Phosphatidylinositol 4,5-Bisphosphate Reverses
Endothelin-1–Induced Insulin Resistance via an
Actin-Dependent Mechanism
Andrew B. Strawbridge1 and Jeffrey S. Elmendorf1,2

Phosphatidylinositol (PI) 4,5-bisphosphate (PIP2) plays
a pivotal role in insulin-stimulated glucose transport as
an important precursor to PI 3,4,5-trisphosphate (PIP3)
and a key regulator of actin polymerization. Since endothelin (ET)-1 impairs insulin sensitivity and PIP2 is a
target of ET-1–induced signaling, we tested whether a
change in insulin-stimulated PIP3 generation and signaling, PIP2-regulated actin polymerization, or a combination of both accounted for ET-1–induced insulin
resistance. Concomitant with a time-dependent loss of
insulin sensitivity, ET-1 caused a parallel reduction in
plasma membrane PIP2. Despite decreased insulin-stimulated PI 3-kinase activity and PIP3 generation, ET-1
did not diminish downstream signaling to Akt-2. Furthermore, addition of exogenous PIP2, but not PIP3,
restored insulin-regulated GLUT4 translocation and
glucose transport impaired by ET-1. Microscopic and
biochemical analyses revealed a PIP2-dependent loss of
cortical filamentous actin (F-actin) in ET-1–treated
cells. Restoration of insulin sensitivity by PIP2 add-back
occurred concomitant with a reestablishment of cortical
F-actin. The corrective effect of exogenous PIP2 in
ET-1–induced insulin-resistant cells was not present in
cells where cortical F-actin remained experimentally
depolymerized. These data suggest that ET-1–induced
insulin resistance results from reversible changes in
PIP2-regulated actin polymerization and not PIP2-dependent signaling. Diabetes 54:1698 –1705, 2005

I

n muscle and adipose tissues, insulin stimulates glucose transport by increasing the level of the glucose
transporter protein GLUT4 (1) at the plasma membrane (1,2). Extensive study demonstrates that insulin binding to the insulin receptor (IR) causes tyrosine
autophosphorylation of the IR-␤ subunit, increasing the
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intrinsic tyrosine kinase activity of the receptor (3). A key
target of the activated IR is the insulin receptor substrate-1
(IRS-1) protein, which provides docking sites for phosphatidylinositol (PI) 3-kinase (PI3K). This enzyme plays a
critical role in stimulating GLUT4 translocation by catalyzing the phosphorylation of PI 4,5-bisphosphate (PIP2)
to PI 3,4,5-trisphosphate (PIP3) (4). Increased PIP3 activates a kinase cascade involving PIP3-dependent kinases
(PDK1/2), which activate Akt isoforms 1, 2, and 3, as well
as the atypical protein kinase isoforms  and  (PKC-/)
(5,6). Although distal Akt/PKC signaling parameters remain to be determined, studies have identified Akt-2, but
not Akt-1, as the likely Akt isoform connecting the PI3K
pathway to GLUT4 translocation and glucose transport
(7–10).
In addition to serving as a precursor to PIP3, PIP2 also
stimulates actin polymerization, which is important for
optimal movement and/or fusion of GLUT4-containing
vesicle membranes to the cell surface (11–15). Interestingly, we recently observed that hyperinsulinemia-induced
insulin resistance was coupled to defects in PIP2-regulated
cortical filamentous actin (F-actin), but not PIP3-regulated
signaling events (12). This new appreciation for the importance of PIP2 in maintaining insulin sensitivity begets
questioning if other conditions prominent in individuals
with insulin resistance result from abnormalities in cellular PIP2, PIP3, actin, and their interrelationships. In particular, it is known that elevated levels of endothelin (ET)-1,
a peptide promoting vasoconstriction via a PIP2-dependent signal (16,17), leads to states of insulin resistance.
For example, in addition to hypertensive individuals displaying insulin resistance and elevated circulatory levels
of ET-1 (18,19), plasma ET-1 levels are elevated in individuals with impaired glucose tolerance (18) and type 2
diabetes (18,20).
Experimentally, ET-1 exposure induces insulin resistance in rat adipocytes (21), rat arterial smooth muscle
cells (22), and 3T3-L1 adipocytes (23). Furthermore, the
ET-1–induced insulin-resistant state develops in both conscious rats (24) and healthy humans administered the
peptide (25). Importantly, the reduced insulin-dependent
glucose uptake in skeletal muscle in vivo does not result
from a vasoconstrictive decrease in skeletal muscle blood
flow (25), implying the existence of a direct ET-1 effect on
one or more mechanisms involved in insulin-stimulated
glucose transport. Since PIP2 is at a molecular intersection
of both insulin and ET-1 signaling, we tested whether
changes in insulin-stimulated PIP3 generation and/or signalDIABETES, VOL. 54, JUNE 2005
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ing, PIP2-regulated actin polymerization, or a combination of
these possibilities accounted for ET-1–induced insulin resistance. The subsequent report provides a detailed account of these studies.
RESEARCH DESIGN AND METHODS
Murine 3T3-L1 preadipocytes were from American Type Culture Collection
(Manassas, VA). Dulbecco’s modified Eagle’s medium (DMEM) was from
Invitrogen (Grand Island, NY). Fetal bovine serum and bovine calf serum were
from Hyclone Laboratories (Logan, UT). Phosphatidylinositides [PtsIns(4,5)P2,
cat no. P-4516, PtsIns(3,4,5)P3, cat no. P-3916] and histone carrier were
purchased from Echelon Biosciences (Salt Lake City, UT). The Akt Kinase
Assay Kit was from Cell Signaling Technology (Beverly, MA). Unless otherwise indicated, all other chemicals were from Sigma (St. Louis, MO).
Cell culture and treatments. Preadipocytes were cultured and differentiated to adipocytes as previously described (26). Studies were performed on
adipocytes between 8 and 12 days postdifferentiation. ET-1 induction of
insulin resistance was performed by treating the cells in 10 nmol/l ET-1/DMEM
for 24 h, unless otherwise indicated as previously described (23). Selective
endothelin type-A (ET-A) receptor antagonism was accomplished by pretreating cells with 1 mol/l BQ-610/DMEM for 30 min before 24-h ET-1 incubation,
carried out in the continual presence of BQ-610. Cells were either untreated or
treated for 60 min with 20 mol/l latrunculin B and incubated for 30 min with
different concentrations of phosphatidylinositide:histone complex. Unless
otherwise indicated, cells were acutely stimulated for 30 min with 10 nmol/l
insulin after pretreatments.
Transient transfection. Differentiated adipocytes were electroporated as
previously described (27). Transfection experiments were performed with 50
g enhanced green fluorescence protein (EGFP)-tagged Grp1 or EGFP-tagged
PH–phospholipase C (PLC)-␦ plasmid DNAs (provided by Dr. Jeffrey Pessin,
SUNY, Stony Brook, NY) for analysis of EGFP. After electroporation, adipocytes were replated on glass coverslips and allowed to recover for 16 –18 h
before use.
PI3K activity assay. Lysates were immunoprecipitated overnight (12–16 h)
at 4°C with agarose-conjugated phosphotyrosine antibody (PT-66) or with
IRS-1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Immunoprecipitated lipid kinase activity was determined as previously described (28,29).
Plasma membrane sheet assay. Plasma membrane sheets was prepared as
previously described (26) with minor modifications. Briefly, following treatments, cells were placed on ice (GLUT4 trafficking analyses) and fixed as
previously described (26), or cells were kept at 37°C and fixed at room
temperature (PI lipid analyses). Sheets were fixed for 20 min at 25°C in 2%
paraformaldehyde/PBS, then blocked in 5% donkey serum for 60 min at 25°C,
incubated for 1 h at 25°C with a 1:1,000 dilution of polyclonal rabbit GLUT4
antibody (provided by Dr. Jeffrey Pessin, SUNY, Stony Brook, NY), or for 60
min at 25°C with a 1:50 dilution of mouse PI 4,5-P2 antibody (Assay Designs,
Ann Arbor, MI) or 1:100 mouse anti–PI 3,4,5-P3 antibody (Molecular Probes,
Eugene, OR, and Echelon Biosciences, Salt Lake City, UT) followed by incubation at 25°C with 1:50 rhodamine red-X– conjugated anti-rabbit or antimouse antibody (Jackson Immunoresearch, West Grove, PA) for 60 or 45 min,
respectively.
Whole-cell immunofluorescence and phalloidin staining. Following treatment, adipocytes were fixed for 20 min at 25°C in 2% paraformaldehyde/Trisbuffered saline (PIP labeling) or 4% paraformaldehyde/0.2% Triton X-100/PBS
(actin labeling). For labeling of PIP after fixation, cells were incubated in 0.1%
Triton X-100/ Tris-buffered saline for 20 min at 25°C. These cells were then
labeled as in the plasma membrane sheet assay. For labeling of actin after
fixation, cells were incubated with 1:1,000 fluorescein isothiocyanate– conjugated phalloidin for 2 h at 25°C. Samples were examined via a Zeiss LSM 510
NLO Confocal Microscope (Thornwood, NY) or a fluorescence microscope
with SPOT Advanced Imaging Software v. 3.4.5. All microscopic and camera
settings were identical within experiments, and representative images are
shown.
Cell and plasma membrane immunofluorescence quantification. Whole
cells or plasma membrane sheets were prepared and probed with primary
antibodies to GLUT4, PIP2, and PIP3, as described above. Caveolin-1 antibodies (Upstate, Waltham, MA, and Santa Cruz Biotechnology, Santa Cruz, CA)
were used to normalize for protein. Caveolin-1 immunofluorescence was not
statistically different between groups in any experiment (data not shown).
Near infrared IRDye 800- and 700-conjugated anti-goat, anti-mouse, and
anti-rabbit IgG secondary antibodies were purchased from Rockland (Gilbertsville, PA), and Alexafluor 680 anti-mouse IgM antibody was purchased
from Molecular Probes (Eugene, OR). Images were collected and quantitated
with the Odyssey infrared imaging system (LI-COR, Lincoln, NE) as previously
described (30,31).
DIABETES, VOL. 54, JUNE 2005

Preparation of total cell extracts and immunoprecipitation. Total-cell
extracts were prepared, and samples were either subjected directly to
SDS-PAGE (see ELECTROPHORESIS AND IMMUNOBLOTTING) or first immunoprecipitated with antibodies to Akt-1 (Upstate), Akt-2 (provided by Dr. Morris J.
Birnbaum, University of Pennsylvania, Philadelphia, PA), IR-␤ or IRS-1 (IR-␤
and IRS-1 antibodies were from Santa Cruz Biotechnology) as we have
previously described (26).
Preparation of F-actin and globular actin extracts. After overnight
incubations, F- and globular actin (G-actin) fractions were obtained using the
G-actin/F-actin in vivo assay as we have previously described (12). After
dissociation, the F-actin fraction was centrifuged and F-actin and G-actin
preparations were then assayed for protein, analyzed via electrophoresis
and immunoblotting (see ELECTROPHORESIS AND IMMUNOBLOTTING), and quantitated as %F-actin (F-actin ⫻ [F-actin ⫹ G-actin]⫺1 ⫻ 100%).
Electrophoresis and immunoblotting. Actin fractions were separated by
12% SDS-PAGE, and whole-cell lysates and immunoprecipitated fractions
were separated by 7.5% SDS-PAGE. The resolved actin fractions were transferred to nitrocellulose (BioRad, Hercules, CA), while all other resolved
proteins were transferred to Immobilon P membrane (Millipore, Bedford,
MA). Proteins were immunoblotted with either a monoclonal phosphotyrosine
antibody (PY20:HRPO; Transduction Laboratories, San Diego, CA), a phosphoserine-specific Akt antibody (New England Biolabs, Beverly, MA), an
Akt-2–specific antibody, or an IR-␤, IRS-1, or GLUT4 antibody. All immunoblots were subjected to enhanced chemiluminescence detection (Amersham,
Piscataway, NJ) and densitometry (ImageJ v. 1.33u; National Institutes of
Health, Bethesda, MD).
Statistical analysis. All values are means ⫾ SE. ANOVA was used to
determine differences among groups. Where a significant difference was
indicated, the Fisher’s Exact test was used to determine significant differences
between groups. P ⬍ 0.05 was considered statistically significant.

RESULTS

ET-1 induces a time-dependent decrease in the plasma membrane levels of PIP2 and insulin-stimulated
GLUT4. Exposure of 3T3-L1 adipocytes to 10 nmol/l ET-1
for 24 h resulted in a time-dependent decrease in plasma
membrane PIP2 levels (Fig. 1A, panels 1–5) and a timedependent decrease in the insulin-stimulated level of plasma membrane GLUT4 (Fig. 1B, panels 1–5). We continued
examination of the ET-1 effect on insulin-stimulated GLUT4
translocation using the 24-h time point, as longer incubation periods produced no additional decrease in plasma
membrane PIP2 or insulin-stimulated GLUT4 translocation
to the plasma membrane (data not shown). In the absence
of ET-1, insulin stimulated a characteristic increase in GLUT4
translocation (Fig. 2A, compare panels 1 and 5). The inhibitory effect of ET-1 exposure seen in Fig. 1B and in Fig.
2A (Fig. 2A, compare panels 5 and 6) was prevented in
cells treated with BQ-610, a specific ET-A receptor antagonist (Fig. 2A, compare panels 6 and 8). ET-1 treatment,
BQ-610 treatment, or both treatments in combination did
not affect the basal-state plasma membrane level of GLUT4
(Fig. 2A, panels 1– 4). Total cellular GLUT4 protein amount
was not affected (P ⬎ 0.8) by chronic ET-1 exposure (data
not shown). As expected, insulin treatment in the absence
of ET-1 resulted in an increase in 2-deoxyglucose uptake
(Fig. 2B). Consistent with an ET-1–induced loss of insulinstimulated GLUT4 translocation, insulin-stimulated 2deoxyglucose uptake was reduced 47% (P ⬍ 0.002) and
BQ-610 prevented this reduction (Fig. 2B).
To confirm the loss of PIP2 from the plasma membrane,
we first tested whether this effect was apparent in whole
cells. Immunofluorescent PIP2 labeling of whole cells
revealed that the majority of this lipid was localized at the
cell surface (Fig. 3A, panel 1). In agreement with our
plasma membrane sheet data, ET-1 treatment markedly
diminished cell surface PIP2 (Fig. 3A, compare panels 1
and 2) and this loss was prevented by BQ-610 (Fig. 3A,
1699
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FIG. 1. ET-1 lowers plasma membrane PIP2 and
impairs insulin action. 3T3-L1 adipocytes were
exposed to 10 nmol/l ET-1 for the indicated times
and left untreated (A) or treated (B) with 10
nmol/l insulin for 30 min. Representative plasma
membrane PIP2 (A) and GLUT4 (B) images from
three experiments are shown. IF, immunofluorescence; PM, plasma membrane.

compare panels 2 and 4). To further assure ourselves of
this effect, we expressed the PLC␦/PH domain as an EGFP
fusion protein (PLC␦/PH-EGFP) that has a high affinity and
specificity for PI (4,5)P2 (32,33). Because PIP2 is localized
primarily to the plasma membrane, the PLC␦/PH-EGFP
reporter was also confined to the plasma membrane in
control cells (Fig. 3B, panel 1). As expected, ET-1–treated
cells displayed a clear loss of the plasma membrane
accumulation of the PLC␦/PH-EGFP fusion protein, and
this was prevented by BQ-610 (Fig. 3B, compare panels 3
and 4). To aid our efforts in quantification, we used the
LI-COR Odyssey with simultaneous two-channel detection
in the near infrared to measure the amount of plasma
membrane PIP2 normalized to caveolin-1. Following primary antibody labeling of PIP2 and caveolin-1, we used
near infrared-conjugated secondary antibodies to detect
the labeled PIP2 and caveolin-1. Caveolin-1 fluorescence
intensity was unaltered by any treatment condition (P ⬎ 0.5,
data not shown). Acute insulin treatment (30 min) or sustained ET-1 exposure (24 h) decreased plasma membrane
PIP2 compared with untreated control by 27 and 29% (P ⬍
0.002), respectively (Fig. 3C). These decreases most likely
reflect insulin activation of PI3K and ET-1 engagement of
PLC␤. Interestingly, insulin did not further decrease plasma membrane PIP2 in ET-1–treated cells (Fig. 3C).
ET-1 impairs insulin-stimulated PI3K activity, but
this loss of function does not readily account for the
inability of insulin to regulate the glucose transport
system. Certainly, the ET-1–induced lack of plasma membrane PIP2 would be expected to dampen insulin signaling
at PI3K. However, the complete failure of insulin to further
lower PIP2 levels in ET-1–treated cells suggested a secondary direct effect of ET-1 on PI3K activity independent of
substrate deprivation. To test this, we immunoprecipitated
phosphotyrosine– and IRS-1–associated PI3K from control
and ET-1–treated cells and assayed the isolated enzyme’s
ability to phosphorylate exogenous phosphoinositide substrate in the presence of ATP. As expected, the in vitro
phosphotyrosine-associated PI3K activity isolated from
insulin-treated control cells was markedly increased (Fig.
4A). This in vitro kinase activity was 22% (P ⬍ 0.003) lower
in immunoprecipitates derived from ET-1–treated cells
(Fig. 4A). Chronic ET-1 treatment was not associated with
any change in the phosphotyrosine-isolated basal PI3K
1700

activity (Fig. 4A), and parallel assays using IRS-1 immunoprecipitates showed similar ET-1–induced reductions in
insulin-stimulated PI3K activity (data not shown). In
agreement with these PI3K data, plasma membrane PIP3
levels were increased 20% (P ⬍ 0.03) by insulin treatment
in control cells (Fig. 4B). ET-1 pretreatment resulted in a
27% reduction (P ⬍ 0.02) in basal and a 35% reduction (P ⬍
0.0001) in insulin-stimulated plasma membrane PIP3 levels
(Fig. 4B). These findings are consistent with ET-1 having
two distinct effects on insulin signaling. One that results
from PIP2 deprivation (Figs. 1–3) and another that arises

FIG. 2. Insulin-stimulated glucose transport is diminished by ET-1.
Cells were treated as detailed in RESEARCH DESIGN AND METHODS. Representative GLUT4 images (A) and means ⴞ SE of 2-deoxyglucose (2-DG)
uptake (B) from 3–5 experiments are shown (*P < 0.05 vs. control,
†P < 0.002 vs. all groups). IF, immunofluorescence; PM, plasma
membrane.
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FIG. 3. Cellular PIP2 resides at the plasma membrane.
Nontransfected (A and C) or PH-PLC␦-EFGP– expressing
(B) cells were treated and analyzed. Cell (A and B) or
membrane (C) images, labeled with PIP2 and/or caveolin-1
antibodies (A and C) or EGFP (B) show PIP2. Values are
means ⴞ SE of PIP2/caveolin-1 from three experiments
(*P < 0.002 vs. control). IF, immunofluorescence; PM,
plasma membrane; WC, whole cell.

from a moderate PIP2-independent inhibitory effect of
ET-1 on insulin-stimulated PI3K activity (Fig. 4A).
Consistent with an impairment of insulin-stimulated
PI3K activity and PIP3 generation in ET-1–treated cells,
distal serine phosphorylation of Akt-1 was significantly
reduced (Fig. 4C, upper immunoblot, compare lanes 3 and
4). In contrast, ET-1 treatment did not affect the insulinstimulated phosphorylation (assessed by reduced mobility) of Akt-2 (Fig. 4C, lower immunoblot, compare lanes 3
and 4). ET-1 treatment was not associated with a change
(P ⬎ 0.8) in total cellular Akt-1 and Akt-2 protein levels
(data not shown). To validate the differential effect of
ET-1, we measured the in vitro activity of both isoforms. In
agreement with the phosphorylation data, ET-1 reduced

insulin-stimulated Akt-1 activity (Fig. 4D, upper immunoblot) but not Akt-2 activity (Fig. 4D, lower immunoblot), as
assessed by the ability of immunoprecipitated enzyme to
phosphorylate glycogen synthase kinase-3. Although others have reported induction of a PI3K/Akt signaling defect
by ET-1 (22,23), these data reveal a specific effect of ET-1
on insulin-stimulated Akt-1 and not Akt-2 activity, the isoform involved in insulin-regulated glucose transport (7–10).
The actin cytoskeleton is disrupted in cells exposed
to ET-1. Several other signaling mechanisms could possibly account for the decreased insulin-stimulated GLUT4
translocation and glucose transport induced by chronic
ET-1 treatment. However, consistent with previous work
(22,23), known proximal insulin signal transduction events

FIG. 4. ET-1 induces signal
transduction defects. Phosphotyrosine-immunoprecipitated
PI3K activities (A), quantification of PIP3/caveolin-1 labeling
(B), phosphoserine (upper) or
mobility-shifted (lower) Akt
immunoblots (C), and phosphor– glycogen synthase kinase
(GSK)-3 immunoblots from Akt1 (upper) and Akt-2 (lower) activity assays (D). Values are
means ⴞ SE from 3–5 experiments (A: *P < 0.0001 vs. basal,
†P < 0.003 vs. insulin alone) (B:
*P < 0.02 and †P < 0.03 vs. all
groups). IF, immunofluorescence;
PM, plasma membrane.
DIABETES, VOL. 54, JUNE 2005
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tent with phosphoinositide regulation of cortical F-actin,
1.25 mol/l PIP2 add-back completely restored F-actin in
ET-1–treated cells, whereas carrier alone had no effect
(Fig. 6C).
Next, we evaluated whether PIP2 replenishment corrected the defect in insulin action. Remarkably, PIP2 add-back
permitted the mobilization of GLUT4 by insulin in ET-1–
treated cells, whereas carrier alone did not (Fig. 7A). In
these studies, we also tested whether this restoration was
dependent on F-actin by evaluating the effect of PIP2 in
conjunction with the actin depolymerizing toxin latrunculin B. Consistent with the PIP2 effect being associated with
F-actin regulation, replenishment of PIP2 did not restore
insulin action in the presence of latrunculin B (Fig. 7A).
Figure 7B shows that the corrective effect of PIP2 on
GLUT4 recruitment to the plasma membrane also resulted
in a restoration of insulin-stimulated glucose transport. Finally, we took advantage of the restorative effect of the
add-back procedure to test whether it corrected ET-1–
induced impairment of insulin-stimulated Akt-1 activation.
As shown in Fig. 7C, neither carrier nor PIP2 restored
insulin-stimulated Akt-1 phosphorylation in ET-1–treated
cells. We predict that this lack of signal enhancement most
likely reflects the inability of PIP2 to correct the previously
shown ET-1–induced defect in PI3K activity (Fig. 4A).
Given that the amount of exogenous lipid required to test
this is excessive, an experimental approach we applied to
FIG. 5. Cortical F-actin is disrupted by ET-1. Images of cells subjected
to phalloidin labeling (A and C) or quantification of F- and G-actin
fractions (B). Images and means ⴞ SE are from three experiments
(*P < 0.05 vs. control).

including immunoprecipitated IR autophosphorylation
and immunoprecipitated IRS-1 tyrosine phosphorylation
were not significantly different between 3T3-L1 adipocytes
maintained in control medium with or without ET-1 (data
not shown). Because insulin signaling through Akt-2 appeared intact and because PIP2 appears to be a general
regulator of actin polymerization at the plasma membrane
(34,35), we next examined F-actin structure. Chronic ET-1
treatment led to a visible reduction in cortical F-actin,
assessed with phalloidin staining of fixed whole cells (Fig.
5A). Further, the ratio of F-actin to total actin, determined
by Western immunoblot analysis, confirmed that cells
incubated in ET-1 undergo a 47% decrease (P ⬍ 0.05) in
F-actin (Fig. 5B). BQ-610 treatment prevented this ET-1–
induced loss of cortical F-actin (Fig. 5C).
Exogenous PIP2 add-back, but not PIP3 add-back,
restores cortical F-actin structure and insulin-stimulated glucose transport, but not the impaired insulinstimulated activation of Akt. Using an established PIP2
replenishment procedure (12), we tested whether cortical
F-actin structure and insulin responsiveness could be
restored in ET-1–treated cells. As depicted in Fig. 6, carrier
delivery of PIP2 into insulin-resistant adipocytes dosedependently replenished plasma membrane PIP2 (Fig. 6A,
panels 1– 4). Concentrations of PIP2 ⬎1.25 mol/l did not
increase plasma membrane PIP2 greater than the basalstate plasma membrane level of this lipid, as we have
previously reported (12). Figure 6B shows plasma membrane localization of the exogenously added lipid in control and ET-1–treated cells (Fig. 6B, panels 1– 4). Consis1702

FIG. 6. PIP2 replenishment restores PIP2 and F-actin decreased by
ET-1. After ET-1 incubation, either Histone H1 (carrier; panels 1 and
2) or PIP2/Histone H1 (PIP2; panels 3 and 4) was added to the medium
for 1 h. Membrane (A) or cells (B) labeled with PIP2 antibody or
quantification of F- and G-actin fractions (C). Images and means ⴞ SE
are from three experiments (*P < 0.05 vs. all groups). IF, immunofluorescence; PM, plasma membrane; WC, whole cell.
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in the PIP2/actin system, PIP3 add-back also did not
restore cortical F-actin structure (Fig. 8D).
DISCUSSION

Recently, there has been increasing awareness of a potential role for ET-1 in insulin resistance. Studies from several
laboratories report that circulatory ET-1 is elevated in
insulin resistance associated with aging (39), metabolic
syndrome (18), obesity (18,19), polycystic ovary syndrome
(40), and type 2 diabetes (18,20). Furthermore, in vivo
studies support these clinical observations by showing
that ET-1 administration causes insulin resistance in rats

FIG. 7. PIP2 corrects GLUT4 recruitment and glucose transport but not
signaling to Akt-1. Quantification of GLUT4/caveolin-1 labeling (A),
2-deoxyglucose (2-DG) uptake (B), and a representative phosphoserine Akt immunoblot (C) are shown. Values are means ⴞ SE from 3–5
experiments. (A: *P < 0.03 vs. control), (B: *P < 0.001 vs. basal, †P <
0.002 vs. all groups). IF, immunofluorescence; PM, plasma membrane.

circumvent this issue involved adding back exogenous
PI3K lipid product PIP3.
Using a specific PIP3 antibody (36,37), microscopic
analyses revealed very little endogenous PIP3 localized at
the plasma membrane in the absence or presence of ET-1
treatment (Fig. 8A, panels 1 and 2). Strong nuclear PIP3
labeling was also observed in all cells (Fig. 8), as previously documented (38). This distribution was similar to
that observed in studies with overexpression of the plekstrin homology domain from the Grp-1 protein fused to
EGFP (data not shown). Consistent with PI3K activation
by insulin, we detected a clear increase in plasma membrane PIP3 in control cells but not in ET-1– exposed cells
(Fig. 8A, compare panels 5 and 6). Using the same
effective phosphoinositide concentration we used for PIP2
replenishment, 1.25 mol/l PIP3 add-back induced an
insulin-like level of plasma membrane PIP3 in all of the
experimental conditions (Fig. 8A, panels 3, 4, 7, and 8).
Although this manipulation corrected insulin-stimulated
Akt-1 phosphorylation in ET-1–treated cells (Fig. 8B), the
ability of insulin to mobilize GLUT4 to the plasma membrane remained diminished (Fig. 8C). Consistent with the
insulin resistance resulting from an ET-1–induced defect
DIABETES, VOL. 54, JUNE 2005

FIG. 8. PIP3 corrects defects in Akt-1 but not GLUT4 or actin. PIP3
add-back was performed as described for PIP2 add-back in Fig. 6.
Shown are cell PIP3 (A), membrane GLUT4 (C), cell F-actin (D), and a
phosphoserine Akt immunoblot (B). All data shown are representative
from 3–5 experiments. IF, immunofluorescence; PM, plasma membrane.
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(24) and humans (41). Additionally, ET-A receptor blockade prevents ET-1–induced insulin resistance in vitro
(21–23,42) and in vivo (24,41), as well as in humans (25),
and key mechanisms of insulin action in skeletal muscle
(24,42), smooth muscle (22), and fat (21,23,42) cells are
impaired following chronic ET-1 treatment. Our results are
in full agreement with these observations and demonstrate
for the first time that ET-1 markedly dysregulates cortical
F-actin structure by diminishing plasma membrane PIP2.
Normalization of insulin sensitivity occurred with a PIP2associated correction of the ET-1–induced disturbance in
cortical F-actin. Thus, these are the first data to reveal that
insulin resistance induced by chronic ET-1 exposure results from loss of plasma membrane PIP2.
The PIP2-generated reversal of ET-1 action not being
coupled with a normalization of Akt-1 signaling was interesting for several reasons. First, based on previous findings (23), we predicted that the PIP2 loss may contribute to
the impairment of Akt activation via decreased substrate
availability for PI3K action. However, our data demonstrate
that PIP2 replenishment, though unable to correct Akt-1
activity, did restore cortical F-actin and insulin sensitivity.
Importantly, our studies reveal that insulin activation of
Akt-2 was not affected by ET-1. These findings are significant because defects in Akt-2, but not Akt-1, have been
suggested to be more relevant in insulin resistance (7–10).
Additionally, correction of Akt-1 activation with PIP3 addback did not restore insulin sensitivity. Thus, ET-1–induced abnormalities in PI3K and Akt activation do not
readily account for the insulin resistance induced by this
peptide. Although it is unclear why Akt-2 activation is not
impaired, this observation is consistent with a model where
ET-1 utilizes a specific pool of PIP2 that regulates cortical
F-actin structure and is used in the generation of PIP3 for
Akt-1 activation but not Akt-2 activation. Compartmentalized pools of generated PIP3 have been postulated (10)
and, thus, if true could explain our data. Certainly, further
studies will be needed to test this possibility.
Although regulation of actin filament network by PIP2 is
supported by several studies (34,35,43), Kanzaki et al. (34)
reported that PIP2 generation from overexpression of a
PIP5K␤ led to plasma membrane GLUT4 accumulation via
decreased endocytosis. However, it is difficult to discern
the relative amount of PIP2 accumulation in these studies,
as the vast majority appears to be localized to vacuolar
structures rather than the plasma membrane. Here, we
show that exogenously added PIP2 localizes primarily at
the plasma membrane and does not affect basal or insulinstimulated GLUT4 translocation or glucose uptake. The
lack of this reported effect of PIP2 (34) may simply reflect
a difference in the amount of PIP2 added to the cell. For
example, chronic generation of cellular PIP2 with PIP5K␤
may be considerably different from an acute 30-min addition of this lipid. Furthermore, it is likely that the location
of PIP2 accumulation may differentially affect cellular
trafficking. With regard to PIP3 add-back, a recent report
demonstrated that exogenous PIP3 addition to adipocytes
at concentrations 100-fold greater than those reported
here induce GLUT4 to traffic to the plasma membrane in
an Akt-1–independent but Akt-2– dependent manner (44).
We did not observe the GLUT4 trafficking as a result of
PIP3 addition but did note that replenishment of an
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amount of PIP3 that led to a similar extent of membrane
immunofluorescence detected in insulin-stimulated cells
restored Akt-1 engagement by insulin in the ET-1–induced
insulin-resistant state.
Based on recent work demonstrating the importance of
the actin cytoskeleton in insulin action (45,46), we asked
whether the PIP2-based effects of ET-1 action extended to
the actin cytoskeleton. While we did not observe insulinstimulated changes in PIP2 distribution or cortical F-actin
structure in insulin-sensitive and insulin-resistant cells,
our findings revealed a clear loss of these components in
ET-1–treated adipocytes. This loss may be the basis of the
altered signal propagation from the insulin receptor and,
thus, a mechanism of ET-1–induced insulin resistance. The
fact that PIP2 add-back was insufficient in restoring insulin-stimulated GLUT4 translocation, when actin structure
remained experimentally disrupted, supports this possibility. Since a PIP2/actin-dependent change in known early
insulin-signaling events does not readily account for ET-1
action, it remains possible that defects in undefined signaling steps distal to Akt-2 exist. Alternatively, disturbance
of the cortical F-actin meshwork may disturb some mechanical aspect of GLUT4-containing vesicle docking and
fusion. Whether the loss of cortical F-actin contributes to
or is the cause of a signaling and/or mechanical defect in
insulin-stimulated GLUT4 translocation is not known. Despite the findings from future work addressing those key
questions, our data clearly reveal a novel aspect of ET-1–
induced insulin resistance.
In summary, PIP2-regulated cortical F-actin is targeted
by ET-1, and remarkably, correction of this disturbance restores insulin responsiveness. Consistent with other published findings, we also show that ET-1 inhibited insulinstimulated PI3K activity, but this defect only impaired
signal propagation to Akt-1 and not Akt-2. Whereas exogenous PIP3 addition fixed signal propagation through
Akt-1, it did not correct the disturbances in the cytoskeletal and glucose transport systems. The importance of
actin cytoskeletal regulation by PIP2 in ET-1–induced
insulin resistance is highlighted by the present work. The
involvement of the PIP2/actin system in the adverse effects
of ET-1 necessitates further studies to provide additional
insights into how disturbances in the plasma membrane
and cytoskeleton contribute to the development of insulin
resistance.
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