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A bstract
W e investigated  g lucose uptake and  the trans-
location o f A kt and  caveo lin -3  in  response to  
insu lin  in  H 9c2 card iom yoblasts exposed to  an  
experim ental insu lin  resistance condition of 100  
nM  insulin  in  a 25 m M  glucose containing m edia  
for 24 h . The cells  under the insu lin  resistance  
condition exh ib ited a decrease in  insu lin -sti-
m ulated 2-deoxy[3H ]g lucose uptake as com pared  
to  contro l cells  grow n in  5  m M  glucose m edia. 
In  addition to  a  reduction in  insulin-induced A kt 
translocation to  m em branes, w e observed a sig -
n ificant decrease in  insulin-stim ulated m em brane 
association o f phosphorylated A kt w ith  a  con -
sequent increase of the cytosolic pool. A ctin  
rem odeling in  response to  insulin  w as also  
greatly  retarded in  the cells . W hen translocation  
of A kt and caveolin-3 to caveolae w as exam ined, 
the insulin  resistance condition attenuated locali-
zation o f A kt and caveo lin -3  to  caveolae from  
cytosol. As a result, insulin-stim ulated Akt activa-
tion in  caveolae w as significantly  decreased. 
Taken  together, our data indicate that the de -
crease of g lucose uptake into the cells is related  
to  their reduced levels  o f caveolin-3, A kt and  
phosphorylated A kt in  caveolae. W e conclude  
that the insulin  resistance condition induced the  
retardation of their translocation to caveolae and  

in turn caused an attenuation in insulin signaling, 
nam ely activation of A kt in  caveolae for g lucose 
uptake in to  H 9c2 card iom yoblasts.
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In troduction
Type 2 or non-insulin-dependent diabetes mellitus 
(NIDDM) is characterized by resistance to insulin 
action on glucose uptake in peripheral tissues, 
especially skeletal muscle and adipocytes (Kahn, 
1998). As defects in insulin action precede the overt 
disease, increased insulin secretion initially compen-
sates for insulin resistance but overt disease occurs 
over time as cell compensation fails. Insulin stimulates 
glucose uptake into muscle and adipose tissues by 
affecting the redistribution of the insulin-responsive 
glucose transporter 4 (GLUT4) from intracellular stores 
to the plasma membrane to increase glucose influx 
(Czech and Corvera, 1999). This mechanism is 
abnormally diminished in type 2 diabetes, resulting in 
insulin resistance (Mueckler, 2001).
  Insulin transmits its signals through a cell surface 
tyrosine kinase receptor which stimulates multiple in-
tracellular signaling events. Activated insulin receptors 
phosphorylate adapter proteins, such as insulin re-
ceptor substrates, which recruit and activate down-
stream effector molecules. One of these proteins, 
phosphatidylinositol (PI) 3-kinase, is requisite for in-
sulin regulation of glucose metabolism, especially 
GLUT4 translocation and glucose uptake (Sharma et 
al., 1998). Recent studies suggest a role for Akt 
(protein kinase B or PKB) as a mediator of PI 3- 
kinase metabolic effectors (Bellacosa et al., 1991; 
Jones et al., 1991). Akt is activated by insulin and 
other growth factors in a variety of cell types in a 
manner dependent on PI 3-kinase (Franke et al., 
1997). Expression of constitutively active forms of Akt 
in appropriate tissues stimulates glucose uptake, 
GLUT4 translocation, glycogen synthesis, lipogenesis, 
and protein synthesis (Cong et al., 1997; Tanti et al., 
1997; Kohn et al., 1998; Ueki et al., 1998; Hajduch 
et al., 2001). 
  Recent reports showed that insulin receptors are 
sequestered in caveolae of the adipocyte plasma 
membrane, and suggest that caveolae are critical for 
insulin action (Yamamoto et al., 1998; Gustavsson et 
al., 1999; Bickel, 2002; Cohen et al., 2003a; b). As 
recently reviewed in detail (Razani et al., 2002; Grat-
ton et al., 2004), caveolae invaginations are found in 
the plasma membrane of many cell types, but are 
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most abundant in endothelial and epithelial cells, 
adipocytes, fibroblasts, and myocytes. Caveolae are 
formed from cholesterol- and sphingolipid-rich rafts in 
plasma membrane in a process requiring the ca-
veolae-specific structural protein caveolin. Caveolin is 
found in plasma membrane and intracellularly, but in 
plasma membrane is confined to caveolae. It is 
therefore used as a marker for these structures 
(Schlegel et al., 1998). Molecular cloning has iden-
tified three distinct caveolin genes, caveolin- 1, -2 and 
-3. In contrast to caveolin-1 and -2 which are most 
abundantly expressed in adipocytes, endothelial cells 
and fibroblastic cell types, caveolin-3 expression is 
mostly confined to striated (cardiac and skeletal) and 
smooth muscle. Caveolin-3 in muscle cells has been 
shown to be responsible for organelle biogenesis in 
these tissues and caveolin-3 null mice lack caveolae 
only in these tissues (Hagiwara et al., 2000; Galbiati 
et al., 2002). 
  Recent studies have suggested regulatory as well 
as structural functions for caveolin, which may directly 
regulate numerous signaling proteins in caveolae 
(Razani et al., 2002; Cohen et al., 2003b; Ha et al., 
2003; Gratton et al., 2004; Kim et al., 2004; Kim and 
Pak, 2005). Different groups have demonstrated inhi-
bition of G proteins, Src family kinases, nitric oxide 
synthase, epidermal growth factor receptor, MAP ki-
nase, and protein kinase C by a caveolin scaffolding 
domain, leading to the suggestion that the biological 
function of caveolin in caveolae is to suppress cellular 
signaling (Uttenbogaard et al., 2000; Liu et al., 2002; 
Razani et al., 2002; Cohen et al., 2003b; Gratton et 
al., 2004). The specificity of caveolin interaction with 
these molecules has been confirmed by identifying a 
common amino acid sequence motif contained in 
many of these regulatory molecules and in the insulin 
receptor (IR) as well (Cohen et al., 2003b; Gratton 
et al., 2004).
  Using H9c2 cardiomyoblasts, we examined whether 
insulin resistance modulates insulin responses and 
subsequent downstream signal cascades, such as 
glucose uptake, activation of Akt and Erk, actin 
remodeling, and translocation of caveolin-3 and Akt 
to caveolae. To induce an experimental condition of 
insulin resistance, H9c2 cells were grown in high 
glucose (25 mM) plus high insulin (100 nM)-containing 
media for 24 h (Thomson et al., 1997; Tong et al., 
2001). Akt activation and its translocation to caveolae 
in response to insulin was then investigated by sub-
cellular fractionation, sucrose gradient caveolar enri-
ched membrane fractionation, glucose uptake mea-
surements and immunofluorescence microscopy for 
analysis of actin remodeling. We report that the in-
sulin resistance condition decreases Akt translocation 
to caveolae, insulin-stimulated Akt activation in ca-
veolae, and 2-deoxy[3H]glucose uptake with an im-
pairment of insulin-induced actin remodeling in H9c2 
cardiomyoblast cells. 

M ateria ls and M ethods
C ell culture  
H9c2 (a cardiomyoblast cell line derived from em-
bryonic rat heart tissue) cells (Kimes and Brandt, 
1976; Levy et al., 1996) were maintained in Dulbecco's 
modified Eagle's medium (DMEM) (GIBCO/BRL) con-
taining 5 mM glucose supplemented with 10% fetal 
bovine serum (FBS) (Hyclone, Logan, Utah), penicillin 
(100 U/ml) (Sigma Chemical Co., St. Louis, MO) and 
streptomycin (100 µg/ml) (Sigma) at 37oC under an 
atmosphere of 95% air and 5% CO2. To test an 
experimental hyperglycemic condition, cells were in-
cubated in DMEM containing 25 mM glucose sup-
plemented with 10% FBS, penicillin (100 U/ml) and 
streptomycin (100 µg/ml) for 0.5 or 24 h. Cells were 
serum starved for 24 h in DMEM containing 5 mM 
(control) or 25 mM (hyperglycemic condition) glucose, 
supplemented with 0.5% bovine serum albumin (BSA) 
(Fraction V; Sigma) and then compared to each other 
by incubating with or without 100 nM insulin (Porcine, 
Sigma I0259) for 10 min. To investigate an experi-
mental condition of insulin resistance, cells were in-
cubated for 24 h in DMEM supplemented with 10% 
FBS containing 5 mM glucose (control) or 25 mM 
glucose plus 100 nM insulin (insulin resistance condi-
tion) (Thomson et al., 1997; Tong et al., 2001) prior 
to serum starvation for 4 h in DMEM supplemented 
with 0.5% BSA, and treated with or without 100 nM 
insulin for 5-15 min.

W estern b lot analysis
Protein extracts were generated from cells using RIPA 
buffer (50 mM HEPES, 150 mM NaCl, 100 mM 
Tris-HCl, pH 8.0, 1% Triton X-100, 1% deoxycholic 
acid, 0.1% SDS, 5 mM EDTA), containing 10 mM 
NaF, 5 mM DTT, 1 mM phenylmethylsulfonyl fluoride 
(PMSF), 1 mM sodium vanadate, 20 µM leupeptin, 
and 100 µM aprotinin. Equal amounts of samples 
(15-40 µg) were subjected to SDS-polyacrylamide gel 
electrophoresis (PAGE), transferred to polyvinylidene 
difluoride (PVDF) membrane (Millipore; Bedford, MA) 
at 350 mA for 2 h using the BIO-RAD transfer 
system. The membrane was blocked in 5% non-fat 
dry milk in TBS-T buffer (10 mM Tris-HCl, pH 8.0, 
150 mM NaCl with 0.1% Tween 20). Primary anti-
bodies were incubated for 1 h at room temperature 
in above blocking buffer. The membrane was then 
washed for 30 min, with TBS-T buffer changed every 
5 min before 1 h of incubation in IgG-horseradish 
peroxidase (Promega, W4011, W4021) at a final titer 
of 1:2500 at room temperature. The washes were 
repeated before the membrane was developed with 
a light-emitting nonradioactive method using ECL 
reagent (Amersham, Arlington Heights, IL). The mem-
brane was then subjected to autoluminography for 1 
to 5 min and scanned. The primary antibodies used 
for our experiments were anti-caveolin-1 (Transduc-
tion Laboratories, C37120 mAb; 1:1,000 dilution), 
anti-caveoiln-2 (Transduction Laboratories, C57820 
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mAb; 1:250 dilution), anti-caveoiln-3 (Transduction La-
boratories, C38320 mAb; 1:5,000 dilution), anti-Erk 
(Transduction Laboratories, M12320 mAb; 1:5,000 di-
lution), anti-phosphospecific-Erk (Thr 202 and Tyr 
204) (New England Biolabs., 9106S mAb; 1:2,000 di-
lution), anti-Akt (Transduction Laboratories, P67220 
mAb; 1:500 dilution), and anti-phosphospecific-Akt (Ser 
473) (New England Biolabs., 9271L pAb; 1:1000 
dilution) antibodies.

C ytosol and m em brane fractionation
Cells were washed twice in phosphate-buffered saline 
(PBS) and then homogenized in homogenization 
buffer (150 mM NaCl, 1 mM EGTA, 0.1 mM MgCl2, 
10 mM HEPES, pH 7.4) containing phosphatase and 
protease inhibitors (2 mM sodium orthovanadate, 10 
mM NaF, 1 mM tetra-sodium pyrophosphate, 10 µg/ml 
leupeptin, 250 µM PMSF) and subjected to subcellular 
fractionation as described previously (Yu et al., 1999) 
with the following modification. Cell homogenates 
were centrifuged for 5 min at 200 g to remove nuclei. 
The resulting supernatant was then centrifuged at 
16,000 g for 15 min yielding a plasma membrane- 
containing pellet (membrane fraction). The superna-
tant, representing the cytosolic fraction was con-
centrated. The membrane and cytosolic fractions were 
then subjected to immunoblotting for Akt and phos-
phorylated Akt.

2-D eoxy[3H ]glucose uptake
Glucose uptake was assayed by accumulation of 
2-deoxy-D-[1-3H]glucose (Amersham, Arlington Heights, 
IL) as described previously (Kotani et al., 1998). In 
brief, confluent H9c2 cells in 12-well plates were 
washed twice with DB buffer (140 mM NaCl, 2.7 mM 
KCl, 1 mM CaCl2, 1.5 mM KH2PO4, 8 mM Na2HPO4, 
pH 7.4, 0.5 mM MgCl2) containing 0.2% BSA and 
incubated in DB buffer for 30 min at 37oC. Insulin was 
added to a final concentration of 100 nM and cells 
were further incubated for 15 min. Finally, DB buffer 
containing 0.2% BSA and 0.05 mM 2-deoxy[3H] 
glucose (0.5 µCi) was added to each well, and after 
5 min incubation, cells were washed three times with 
ice-cold PBS and then solubilized with 0.1% (w/v) 
SDS. The radioactivity incorporated into the cells was 
measured with a liquid scintillation counter (Beckman 
Instruments, Palo Alto, CA).

Im m unolabeling and im m unofluorescence
m icroscopy
H9c2 cells grown on glass coverslips were incubated 
for 24 h in DMEM containing 25 mM glucose plus 
100 nM insulin before serum starvation for 4 h. 
Serum-starved cells were then stimulated with 100 nM 
insulin for 15 min, washed three times with PBS, and 
fixed for 30 min at room temperature with 3.7% 
formaldehyde in PBS. Fixed cells were rinsed with 
PBS and permeabilized with PBS containing 0.1% 
Triton X-100 and 0.2% BSA for 10 min. Cells were 

then treated with 25 mM NH4Cl in PBS for 10 min 
at room temperature to quench free aldehyde groups. 
Cells were rinsed again with PBS and incubated with 
phalloidin-fluorescein isothiocyanate (FITC)-conjugated 
anti-mouse IgG antibody (1:100) (Jackson Immuno-
Research Laboratories Inc.) diluted in PBS with 0.1% 
Triton X-100 and 0.2% BSA to stain F-actin for 1 h 
at room temperature. After three washes for 10 min 
each with PBS, cells were then viewed by immuno-
fluorescence microscopy (Olympus BX51 microscope 
with Olympus PM-20 exposure control unit) as 
previously described (Kim and Pak, 2005).

Isolation of caveolae
Caveolae fractions were prepared without detergent 
as described previously (Song et al., 1996; Rybin et 
al., 2000; Karlsson et al., 2002). Briefly, cells from 
two 150-mm diameter dishes were washed twice with 
ice-cold PBS and harvested with 0.5 M Na2CO3 
buffer, pH 11.0. Subsequent procedures were carried 
out at 4oC. To disrupt cellular membranes, homo-
genization was carried out with a loose fitting Dounce 
homogenizer (10 strokes). The homogenate was then 
adjusted to 40% sucrose by adding an equal volume 
of 80% sucrose prepared in Mes-buffered saline (25 
mM Mes, pH 6.5, 0.15 M NaCl), placed on the bottom 
of an ultracentrifuge tube, overlaid with a 5-35% 
discontinuous sucrose gradient (4 ml of 5% sucrose, 
4 ml of 35% sucrose; both in Mes-buffered saline 
containing 250 mM Na2CO3), and centrifuged at 
39,000 g for 18 h in a SW41 rotor (Beckman In-
struments, Palo Alto, CA). After centrifugation, pro-
teins in each of the twelve 1-ml gradient fractions 
were concentrated by precipitation with trichloroacetic 
acid (TCA) as follows. Fractions were mixed with 20% 
TCA (v/v) and incubated for 30 min on ice. Preci-
pitated proteins were pelleted by centrifugation at 
3,700 g for 15 min at 4oC. Each pellet from the 
fractions was washed three times with 1 ml of ice-cold 
80% ethanol and dissolved in SDS-PAGE sample 
buffer for SDS-PAGE and immunoblotting for caveo-
lin-3 and Akt. For the analysis of insulin-stimulated 
translocation of Akt and caveolin-3 to the isolated 
caveolae, aliquots of proteins pooled from the ca-
veolin-3 rich membrane fractions designated as 
fractions 4, 5, and 6 were collected from the light- 
scattering band at the 5-35% sucrose interface and 
subjected to SDS-PAGE and immunoblotting for 
caveolin-3, Akt, and phosphorylated Akt.

D ensitom etry analysis
Autoradiograms were quantified with an imaging den-
sitometer using the Molecular Analyst software (Bio- 
Rad Laboratories, model GS-700). Signal intensities 
of bands in immunoblots were determined by the 
scanning laser densitometry.
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R esu lts
Effect of hyperglycem ia on activation of Erk and  
A kt, and 2-deoxy[3H ]glucose uptake
Since hyperglycemia is not only a consequence of, 
but also an important factor in worsening both insulin 
resistance and insulin deficiency, we first investigated 
the effect of hyperglycemia on Erk and Akt activation, 
and glucose uptake in response to insulin in H9c2 
cells. Activation of Erk and Akt was assessed by 
immunoblotting with anti-phosphospecific antibodies 
directed against Thr 202 and Tyr 204 of Erk and Ser 

473 of Akt, respectively. 
  When control cells grown in 5 mM glucose media 
were treated with insulin, marked increases in in-
sulin-induced phosphorylation of both Erk and Akt 
was observed (Figure 1A, lanes 1 and 2). Cells grown 
in the experimental hyperglycemic condition for 24 h, 
however, exhibited no significant differences in the 
insulin-stimulated Erk and Akt activation (Figure 1A, 
lanes 3 and 4) as compared to controls. In addition, 
when we examined the effect of long-term (24 h) vs 
short-term (0.5 h) incubation of cells in the hyper-
glycemic condition, a similar pattern of activation was 
observed except for a relative increase in the basal 
level of Akt activation in 0.5 h incubation (Figure 1A, 
lanes 3 and 4 vs 5 and 6). Relative increases in the 
insulin-stimulated Akt activation was detected in cells 
under the hyperglycemic condition compared to 
controls (Figure 1A lanes 4 and 6 vs 2). No significant 
change was observed in the expression level of either 
Erk or Akt between control and hyperglycemic con-
ditions (data not shown). 
  When we further examined the insulin-stimulated 
glucose uptake, cells grown under the hyperglycemic 
condition for 24 h showed almost the same efficiency 
in both basal and insulin-stimulated 2-deoxy[3H] glu-
cose uptake as control cells (Figure 1B). This result 
is consistent with recent findings (Nelson et al., 2000; 
Kawanaka et al., 2001) demonstrating that high glu-
cose treatment alone does not impair insulin-induced 
glucose uptake in adipocyte and muscle. 

F ig u re  1 . Effect of hyperglycemia on activation of Akt and Erk, and
2-deoxy[3H]glucose uptake in response to insulin. (A) H9c2 cells were
preincubated for 24 h in serum-starved DMEM containing 5 mM (con-
trol) or 25 mM glucose (hyperglycemic condition; HG). Cells were then
stimulated with 100 nM insulin for 10 min. Some cells were prein-
cubated for 0.5 h in the serum-starved media containing 25 mM 
glucose and stimulated with 100 nM insulin for 10 m in to compare
with 0.5 h and 24 h incubation of cells under the hyperglycemic con-
dition. Whole cell lysates were subjected to SDS-PAGE and immuno-
blotted with anti-phosphospecific-Akt (Ser 473) or anti-phospospecific-
Erk (Thr 202 and Tyr 204) antibodies. (B) H9c2 cells were serum- 
starved in DMEM containing 5 mM or 25 mM glucose for 24 h and
stimulated with or without 100 nM insulin for 15 min. Cells were then
incubated with 2-deoxy[3H]glucose for 5 min as described in Materials
and Methods. Cells were washed three times with ice-cold PBS, and
the radioactivity taken up by the cells was measured by liquid 
scintillation counting. Results are expressed as the fold change in the
2-deoxy[3H]glucose uptake relative to basal cells in the untreated 
control (means ± S.E. of three independently performed experi-
ments). P < 0.05 compared with respective control incubated in 5 mM
glucose media.
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F ig ure  2 . Effect of insulin resistance on insulin-stimulated 2-deoxy[3H]
glucose uptake. H9c2 cells were maintained either in DMEM contain-
ing 25 mM glucose plus 100 nM insulin (HG + HI; insulin resistance
condition) or 5 mM glucose (control) for 24 h. Cells were then serum
starved for 4 h before 100 nM insulin stimulation for 15 min. 
Quantification of glucose uptake was performed with 2-deoxy[3H] 
glucose as in Figure 1. Results are expressed as the fold change
in the 2-deoxy[3H]glucose uptake relative to basal cells in the un-
treated control (means ± S.E. of three independently performed 
experiments). P < 0.05 compared with respective control incubated in
5 mM glucose media.
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Effect of insu lin  resistance on
2-deoxy[3H ]g lucose uptake
We then tested the effect of the exposure of H9c2 
cells to high glucose (25 mM) plus high insulin (100 
nM) condition for 24 h, an experimental strategy 
reported to cause insulin resistance in L6 myotubes 
and 3T3-L1 adipocytes (Thomson et al., 1997; Tong 
et al., 2001), to insulin-induced glucose uptake. When 

cells under the insulin resistance condition were 
treated with insulin, there was no marked change in 
basal uptake but the insulin-stimulated uptake of 
2-deoxy[3H]glucose was significantly reduced (approxi-
mately 46% stimulation vs 16% stimulation in insulin 
resistance, thus a 65% decrease in the uptake) as 
compared to control cells grown in 5 mM glucose 
alone (Figure 2). Thus, these data indicate that the 
experimental condition of insulin resistance caused 
the attenuation of insulin-stimulated glucose uptake in 
H9c2 cardiomyoblast cells.

A ctivation of Erk and A kt by insulin  
To investigate the molecular mechanism by which the 
experimental condition of insulin resistance impairs 
insulin-stimulated 2-deoxy[3H]glucose uptake in H9c2 
cardiomyoblasts, we next examined the effect of the 
insulin resistance condition on the activation of Erk 
and Akt by insulin. When H9c2 cells exposed to the 
insulin resistance condition were incubated with 
insulin, there were no significant changes observed 
in both protein expression level and activation of Erk 
and Akt compared to control cells grown in 5 mM 
glucose alone (Figure 3A and B) except a slight 
increase in basal Erk activation (Figure 3B).

Translocation of A kt in  response to  insulin
Although our result showed that the insulin resistance 
condition caused the reduction in insulin-stimulated 
2-deoxy[3H]glucose uptake in H9c2 cells (Figure 2), 
we were unable to detect any significant difference 
in Akt activation at the whole cell level as compared 
to control (Figure 3A). Since Akt is translocated from 
cytosol to plasma membrane upon growth factor 
stimulation, and the process is suggested to be ne-

F ig u re  3 . Effect of insulin resistance on insulin-stimulated activation
of Akt and Erk. H9c2 cells were incubated either in DMEM containing
25 mM glucose plus 100 nM insulin (HG + HI; insulin resistance 
condition) or in 5 mM glucose (control) for 24 h and subjected to
serum starvation for 4 h. Cells were then stimulated with 100 nM 
insulin for 5 min. Whole cell lysates were subjected to SDS-PAGE 
and immunoblotted with (A) anti-phosphospecific-Akt (Ser 473) or 
anti-Akt antibodies, and (B) anti-phospospecific-Erk (Thr 202 and Tyr
204) or anti-Erk antibodies.
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Figure  4 . Effect of insulin resistance on insulin-stimulated translocation of Akt. H9c2 cells were incubated
either in DMEM containing 25 mM glucose plus 100 nM insulin (HG + HI; insulin resistance condition) 
or in 5 mM glucose (control) for 24 h and subjected to serum starvation for 4 h. Cells were then 
stimulated with 100 nM insulin for 7 min. Cell homogenates were centrifuged for 5 min at 200  g to
remove nuclei. The resulting supernatant was centrifuged at 16,000 g  for 15 m in yielding a pellet, - 
the plasma membrane-containing fraction. The supernatant containing cytosol was concentrated. Equal 
amounts of protein from the membrane and cytosolic fractions were subject to SDS-PAGE and 
immunoblotted with anti-Akt or anti-phosphospecific-Akt (Ser 473) antibodies.
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cessary for the activation of Akt (Alessi et al., 1996), 
we accordingly examined the insulin-stimulated cel-
lular translocation of Akt and phosphorylated Akt 
between the cytosol and membrane fractions of the 
cells under the insulin resistance condition. Insulin 
induced a significant translocation of Akt from the 
cytosol to the membrane fraction (Figure 4, lanes 2 
and 6) in control cells. These results are consistent 
with the previous findings of insulin-stimulated Akt 
translocation from cytosol to plasma membrane in 
adipocytes (Cong et al., 1997; Tanti et al., 1997). In 
comparison, cells under the insulin resistance condi-
tion showed similar Akt expression and pattern of Akt 
translocation in the fractions in response to insulin 
(Figure 4, lanes 3 and 7, and lanes 4 and 8) as in 
control cells (Figure 4, lanes 1 and 5, and lanes 2 
and 6). However, a decrease in the insulin-stimulated 
translocation of Akt from cytosol to the membrane 
fraction was detected in cells under the insulin re-
sistance condition (Figure 4, lanes 8 and 4) compared 
to control cells (Figure 4, lanes 6 and 2). Moreover, 
the insulin resistance condition reduced significantly 
the membrane association of phosphorylated Akt and 
a consequent increase of the cytosolic pool as 
compared to control cells (Figure 4, lanes 12 and 16 
vs lanes 10 and 14).

A ctin  rem odeling  in  response to  insulin
Insulin causes a rapid remodeling of actin filaments, 
promoting membrane ruffling in various cells as 
diverse as myotubes (Tsakiridis et al., 1994), adipo-
cytes (Wang et al., 1998), and fibroblasts (Clodi et 

al., 1998). Previous studies examining the role of the 
actin cytoskeleton on GLUT4 translocation in L6 myo-
tubes, 3T3-L1 adipocytes, and rat adipocytes showed 
that disruption of the actin cytoskeleton by either 
cytochalasin D or latrunculin A inhibited insulin- 
mediated GLUT4 translocation (Olson et al., 2001). 
Accordingly, we examined the actin remodeling by 
insulin in H9c2 cells under the insulin resistance 
condition. An acute 100 nM insulin treatment for 15 
min in control cells grown in 5 mM glucose alone 
induced membrane ruffling and a decrease in actin 
stress fiber (Figure 5). Cells grown in the insulin 
resistance condition, however, showed an impairment 
of the insulin-stimulated actin remodeling, namely in 
the rearrangement of actin stress fibers to the 
membrane ruffling formation as normally observed in 
control cells (Figure 5). Thus, these data suggest that 
the attenuation of glucose uptake in H9c2 cells 
(Figure 2) could be due to the retardation of actin 
remodeling by the insulin resistance condition.

Localization  of caveolin -3 and A kt to  caveolae
To better understand how caveolae are involved in 
the insulin responses in H9c2 cells, caveolar-enriched 
fractions were isolated by discontinuous sucrose 
gradient caveolin-3 enriched membrane fractionation 

Figure  5 . Insulin resistance impairs insulin-stimulated actin remodeling.
H9c2 cells were grown on coverslips either in DMEM containing 25
mM glucose plus 100 nM insulin (HG + HI; insulin resistance condi-
tion) or in 5 mM glucose (control) for 24 h and subjected to serum
starvation for 4 h. Cells were then stimulated with 100 nM insulin for
15 m in, fixed with paraformaldehyde, detergent permeabilized, and 
stained for F-actin using FITC-phalloidin. The actin cytoskeleton was 
visualized by immunofluoresence microscopy (magnification, ×400).
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F ig u re  6 . Fractionation and purification of caveolar-enriched fractions.
Isolation of caveolar-enriched fractions was performed using a 40% , 
35%, and 5% sucrose step gradient and analytical centrifugation. A
flocculent and dense white band enriched in caveolae appeared at
the interface between the 35 and 5%  sucrose layers. Fractions were
collected starting from top to bottom of the gradient, subjected to 
SDS-PAGE, analyzed by Coommassie blue staining, and immuno-
blotted with anti-caveolin-3 antibody. P, pellet.
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without detergent as described in Materials and 
Methods. Equal aliquots of protein from each fraction 
were separated by SDS-PAGE. Coomassie blue stain-
ing showed that most of the cellular protein was 
fractionated toward the bottom 9-12 fractions and the 
pellet (Figure 6A and B). The caveolae fractions were 
collected from fractions 4-6, which were visualized as 
a light-scattering band at the 5-35% sucrose interface 
as depicted in Figure 6B. We then examined any 
attenuation in translocation of caveolin-3 and Akt from 
cytosol to caveolae in cells exposed to the insulin 
resistance condition (Figure 7). In control cells grown 
in 5 mM glucose alone, Akt was detected in caveolae 
(fractions 4-6) as well as in non-caveolae fractions 
(fractions 9-12) whereas caveolin-3 was exclusively 
present in caveolae (fractions 4-6) (Figure 7). Cells 
grown in the insulin resistance condition, however, 
exhibited a dispersed distribution of caveolin-3 toward 
bottom fractions and a significant decrease in the 
localization of Akt to caveolae (Figure 7). Thus, it 
appears that the insulin resistance condition atte-
nuates localization of Akt and caveolin-3 to caveolae 
from cytosol.

Insulin -induced activation of A kt in  caveolae
We then investigated the effect of insulin resistance 
on insulin-induced Akt activation in isolated caveolae. 
In control cells, insulin markedly increased the amount 
of phosphorylated Akt by 4.3-fold in caveolae, (Figure 
8, lane 2). However, the insulin-stimulated translo-
cation of phosphorylated Akt to caveolae was signi-
ficantly reduced (approximately 60% reduction com-
pared to control) in cells under the insulin resistance 
condition with only a 1.7-fold increase above the 
basal level (Figure 8, lane 4). Consistent with the 
results shown in Figure 7, the Akt and caveolin-3 
protein levels in caveolae were higher in control cells 
(Figure 8, lanes 1and 2 vs lanes 3 and 4). However, 
no significant changes in the levels of Akt and 
caveolin-3 were observed in response to insulin 
compared to cells without insulin treatment in both 
controls and cells under insulin resistance condition 
(Figure 8, lanes 1 vs 2 and lanes 3 vs 4). These 
results suggest that a decreased Akt activation in 
caveolae paralleled the modulation of translocation of 
the phosphorylated forms by the insulin resistance 

condition. Thus, it appears that the reduction in the 
translocation of caveolin-3, Akt, and phosphorylated 
Akt to caveolae due to insulin resistance results in 
the subsequent attenuation of glucose uptake. 

D iscussion  
H9c2 is a cardiac muscle cell line that has been used 
to investigate heart function (Kimes and Brandt, 1976; 
Levy et al., 1996; Yu et al., 1999). H9c2 cardiomy-
oblasts exhibit insulin-stimulated glucose transport, 
although the magnitude of the stimulatory effect (ap-
proximately 1.5-fold) is less than the severalfold 
increases observed in skeletal muscles and adipo-
cytes (Stephen and Pilch, 1995; Yu et al., 1999). To 
define further the role of insulin resistance in heart, 
and to investigate the mechanisms involved in 
translocation of caveolin-3 and Akt to caveolae and 
glucose uptake by insulin, the effects of insulin resist-
ance on Akt activation and translocation to caveolae, 
actin remodeling, and glucose uptake were evaluated 
in H9c2 cardiomyoblasts.

Figure 7 . Insulin resistance reduces the
localization of caveolin-3 and Akt to 
caveolae. H9c2 cells grown either in 
DMEM containing 25 mM glucose plus
100 nM insulin (HG + HI; insulin resist-
ance condition) or in 5 mM glucose 
(control) for 24 h were lysed and sub-
jected to caveolar enriched-fractionation
using the 5-35% discontinuous sucrose 
gradient as described in Figure 6. Each
1-ml fraction was collected from the top
of the gradient, subjected to SDS- 
PAGE, and immunoblotted with anti-Akt
or anti-caveolin-3 antibodies.

Akt
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Fig ure  8 . Effect of insulin resistance on insulin-induced activation and 
translocation of Akt to the isolated caveolae. H9c2 cells were in-
cubated either in DMEM containing 25 mM glucose plus 100 nM 
insulin (HG+HI; insulin resistance condition) or in 5 mM glucose (con-
trol) for 24 h and serum starved for 4 h. Cells were then stimulated
with 100 nM insulin for 10 min and subjected to the caveolar-enriched
fractionation as shown in Figures 6 and 7. Aliquots of protein pooled
from the isolated caveolae fractions (i.e., fractions 4, 5, and 6 from
caveolar-enriched fractionation as shown in Figure 6) were subjected
to SDS-PAGE and immunoblotted with anti-Akt, anti-phosphospeci-
fic-Akt (Ser 473), or caveolin-3 antibodies.
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  The present results indicate that the hyperglycemic 
condition of high glucose (25 mM) alone did not alter 
insulin-stimulated glucose uptake in H9c2 cells (Figure 
1). In addition, no significant difference in the glucose 
uptake was detected when the hyperglycemic effect 
of long-term (24 h) vs short-term (0.5 h) incubation 
was examined (Figure 1). These results are consis-
tent with recent studies reporting that high glucose 
treatment alone did not impair insulin-induced glucose 
uptake in adipocytes and skeletal muscle (Nelson et 
al., 2000; Kawanaka et al., 2001). However, an ex-
perimental condition of high glucose (25 mM) plus 
high insulin (100 nM) for 24 h exposure, demon-
strated to produce insulin resistance in L6 myoblasts 
and 3T3-L1 adipocytes (Thomson et al., 1997; Tong 
et al., 2001), significantly decreased the insulin- 
stimulated glucose uptake in H9c2 cells (Figure 2). 
It has been shown that insulin promotes membrane 
ruffling by a rapid remodeling of actin filaments and 
that the disruption of the actin cytoskeleton inhibited 
insulin-mediated GLUT4 translocation in myoblasts, 
fibroblasts and adipocytes (Tsakiridis et al., 1994; 
Clodi et al., 1998; Wang et al., 1998; Olson et al., 
2001; Tong et al., 2001). Thus, the reduction in the 
insulin-stimulated glucose uptake (Figure 2) and the 
present results obtained from the retardation of actin 
remodeling by the insulin resistance condition in H9c2 
cardiomyoblasts (Figure 5) are indicative that insulin 
resistance results in the impairment of glucose uptake 
in cardiac muscle. 
  When we investigated the effect of insulin resist-
ance on the activation and translocation of Akt, a 
putative upstream regulatory signaling molecule of 
insulin-induced glucose uptake, there were no signi-
ficant differences between basal and insulin-sti-
mulated Akt activation in whole cell lysate (Figure 3). 
However, insulin-stimulated translocation of phosphor-
ylated Akt to membrane was markedly decreased in 
H9c2 cells under the insulin resistance condition 
(Figure 4). Moreover, the insulin resistance condition 
dramatically reduced the insulin-stimulated Akt acti-
vation in the isolated caveolae (Figure 8). The con-
dition also resulted in decreases of the amount of Akt 
and caveolin-3 in the caveolae, implying the retarda-
tion in translocation of Akt and caveolin-3 to caveolae 
from cytosol (Figures 7 and 8). Thus, it appears that 
the reduced active forms of Akt in caveolae modu-
lated by insulin resistance subsequently attenuate the 
insulin action of glucose uptake in H9c2 cardiomy-
oblasts. 
  Carvalho et al., (2000) reported the impaired phos-
phorylation and insulin-stimulated translocation to the 
plasma membrane of Akt in adipocytes from type 2 
diabetic subjects. Recent studies in rat adipocytes 
demonstrated that cholesterol depletion, which dis-
rupts cholesterol-rich caveolae domain in the plasma 
membrane, impaired insulin-stimulated Akt activation 
and glucose uptake (Yamamoto et al., 1998; Parpal 
et al., 2001; Karlsson et al., 2002; Muller et al., 2002). 
Thus, it is interesting that the impairment of actin 
remodeling by the insulin resistance condition in H9c2 
cardiomyoblasts is closely related to the retardation 

in Akt translocation to caveolae and a decrease in 
the amount of phospholylated Akt in caveolae for 
insulin-stimulated glucose uptake. Insulin-induced ac-
tin remodeling promotes GLUT4 insertion at muscle 
cell membrane ruffles, and insulin-mediated GLUT4 
translocation is dependent on the rearrangement of 
actin stress fibers in adipocytes and muscle cells 
(Tsakiridis et al., 1994; Clodi et al., 1998; Wang et 
al., 1998; Olson et al., 2001; Tong et al., 2001). In 
addition, recent evidence for the organization of ca-
veolin-associated membrane domains by the actin 
cytoskeleton and signal transduction of stretch- 
induced RhoA and Rac1 activation through caveolae 
suggest the cytoskeletal regulation of caveolae or-
ganization (Stahlhut and van Deurs, 2000; Kawamura 
et al., 2003). It has been well established that a 
number of signaling molecules in diverse signal trans-
duction are localized to caveolae and that caveolae 
is involved in the regulation of cellular signaling. 
  Thus, another implication of our finding concerns 
the possible alteration in the microdomain of caveolae 
by insulin resistance. The retardation in actin remodel-
ing in H9c2 cells by insulin resistance might hamper 
the physicochemical integrity of caveolae domain in 
the plasma membrane. As a result, insulin triggering 
of glucose uptake is modulated upstream by retar-
dation of insulin-dependent stimulation of 2-deoxy[3H] 
glucose uptake, conceivably through impairment of 
insulin-stimulated translocation of phosphorylated Akt 
to caveolae and prevention of glucose transporter 
recruitment. This interpretation is consistent with pre-
vious studies reporting that disruption of caveolae 
domains in the plasma membrane impaired insulin- 
stimulated glucose uptake in rat adipocytes and 
3T3L1 adipocytes (Gustavsson et al., 1999; Parpal et 
al., 2001; Karlsson et al., 2002; Muller et al., 2002).
  In conclusion, it is apparent that insulin resistance 
decreases insulin-induced Akt activation in caveolae 
in parallel with a reduction in the translocation of 
phosphorylated Akt and caveoiln-3 to caveolae and 
actin remodeling in H9c2 cardiomyoblasts. The in-
terrelated retardation by insulin resistance influences 
a downstream target of insulin signaling, namely, a 
decrease in glucose uptake in H9c2 cells. Thus, the 
modulation of caveolin-3 and Akt status in caveolae 
and Akt activation in caveolae play an important role 
in the control of the signaling pathway whereby insulin 
promotes glucose uptake in H9c2 cardiomyoblasts.
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