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Retinoic acid (RA) is one of themajor components of vitaminA.
In the present study, we found that retinoic acid activated AMP-
activated protein kinase (AMPK). RA induced Rac1-GTP forma-
tion and phosphorylation of its downstream target, p21-activated
kinase (PAK), whereas the inhibition of AMPK blocked RA-in-
duced Rac1 activation. Moreover, cofilin, an actin polymerization
regulator,was activatedwhen incubatedwithRA.We then showed
that inhibition of AMPK by compound C, a selective inhibitor of
AMPK, or small interfering RNA of AMPK �1 blocked RA-in-
duced cofilin phosphorylation. Additionally, we found that reti-
noic acid-stimulated glucose uptake in differentiated C2C12myo-
blast cells and activated p38 mitogen-activated protein kinase
(MAPK). Finally, the inhibition of AMPK and p38MAPK blocked
retinoic acid-inducedglucoseuptake. In summary, our results sug-
gest thatretinoicacidmayhavecytoskeletal roles inskeletalmuscle
cells via stimulation of theAMPK-Rac1-PAK-cofillin pathway and
may also have beneficial roles in glucose metabolism via stimula-
tion of the AMPK-p38MAPK pathway.

Retinoids are important regulators of differentiation and cell
proliferation. Induction of differentiation by retinoic acid has
been observed in various cell systems, such as endothelial, neu-
ronal, and lung cancers (1). Retinoic acid has been shown to
inhibit the growth of breast cancer cells and to reduce the num-
ber of tumors in animal models (2, 3). The anti-tumor potential
of retinoids has been demonstrated by their ability to inhibit the
growth of several human cancers, including colon cancer, pros-
tate cancer, and melanoma (4, 5). Retinoic acid mediates its
effects by binding to its receptors, retinoid acid receptor, or
retinoid X receptor, followed by heterodimerization of the
receptors and their recognition of binding to retinoid acid
receptor element-containing promoters.
AMP-activated protein kinase (AMPK)2 is a phylogenetically

conserved intracellular energy sensor that plays a central role in

the regulation of glucose and lipid metabolism. AMPK, a het-
erotrimeric complex comprised of a catalytic subunit and two
regulatory subunits, is activated when cellular energy is depleted
(6). Upon activation by allosteric binding of AMP or phospho-
rylation at Thr172 of the catalytic subunit by AMPK kinase,
AMPK accelerates ATP-generating catabolic pathways, includ-
ing glucose and fatty acid oxidation (7–9) while simultaneously
reducing ATP-consuming anabolic pathways including choles-
terol, fatty acid, and triacylglycerol synthesis (10). In addition to
its roles in energy homeostasis, AMPK also has been shown to
regulate the endothelial nitric-oxide synthase pathway through
Rac1 (11). The involvement of interaction of Rac1 with AMPK
has been implicated in many of the biological effects of AMPK
in cytoskeletal remodeling.
Small GTPases of the Rho family have diverse effects on cel-

lular structure and function. Depending on the cell type, spe-
cific Rho GTPases induce particular surface protrusions gener-
ated by actin-remodeling reactions that change cell shapes and
influence cell adhesion and locomotion (12, 13). Filopodia and
lamellipodia are formed by the polymerization and extension of
actin filaments toward the cell membrane. This polymerization
at the barbed end of the filament is balanced by depolymeriza-
tion at the pointed end, recycling the actin in a “treadmilling”
process (14). The dynamic reorganization of actin in the
cytoskeleton drives processes that include changes in cell mor-
phology, cell migration, and phagocytosis (15). Cellular actin
dynamics are regulated by complex mechanisms involving sev-
eral actin-binding proteins in a spatially and temporally regu-
lated and tissue-specific manner. The central machinery of
rapid actin turnover requires actin nucleation, filament disas-
sembly, and capping barbed ends to limit the number of elon-
gation sites (16–19). It is therefore possible that AMPK regu-
lates cytoskeletal rearrangement by regulating Rac1.
In this study, we investigated the effects of retinoic acid on

AMPK and glucose uptake in skeletal muscle cells to gain an
understanding of its cytoskeletal and metabolic roles. We
found that retinoic acid activates the AMPK-Rac1-cofilin
pathway in muscle cells, and further demonstrated that the
activities of AMPK and p38 MAPK are involved in retinoic
acid-induced glucose uptake. These findings provide novel
insights into the manner in which retinoic acid contributes to
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the cytoskeletal and metabolic functions in skeletal muscle
cells.

MATERIALS AND METHODS

Reagents—Anti-Phospho-ACC (Ser79), anti-phospho-AMPK
(Thr172), anti-phospho-p38 MAPK, anti-phospho-PAK, anti-
phospho-cofilin, anti-AMPK, anti-p38 MAPK, and anti-cofilin
and anti-PAK antibodies were purchased from Cell Signaling
Technology (New England Biolabs, Beverly, MA). Horseradish
peroxidase-conjugated secondary antibodies were obtained
from Kirkegaard and Perry Lab (Gaithersburg, MD). Glycer-
aldehyde-3-phosphate dehydrogenase antibodies were pur-
chased from Sigma. Retinoic acid, NSC23766 (Rac inhibitor),
SB 203580 (p38 MAPK inhibitor), insulin, compound C, and
AICAR (5-aminoimidazole-4-carboxy-amide-1-D-ribofura-
noside) were obtained from Calbiochem.
Cell Culture—Mouse myoblast C2C12 cell were maintained

in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and antibiotics at 37 °C in an incubator
with 5%CO2. Cells were grown in culturemedium consisting of
500 �l of Dulbecco’s modified Eagle’s medium (Invitrogen
GIBCO), containing 0.584 g/liter of L-glutamate and 4.5 g/liter
of glucose,mixedwith 500ml of F-12medium containing 0.146
g/liter of L-glutamate, 1.8 g/liter of glucose, 100 �g/ml of gen-
tamicin, 2.5 g/liter of sodium carbonate, and 10% heat-inacti-
vated fetal bovine serum.
Immunoblot Analysis—Cells were grown on 24-well plates

and serum-starved for 36 h prior to treatment with the indi-
cated agents. Following treatment of cells, the media was aspi-
rated and the cells were washed twice in ice-cold phosphate-
buffered saline and lysed in 100 �l of lysis buffer. The samples
were then briefly sonicated, heated for 5 min at 95 °C, and cen-
trifuged for 5 min. The supernatants were electrophoresed on
SDS-PAGE (8%) gels, and transferred to polyvinylidene difluo-
ride membranes. The blots were incubated overnight at room
temperature with primary antibodies and then washed six
times in Tris-buffered saline with 0.1% Tween 20 prior to 1 h of
incubation with horseradish peroxidase-conjugated secondary
antibodies at room temperature. The blots were then visualized
via ECL. In some cases, the blots were stripped and reprobed
using other antibodies.
Silencing AMPK�1—Mouse myoblast C2C12 cells were

seeded in 6-well plates and allowed to grow to 70% confluence
for 24 h. Transient transfections were performedwith transfec-
tion reagent (Lipofectamine 2000; Invitrogen) according to the
manufacturer’s protocol. Briefly, both AMPK�1 (Dharmacon;
NM_001013367) and non-targeted control siRNAs were
designed. 5 �l of siRNA and 5 �l of transfection reagent (Lipo-
fectamine 2000) were each diluted first with 95 �l of reduced
serum media (Opti-MEM; Invitrogen) and then mixed. The
mixtures were allowed to incubate for 30 min at room temper-
ature and thenwere added by drop to each culturewell contain-
ing 800 �l of reduced serum media (Opti-MEM; final siRNA
concentration, 100 nM). Four hours after transfection, the
medium was changed with fresh complete medium. Cells were
cultivated for 24 h and were lysed, and the expression of
AMPK�1 protein was assayed with Western blotting.

GTP-Rac Assay—The p21-binding domain (PBD) of PAK
fused to glutathione S-transferase (GST) was expressed from
pGEX-PBD. Recombinant glutathione S-transferase-PBD was
purified with glutathione-Sepharose 4B beads. Immediately
after treatment, cells were lysed in lysis buffer, and 800 �l of
total lysate was incubated with glutathione S-transferase-PBD
beads at 4 °C for 4 h. Beadswere collected by centrifugation and
were washed three times with washing buffer (25 mM Tris�HCl
(pH 7.6), 1 mM dithiothreitol, 30 mM MgCl2, 40 mM NaCl, 1%
(v/v) Nonidet P-40). Proteins were eluted by boiling beads in
2� sample buffer for 5 min, separated on a 10% SDS-polyacryl-
amide gel, and blotted with antibody to Rac1.
2-Deoxyglucose Uptake—The uptake of 2-deoxyglucose by

mouse myoblast C2C12 cells was evaluated. In brief, cells were
washed twice in phosphate-buffered saline containing 2.5 mM
MgCl2, 1 mMCaCl2, and 20mMHEPES with a pH 7.4, and then
incubated with the test compounds in the same buffer at 37 °C.
The transport assay was initiated via the addition of 2-[U-
14C]deoxy-D-glucose (25 mM; 10 mCi/ml) to each of the wells,
for 10 min at 37 °C. The assay was terminated by the addition
and subsequent washing of the cells with ice-cold phosphate-
buffered saline. The cells were lysed in 10% SDS or 50 mM
NaOH. Radioactivity was evaluated via scintillation counting of
the lysates extracted in SDS, whereas total protein contents
were determined in lysates extracted in NaOH via the Bradford
procedure (Bio-Rad). The glucose uptake valueswere corrected
for non-carrier-mediated transport by measuring glucose
uptake in the presence of 10 mM cytochalasin B.
Data Analysis—Data are expressed asmean� S.E. Statistical

analyses were conducted using SigmaStat (SPSS Inc., Chicago,
IL). p values of �0.05 were considered statistically significant.

RESULTS

Retinoic Acid Activates AMPK-ACC Pathways in Mouse
Myoblast C2C12 Cells—To characterize the molecular mecha-
nisms of retinoic acid, we evaluated its effects on the activity of
AMPK, a key metabolic sensor kinase. The administration of
retinoic acid induced a time-dependent increase in AMPK
phosphorylation in C2C12 cells (Fig. 1A). The phosphorylation
level of Thr172, which is in the active site of AMPK-� subunit
and is essential for enzyme activity, reached amaximum level at
10min after treatment and then decreased to basal levels at 1 h.
Consistent with the increase inAMPK activity, the phosphoryl-
ation ofACC-Ser79, the best characterized phosphorylation site
by AMPK, increased after retinoic acid administration. In addi-
tion, retinoic acid stimulated AMPK activation in a dose-de-
pendent manner (Fig. 1B). AICAR, a known AMPK activator,
was employed as a positive control. These results demonstrate
that retinoic acid has AMPK stimulatory roles in skeletal mus-
cle cells.
Retinoic Acid Activates Rac1—Rac1 is a serine/threonine

protein kinase that leads to a translocation of the glucose
transporter (GLUT4) to the plasma membrane via activation
of signaling cascades (20). In an effort to understand the
signal pathways involved in retinoic acid-mediated cytoskel-
etal rearrangement, we investigated the effects of either ret-
inoic acid or AICAR on Rac1. Both retinoic acid and AICAR
were observed to activate Rac1 in a time-dependent manner
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(Fig. 2A). To determine whether AMPK activity is involved
in the effect of retinoic acid, we investigated Rac1 activation
following treatment with compound C, an AMPK inhibitor.
The retinoic acid-mediated activation of Rac1 was inhibited
in cells pretreated with compound C (Fig. 2B). Together,
these results indicate that Rac1 operates in the retinoic acid-
mediated signaling pathway in an AMPK-dependent
manner.

PAK Is Involved in Retinoic Acid-mediated Signaling—To
corroborate the roles of retinoic acid in the Rac1-mediated sig-
naling pathway, we assessed the effects of AMPK on molecules
downstreamofRac1. To this end,C2C12 cellswere treatedwith
AICAR before measuring phosphorylation of PAK. AICAR
increased PAK phosphorylation (Fig. 3A), indicating that
AMPK may be involved in Rac1-mediated signaling. Further-
more, PAK phosphorylation was clearly observed in cells
treated with retinoic acid (Fig. 3B). Together, our findings indi-
cate that retinoic acid increases PAK-mediated signaling by
acting on AMPK.
Cofilin Is Activated by a Retinoic Acid-mediated Pathway—

To verify the roles of retinoic acid in the PAK-mediated sig-
naling pathway, we assessed the effects of retinoic acid on
cofilin activation. The phosphorylation of cofilin was
increased in C2C12 cells that had been incubated with reti-
noic acid in a time- and dose-dependent manner (Figs. 4, A
and B). Furthermore, the retinoic acid-mediated phospho-
rylation of cofilin and PAK was clearly suppressed in cells
pretreated with either Rac1 inhibitor or AMPK inhibitor
(Fig. 4, C and D). Next, to better understand the signaling
mechanisms of AMPK regulation on the retinoic acid-in-
duced pathway, we tested whether AMPK regulates retinoic
acid-induced phosphorylation of Rac1 downstream mole-
cules. Knockdown of AMPK�1 by siRNA transfection signif-
icantly reduced retinoic acid-induced phosphorylation of
cofilin and PAK (Fig. 4E). This result suggests that AMPK
mediates retinoic acid-induced Rac1 activation.
Retinoic Acid Stimulates Glucose Uptake in Differentiated

Mouse Myoblast C2C12 Cells—To determine the role of reti-
noic acid in glucose metabolism, we examined the dose-de-

FIGURE 1. Retinoic acid activates AMPK-ACC pathways in C2C12 cells.
A, time-dependent phosphorylation of AMPK by retinoic acid. C2C12 cells were
stimulated for the indicated times with 10 �M retinoic acid. The cell lysates (20
�g) were analyzed via Western blotting for anti-phospho-ACC (Ser79) and
anti-phospho-AMPK (Thr72) antibodies. Blotting with anti-AMPK antibody
was conducted as a protein loading control. B, dose-dependent phosphoryl-
ation of AMPK by retinoic acid. C2C12 cells were stimulated with the indicated
doses of either retinoic acid or 1 mM AICAR for 1 h. The cell lysates (20 �g) were
analyzed via Western blotting for anti-phospho-ACC (Ser79) and phospho-
AMPK (Thr72) antibodies. Blotting with anti-AMPK antibody was conducted as
a protein loading control. These results represent one of three independent
experiments. IB, immunoblot.

FIGURE 2. Retinoic acid activates Rac1. A, time-dependent Rac1 activation
by retinoic acid and AICAR. C2C12 cells were stimulated for the indicated
times with either 10 �M retinoic acid or 1 mM AICAR. The cell lysates were
affinity precipitated with GTP-PBD bound to glutathione-agarose beads. Pre-
cipitated GTP-Rac1 was detected by immunoblotting with anti-Rac1 anti-
body. Blotting with anti-phospho-AMPK and Rac1 antibodies was conducted
as an experimental control. Blotting with anti-�-actin antibody was con-
ducted as a protein loading control. B, AMPK-dependent Rac1 activation by
retinoic acid. C2C12 cells were stimulated with retinoic acid in the presence of
compound C (10 �M), a selective inhibitor of AMPK. The cell lysates (20 �g)
were affinity precipitated with GTP-PBD bound to glutathione-agarose
beads. Precipitated GTP-Rac1 was detected by immunoblotting (IB) with anti-
Rac1 antibody. Blotting with anti-phospho-AMPK and Rac1 antibodies was
conducted as an experimental control. Blotting with anti-�-actin antibody
was conducted as a protein loading control. These results represent one of
three independent experiments.

FIGURE 3. Retinoic acid activates the PAK pathways in C2C12 cells. C2C12
cells were stimulated for the indicated times with either 1 mM AICAR (A) or 10
�M retinoic acid (B). The cell lysates (20 �g) were analyzed via Western blot-
ting for anti-phospho-PAK antibody. Blotting with anti-PAK and �-actin anti-
bodies were conducted as protein loading control. These results represent
one of three independent experiments. IB, immunoblot.
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pendent effects of retinoic acid on glucose uptake in differenti-
ated myoblast C2C12 cells. We observed that retinoic acid
initiated an increase in 2-deoxyglucose uptake in differentiated
C2C12 myoblast cells when used at a concentration of 1 �M,
with a maximal increase occurring at 10 �M (Fig. 5). Retinoic

acid did not influence the viability of C2C12 cells at 10 �M as
assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazo-
lium bromide staining (data not shown). Insulin, used at 100
nM, caused an increase in glucose uptake, and was utilized as a
positive control. The effects of 10 �M retinoic acid on 2-deoxy-
glucose uptake were comparable with those of insulin, suggest-
ing that retinoic acid may have metabolic roles in skeletal mus-
cle cells. Taken together, our results indicate that retinoic acid
can act in the metabolic pathways in skeletal muscle cells.
Retinoic Acid Activates the p38MAPK Pathway—In an effort

to understand the signaling pathways involved in retinoic acid-
mediated glucose uptake, we investigated the effects of retinoic
acid on p38 MAPK. Retinoic acid was observed to activate p38
MAPK in a time-dependentmanner (Fig. 6A). The phosphoryl-
ation of p38 MAPK reached a maximum level at 30 min and
then returned to basal level at 60 min. To determine whether
AMPK activity was involved in this effect of retinoic acid, we
investigated p38 MAPK activation following AMPK inhibition
by compound C. The retinoic acid-mediated activation of p38
MAPK was inhibited in cells pretreated with 10 �M compound
C (Fig. 6B). Together, these results indicate that p38 MAPK
operates in the retinoic acid-mediated signaling pathway in an
AMPK-dependent manner. To corroborate the roles of p38
MAPK and AMPK in the retinoic acid-mediated signaling
pathway, we assessed the effects of inhibitors of these kinases

FIGURE 4. Retinoic acid activates cofilin. A, time-dependent phosphorylation of cofilin by retinoic acid. C2C12 cells were stimulated for the indicated times
with 10 �M retinoic acid. The cell lysates (20 �g) were analyzed via Western blotting for anti-phospho-cofilin antibody. Blotting with anti-cofilin antibody was
conducted as a protein loading control. B, dose-dependent phosphorylation of cofilin by retinoic acid. C2C12 cells were stimulated with the indicated doses of
retinoic acid for 30 min. The cell lysates (20 �g) were analyzed via Western blotting for anti-phospho-cofilin antibody. Blotting with anti-cofilin antibody was
conducted as a protein loading control. C, Rac1-dependent cofilin activation by retinoic acid. C2C12 cells were stimulated with retinoic acid in the presence of
NSC23766, a Rac1 inhibitor. The cell lysates (20 �g) were analyzed via Western blotting for anti-phospho-cofilin and anti-phospho-PAK antibodies. Blotting
with anti-cofilin, anti-PAK, and �-actin antibodies were conducted as protein loading control. D, AMPK-dependent Rac1 activation by retinoic acid. C2C12 cells
were stimulated with retinoic acid in the presence of compound C. The cell lysates (20 �g) were analyzed via Western blotting for anti-phospho-cofilin and
anti-phospho-PAK antibodies. Blotting with anti-cofilin, anti-PAK, and �-actin antibodies were conducted as protein loading control. E, AMPK-dependent Rac1
activation by retinoic acid. C2C12 cells were transfected with AMPK�1 siRNA for 24 h and stimulated with retinoic acid for 10 min. Cell lysates (20 �g) were
analyzed by immunoblotting (IB) using antibodies specific to phospho-cofilin, phospho-PAK, PAK, cofilin, AMPK�1, and �-actin. These results represent one of
three independent experiments.

FIGURE 5. Retinoic acid stimulates glucose uptake in differentiated
mouse myoblast C2C12 cells. Differentiated C2C12 cells were incubated in
60-mm dishes for 1 h with either retinoic acid at 1 or 10 �M, or insulin at 100 nM

and then assayed for 2-deoxyglucose uptake, as described under “Materials
and Methods.” *, p � 0.05, as compared with the control values (one-way
analysis of variance and Holm-Sidak comparisons). Each value is expressed as
the mean � S.D. of four determinations.
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on glucose uptake. C2C12 cells were pretreated with either
SB203580, a p38 MAPK inhibitor, or compound C in the pres-
ence of retinoic acid. The effect of retinoic acid on glucose
uptake was attenuated in C2C12 cells that had been incubated
with these inhibitors (Fig. 6C), indicating that both of these
pathways are involved in retinoic acid-induced glucose uptake.
Finally, to address to role of p38MAPK, we examined the effect
of insulin on p38 MAPK. The phosphorylation of p38 MAPK
was increased in a time- and dose-dependent manner upon
insulin treatment (Fig. 6D). Together, our findings show that
retinoic acid stimulates glucose uptake via activation of p38
MAPK.

DISCUSSION

The principal finding of this study was that retinoic acid is
involved in cytoskeletal rearrangement andmetabolic function in
skeletal muscle cells. Specifically, we demonstrated that AMPK is
instrumental in retinoic acid-mediated signaling in these cells.
The primary assertion of this study is that AMPK mediates

some of the metabolic and cytoskeletal effects of retinoic acid.
The role of retinoic acid has previously been evaluated in con-
junction with differentiation (1) and anti-tumor functions
(2–5). The cytoskeleton-altering properties of retinoic acid
appear to be responsible for its role in differentiation, and may
also contribute to its observed anti-tumor effects. The contri-
bution of retinoic acid to differentiation has raised questions as
to which of the activities of retinoic acid may be relevant to its
cytoskeletal role. The mechanisms of retinoic acid-induced
cytoskeletal changes have previously been suggested (21–24).

In the present study, we have estab-
lished that retinoic acid induces
cytoskeletal rearrangement through
the AMPK pathway. Additionally,
we demonstrated that retinoic acid
activates the uptake of glucose
through the AMPK pathway. The
relationship of retinoic acid with
glucose regulation has been sug-
gested (25, 26). Collectively, our
results indicate that AMPK may
play crucial roles in retinoic acid-
mediated cytoskeletal changes and
metabolic functions.
The objective of the present study

was to ascertain whether or not the
cytoskeleton of skeletal muscle cells
is directly regulated by retinoic acid
and, if so, to determine which mol-
ecules are involved in this process.
Our data have revealed a novel role
for Rac1 downstream of AMPK
activation by retinoic acid. Our
identification of an AMPK-Rac1-
PAK-cofilin axis in retinoic acid-
treated skeletal muscle cells led us
to hypothesize that Rac1 might play
a role in the AMPK-mediated mod-
ulation of actin cytoskeleton remod-

eling. To our knowledge, this is the first report of a link between
AMPK and Rac1 in skeletal muscle cells. Indeed, it is tempting
to speculate that AMPK-mediated regulation of Rac1 plays a
role in cellular differentiation, because both retinoic acid and
Rac1 have been implicated in differentiation and cytoskeletal
rearrangement. In addition to its cytoskeletal roles, we further
demonstrated that retinoic acid plays a metabolic role by acti-
vating glucose uptake. Overall, although the mechanism by
which AMPK influences skeletal muscle cell differentiation
remains unknown, the findings in this report suggest that reti-
noic acid may induce rearrangement of the cytoskeleton through
the AMPK pathway as part of the process of retinoic acid-me-
diated differentiation.
Various reports have suggested the importance of calcium

signaling in myogenesis (27, 28). Calcium signaling has the
potential to enable activity of MyoD heterodimers with E-pro-
tein in myogenesis through calcium/calmodulin inhibition of
DNA binding (29). Retinoids mediate a wide spectrum of cal-
cium regulating activities through calcium-binding protein
(30), intracellular calcium fluctuation, and store-operated cal-
cium influx (31, 32). Because retinoic acid has no capability to
induce calcium in the present study, calcium might not play a
role in retinoic acid-mediated glucose uptake and Rac1-medi-
ated signaling.
In conclusion, we have determined that retinoic acid acti-

vates AMPK in skeletal muscle cells and stimulates glucose
uptake as well. We further demonstrated that the AMPK path-
way exerts a profound influence on retinoic acid-mediated
cytoskeletal rearrangement. Future studies should focus on elu-

FIGURE 6. Retinoic acid activates p38 MAPK pathway. A, time-dependent phosphorylation of p38 MAPK by
retinoic acid. C2C12 cells were stimulated for the indicated times with 10 �M retinoic acid. The cell lysates (20
�g) were analyzed via Western blotting for anti-phospho-p38 MAPK antibody. Blotting with anti-p38 MAPK
antibody was conducted as a protein loading control. B, AMPK-dependent phosphorylation of p38 MAPK by
retinoic acid. C2C12 cells were stimulated for 30 min with 10 �M retinoic acid in the presence of compound C.
The cell lysates (20 �g) were analyzed via Western blotting for anti-phospho-p38 MAPK antibody. Blotting with
anti-p38 MAPK antibody was conducted as a protein loading control. C, p38 MAPK/AMPK dependence of
retinoic acid-induced glucose uptake. Differentiated C2C12 cells were incubated in 60-mm dishes for 1 h with
the indicated experimental conditions, and then assayed for 2-deoxyglucose uptake, as described under
“Materials and Methods.” *, p � 0.05, as compared with the insulin alone sample values (one-way analysis of
variance and Holm-Sidak comparisons). Each value is expressed as the mean � S.D. of four determinations.
D, time and dose-dependent phosphorylation of p38 MAPK by insulin. C2C12 cells were stimulated for the
indicated times with 100 nM insulin or the indicated doses for 30 min. The cell lysates (20 �g) were analyzed via
Western blotting for anti-phospho-p38 MAPK antibody. Blotting with anti-p38 MAPK antibody was conducted
as a protein loading control. These results represent one of three independent experiments. IB, immunoblot.
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cidating the relationship of AMPK to glucose uptake within the
context of a retinoic acid-mediated cytoskeletal signaling path-
way. We are currently investigating this relationship.
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