Teruel and Dr. Tobias Meyer
(24). Wild-type (WT)-Rac- and constitutively active (CA)-Rac-
GFP were provided by Dr. Mark R. Philips. HA-IRS1 was pro-
vided by Dr. Maria Rozakis. FLAG-CA-JNK1 was provided by
Dr. Gokhan Hotamisligil (25). Tiam1-GFP was provided by Dr.
Sergio Grinstein. Cyan fluorescent protein-tagged WT-Cdc42
and CA-Cdc42 were provided by Dr. John Brumell.
Cell Culture and Transfection—The rat L6 muscle cell line

stably expressing GLUT4 with an exofacial Myc epitope tag
(L6-GLUT4myc) was cultured as described previously (26).
Transfection of cDNAwas performedwith Lipofectamine 2000
(Invitrogen) or FuGENE HD (Promega) according to the man-
ufacturers’ protocols. Briefly, cDNA-Lipofectamine mixture
was applied to the cells for 4–6 h before exchanging to fresh
growthmedium.Cells were allowed to recover overnight before
experiments the next day. Cells were treated with the
cDNA-FuGENEmixture for 24 h to achieve higher transfection
efficiency. Maximal transfection efficiency was 30%; hence,
single cell assays were used to assess the consequence of
transfection.
Cell Surface and Total GLUT4myc Detection by Immuno-

fluorescence Microscopy—Surface GLUT4myc detection by
immunofluorescence in adherent L6 myoblasts was measured
as described previously (27). Following 3-h serum starvation,
cells were stimulated with/without 100 nM insulin for 10 min.
Cells were quickly washed twice with cold phosphate-buffered
saline supplemented with calcium and magnesium (PBS�),
fixed with 3% (v/v) paraformaldehyde, quenched with 0.1 M

glycine, and blocked with 5% (v/v) milk. Surface GLUT4myc
was stained by incubation with anti-myc primary antibody fol-
lowed by Cy3-coupled secondary antibody. For co-staining of
tagged cDNA constructs, permeabilization with 0.1% Triton
X-100 and detection with epitope antibody were applied after
labeling of primarymyc antibody. Formeasurement of rapamy-
cin-induced gain in surface GLUT4myc, 10 min of 1 �M rapa-
mycin treatment was applied to cells transfected with the
respective components of the rapamycin heterodimerization
system. For total GLUT4myc detection, cells were permeabi-
lized with 0.1% Triton X-100 for 15 min following the quench-
ing step prior to blocking and labeling with anti-myc primary
antibody. Fluorescence images were taken with a Zeiss LSM
510 laser-scanning confocal microscope (Thornwood, NY).
Cells were scanned along the z axis, a single composite image
(collapsed xy projection) of the optical cuts per cell was assem-
bled, and the pixel intensity of each cell (�25 cells per condi-
tion) was quantified by ImageJ software.
Rounded-up Myoblast Assay—Rounded-up myoblasts were

generated as described previously (15). Adherent cells were
incubated in PBS without calcium and magnesium at 37 °C for

Rac-1 Superactivation Elicits a GLUT4 Translocation Response

JUNE 14, 2013 • VOLUME 288 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 17521



10 min to allow detachment. Cells were then resuspended and
attached on the coverslip for 10 min with/without insulin or
rapamycin treatment at 37 °C followed by fixation.
Detection of Actin Remodeling—Following treatment with/

without insulin or rapamycin for 10 min at 37 °C, myoblasts
were fixed, permeabilized with 0.1% Triton X-100 in PBS� for
3min, blockedwith 5%milk, and stainedwith rhodamine-phal-
loidin for filamentous (F)-actin. Cells were imaged using a Zeiss
LSM 510 laser-scanning confocal microscope.
Cell Lysates, Immunoprecipitation, and Immunoblotting—

After transfection and experimental treatments, cells were
washed quickly with cold PBS and lysed with 1% Triton X-100.
Lysates were passed through a 29-gauge syringe needle 10
times, and supernatants were collected by a 10-min spin at
12,000 � g. The supernatant was subsequently incubated with
protein G beads conjugated to 1–2 �g of epitope antibody at
4 °C for at least 4 h before subjecting to three washes with 0.1%
Triton X-100. Immunoprecipitated protein samples were
eluted with 2� Laemmli sample buffer, resolved by 10% SDS-
PAGE, transferred to polyvinylidene difluoride membranes
(Bio-Rad), and immunoblotted with the respective antibodies.
Primary antibodies were detected with the appropriate HRP-
conjugated species-specific IgG secondary antibodies. Immu-
noblottingwas completedwithWestern LightningChemilumi-
nescence Reagent Plus and HyBlot CL autoradiography film
from Denville Scientific (Denville, NJ).
Rac-GTP Pulldown Assay—The Rac-1 activation assay was

performed as described previously (8). Briefly, myoblasts were
serum-starved for 3 h before stimulation with/without 100 nM
insulin for 10 min. Cell lysates were collected, spun down at
12,000 � g for 1 min, and incubated with GST-Cdc42/Rac
interactive binding domain beads under rotation at 4 °C for 30
min. After four washes, the pulled down proteins were eluted
with 2� Laemmli sample buffer and resolved by 10% SDS-
PAGE for immunoblotting. For Akti1/2 experiments, inhibitor
or DMSO was applied in the last 1 h of serum starvation. For
Rac activation with WT-Rac-GFP or CA-Rac-GFP, myoblasts
were transfected with the respective constructs for 24 h before
the experiments.
Statistics—Statistical analyses were carried out using Prism

4.0 software (GraphPad Software, SanDiego, CA). Groupswere
compared using one-way analysis of variance with Newman-
Keuls post hoc analysis. p � 0.05 was considered statistically
significant.

RESULTS

Rac-1 Activation via Overexpression of CA-Rac-GFP or
Tiam1-GFP Induces aGain in SurfaceGLUT4 Independently of
Insulin—We first verified that elevation of Rac-1 activity would
raise GLUT4 surface levels. L6 myoblasts stably expressing
myc-tagged GLUT4 (L6-GLUT4myc) were transiently trans-
fected with WT- or CA-Rac-GFP. In control L6-GLUT4myc
cells, GFP expression alone did not change the basal surface
GLUT4 level, whereas insulin stimulation enhanced it by 2.2-
fold (Fig. 1,A andB).WT-Rac-GFPoverexpression did not alter
surface GLUT4 levels compared with GFP-expressing control
cells (Fig. 1, A and B). However, when CA-Rac-GFP was intro-
duced, surface GLUT4 was significantly higher compared with

that in neighboring untransfected cells (Fig. 1A). The 2.4-fold
increase in basal surface GLUT4 elicited by CA-Rac-GFP over-
expression was similar to that caused by insulin stimulation in
the GFP-expressing controls (Fig. 1B). Addition of insulin to
CA-Rac-GFP-expressing cells did not cause a further enhance-
ment in surface GLUT4 compared with the already augmented
amount detected in the absence of insulin (Fig. 1,A andB). This
gain in surface GLUT4was specific to active Rac-1 because nei-
ther the overexpression ofWT-Cdc42 nor that of CA-Cdc42, a
closely related Rho-GTPase, raised surface GLUT4 compared
with the level observed with CA-Rac overexpression (supple-
mental Fig. 1, A and B). More importantly, transient overex-
pression of CA-Rac-GFP did not alter the total amount of cel-
lular GLUT4myc compared with the GFP controls (supple-
mental Fig. 1C), eliminating the possibility of elevated
GLUT4myc expression contributing to the heightened surface
GLUT4 level observed in CA-Rac-GFP-expressing cells.
To validate the effect of transiently transfectedCA-Rac-GFP,

we activated endogenous Rac-1 through overexpression of a
Rac-specificGEF,Tiam1 (28). As shown in the literature (29), in
the absence of growth factor stimulation, Tiam1-GFP overex-
pression generated F-actin-rich ruffles that resembled those
evoked by CA-Rac-GFP, suggesting that the endogenous Rac-1
was activated in Tiam1-overexpressing cells (Fig. 1C). Surface
GLUT4 levels were significantly higher in Tiam1-overexpress-
ing cells compared with GFP-expressing or untransfected cells
(Fig. 1D). The net gain in GLUT4 at the plasma membrane was
again similar to the increase induced by insulin inGFP-express-
ing controls (Fig. 1E). These results mirrored the data obtained
in CA-Rac-expressing cells, reinforcing the observation that
potent activation of Rac-1 alone exerts a full, insulin-like
response on GLUT4 traffic to the plasma membrane.
To compare the level of Rac-1 activation achieved by insulin

stimulation and CA-Rac-GFP overexpression, we analyzed the
amount of GTP-loaded Rac in WT- or CA-Rac-GFP-express-
ing myoblasts stimulated with or without insulin. WT-Rac-
GFP-overexpressing cells exhibited an increase in Rac-1 activa-
tion following 10 min of insulin stimulation (supplemental Fig.
2). However, the level of GTP-loaded Rac-1 evoked by insulin
was much lower compared with that in myoblasts overexpress-
ing CA-Rac-GFP. Therefore, the effect achieved by CA-Rac-
GFP expression in myoblasts can comparatively be considered
to be a Rac-1 superactivation, and this term is used throughout
this report.
Acute Activation of Rac-1 Is Also Capable of Eliciting an Insu-

lin-like Increase in Basal Surface GLUT4—Although overex-
pression of CA-Rac and Tiam1 served as good models of acti-
vating Rac-1 alone, their effects more closely resembled the
consequence of a “chronic” Rac-1 activity in the span of 24 h
post-transfection. In contrast, insulin induces GTP loading of
Rac-1 within 1 min of addition and promotes maximal activa-
tion by 10min (8, 30). Therefore, to explore whether the gain in
basal surface GLUT4 observed with chronic Rac-1 activation
would be recapitulated in an acute manner, we took advantage
of a rapamycin-inducible heterodimerization system (31). The
cell-permeating rapamycin has high affinity toward the FKBP,
which within cells interacts tightly with the FRB domain of the
protein kinase FKBP12-rapamycin-associated protein. Based
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on this principle, upon addition of rapamycin, a synthetic con-
struct consisting of the protein of interest fused to FKBP can be
rapidly recruited to FRB. FRB can further be localized to
the plasma membrane via a genetically engineered targeting
sequence of Lyn kinase. Because active Rac-1 is normally local-
ized to the plasmamembrane due to prenylation of its C-termi-
nal CAAX motif (32, 33), the rapamycin-inducible Rac-1 acti-
vation strategy can be used to investigate acute Rac-1 activation
by either (a) replacing the C-terminal CAAXmotif on CA-Rac
with FKBP so that it remains cytosolic until recruited to the
membrane by rapamycin or (b) generating an FKBP chimeric
protein containing the DH-PH domain of Tiam1 (domain
required for the GEF activity toward Rac) (24). Using these
two approaches to also eliminate any possible confounding
effect arising from the 24-h CA-Rac-GFP expression, we
investigated the effect of acute Rac-1 activation on GLUT4
traffic.
As proof of principle, we first examined whether co-expres-

sion of Lyn-FRB and YF constructs would allow recruitment of
YF to the plasmamembrane upon the addition of rapamycin. In
rounded-up myoblasts, which retain signaling capability but
also provide improved spatial resolution compared with
adhered cells (15), YF remained cytosolic in DMSO-treated
control (Fig. 2A). In contrast, after 10 min of rapamycin treat-

ment, the YF signal began to redistribute to the plasma mem-
brane, whereas cells without Lyn-FRB co-expression did not
display this membrane recruitment (Fig. 2A). Similar rapamy-
cin-triggered movement to the periphery was observed with
either YF-CA-Rac lacking the CAAX motif (YF-CA-Rac) or a
YF-linked DH-PH domain of Tiam1 (YF-Tiam1) co-expressed
with Lyn-FRB (Fig. 2A).
To ascertain that Rac-1 activation only occurred after rapa-

mycin-triggered recruitment of YF-CA-Rac and YF-Tiam1 to
the plasma membrane, we probed for the characteristic Rac-
mediated membrane ruffles (28). In DMSO-containing con-
trols, neither YF-CA-Rac nor YF-Tiam1 expression generated
membrane ruffling (Fig. 2B). However, upon rapamycin addi-
tion (10 min), cells displayed extensive actin remodeling
evinced by the accumulation of phalloidin-decorated F-actin at
sites of membrane ruffles (Fig. 2B). On the contrary, rapamycin
did not cause actin rearrangement in myoblasts expressing YF
or YF-DN-Rac with Lyn-FRB (supplemental Fig. 3). These
results demonstrate the ability of rapamycin to selectively trig-
ger acute Rac-1 activation in myoblasts by recruiting YF-CA-
Rac and YF-Tiam1 to the plasma membrane when co-ex-
pressed with Lyn-FRB.
Utilizing this rapamycin-inducible Rac-1 activation strategy,

we examined the changes in surfaceGLUT4 following 10min of

FIGURE 1. Overexpression of CA-Rac-GFP or Tiam1-GFP stimulates GLUT4 translocation to the membrane of muscle cells. A and B, GLUT4myc myoblasts
were transfected with GFP, WT-Rac-GFP, or CA-Rac-GFP followed by stimulation with/without insulin for 10 min to measure changes in surface GLUT4myc and
quantified relative to GFP basal signal (mean � S.E. (error bars); *, p � 0.05). C, myoblasts transfected with GFP, CA-Rac-GFP, or Tiam1-GFP were permeabilized
and stained with rhodamine-phalloidin to visualize changes in F-actin. D and E, GLUT4myc myoblasts expressing GFP or Tiam1-GFP were stimulated with/
without insulin for 10 min followed by staining for surface GLUT4myc and quantification relative to GFP basal signal (mean � S.E. (error bars); *, p � 0.05).
Representative images of three independent experiments are shown. Bar, 10 �m.
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acute Rac-1 activation. As shown in Fig. 2C, expression of YF-
CA-Rac did not alter the amount of surface GLUT4 detected in
the DMSO-containing control. However, upon 10 min of rapa-
mycin treatment, which provided a surge in Rac-1 activity, the
corresponding surface GLUT4 was significantly elevated com-
paredwith neighboring untransfected cells. This gain in surface
GLUT4 was also reproduced by expressing YF-Tiam1 in myo-
blasts to turn on endogenous Rac-1 following rapamycin treat-
ment, whereas YF-expressing controls failed to exert any
change in GLUT4 at the plasma membrane (Fig. 2C). Interest-
ingly, the rapamycin-triggered elevation in surface GLUT4
achieved in cells withYF-CA-Rac orYF-Tiam1was comparable
with that observed in YFP controls after insulin stimulation
(Fig. 2,C andD). These data suggested that, similar to the over-
expression ofCA-Rac-GFP (Fig. 1B), acute Rac-1 activationwas
sufficient to drive an insulin-like response on GLUT4
translocation.
Rac-1 Superactivation Signals through PI3K, Akt, and AS160

to Increase SurfaceGLUT4—BecauseAkt activation is a prereq-
uisite for insulin-dependent GLUT4 translocation, we were

surprised that Rac-1 superactivation would cause GLUT4
translocation because in response to insulin both signals appear
to dissociate downstream of PI3K (6, 7). Hence, we hypothe-
sized that Rac-1 superactivationmight potentially exert signal-
ing cues to Akt and/or to the upstream canonical insulin
signaling molecules IRS-1 and PI3K. To start, we analyzed
whether IRS-1 is tyrosine phosphorylated upon Rac-1 super-
activation. For these experiments, we used the chronic, sus-
tained active Rac-1 approach. Myoblasts were co-trans-
fected with HA-tagged IRS-1 and CA-Rac-GFP (or GFP as
control), then IRS-1 was immunoprecipitated via its HA
epitope, and the corresponding level of Tyr(P) was examined
with anti-Tyr(P) antibody. When GFP was co-expressed
with HA-IRS-1, the basal level of Tyr(P) was negligible,
whereas insulin stimulation visibly enhanced Tyr(P) in IRS-1
(Fig. 3A). IRS-1 immunoprecipitated from myoblasts
expressing CA-Rac-GFP did not show any increase in Tyr(P)
compared with the basal amount in GFP-expressing controls
(Fig. 3A), implying that IRS-1 is not engaged by Rac-1
activation.

FIGURE 2. Acute Rac-1 activation via rapamycin-triggered heterodimerization induces GLUT4 translocation in muscle cells. YF, YF-CA-Rac, or YF-Tiam1
was co-transfected with/without Lyn-FRB in myoblasts. Cells were treated with/without rapamycin for 10 min followed by rounded-up myoblast assay and
detecting the redistribution of the YFP signal (A), permeabilization and staining with rhodamine-phalloidin to measure changes in F-actin (B), and measure-
ment of surface GLUT4myc (C and D). Changes were compared with those in YFP-expressing myoblasts stimulated with/without insulin and quantified relative
to the YFP basal signal (mean � S.E. (error bars); *, p � 0.05). Representative images of three independent experiments are shown. Bar, 10 �m.
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Next we evaluated whether CA-Rac-GFP would increase the
levels of PI(3,4,5)P3 at the plasma membrane as an index of
PI3K activation. Changes in PI(3,4,5)P3 at the cell periphery
were assessed by transfecting a PI(3,4,5)P3 reporter constituted
by the PH domain of Akt linked to RFP (PH-Akt-RFP) (34) and
imaging rounded-up myoblasts. In unstimulated cells express-
ing GFP, the PI(3,4,5)P3 reporter remained mostly cytosolic,
and only a faint peripheral signal was observed (Fig. 3B). Upon
insulin stimulation, the signal at the plasma membrane was
clearly evident, corroborating that the hormone triggers
PI(3,4,5)P3 production (Fig. 3B).WhenPH-Akt-RFPwas co-ex-
pressed withWT-Rac-GFP, its distribution pattern was similar
to that displayed in unstimulated cells expressingGFP (Fig. 3B).
Notably, however, expression of CA-Rac-GFP caused a clear
redistribution of PH-Akt-RFP toward the plasma membrane,
albeit lower than that caused by insulin (Fig. 3B). This enrich-
ment of PH-Akt-RFP at the membrane was not due to the
increase in membrane folding caused by Rac-dependent actin
reorganization because co-expression of RFP alone with CA-
Rac-GFP failed to exhibit a similar reporter accumulation (sup-
plemental Fig. 4). Assessment of the ratio of the PH-Akt-RFP
signal at the plasmamembrane over the cytosolic signal in each

condition revealed that Rac-1 superactivation via CA-Rac-GFP
expression elevated PI(3,4,5)P3 production to �20% of the
maximal insulin response, whereasWT-Rac-GFP had no effect
(Fig. 3C).
The small gain in PI(3,4,5)P3 in cells with increased Rac-1

activity served as a potential gateway to study Akt activation.
Thus, using myoblasts co-expressing HA-Akt and either the
GFP, WT-Rac-GFP, or CA-Rac-GFP, we investigated the acti-
vation status of Akt by probing for phosphorylation at the Thr-
308 and Ser-473 sites necessary for functional Akt (35–37). As
expected, insulin stimulation significantly increased the phos-
phorylation of Akt at Thr-308 and Ser-473 compared with
unstimulated cells co-expressing GFP (control) (Fig. 3D).
WhenCA-Rac-GFPwas co-expressed in the absence of insulin,
the phosphorylation of Thr-308 and Ser-473 was elevated to 26
and 62%, respectively, of the maximal insulin response meas-
ured in parallel (Fig. 3, D, E, and F). In contrast, expression of
WT-Rac-GFP also induced a 35% enhancement in Ser-473
phosphorylation relative to the maximal action of insulin but
with little if any gain in Thr-308 phosphorylation (Fig. 3, D, E,
and F).

FIGURE 3. Overexpression of CA-Rac-GFP results in a modest increase in plasma membrane PI(3,4,5)P3 and Akt phosphorylation without engaging
IRS-1. A, HA-IRS-1 was co-transfected with GFP or CA-Rac-GFP before stimulating myoblasts with/without insulin for 10 min followed by immunoprecipitation
(IP) using anti-HA antibody. Immunoprecipitates were stained with anti-Tyr(P) antibody to detect phosphorylation of IRS-1. B and C, PH-Akt-RFP was co-ex-
pressed along with GFP, WT-Rac-GFP, or CA-Rac-GFP. Rounded-up myoblasts were generated and stimulated for 10 min with/without insulin after which the
redistribution of the PH-Akt-RFP to the membrane was determined. The plasma membrane to cytosolic (PM/Cyto) ratio of RFP in each condition was quantified
and is expressed relative to the percentage of the parallel, maximal insulin response in units normalized to GFP-expressing control cells. D–F, myoblasts
expressing HA-Akt � GFP, WT-Rac-GFP, or CA-Rac-GFP were stimulated with/without insulin for 10 min before immunoprecipitation with HA antibody.
Immunoprecipitates were analyzed for P-Akt using anti-Thr(P)-308 or -Ser(P)-473 antibodies. Changes in P-Akt/total HA-Akt in each condition were quantified
and are presented as the percentage of the parallel, maximal insulin response in units normalized to the GFP-expressing control. G, GLUT4myc myoblasts
transfected with Lyn-FRB � YF-CA-Rac were pretreated with DMSO, 100 nM WM, 10 �M Akti1/2, 200 nM LB, or 10 �M compound C (CC) for 20 or 30 min (Akti1/2
and compound C) followed by 10-min rapamycin treatment in the presence of inhibitors. The changes in surface GLUT4myc were quantified and are illustrated
as the percentage of the maximal rapamycin-induced response relative to DMSO-treated control cells (mean � S.E. (error bars); *, p � 0.05 versus DMSO).
Representative images of three to four independent experiments are shown. Bar, 10 �m. IB, immunoblot.
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To ascertain whether the Rac-driven PI3K and Akt partici-
pate in the insulin-independent GLUT4 translocation caused
by Rac-1 superactivation, we examined the ability of wortman-
nin (WM) andAkti1/2 to interfere with this response. For these
experiments, we used the acute Rac-1 superactivation assay
(rapamycin-triggered) to avoid confounding effects of pro-
longed action of inhibitors. As shown in Fig. 3G, pretreatment
of myoblasts with WM or Akti1/2 lowered the effectiveness of
rapamycin-induced acute Rac-1 superactivation to elicit an
increase in surface GLUT4 by 58 and 40%, respectively. On the
contrary, pretreatment with compound C at a concentration
shown previously to prevent AMP-activated protein kinase
activity (38) did not alter the rapamycin-triggered response,
suggesting that AMP-activated protein kinase does not partic-
ipate in the Rac-1 superactivation-mediated GLUT4 transloca-
tion (Fig. 3G). In parallel, we assessed the effect of LB to explore
whether actin dynamics is required for acute Rac-1 superacti-
vation to increase surface GLUT4. Fig. 3G illustrates that
indeed LB significantly reduced the GLUT4 response, showing
that, as in the case of insulin stimulation, actin dynamics is an
obligated component of Rac-1 superactivation-driven elevation
in surface GLUT4 (27, 39).
It is well documented that submaximal Akt phosphorylation

is sufficient to transmit downstream responses and that there is
amplification in the Akt pathway leading to GLUT4 transloca-
tion (6, 40–42). We therefore explored whether the modest
increase in Akt phosphorylation caused by CA-Rac-GFP suf-
ficed to propagate the signal down to AS160, an essential com-
ponent for the net gain of surfaceGLUT4 in response to insulin.
When FLAG-AS160 was co-expressed with GFP (control),
insulin promoted AS160 phosphorylation as detected by the
increase in reactivity with anti-phospho-Akt substrate anti-
body (Fig. 4A). This gain did not occur in unstimulated cells
co-expressingWT-Rac-GFP and FLAG-AS160, whereas a sub-
stantial FLAG-AS160 phosphorylation, equivalent to 70% of
the maximal insulin response, was observed in cells expressing
CA-Rac-GFP (Fig. 4, A and B).
Finally, we explored the participation of AS160 in the

response of GLUT4 to Rac-1 superactivation. As observed pre-
viously (9, 11), overexpression of the AS160-4A mutant (with

mutations in four key residues normally phosphorylated by Akt
in response to insulin) dampened the insulin-stimulated eleva-
tion in surfaceGLUT4 in control cells (co-expressingGFP) (Fig.
4,C andD). However, the AS160-4Amutant co-expressed with
CA-Rac-GFP prevented the characteristic gain in surface
GLUT4 exerted by Rac-1 superactivation (Fig. 4, C and D). In
fact, AS160-4A had an effect on the response of GLUT4 quan-
titatively similar to either insulin or Rac-1 superactivation
(achieving only 37 and 30% increases in surfaceGLUT4, respec-
tively) (Fig. 4D). Collectively, these results substantiate the
involvement of PI3K, Akt, and AS160 in Rac-1 superactivation-
driven GLUT4 translocation.
Rac-1 Superactivation Relieves Defective GLUT4 Transloca-

tion Imposed by JNK andCeramide—Insulin resistance ofmus-
cle and of muscle cells is typified by a lower GLUT4 transloca-
tion in response to the hormone, consequently reducing
glucose uptake (43, 44). During high fat feeding, muscle insulin
resistance involves the gain in lipids and their derivatives with
resulting activation stress kinases such as JNK that in turn
interfere with IRS-1 tyrosine phosphorylation. In particular,
JNK activation causes IRS-1 phosphorylation at Ser-307,
thereby functionally uncoupling IRS-1 from the insulin recep-
tor and promoting IRS-1 degradation (25, 45, 46). Because the
GLUT4 translocation elicited by Rac-1 superactivation illus-
trated above bypasses a requirement for IRS-1,wehypothesized
that this feature might be utilized to restore defective insulin
downstream of IRS-1.We therefore reconstituted the JNK-me-
diated insulin resistance in myoblasts by overexpressing a con-
stitutively active JNK construct (FLAG-CA-JNK) recently
shown to cause insulin resistance in vivo due to aborted signal-
ing at the level of IRS-1 (25). As a proof of principle, co-expres-
sion of FLAG-CA-JNK andHA-IRS-1 significantly reduced the
total level of HA-IRS-1 and enhanced the relative amount of
IRS-1 phosphorylation of Ser-307 (Fig. 5A). Under these condi-
tions, FLAG-CA-JNK significantly lowered the insulin-induced
gain in surfaceGLUT4, attesting to the establishment of insulin
resistance (Fig. 5, B and C). Notably, however, FLAG-CA-JNK
did not prevent the gain in surface GLUT4 elicited by CA-Rac-
GFP (Fig. 5, B andC). This observation suggests that the signal-
ing components responsible for Rac-1 superactivation-driven

FIGURE 4. AS160 is phosphorylated upon CA-Rac-GFP overexpression and is required for the Rac-1-induced gain in surface GLUT4. A and B, FLAG-
AS160 was co-expressed with GFP, WT-Rac-GFP, or CA-Rac-GFP before immunoprecipitation (IP) with anti-FLAG antibody. Immunoprecipitates were stained
with phosphorylated Akt substrate (PAS) antibody to detect changes in AS160 phosphorylation. The intensity of phosphorylated Akt substrate/total FLAG-
AS160 in each condition was quantified and is depicted as the percentage of the parallel, maximal insulin response in units normalized to the GFP-expressing
control. C and D, FLAG-AS160 – 4A was co-transfected with GFP or CA-Rac-GFP followed by stimulation with/without insulin (INS) to measure changes in surface
GLUT4. Quantification of each condition is presented as the percentage of the parallel, maximal insulin response normalized to GFP-expressing insulin-
stimulated cells (mean � S.E. (error bars); *, p � 0.05). Representative images of three independent experiments are shown. Bar, 10 �m. IB, immunoblot.
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GLUT4 translocation are not hindered by active JNK. Hence,
Rac-1 superactivation is not susceptible to inhibition by insults
causing insulin resistance at the level of IRS-1.
We and others have shown previously that insulin resistance

can also arise as a result of intracellular ceramide accumulation
(whether exogenously supplied or driven by excess saturated
fatty acids), and such insulin resistance involves signaling steps
downstream of IRS-1 (7, 47, 48). Delivery of cell-permeating
C2-ceramide has been used to recapitulate this model of lipo-
toxic insulin resistance. C2-ceramide reduces the insulin-in-
duced activation of both Akt and Rac-1 (7, 47, 48). To investi-
gate the susceptibility of the Rac-inducedGLUT4 translocation
to C2-ceramide, we pretreated myoblasts with C2-ceramide
before subjecting them to acute Rac-1 superactivation. Unlike
the DMSO-containing YF control whose insulin-mediated
GLUT4 translocation significantly dropped to 21% with
C2-ceramide treatment, Rac-1-induced GLUT4 gain at the
membrane was far less affected as the response was still 71% of
the maximal attainable response (Fig. 5D). Presumably, Rac-1
superactivation allowed for sufficient Rac-1 and Akt activity to
drive a partial GLUT4 translocation even in the presence of
C2-ceramide. We surmise that Rac-1 superactivation may be a
principle to be applied in the future to counteract at least in part
the defective GLUT4 traffic imposed by excess lipid supply.

DISCUSSION

In response to insulin, Rac-1 acts in concert with the Akt3
AS160 signaling cascade to enact the net mobilization of
GLUT4 vesicles to the plasma membrane of muscle cells. It is
proposed that Rac-mediated actin remodeling results in a
dynamic submembrane tether that enriches GLUT4 vesicles
and signaling molecules for subsequent fusion (4, 7, 15, 16).
Only a fraction of the total cellular Rac-1 complement is acti-
vated in response to insulin based on the comparison of Rac-
GTP pulled down from cells expressing WT-Rac and CA-Rac
(supplemental Fig. 2) or the comparison of the level of Rac-1
activation in insulin-stimulated cells versus GTP�S-treated
lysates (8). Although the Akt3AS160 and Rac-13 actin arms
of insulin signaling operate independently of each other (sup-

ported by the inability of Rac-1 knockdown and Akti1/2 to
inhibit respective Akt phosphorylation (7) and Rac-1 activation
(supplemental Fig. 5, A and B)), it has been reported that over-
expression of constitutively active Rac-1 can promote GLUT4
translocation (23). However, the underpinning molecular
mechanism was not explored, and this question prompted the
present study. Surprisingly, we found that Rac-1 superactiva-
tion leads to activation of PI3K, Akt, and AS160, and these
signals along with the ongoing Rac-mediated actin remodeling
mirror the typical response elicited by insulin stimulation
resulting in GLUT4 translocation to the cell membrane. AMP-
activated protein kinase does not participate in this insulin-
independent response because (a) application of compound C
did not impair the Rac-1 superactivation-induced GLUT4
translocation (Fig. 3G) and (b) insulin stimulation of CA-Rac-
GFP-expressing cells did not cause an additional gain in surface
GLUT4, contrasting with the previously reported additive
effect of AMP-activated protein kinase and insulin (49, 50).
Notably, Rac-1 superactivation restored the GLUT4 response
in muscle cells rendered insulin-resistant via JNK activation or
ceramide delivery.

Rac-1 Superactivation Leads to PI(3,4,5)P3 Production, Akt,
and AS160 Phosphorylation

PI(3,4,5)P3 Accumulation—The finding that PI(3,4,5)P3 pro-
duction was induced by Rac-1 superactivation (Fig. 3, B and C)
was surprising because growth factor-dependent Rac-1 activa-
tion is linked to PI(3,4,5)P3-mediated recruitment and
activation of Rac GEFs such as Tiam1, P-Rex, and Vav (51–53).
Nonetheless, overexpression of CA-Rac and acute Rac-1 super-
activation bypassed this prerequisite, and each led to accumu-
lation of a PI(3,4,5)P3-sensitive probe at the plasma membrane
of muscle cells (Fig. 3, B and C), fibroblasts, and neutrophils
without a need of stimulus (54, 55). On the other hand, expres-
sion of CA-Cdc42 did not provoke significant PI(3,4,5)P3 pro-
duction (54), and this small GTPase was also unable to increase
surface GLUT4 (supplemental Fig. 1). Hence, a potential feed-
back mechanism to elevate PI(3,4,5)P3 appears to be Rac-spe-
cific, but the molecular basis for this step remains elusive. A

FIGURE 5. Signaling defects imposed by CA-JNK- and C2-ceramide-induced insulin resistance do not impede the Rac-1-mediated gain in surface
GLUT4. A, HA-IRS-1 was co-transfected with FLAG or FLAG-CA-JNK followed by immunoprecipitation (IP) with HA antibody to detect changes in Ser-307
phosphorylation and degradation of IRS-1. B and C, GLUT4myc myoblasts co-expressing FLAG-CA-JNK � GFP or CA-Rac-GFP were stimulated with/without
insulin followed by surface GLUT4 staining. Surface GLUT4myc in each condition was quantified and is presented as the percentage of the maximal, parallel
insulin response normalized to GFP-expressing, insulin-stimulated cells. D, GLUT4myc myoblasts co-expressing Lyn-FRB � YF or YF-CA-Rac were pretreated
with DMSO or 50 �M C2-ceramide for 2 h followed by treatment with/without insulin or rapamycin (Rap) before staining for surface GLUT4. Results in each
condition were quantified and are represented as the percentage of the maximal, parallel insulin response relative to DMSO-treated, YF-expressing insulin-
stimulated cells (mean � S.E. (error bars); *, p � 0.05). Representative images of three independent experiments are shown. Bar, 10 �m.
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potential explanation is an interaction betweenRac-1 andPI3K.
A pulldown of cytosolic proteins bound to GST-Rac-1 loaded
with GTP was found to contain PI3K activity, and it was subse-
quently revealed that the p85 subunit of PI3K can interact with
Rac-1 in a GTP-dependent manner in vitro (56). Because active
Rac-1 is naturally anchored at the plasma membrane through
prenylation, such interaction between Rac-1 and PI3K would
bring PI3K close to the vicinity of its substrate, phosphatidyl-
inositol 4,5-bisphosphate, at the plasma membrane for Rac-
mediated PI(3,4,5)P3 production. However, in vivo evidence of
this interaction during growth factor stimulation is lacking.
Another contributing factor for the increased PI(3,4,5)P3

generation by Rac-1 superactivation could be the accumulation
of active PI3K units in the Rac-induced branched cortical actin
(4). Biochemical evidence supports a PI3K-actin filament inter-
action as PI3K was enriched in the detergent-insoluble fraction
containing polymerized F-actin in chemotaxic Dictyostelium
discoideum cells, and its localization tomembranewas lost after
treatment with latrunculin A (57). More importantly, the cata-
lytic subunit p110 of PI3K accumulated at the site of remodeled
cortical actin following insulin stimulation in muscle cells (4).
These observations support a role for cortical actin in position-
ing PI3K close to the membrane. Indeed, when Rac superacti-
vation-mediated actin remodeling was perturbed by actin-dis-
rupting agents, the consequent PI(3,4,5)P3 production at the
plasma membrane was blocked (54, 58). This may explain why
LB treatment was most effective at blocking the GLUT4 trans-
location induced by Rac-1 superactivation (Fig. 3G) because
disrupting the cortical actin lattice would prevent Akt activa-
tion secondarily to impaired PI(3,4,5)P3 production along with
the elimination of Rac-mediated actin remodeling.
Akt Phosphorylation—Akt must be phosphorylated at both

its activation site (Thr-308) and its regulatory site (Ser-473) to
become fully active (35, 36). Thr-308 phosphorylation provides
partial activation, whereas Ser-473 phosphorylation on its own
allows minimal activity but contributes to potentiation of Akt
activity and substrate specificity (36, 59–61). According to
these findings, the phosphorylation of Akt at both Thr-308 and
Ser-473must have activated the kinase as reflected by the phos-
phorylation of its downstream target AS160 (Figs. 3D and 4A).
On the other hand, although overexpression of WT-Rac-GFP
in myoblasts contributed to slight elevation in Ser-473 phos-
phorylation (Fig. 3F), no Thr-308 phosphorylation was
achieved, and there was no ensuing AS160 phosphorylation
(Figs. 3E and 4, A and B).
Phosphorylation of Akt at Thr-308 is controlled by PDK1

(35). The rise in PI(3,4,5)P3 at the plasmamembrane serves as a
cue to recruit and enhance PDK1 activity. Because Akt is also
enriched at the plasma membrane via its PI(3,4,5)P3-binding
PH domain (62), Akt and PDK1 may come in close proximity,
favoring Akt phosphorylation. As seen in Fig. 3, B and C, the
amount of membrane-bound PI(3,4,5)P3 in CA-Rac-GFP-ex-
pressing cells is equivalent to about 20% of themaximal insulin-
dependent response. This modest gain correlates well with the
26% increase in phospho-Thr-308 Akt achieved by Rac-1
superactivation relative to the maximal insulin response, sug-
gesting linear transmission of the PI(3,4,5)P3 signal amplitude
to PDK13Akt (Fig. 3E). Consistent with this calculation, Thr-

308 phosphorylation of Akt is considered the limiting determi-
nant for Akt activation (59, 60, 63, 64).
On the other hand, mTORC2 is the kinase responsible for

Ser-473 phosphorylation of Akt in response to insulin (65).
mTORC2 exists in a complex containingmTOR,mLTST8, and
Rictor; however, the mechanism of mTORC2 activation is
unknown (66). Recently, it was revealed that Rac interacts with
mTOR in the mTORC2 complex in a GTP-independent man-
ner (67). This interaction provides spatial regulation to
mTORC2 as enrichment of active Rac at the plasmamembrane
would bring along mTORC2. Accordingly, Rac-1 activation by
CA-Rac-GTP may position mTORC2 near the plasma mem-
brane where Akt is recruited by PI(3,4,5)P3. The close proxim-
ity of mTORC2 and Akt might contribute to the increase in
phospho-Ser-473 Akt observed with Rac-1 superactivation
without the need of insulin stimulation (Fig. 3, D and F).
In addition to PDK1 and mTORC2, the kinase PAK1 can

phosphorylate Ser-473 of Akt in vitro (68). Interestingly, PAK1
inhibition reduces IGF-1-stimulatedAkt activation and theAkt
hyperactivity of cancer cells (68–70). PAK1 can also act as a
scaffold for both PDK1 andAkt (71). Because PAK1 is recruited
through its Cdc42/Rac interactive binding domain to GTP-
loaded Rac-1, an association of PAK1, PDK1, and Akt at the
plasma membrane would provide an additional avenue, inde-
pendent of PI(3,4,5)P3 production, driving Akt phosphoryla-
tion following Rac-1 activation.
Because WM and Akti1/2 prevent the production of plasma

membrane PI(3,4,5)P3 and sterically bind to the PH domain of
Akt, respectively (72), both agents impair Akt activation by hin-
dering the recruitment of Akt to the plasma membrane. How-
ever, the above mentioned PAK1-Akt-PDK1 complex and
direct Rac-mTORC2 interaction could alleviate the complete
reliance on the traditional membrane PI(3,4,5)P3 and PH
domain of Akt to trigger Akt activation. This could explain why
only a partial inhibitory effect was observed with WM and
Akti1/2 on the Rac-1 superactivation-induced GLUT4 translo-
cation (Fig. 3G). Alternatively, the extensive actin remodeling
generated during Rac-1 superactivation could be the main
driver of this insulin-like translocation response. Because
remodeled actin can act as scaffold to position insulin signaling
molecules such as Akt close to the plasma membrane (4), the
inhibitory effect ofWM andAkti1/2 on Akt recruitment would
be reduced comparedwith the normal insulin stimulation. This
scenario is consistentwith the near complete reduction of rapa-
mycin-triggered GLUT4 translocation with LB (Fig. 3G).
AS160 Phosphorylation—Despite the low level of Rac-1

superactivation-mediated Akt activation relative to the maxi-
mal insulin response (26%), downstream phosphorylation of
AS160 amounted to �70% of the maximal insulin response
(Fig. 4B). This signal amplification from Akt to AS160 has also
been recently appreciated for the insulin signaling cascade.
Insulin dose dependence and Akt inhibitor studies in adi-
pocytes and muscle cells suggest that very little Akt activity is
required for near maximal AS160 phosphorylation (40, 41).
From those studies, 30% insulin-stimulated phospho-Thr-308
Akt corresponds to�80%ofmaximal phospho-AS160, approx-
imating our measurements of phospho-Thr-308 and phospho-
AS160 in response to CA-Rac-GFP (Fig. 4B). Moreover, we
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have shown that 19 � 10% Akt activity suffices for maximal
GLUT4 translocation in insulin-stimulatedmuscle cells (6, 42),
and similarly, aWM-mediated reduction in phosphor-Thr-308
Akt to 20% of themaximal value allowed for greater than 50% of
the maximal GLUT4 translocation (5). These observations
reinforce the concept that Akt phosphorylation/activity does
not correlate linearly with insulin-mediated GLUT4 transloca-
tion, but rather the phosphorylation status of AS160 closely
matches GLUT4 translocation. These calculations are in good
agreement with the corresponding responses of Akt, AS160,
and GLUT4 to Rac-1 superactivation observed in the present
study.

Rac-1 Superactivation Overcomes Insulin Resistance

The level of Rac-1-GTP achieved in response to either
chronic expression ofCA-Rac-GFP or acute superactivation via
rapamycin is likely to be much higher than the insulin-medi-
ated activation of endogenous Rac-1 (supplemental Fig. 2).
siRNA-mediated silencing of endogenous Rac-1 does not affect
insulin-mediated Akt activation, suggesting that Rac-1 activa-
tion does not influence Akt during normal insulin stimulation
(7). This may be due to the low level of Rac-1 activation and the
high level of Akt phosphorylation evoked by the hormone.
Much higher levels of Rac-1 activity in the absence of hormonal
stimulation, such as those imposed by the chronic and acute
strategies described here, are required to visualize the Rac-me-
diated Akt activation. Nonetheless, Rac-1 superactivation suf-
fices to elicit enough Akt activation to trigger an insulin-like
GLUT4 translocation inmuscle cells. This featurewas explored
in this study to counteract the effect of strategies that cause
insulin resistance.
Obesity is a leading factor in the development of insulin

resistance because of the lipotoxic and low grade inflammatory
environment created by excessive accumulation of saturated
fatty acids (43, 73). Both saturated fatty acids and inflammatory
cytokines impact skeletal muscle to activate stress kinases,
including JNK, leading to IRS-1 serine phosphorylation and
degradation (45, 74).When this JNK-induced blockage of IRS-1
signaling was reproduced via overexpression of active JNK,
insulin-dependent GLUT4 translocation was significantly
diminished (Fig. 5, B and C). However, active JNK did not pre-
clude the GLUT4 translocation evoked by Rac-1 superactiva-
tion (Fig. 5, B and C) ostensibly because the latter response
bypasses the requirement of IRS-1. Therefore, in vivo, when
defects at the level of IRS-1 arise, Rac-1 activation may be a
gateway to trigger downstream signaling of Akt and AS160 to
drive a full GLUT4 translocation response.
Unlike JNK activation, intracellular ceramides produced

from saturated fatty acid excess can directly inhibit insulin sig-
naling downstream of IRS-1 (47, 48, 75, 76). Ceramides can
inactivate Akt without influencing IRS-1 or PI3K by both pre-
venting recruitment of Akt to the plasma membrane and
increasing PP2A activity that dephosphorylates Akt (77, 78). In
muscle cells, C2-ceramide not only reduces Akt but also insu-
lin-dependent Rac-1 activation, whereas IRS-1 tyrosine phos-
phorylation remains intact (7). Interestingly, C2-ceramide only
exerted a 29% reduction in superactivated Rac-1-driven
GLUT4 translocation comparedwith a 78%decrease inGLUT4

insulin response (Fig. 5D). This suggests that Rac-1 superacti-
vation provides enough surge in both Rac-1 and Akt activities
to partially overcome the barrier imposed by ceramide and
hence averts the negative effects of the lipid metabolite.
Although reduced insulin-dependent glucose uptake is a key

factor in the development of whole-body insulin resistance
leading to type 2 diabetes, none of the currently available treat-
ments of the disease (metformin, sulfonylureas, and dipeptidyl
peptidase inhibitors) act directly on muscle, targeting instead
hepatic glucose production and insulin secretion. Here we
identify that Rac-1 activation alone suffices to trigger an insu-
lin-like GLUT4 translocation without insulin stimulation (Fig.
6). Unlike insulin, Rac-1 superactivation bypasses IRS-1 but
triggers signaling through PI3K, Akt, andAS160. This response
is resistant to the deleterious effects of JNK activation or cer-
amide accumulation that cause insulin resistance. IRS-1 is a
common target of agents and conditions causing insulin resist-
ance (43, 44); hence, improving insulin action downstream of
IRS-1 should be considered strategically advantageous to
improve metabolic outcomes compared with approaches that
require IRS-1 participation. Compounds that would turn on a
Rac-specific GEF or inhibit Rac-specific GTPase-activating
protein activity in a time- and tissue-selectivemanner would be
particularly useful tools to design therapies for insulin
resistance.
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