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Abstract
Endothelin-1 (ET-1) disrupts insulin-regulated glucose transporter GLUT4 trafficking. Since the
negative consequence of chronic ET-1 exposure appears to be independent of signal disturbance
along the insulin receptor substrate-1/phosphatidylinositol (PI) 3-kinase (PI3K)/Akt-2 pathway of
insulin action, we tested if ET-1 altered GLUT4 regulation engaged by osmotic shock, a PI3K-
independent stimulus that mimics insulin action. Regulation of GLUT4 by hyperosmotic stress was
impaired by ET-1. Because of the mutual disruption of both insulin- and hyperosmolarity-stimulated
GLUT4 translocation, we tested whether shared signaling and/or key phosphatidylinositol 4,5-
bisphosphate (PIP2)-regulated cytoskeletal events of GLUT4 trafficking were targets of ET-1. Both
insulin and hyperosmotic stress signaling to Cbl were impaired by ET-1. Also, plasma membrane
PIP2 and cortical actin levels were reduced in cells exposed to ET-1. Exogenous PIP2, but not PI
3,4,5-bisphosphate, restored actin structure, Cbl activation, and GLUT4 translocation. These data
show that ET-1-induced PIP2/actin disruption impairs GLUT4 trafficking elicited by insulin and
hyperosmolarity. In addition to showing for the first time the important role of PIP2-regulated
cytoskeletal events in GLUT4 regulation by stimuli other than insulin, these studies reveal a novel
function of PIP2/actin structure in signal transduction.
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Insulin binding to the insulin receptor (IR) causes tyrosine autophosphorylation of the IR-β
subunit, increasing the intrinsic tyrosine kinase activity of the IR [White and Kahn, 1994]. Two
key targets of the activated IR are insulin receptor substrate-1 (IRS-1) and Cbl [Ahmed et al.,
2000; Baumann et al., 2000], both of which provide docking sites for signaling proteins
functioning to stimulate the translocation of the insulin-responsive glucose transporter GLUT4
from an intracellular compartment to the plasma membrane. Although details of Cbl signaling
to TC10 and potentially actin are still being tested and explored, it is well established that IRS-1
signaling entails the downstream activation of a phosphatidylinositol (PI) 3-kinase (PI3K)-
dependent signaling cascade involving phosphorylation of phosphatidylinositol 4,5-
bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3)[Watson and Pessin,
2001] and activation of a kinase cascade involving PIP3-dependent kinases (PDK1/2), Akt-2,
and the atypical protein kinase isoforms λ and ζ (PKC-λ/ζ) [Kohn et al., 1996; Bandyopadhyay
et al., 1997]. In addition to the pertinent signal transduction role of PIP2, recent studies have
shown that this lipid, independent of its signaling activities, regulates cortical filamentous actin
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(F-actin) polymerization [Takenawa et al., 1999; Tsakiridis et al., 1999; Kanzaki et al., 2002,
2004; Chen et al., 2004; Hilpela et al., 2004]. In vitro [Kanzaki and Pessin, 2001; Kanzaki et
al., 2001, 2002; Chen et al., 2004] and in vivo [Brozinick et al., 2004] observations clearly
implicate the importance of the actin cytoskeletal network in GLUT4 regulation by insulin.

Interestingly, it is now clear that GLUT4 translocation can be activated by a variety of agents
by a mechanism not involving PI3K. For example, exercise/contraction, hyperosmolarity,
guanosine 5′-[γ-thio] triphosphate (GTPγS; a nonhydrolyzable GTP analog), endothelin-1
(ET-1), expression of constitutively active Gq (Gq/Q209L), and sphingomyelinase all have
been reported to stimulate GLUT4 translocation and glucose transport by a novel PI3K-
independent mechanism [Elmendorf, 2002]. Even though these alternative signaling pathways
leading to GLUT4 translocation apparently bypass initial insulin signal transduction steps, they
are likely to induce GLUT4 translocation through activation of a common convergent signal
transduction step downstream and/or in parallel to PI3K.

It is recognized that chronic exposure of cells to ET-1, a key vasoactive peptide, may fuel
insulin-resistance and cardiovascular disease states. For example, an association between
elevated circulating levels of ET-1 has been described in subjects with insulin resistance
associated with polycystic ovarian syndrome [Diamanti-Kandarakis et al., 2001], hypertension
[Seljeflot et al., 1998], obesity [Ferri et al., 1995, 1997; Piatti et al., 1999, 2000; Irving et al.,
2001], impaired glucose tolerance [Andronico et al., 1997], and type2diabetes [Mangiafico
etal., 1998;Caballero et al., 1999; Ak et al., 2001; Sanchez et al., 2001]. Even more striking is
that relatives of diabetic individuals display increased levels of circulating ET-1 [Caballero et
al., 1999]. Mechanistically, ET-1 signals via phospholipase Cβ (PLCβ)-mediated hydrolysis
of PIP2 and ET-1-induced disturbances in PI3K signaling have been reported to account for
impaired insulin sensitivity [Jiang et al., 1999; Ishibashi et al., 2001]. However, we recently
found that ET-1-induced PI3K abnormalities do not fully explain the insulin-resistant state
[Strawbridge and Elmendorf, 2005]. Given that PIP2-regulated cortical F-actin events may be
fundamentally important in GLUT4 regulation by osmotic shock, as it is insulin, we asked
whether the insulin-mimetic/PI3K-independent activity of hyperosmolarity was inhibited by
ET-1. Studies examined PIP2-regulated cytoskeletal mechanics and the PI3K-independent Cbl
signaling pathway reported to be utilized in the regulation of GLUT4 translocation by both
insulin and osmotic shock. The subsequent report provides a detailed account of these studies.

MATERIALS AND METHODS
Materials

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 (FBS) and bovine calf serum (BCS) were from Hyclone Laboratories, Inc.
(Logan, UT). Latrunculin B was purchased from Calbiochem (San Diego, CA).
Phosphatidylinositides (PtsIns(4,5)P2 diC16, PtsIns(3,4,5)P3 diC16) 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 [Kralik
et al., 2002]. Studies were performed on adipocytes between 8 and 12 days post-differentiation.
ET-1-induction of insulin resistance was performed by treating the cells in 10 nM ET-1/DMEM
for 24 h as previously described [Strawbridge and Elmendorf, 2005]. Cells were either
untreated or treated for 60 min with 20 μM latrunculin B and incubated for 30 min with 1.25
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μM phosphatidylinositide: 0.625 μM histone complex. Unless otherwise indicated, cells were
acutely stimulated for 30 min with 10 nM insulin or 600 mM sorbitol after pretreatments for
GLUT4 translocation studies, or stimulated 5 min with either insulin or sorbitol for Cbl
analyses.

Plasma Membrane Sheet Assay
Plasma membrane sheets were prepared as previously described [Kralik et al., 2002] with minor
modifications. Briefly, following treatments, cells were placed on ice (GLUT4 trafficking
analyses) and fixed as previously described [Kralik et al., 2002], 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/phosphate buffered saline (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, Inc., Ann Arbor, MI),
followed by incubation at 25°C with 1:50 rhodamine red-X-conjugated anti-rabbit or anti-
mouse antibody (Jackson Immunoresearch, Inc., 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 4% paraformaldehyde/0.2%
Triton X-100/PBS. For labeling of actin after fixation, cells were incubated with 1:1,000 FITC-
conjugated phalloidin for 2 h at 25°C. Samples were examined via a Zeiss LSM 510 NLO
Confocal Microscope (Thornwood, NY). All microscopic and camera settings were identical
within experiments, and representative images are shown.

GLUT4 Immunofluorescence Quantification
Whole cells or plasma membrane sheets were prepared and probed with primary antibodies to
GLUT4 (Santa Cruz Biotechnology, Santa Cruz, CA). Caveolin-1 antibodies (Upstate,
Waltham, MA and Santa Cruz Biotechnology) 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). Images were
collected and quantitated with the Odyssey infrared imaging system (LI-COR, Lincoln, NE)
as previously described [Razidlo et al., 2004; Wong, 2004].

Preparation of Total Cell Extracts and Immunoprecipitation
Total cell extracts were prepared and samples were immunoprecipitated with antibodies to
Cbl-1 (Santa Cruz Biotechnology) as we have previously described [Kralik et al., 2002].

Electrophoresis and Immunoblotting
Immunoprecipitated fractions were separated by 7.5% SDS–PAGE. Then transferred to
Immobilon P membrane (Millipore, Bedford, MA). Proteins were immunoblotted with either
a monoclonal phosphotyrosine antibody (PY20: HRPO; Transduction Laboratories, San
Diego, CA) or Cbl antibody (Santa Cruz Biotechnology). All immunoblots were subjected to
enhanced chemiluminescence detection (Amersham, Piscataway, NJ) and densitometry
(ImageJ v1.33u, NIH).
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Statistical Analysis
All values are means ± SE. ANOVA was used to determine differences among groups. Where
a significant difference was indicated, the Fisher’s Test was used to determine significant
differences between groups. P <0.05 was considered statistically significant.

RESULTS
ET-1-Induces Resistance to Both Insulin- and Osmotic Shock-Stimulated GLUT4
ranslocation in 3T3-L1 Adipocytes

The ET-1-induced defect in GLUT4 regulation by insulin is apparent in 3T3-L1 adipocytes
exposed to this vasoactive peptide for 24 h as we [Strawbridge and Elmendorf, 2005] and others
[Ishibashi et al., 2001] have documented (Fig. 1A, panels 3 and 4). As expected, hyperosmotic
incubation conditions (600 mM sorbitol) increased plasma membrane GLUT4 content (Fig.
1B, panels 1 and 3). Similar to the ET-1-induced loss of insulin-stimulated GLUT4
translocation, ET-1 treatment diminished the insulin-mimetic stimulatory action of
hyperosmolarity (Fig. 1B, panels 3 and 4). Quantitation is presented as the ratio of GLUT4 to
caveolin-1 immunofluorescence (Fig. 1D). As we previously reported [Strawbridge and
Elmendorf, 2005], the ET-1-induced defect was clearly associated with a loss of plasma
membrane PIP2, as assessed by PIP2 immuno-detection of plasma membrane sheets (Fig. 1C,
main panels 1 and 2), and a concomitant drop in the cortical F-actin, as assessed by phalloidin
staining of whole cells (Fig. 1C, inset panels 1 and 2).

PIP2 Restores Adipocyte Sensitivity to Osmotic Shock
Based on our previous studies teaching us that a component of ET-1-induced insulin resistance
involves a loss of plasma membrane PIP2 [Strawbridge and Elmendorf, 2005], we next tested
if exogenous PIP2 add-back could prevent the negative effect of ET-1 on GLUT4 translocation
induced by hyperosmolarity. Using an established PIP2 replenishment procedure [Chen et al.,
2004; Strawbridge and Elmendorf, 2005], we observed that carrier delivery of PIP2 into insulin-
resistant adipocytes replenished plasma membrane PIP2 (Fig. 1C, compare main panels 2 and
4) and cortical F-actin (Fig. 1C, compare inset panels 2 and 4). This tactic sufficiently restored
the ability of osmotic shock to stimulate GLUT4 translocation during chronic ET-1 exposure
(Fig. 1D). As with insulin [Strawbridge and Elmendorf, 2005], this restoration was dependent
upon F-actin integrity as the restorative effect did not occur if actin re-polymerization was
blocked by latrunculin B co-treatment. Carrier alone was without effect on plasma membrane
PIP2, cortical F-actin, and GLUT4 levels under all conditions tested.

ET-1 Disrupts Insulin and Osmotic Shock Mediated Tyrosine Phosphorylation of Cbl
Parallel studies tested the effect of ET-1 on the rapid and transient insulin and osmotic shock-
induced tyrosine phosphorylation of Cbl [Chen et al., 1997; Liu et al., 2003]. The extent of
insulin-stimulated tyrosine phosphorylation of Cbl was markedly decreased at an early time
point (5 min) and its transient level of phosphorylation remained reduced in cells treated with
ET-1 (Fig. 2A). Remarkably, ET-1 induced a 45% decrease (P < 0.02) in Cbl tyrosine
phosphorylation, which very closely parallels the ET-1-induced decrease in insulin-stimulated
glucose transport previously reported [Strawbridge and Elmendorf, 2005]. In agreement with
earlier studies [Chen et al., 1997; Kralik et al., 2002], osmotic shock markedly increased the
tyrosine phosphorylation of Cbl under control conditions and the extent of phosphorylation at
the 5-min time point was impaired by ET-1 as seen with insulin stimulation (Fig. 2B).
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PIP2, but not PIP3 Replenishment, Reverses ET-1-Induced Impairment of Insulin-Stimulated
Cbl Tyrosine Phosphorylation

Since we have previously shown that the PIP2-dependent reversal of ET-1-induced insulin
resistance is independent of the activities of Akt-1 and Akt-2 activity [Strawbridge and
Elmendorf, 2005], we sought to determine if PIP2 replenishment would restore insulin-
stimulated phosphorylation of Cbl. Consistent with a PIP2-induced defect in Cbl signal
transduction, PIP2 add-back corrected the ET-1-induced defect in insulin-stimulated Cbl
signaling (Fig. 3A), whereas PIP3 add-back did not reverse this defect (Fig. 3B).

DISCUSSION
In recent years, there has been increasing awareness of the potential role of ET-1 in the
development of insulin resistance. Studies from several laboratories have reported that (i)
circulating levels of ET-1 are elevated in insulin resistance associated with aging [Sayama et
al., 1999], metabolic syndrome X [Ferri et al., 1997], obesity [Ferri et al., 1995, 1997],
polycystic ovary syndrome [Diamanti-Kandarakis et al., 2001], and type 2 diabetes [Takahashi
et al., 1990; Ferri et al., 1997]; (ii) ET-1 administration in vivo leads to insulin resistance in
rats [Juan et al., 1996; Wilkes et al., 2003], and humans [Teuscher et al., 1998]; (iii) blockade
of the endothelin type-A (ET-A) receptor prevents ET-1-induced reduction in insulin
sensitivity in humans [Ottosson-Seeberger et al., 1997], as well as in vitro [Chou et al., 1994;
Jiang et al., 1999; Idris et al., 2001; Ishibashi et al., 2001] and in vivo [Teuscher et al., 1998;
Wilkes et al., 2003] models of ET-1-induced insulin resistance; and (iv) key signal transduction
mechanisms of insulin action in skeletal muscle [Idris et al., 2001; Wilkes et al., 2003],
smoothmuscle [Jiang et al., 1999], and fat [Chou et al., 1994; Idris et al., 2001; Ishibashi et al.,
2001] cells are impaired following chronic ET-1 treatment. The results of our studies are in
full agreement with these observations and further demonstrate ET-1-induced defects in lipid
membrane, actin cytoskeletal, and signaling events regulating GLUT4 trafficking.

Using hyperosmolarity as a molecular tool to better understand targets of ET-1 action, this
report found that ET-1 disturbs PIP2-regulated cortical F-actin polymerization and tyrosine
phosphorylation of Cbl. With regards to PIP2/actin, these data further demonstrate the essential
role of membrane lipids and cellular cytoskeleton in GLUT4 regulation and dysregulation, as
we have recently published. Unlike the recognized importance of PIP2/actin, a role for Cbl
signaling in GLUT4 regulation remains controversial [Minami et al., 2003; Ahn et al., 2004;
Mitra et al., 2004]. Nonetheless, Gual et al. [2002] recently suggested that like insulin, osmotic
shock-induced glucose transport involves the Cbl pathway. We found that the abilities of
insulin and osmotic shock to elicit the tyrosine phosphorylation of Cbl in 3T3-L1 adipocytes
were impaired following ET-1 exposure. Moreover, the corrective effect of exogenous PIP2
on actin structure and GLUT4 translocation concomitantly occurred with a restoration in Cbl
phosphorylation. Although regulation of the actin filament network by PIP2 is supported by
several studies [Shibasaki et al., 1997; Sechi and Wehland, 2000; Kanzaki et al., 2004], a role
for PIP2 and/or cortical F-actin in the spatial regulation of Cbl has not been investigated. The
presence of PIP2, actin, and Cbl in cholesterol-dependent microdomains of the plasma
membrane [Baumann et al., 2000; Laux et al., 2000; Kanzaki and Pessin, 2002; Kwik et al.,
2003] highlight the possible importance of these structural and signaling components in ET-1-
induced insulin resistance. Interestingly, the anti-diabetic actions of metformin have been
demonstrated to influence cellular cholesterol levels [Hsueh and Law, 1998] and the metabolic
profile of women with polycystic ovary syndrome and high levels of ET-1 [Diamanti-
Kandarakis et al., 2001]. A model whereby plasma membrane cholesterol and PIP2 jointly
influence insulin action and where ET-1 disturbs this putatively critical lipid environment for
insulin action is intriguing and we are in the process of testing this.
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Based upon the findings herein and recent findings demonstrating the importance of PIP2,
cortical F-actin, and Cbl in insulin action [Kanzaki and Pessin, 2001, 2002; Jiang et al.,
2002], these studies provide key insight into the cellular mechanisms involved in ET-1-induced
insulin resistance. We speculate that ET-1 action not only negatively impacts phosphoinositide
regulation of cortical F-actin polymerization, but also membrane-based signal transduction
events. Tests examining whether disruption of PIP2 by ET-1 disturbs Cbl recruitment to the
plasma membrane (where it apparently undergoes tyrosine phosphorylation [Baumann et al.,
2000]) are underway. In conclusion, this study advances our understanding of the pertinent
role membrane lipids play in cytoskeletal structure and insulin action, and reveals a novel
PIP2-dependent Cbl-signaling disturbance in insulin action. Further studies designed to deepen
our understanding of membrane abnormalities associated with insulin-resistant states will have
a fundamental impact on diabetes research.
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Abbreviations used
PIP2  

phosphatidylinositol 4,5-bisphosphate

PIP3  
phosphatidylinositol 3,4,5-trisphosphate

ET-1  
endothelin-1

ET-A  
endothelin type-A receptor

F-actin  
filamentous actin

G-actin  
globular actin

IR  
insulin receptor

IRS  
insulin receptor substrate

PDK  
PIP3-dependent kinase

PLC  
phospholipase C

PKC  
protein kinase C

PI3K  
phosphatidylinositol 3-kinase
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PBS  
phosphate buffered saline

FBS  
fetal bovine serum

BCS  
bovine calf serum

DMEM  
Dulbecco’s modified Eagle’s medium

2-DG  
2-deoxyglucose

GSK-3  
glycogen synthase kinase-3
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Fig. 1.
Endothelin-1 (ET-1) impairs insulin- and osmotic shock-stimulated GLUT4 translocation in a
phosphatidylinositol 4,5-bisphosphate (PIP2)-dependent manner. 3T3-L1 adipocytes were
incubated in the absence (panels 1 and 3) or presence (panels 2 and 4) of 10 nM ET-1 for 24
h. Following ET-1 exposure, cells were either left untreated (panels 1 and 2) or acutely (30
min) treated (panels 3 and 4) with (A) 10 nM insulin or (B) 600 mM sorbitol. Plasma membrane
GLUT4 immunofluorescence was detected in membrane sheets as described in Materials and
Methods. C: After ET-1 incubation, either 0.625 μM Histone H1 (Carrier) or 1.25 μM
PIP2/0.625 μM Histone H1 (PIP2) was added to the medium for 1 h. Plasma membrane PIP2
immunofluorescence (red) was detected in membrane sheets (main panels) and cortical
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filamentous actin (F-actin) (green) was detected in whole cells (inset panels) as described in
Materials and Methods. D: Prior to 600 mM sorbitol treatment, media was supplemented with
carrier or PIP2 as indicated above. Some cells were also co-treated with Latrunculin B as
described in Materials and Methods. GLUT4 immunofluorescence relative to caveolin-1 was
determined using the LI-COR imaging system. Each bar is expressed as a percentage of control
in the absence of PIP2 and represents the mean ± SEM of 5 determinations. (*P <0.003 versus
control.) [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 2.
Insulin and phosphatidylinositol 3-kinase (PI3K)-independent Cbl signaling to GLUT4 is
impaired by ET-1. Following control and ET-1 incubations, Cbl was immunoprecipitated and
tyrosine phosphorylation assessed from cells that were left untreated or treated with (A) 10 nM
insulin for the indicated times or (B) 600 mM sorbitol for 5 min. Densitometric values (A.U.)
are from 3–5 independent experiments (*P <0.05 vs. unstimulated control, † P <0.02 vs. 5-min
control time point).
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Fig. 3.
PIP2, but not phosphatidylinositol 3,4,5-trisphosphate (PIP3), replenishment reverses ET-1-
induced impairment of insulin-stimulated Cbl tyrosine phosphorylation. PIP2 and PIP3 levels
were replenished and insulin-stimulated Cbl tyrosine phosphorylation was assessed in the
absence (open bars) and presence (shaded bars) of ET-1. Carrier or phosphoinositide-treated
cells were left unstimulated (−) or stimulated with insulin (+) for 5 min. Cbl protein was
immunoprecipitated, resolved, and analyzed for tyrosine phosphorylation. A: Cbl
phosphorylation following replenishment of PIP2 or (B) PIP3 into cells is reported as mean
3SE from 4–5 independent experiments. A: *P <0.0001 versus unstimulated control, † P <0.005
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versus all groups, (B) *P <0.0001 versus unstimulated control, † P <0.01 versus all groups
except insulin-treated ET-1 group.
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