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We have previously reported that insulin and osmotic shock stimulate an increase in glucose transport
activity and translocation of the insulin-responsive glucose transporter isoform GLUT4 to the plasma mem-
brane through distinct pathways in 3T3L1 adipocytes (D. Chen, J. S. Elmendorf, A. L. Olson, X. Li, H. S. Earp,
and J. E. Pessin, J. Biol. Chem. 272:27401–27410, 1997). In investigations of the relationships between these
two signaling pathways, we have now observed that these two stimuli are not additive, and, in fact, osmotic
shock pretreatment was found to completely prevent any further insulin stimulation of glucose transport
activity and GLUT4 protein translocation. In addition, osmotic shock inhibited the insulin stimulation of
lipogenesis and glycogen synthesis. This inhibition of insulin-stimulated downstream signaling occurred
without any significant effect on insulin receptor autophosphorylation or tyrosine phosphorylation of insulin
receptor substrate 1 (IRS1). Furthermore, there was no effect on either the insulin-stimulated association of
the p85 type I phosphatidylinositol (PI) 3-kinase regulatory subunit with IRS1 or phosphotyrosine antibody-
immunoprecipitated PI 3-kinase activity. In contrast, osmotic shock pretreatment markedly inhibited the
insulin stimulation of protein kinase B (PKB) and p70S6 kinase activities. In addition, the dephosphorylation
of PKB was prevented by pretreatment with the phosphatase inhibitors okadaic acid and calyculin A. These
data support a model in which osmotic shock-induced insulin resistance of downstream biological responses
results from an inhibition of insulin-stimulated PKB activation.

It is well established that in striated muscle and adipose
tissue, insulin predominantly stimulates glucose uptake by in-
ducing the translocation of the insulin-responsive glucose
transporter isoform GLUT4 from its intracellular storage sites
to the plasma membrane (24, 25, 27, 43). Although the molec-
ular pathways and specific protein interactions leading to
GLUT4 translocation have not yet been fully elucidated, re-
cent studies have identified several of the proximal insulin-
dependent signaling events. Initially, the binding of insulin to
the cell surface insulin receptor triggers the autophosphoryla-
tion and activation of the intrinsic protein tyrosine kinase ac-
tivity of the insulin receptor b subunit (10). In turn, the acti-
vated insulin receptor can then tyrosine phosphorylate a
variety of intracellular substrates, including insulin receptor
substrate 1 (IRS1), IRS2, IRS3, IRS4, Gab1, signal regulatory
proteins (SIRPs), and Shc (10, 23, 28, 36, 37, 57). In particular,
the tyrosine phosphorylation of the IRS proteins generates
multisubunit docking sites for a variety of Src homology 2
domain-containing effector molecules which are necessary to
sort and transmit mitogenic and metabolic signals (10, 59).

Several studies examining the signaling pathways regulating
the insulin stimulation of GLUT4 translocation, glucose up-
take, and glycogen and protein synthesis have strongly indi-
cated a role for the activation and/or appropriate targeting of
the type I phosphatidylinositol (PI) 3-kinase (2, 15, 42, 48, 49).
The phospholipid product of the PI 3-kinase (PI-3,4,5-P3) has

been observed to function as an upstream regulator of the
atypical protein kinase C isoforms lambda and zeta and the
serine/threonine kinase protein kinase B (PKB) (3, 35, 38, 50,
51). In the case of PKB, the interaction of its amino-terminal
pleckstrin homology (PH) domain with this phosphoinositide
triphosphate induces a conformational change in PKB, releas-
ing an inhibitory constraint and thereby making it a more
efficient substrate for the phosphatidylinositide-dependent ki-
nase (PDK) PDK1 (3, 4, 51). The insulin-stimulated phosphor-
ylation of PKB on threonine 308 by PDK1 and on serine 473 by
PDK2 is required for maximal activation of PKB activity (1, 3,
4, 51).

Currently, several potential PKB targets leading to specific
downstream biological responses have been identified. These
include mTOR and p70S6 kinase, which are directly involved
in the regulation of protein synthesis, and glycogen synthesis
kinase 3 (GSK3), which has been implicated in the regulation
of glycogen synthesis (13, 14, 55). Although an essential role
for PKB in the insulin-stimulated translocation of GLUT4 has
recently become controversial (30, 35), stable or inducible ex-
pression of a constitutively active membrane-bound form of
PKB results in increased glucose transport activity and the
persistent plasma membrane localization of GLUT4 (20, 32,
34, 54). Consistent with this apparent PKB-dependent trans-
location of GLUT4, expression of a dominant-interfering PKB
mutant inhibited insulin-stimulated GLUT4 translocation (12).

In addition to the insulin-stimulated IRS–PI 3-kinase–PKB
pathway leading to GLUT4 translocation, several studies have
observed that insulinomimetic agents, such as guanosine 59-O-
(3-thiotriphosphate) and osmotic shock, stimulate GLUT4
translocation through a novel tyrosine kinase pathway inde-
pendent of PI 3-kinase and PKB (11, 16, 21, 45, 61, 63). Fur-
thermore, it has recently been reported that hyperosmotic
stress prevents vanadate- and platelet-derived growth factor-
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stimulated PKB activation by maintaining PKB in a dephos-
phorylated inactive state (39). Since insulin and osmotic shock
apparently utilize distinct signals to activate GLUT4 translo-
cation and glucose transport, we have examined the molecular
interaction between these two pathways. In the present study
we have determined that osmotic shock markedly attenuates
the insulin stimulation of GLUT4 translocation and glucose
transport activity without any significant effect on insulin re-
ceptor autophosphorylation, IRS1 tyrosine phosphorylation, or
activation of PI 3-kinase activity. Similarly, osmotic shock also
inhibited the insulin stimulation of lipogenesis and glycogen
synthesis. However, osmotic shock resulted in a dephosphory-
lation of PKB at both serine 473 and threonine 308, which
markedly attenuated PKB activity. In addition, the osmotic
shock-induced dephosphorylation of PKB activation was pre-
vented by pretreatment with the phosphatase inhibitors oka-
daic acid and calyculin A. Thus, these data suggest that at least
one mechanism for osmotic shock-induced insulin resistance
results from the stimulation of a PKB phosphatase that main-
tains PKB in an inactive state.

MATERIALS AND METHODS

Cell culture. 3T3L1 preadipocytes were maintained in Dulbecco’s modified
Eagle’s medium containing 25 mM glucose (DMEM) plus 10% calf serum in an
8% CO2 atmosphere and were differentiated to adipocytes by standard proce-
dures as previously described (41). Briefly, following confluency, the cells were
placed in differentiation medium (DMEM, 10% fetal bovine serum, 200 nM
insulin, 0.25 mM dexamethasone, 500 mM isobutylmethylxanthine) for 4 days.
The medium was then changed to DMEM containing 10% fetal bovine serum
and 200 nM insulin. After an additional 4 days, the cells were placed in DMEM
containing 10% fetal bovine serum without any additives and were used at
between 8 and 14 days after initiation of the differentiation protocol.

Plasma membrane sheet immunoblotting. Plasma membrane sheets were pre-
pared by the method of Robinson et al. (44). After stimulation, differentiated
3T3L1 adipocytes were washed twice with ice-cold phosphate-buffered saline
(PBS). Cells were then treated with 0.5 mg of poly-D-lysine per ml in PBS for 30 s,
followed by three washes with hypotonic buffer (23 mM KCl, 10 mM HEPES [pH
7.5], 1.7 mM MgCl2, 1 mM EGTA). The cells were subsequently covered with
sonication buffer (33 hypotonic buffer containing 1 mM dithiothreitol and 0.1
mM phenylmethylsulfonyl fluoride) and sonicated with a Fisher probe mem-
brane disrupter. Following sonication, the unsonicated intact cells were removed
with a cotton swab, and the plasma membrane sheets were washed five times with
the sonication buffer, resuspended in sucrose buffer (250 mM sucrose, 20 mM
HEPES [pH 7.4], 2 mM EDTA), and centrifuged at 190,000 3 g for 1 h at 4°C.
The pellets were then resuspended in Laemmli sample buffer, and aliquots were
separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis.
Upon electrophoretic transfer to nitrocellulose membrane, immunoblotting was
performed with a polyclonal GLUT4 antibody.

Glucose transport activity. 3T3L1 adipocytes were placed in DMEM contain-
ing 25 mM glucose plus 0.5% bovine serum albumin (BSA) for 2 h at 37°C. The
cells were washed with KRPH buffer (5 mM Na2HPO4, 20 mM HEPES [pH 7.4],
1 mM MgSO4, 1 mM CaCl2, 136 mM NaCl, 4.7 mM KCl, 1% BSA) and either
not treated or stimulated as described in the figure legends. Glucose uptake was
determined at 37°C by incubation with 50 mM 2-deoxyglucose containing 0.5 mCi
of 2-[3H]deoxyglucose in the absence or presence of 10 mM cytochalasin B. The
reaction was stopped after 5 min by washing the cells three times with ice-cold
PBS. The cells were then solubilized in 1% Triton X-100 at 37°C for 30 min, and
aliquots were subject to scintillation counting and Bradford protein assay.

Lipogenesis and glycogen synthesis. Lipogenesis and glycogen synthesis assays
were performed as previously described (60). Briefly, 3T3L1 adipocytes (six-well
culture dishes) were serum starved in Krebs-Ringer bicarbonate-HEPES buffer
(KRBH) (30 mM HEPES [pH 7.4], 134 mM NaCl, 3.5 mM KCl, 1.2 mM
KH2PO4, 0.5 mM MgSO4, 1.5 mM CaCl2, 5 mM NaHCO3) supplemented with
0.5% BSA and 2.5 mM glucose. The cells were washed once with PBS and
incubated for another 15 min in KRBH–0.5% BSA without glucose, after which
they were either not treated or stimulated as described in the figure legends. The
assay was initiated by the addition of [U-14C]glucose (0.125 mCi/sample) and
glucose (final concentration, 5 mM) and terminated 1 h later by washing the cells
three times with ice-cold PBS. The cells were then harvested in 1 ml of PBS and
added to 5 ml of Betafluor scintillant (National Diagnostics). Following an
overnight extraction, the radioactivity incorporated into lipid was determined by
counting the radioactivity in 4 ml of the organic phase. For the glycogen synthesis
assay, 3T3L1 adipocytes were serum starved, glucose deprived, and stimulated as
described for the lipogenesis assay. The glycogen synthesis assay was initiated by
adding [U-14C]glucose (2 mCi/sample) and glucose (final concentration, 5 mM)
and terminated 1 h later by solubilizing the cells with 0.7 ml of 30% KOH. The

radioactivity incorporated into glycogen was determined by precipitation as pre-
viously described (22).

Immunoblotting. Whole-cell detergent extracts of 3T3L1 adipocytes were pre-
pared as previously described (56). Briefly, following stimulation, the cells were
solubilized in lysis buffer (50 mM HEPES [pH 7.4], 1% Triton X-100, 100 mM
sodium fluoride, 2.5 mM EDTA, 10 mM sodium pyrophosphate, 2 mM sodium
vanadate, 1 mM phenylmethylsulfonyl fluoride, 2 mM pepstatin A, 10 mg of
aprotinin per ml, 10 mM leupeptin). The extracts were then microcentrifuged at
13,000 3 g for 10 min, and 40 mg of the supernatant was resolved by SDS-
polyacrylamide gel electrophoresis. In order to visualize the changes in PKB
mobility induced by phosphorylation, the samples were resolved on 1.5-mm by
10-cm SDS–10% low-cross-linking (acrylamide/bisacrylamide ratio, 30:0.1) poly-
acrylamide gels. Under most other conditions, a 10% regular cross-linking (30:
0.8 acrylamide/bisacrylamide ratio) polyacrylamide gel was used. In either case,
the whole-cell detergent extracts were then subjected to immunoblotting with
either a polyclonal PKB antibody that was raised against Akt2/PKBb (kindly
provided by Morris Birnbaum), the polyclonal phosphoserine 473-specific and
phosphothreonine 308-specific PKBa antibodies (New England Biolabs), or the
polyclonal p70S6 kinase antibody (Upstate Biotechnology Inc.). The immuno-
blots were visualized by using the enhanced chemiluminescence detection system
(Amersham).

Immunoprecipitations. Whole-cell detergent extracts were prepared as de-
scribed above and incubated for 2 h at 4°C with 5 mg of the polyclonal insulin
receptor antibody (Santa Cruz), the polyclonal IRS1 antibody (Upstate Biotech-
nology Inc.), or the monoclonal 3F10 hemagglutinin (HA) antibody (Boehringer
Mannheim). The samples were then precipitated with protein A- or protein
G-Sepharose and were immunoblotted with the horseradish peroxidase-conju-
gated monoclonal antiphosphotyrosine antibody PY20 (Transducation Labora-
tories), the polyclonal insulin receptor antibody, the polyclonal IRS1 antibody,
the monoclonal p85 antibody (Transduction Laboratories), or the phosphospe-
cific PKB antibodies.

Enzymatic activity of PKB. PKB kinase activity was determined as described
by Moule et al. (40) with minor modification. Briefly, 600 mg of 3T3L1 adipocyte
cell detergent extracts were immunoprecipitated with 5 mg of PKBa antibody
(Upstate Biotechnology Inc.) and protein G-Sepharose beads for 2 h at 4°C. The
protein G-Sepharose beads were washed and resuspended in 40 ml of assay buffer
(20 mM MOPS [morpholinepropanesulfonic acid] [pH 7.0], 1 mM EDTA, 1 mM
EGTA, 0.01% Brij 35, 5% glycerol) containing 0.1% 2-mercaptoethanol, 2.5 mM
cyclic AMP-dependent protein kinase inhibitor peptide, and 0.5 mg of histone
H2B per ml. The reaction was initiated by the addition of 100 mM ATP con-
taining 10 mCi of [g-32P]ATP at room temperature and was terminated after 20
min by the addition of Laemmli sample buffer.

p70S6 protein kinase activity. The p70S6 protein kinase assay was conducted
as described by Band and Posner (6) with minor modifications. 3T3L1 adipocytes
were solubilized in a lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 10 mM
sodium pyrophosphate, 100 mM sodium fluoride, 1.5 mM MgCl2, 1 mM EGTA,
200 mM sodium vanadate, 1 mM phenylmethylsulfonyl fluoride, 10 mg of leu-
peptin per ml, 10 mg of aprotinin per ml, 10% glycerol, 1% Triton X-100). The
extracts were then microcentrifuged at 13,000 3 g for 15 min, and the superna-
tant containing 700 mg of protein was incubated with 5 mg of the polyclonal
p70S6 kinase antibody (Upstate Biotechnology Inc.) and protein G-Sepharose
beads for 3 h at 4°C. The immune complexes were subsequently washed three
times with the lysis buffer and twice with assay dilution buffer (20 mM MOPS [pH
7.2], 25 mM b-glycerol phosphate, 5 mM EGTA, 1 mM sodium vanadate, 1 mM
dithiothreitol). Following washing, the p70S6 kinase activity was measured with
a p70S6 kinase assay kit (Upstate Biotechnology Inc.) by using an S6 kinase
peptide (AKRRRLSSLRA) as the substrate in accordance with the manufac-
turer’s instructions.

PI-3 kinase activity. PI-3 kinase activity was determined as previously de-
scribed (47, 58). Briefly, 1 mg of 3T3L1 adipocyte detergent cell extracts were
incubated with 5 mg of the antiphosphotyrosine antibody PY20 and protein
A-Sepharose beads for 4 h at 4°C. The beads were then washed sequentially
three times with wash buffer A (1% Nonidet P-40 in PBS), wash buffer B (100
mM Tris [pH 7.5], 5 mM LiCl, 100 mM sodium vanadate), and wash buffer C (10
mM Tris [pH 7.5], 100 mM NaCl, 1 mM EDTA, 100 mM sodium vanadate), with
each buffer containing 100 mM sodium fluoride, 10 mM sodium pyrophosphate,
and 1 mM phenylmethylsulfonyl fluoride. The beads were then resuspended in 60
ml of kinase assay buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 5 mM EDTA, 20
mM MgCl2), and the kinase reaction was initiated by the addition of 20 mg of
phosphatidylinositol and 50 mM ATP containing 30 mCi of [g-32P]ATP. The
samples were incubated for 10 min at room temperature, and the reactions were
terminated by the addition of 20 ml of 8 N HCl. The samples were then extracted
with 160 ml of chloroform-methanol (1:1), and the organic phase was concen-
trated by evaporation. The resultant lipid fractions were resolved by thin-layer
chromatography in chloroform-methanol-water-ammonium hydroxide (60:47:
11.3:2). The phosphorylated products were then visualized by autoradiography.

Transfection of CHO/IR cells. Chinese hamster ovary cells expressing the
insulin receptor (CHO/IR cells) were transfected with the mammalian expres-
sion plasmid pcDNA3 encoding HA epitope-tagged PKBa in which the PH
domain was deleted (DPH-PKB), threonine 308 was replaced with aspartic acid
(T308D), or serine 473 was replaced with aspartic acid (S473D). Briefly, CHO/IR
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cells were incubated in minimal Eagle’s medium supplemented with 10% fetal
bovine serum at 37°C and 5% CO2. Fully confluent CHO/IR cells were then
transiently transfected by electroporation (0.34 kV and 960 mF) with 2 mg of
plasmid DNA per cuvette as described previously (62). Following electropora-
tion, the cells were allowed to adhere to 10-cm-diameter tissue culture dishes for
30 h and were then serum starved for 6 h prior to stimulation with 100 nM insulin
and/or 600 mM sorbitol at 37°C.

RESULTS

Osmotic shock stimulates glucose transport and GLUT4
translocation but completely prevents any further increase by
insulin. Recently, we and others have reported that osmotic
shock can activate glucose transport and GLUT4 translocation
in 3T3L1 adipocytes through a novel protein tyrosine kinase
pathway that is independent of the insulin receptor, IRS pro-
teins, PI 3-kinase, and PKB (11, 45). To examine the interre-
lationship between these two pathways, the insulin stimulation
of glucose transport activity and GLUT4 translocation in the
absence and presence of osmotic shock was determined (Fig.
1). As expected, insulin stimulation resulted in approximately a
20-fold increase in 2-deoxyglucose uptake compared to that in
the control unstimulated cells (Fig. 1A, solid bars C and I). As

previously observed (11), osmotic shock increased glucose
transport 10-fold, which was approximately 50% of that in-
duced by insulin stimulation (Fig. 1A, solid bars I and S).
However, osmotic shock pretreatment followed by insulin
stimulation did not result in any further increase in glucose
transport activity (Fig. 1A, solid bar S1I). In addition, the
selective PI 3-kinase inhibitor wortmannin completely inhib-
ited the insulin stimulation of glucose transport but was with-
out effect on either the osmotic shock or osmotic shock-plus-
insulin stimulation (Fig. 1A, open bars). Thus, these data
demonstrate that the stimulation of glucose transport by os-
motic shock is not additive to that by insulin. Rather, osmotic
shock induces a relative state of insulin resistance.

Since the translocation of the GLUT4 glucose transporter
isoform from intracellular storage sites to the plasma mem-
brane is the primary event responsible for both insulin- and
osmotic shock-stimulated glucose transport, we directly exam-
ined the translocation of GLUT4 by immunoblotting of iso-
lated plasma membrane sheets (Fig. 1B). Insulin stimulation
for 10 min resulted in the typical increase of immunoreactive
GLUT4 protein at the plasma membrane indicative of GLUT4
translocation (Fig. 1B, lanes 1 and 2). Similar to the case for
glucose transport, brief osmotic shock treatment also resulted
in GLUT4 translocation, although to a smaller extent than that
by insulin (Fig. 1B, lane 3). As observed for glucose transport,
osmotic shock pretreatment prevented insulin from inducing
any further increase in GLUT4 translocation (Fig. 1B, lane 4).
Furthermore, the effect of osmotic shock was also relatively
rapid, with similar extents of GLUT4 translocation occurring
by 12 or 30 min (Fig. 1B, lanes 3 and 6). Similarly, the full
extent of insulin-stimulated GLUT4 translocation occurred by
10 min and did not significantly increase following 30 min of
insulin stimulation (Fig. 1B, lanes 2 and 5). Thus, these data
demonstrate that osmotic shock pretreatment inhibits the in-
sulin stimulation of GLUT4 translocation and glucose trans-
port activity in 3T3L1 adipocytes.

Osmotic shock inhibits the insulin stimulation of lipogene-
sis and glycogen synthesis. In addition to glucose transport,
insulin acutely stimulates other metabolic responses in adipo-
cytes, such as lipogenesis and glycogen synthesis (Fig. 2). In
these cells, insulin treatment resulted in approximately a 5-fold
increase in lipogenesis, whereas osmotic shock was only par-
tially effective, displaying approximately a 2.5-fold stimulation
(Fig. 2A, compare bar C with bars I and S). Similar to the case
for GLUT4 translocation, osmotic shock pretreatment com-
pletely prevented any further insulin-stimulated increase in
lipogenesis (Fig. 2A, solid bar S1I). In contrast, insulin in-
duced a 50-fold increase in glycogen synthesis (Fig. 2B, bars C
and I). However, in this case osmotic shock itself had no effect
on glycogen synthesis but still completely inhibited any insulin
stimulation (Fig. 2B, bars S and S1I). The inability of osmotic
shock to stimulate glycogen synthesis is consistent with the
reported role of a PKB-dependent inactivation of GSK3 as a
required event for glycogen synthase activation (13, 14).

Osmotic shock does not affect insulin-stimulated insulin
receptor autophosphorylation or tyrosine phosphorylation of
IRS1. The first detectable event following insulin binding to
the insulin receptor is the tyrosine autophosphorylation of the
insulin receptor b subunit and subsequent activation of its
substrate tyrosine kinase activity (10). Therefore, to determine
whether osmotic shock pretreatment had any effect on insulin-
stimulated b subunit autophosphorylation, 3T3L1 adipocytes
were either left untreated or osmotically shocked for 30 min
prior to the addition of insulin (Fig. 3). In the control cells,
insulin stimulation for 2 to 60 min resulted in a marked in-
crease in insulin receptor autophosphorylation as determined

FIG. 1. Osmotic shock pretreatment inhibits insulin-stimulated glucose
transport activity and GLUT4 translocation. (A) Differentiated 3T3L1 adipo-
cytes were either left untreated (2, solid bars) or treated with 100 nM wortman-
nin (1, open bars) for 15 min at 37°C. The cells were then either left untreated
(C), stimulated with 100 nM insulin for 15 min (I), incubated with 600 mM
sorbitol for 45 min (S), or preincubated with 600 mM sorbitol for 30 min and
then stimulated with insulin for another 15 min (S1I). The initial rate of
2-[3H]deoxyglucose uptake was then determined as described in Materials and
Methods. The basal rate of 2-[3H]deoxyglucose uptake activity was normalized to
1. Error bars indicate standard deviations. (B) Differentiated 3T3L1 adipocytes
were either left untreated (lane 1) or stimulated with 100 nM insulin for 10 (lane
2) or 30 (lane 5) min at 37°C. The 3T3L1 adipocytes were also pretreated with
600 mM sorbitol for 12 (lane 3) and 30 (lane 6) min at 37°C. In parallel, the cells
were also pretreated with 600 mM sorbitol for 2 min and then incubated for an
additional 10 min with 100 nM insulin (lane 4). Purified plasma membrane sheets
were then prepared as described in Materials and Methods. The isolated plasma
membranes were then immunoblotted (IB) with the GLUT4 antibody.
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by phosphotyrosine immunoblots of insulin receptor immuno-
precipitates (Fig. 3A, lanes 1 to 4). Similarly, the time course
and extent of insulin receptor autophosphorylation were not
affected by prior osmotic shock treatment of the 3T3L1 adi-
pocytes (Fig. 3A, lanes 5 to 8). To ensure equal immunopre-
cipitation of the insulin receptor under these conditions, the
insulin receptor immunoprecipitates were also subjected to
immunoblotting with a b subunit-specific antibody (Fig. 3B).

In parallel, we next determined the effect of osmotic shock
on the insulin stimulation of IRS1 tyrosine phosphorylation
(Fig. 4). In control cells, insulin stimulation resulted in a time-
dependent increase in IRS1 tyrosine phosphorylation which
persisted for at least 60 min (Fig. 4A, lanes 1 to 4). As observed
for insulin receptor autophosphorylation (Fig. 3), pretreat-
ment by osmotic shock did not have any significant effect on
the subsequent insulin stimulation of IRS1 tyrosine phosphor-
ylation (Fig. 4A, lanes 5 to 8). The small apparent increase in
IRS1 protein following both insulin stimulation (Fig. 4B, lanes
2 to 4) and osmotic shock treatment (Fig. 4B, lanes 5 to 8)
reflects a broadening of the IRS1 band due to serine/threonine
phosphorylation (references 52 and 53 and unpublished re-
sults). Thus, under these conditions, the amount of immuno-

precipitated IRS1 protein remained relatively constant (Fig.
4B). Similar to the case for 3T3L1 adipocytes, we have also
observed that osmotic shock treatment of CHO/IR cells had no
effect on insulin-stimulated b subunit or IRS1 tyrosine phos-
phorylation (data not shown). Together, these data demon-
strate that osmotic shock does not impair either the time de-
pendence or extent of insulin-stimulated insulin receptor
autophosphorylation and IRS1 tyrosine phosphorylation.

Osmotic shock pretreatment does not affect the insulin-
stimulated IRS1 association and activation of the PI 3-kinase.
Numerous studies have documented that the type I PI 3-kinase
associates with tyrosine-phosphorylated IRS1 and that PI 3-ki-
nase activity is necessary for insulin-stimulated GLUT4 trans-
location and glucose transport (15, 48). Although we did not
observe any overall change in insulin-stimulated IRS1 tyrosine
phosphorylation as a result of osmotic shock pretreatment, it
remained formally possible that osmotic shock affected the
specific association of IRS1 with the PI 3-kinase. To assess this
possibility, we next immunoprecipitated IRS1 and determined
the amount of associated PI 3-kinase by immunoblotting for
the p85 regulatory subunit (Fig. 5A). Insulin stimulation for
various times resulted in a specific association of the p85 reg-

FIG. 2. Osmotic shock pretreatment inhibits the insulin stimulation of lipogenesis and glycogen synthesis. Differentiated 3T3L1 adipocytes were either left untreated
(C), stimulated with 100 nM insulin for 15 min (I), incubated with 600 mM sorbitol for 15 min (S), or preincubated with 600 mM sorbitol for 15 min and then stimulated
with insulin for another 15 min (S1I). The initial rate of [14C]glucose incorporation into lipid (A) or glycogen (B) was determined as described in Materials and
Methods. The basal rates of lipogenesis and glycogen synthesis were normalized to 1. Error bars indicate standard deviations.

FIG. 3. Osmotic shock pretreatment does not affect insulin-induced tyrosine phosphorylation of the insulin receptor. Differentiated 3T3L1 adipocytes were either
left untreated (lanes 1 to 4) or pretreated with 600 mM sorbitol (lanes 5 to 8) for 30 min at 37°C. The cells were then incubated in the absence of insulin (lanes 1 and
5) or in the presence of 100 nM insulin for 2 (lanes 2 and 6), 30 (lanes 3 and 7), or 60 (lanes 4 and 8) min. Whole-cell extracts were then prepared, and the insulin
receptor (IR) was immunoprecipitated (IP) with an insulin receptor antibody as described in Materials and Methods. The immunoprecipitates were then immuno-
blotted (IB) with the PY20 phosphotyrosine antibody (A) or the insulin receptor antibody (B).
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ulatory subunit with IRS1 (Fig. 5A, lanes 1 to 4). Similarly,
osmotic shock pretreatment of the 3T3L1 adipocytes had no
effect on either the extent or time dependence of insulin-
stimulated association of IRS1 with the p85 protein (Fig. 5A,
lanes 5 to 8). In parallel, the amount of IRS1 protein immu-
noprecipitated was essentially identical (Fig. 5B).

Although 3T3L1 adipocytes express primarily the IRS1 pro-
tein with relatively low levels of IRS2, it was also possible that
osmotic shock might have affected other tyrosine-phosphory-
lated docking proteins which associate with the PI 3-kinase. To
assess this possibility, we determined the PI 3-kinase activity in
phosphotyrosine antibody immunoprecipitates (Fig. 5C). As
expected, there was essentially no detectable PI 3-kinase ac-
tivity in phosphotyrosine immunoprecipitates from control
cells, whereas there was a marked increase following insulin
stimulation (Fig. 5C, lanes 1 and 2). Similarly, the basal and

insulin-stimulated increase in phosphotyrosine-immunopre-
cipitated PI 3-kinase activity were unchanged in cells pre-
treated by osmotic shock (Fig. 5C, lanes 3 and 4). In addition,
osmotic shock treatment had no significant effect on the IRS1
association and/or activation of the PI 3-kinase in CHO/IR
cells (data not shown). Thus, these data are consistent with the
results of the coimmunoprecipitation of IRS1 with the p85 PI
3-kinase regulatory subunit and suggest that osmotic shock
inhibits insulin-stimulated glucose transport by blocking a sig-
naling step further downstream of PI-3 kinase.

Osmotic shock inhibits the insulin activation of PKB. PKB
is a serine/threonine kinase activated by insulin and other
growth hormones in a PI-3 kinase-dependent manner (1, 5, 8,
18, 33). Recently, several studies have also implicated PKB in
the pathway leading to the insulin stimulation of GLUT4 trans-
location, glucose transport, and glycogen synthesis (12–14, 20,

FIG. 4. Osmotic shock pretreatment does not affect insulin-induced tyrosine phosphorylation of IRS1. Differentiated 3T3L1 adipocytes were either left untreated
(lanes 1 to 4) or pretreated with 600 mM sorbitol (lanes 5 to 8) for 30 min at 37°C. The cells were then incubated in the absence of insulin (lanes 1 and 5) or in the
presence of 100 nM insulin for 2 (lanes 2 and 6), 30 (lanes 3 and 7), or 60 (lanes 4 and 8) min. Whole-cell extracts were then prepared, and IRS1 was immunoprecipitated
with an IRS1 antibody as described in Materials and Methods. The immunoprecipitates were then immunoblotted with the PY20 phosphotyrosine antibody (A) or the
IRS1 antibody (B).

FIG. 5. Osmotic shock pretreatment does not affect insulin-induced association of IRS1 with the p85 subunit of the PI-3 kinase or PI-3 kinase activation. (A)
Differentiated 3T3L1 adipocytes were either left untreated (lanes 1 to 4) or pretreated with 600 mM sorbitol (lanes 5 to 8) for 30 min at 37°C. The cells were then
incubated in the absence of insulin (lanes 1 and 5) or in the presence of 100 nM insulin for 2 (lanes 2 and 6), 30 (lanes 3 and 7), or 60 (lanes 4 and 8) min. Whole-
cell extracts were then prepared, and IRS1 was immunoprecipitated (IP) with an IRS1 antibody as described in Materials and Methods. The immunoprecipitates were
then immunoblotted (IB) with the p85 PI 3-kinase regulatory subunit. (B) In parallel, the IRS1 immunoprecipitates described above were immunoblotted with an IRS1
antibody. (C) Differentiated 3T3L1 adipocytes were either left untreated (lanes 1 and 2) or pretreated with 600 mM sorbitol (lanes 3 and 4) for 30 min at 37°C. The
cells were then incubated in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of 100 nM insulin for 5 min. Whole-cell extracts were then prepared, and total
tyrosine-phosphorylated proteins were immunoprecipitated with the PY20 phosphotyrosine antibody. The amount of PY20-immunoprecipitated PI-3 kinase activity was
determined by using the substrate phosphatidylinositol as described in Materials and Methods. PIP, phosphatidylinositol phosphate.
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32, 34, 54). To investigate whether PKB was a target for os-
motic shock inhibition, we compared the abilities of insulin to
activate PKB in the presence and absence of osmotic shock
(Fig. 6). Full activation of PKB requires serine/threonine phos-
phorylation, resulting in a decrease in SDS-polyacrylamide gel
electrophoretic mobility (13, 33). As expected, insulin stimu-
lation led to a rapid and persistent reduction in the electro-
phoretic mobility of PKB (Fig. 6A, lanes 1 to 4). Although
osmotic shock itself had no effect on PKB electrophoretic
mobility (Fig. 6A, lane 5), osmotic shock pretreatment com-
pletely prevented the insulin-stimulated PKB gel shift (Fig. 6A,
lanes 6 to 8). Since previous studies have reported that changes
in PKB phosphorylation, and hence SDS-polyacrylamide elec-
trophoretic mobility, may not necessarily correlate with protein
kinase activity (17, 19, 31, 40), we confirmed these data by
using a PKB in vitro kinase assay (Fig. 6B). Under these con-
ditions, insulin stimulation increased PKB activity approxi-
mately sevenfold (Fig. 6B, lanes 1 and 2). In contrast, osmotic
shock pretreatment resulted in a 70% reduction of insulin-
stimulated PKB activity (Fig. 6B, lane 4). This occurred with-
out any significant effect of osmotic shock on basal PKB activ-
ity (Fig. 6B, lane 3). Similarly, osmotic shock pretreatment of
CHO/IR cells also prevented the insulin-stimulated electro-
phoretic mobility shift and activation of PKB (data not shown).

Recently, it has been established that the phosphorylation of
two specific residues (threonine 308 and serine 473) is required
for maximal PKB activation (1). We therefore examined the
effect of osmotic shock on the insulin-stimulated phosphoryla-
tion of PKB by using both serine 473 and threonine 308 phos-
pho-specific PKB antibodies (Fig. 7). In unstimulated cells,
there was a relatively low level of serine 473 phospho-PKB
antibody immunoreactivity (Fig. 7A, lane 1). As expected, in-
sulin stimulation for 5 and 30 min resulted in an increase in
PKB serine 473 phosphorylation (Fig. 7A, lanes 2 and 3). In
contrast, pretreatment with osmotic shock completely pre-
vented the insulin-stimulated increase in PKB serine 473 phos-
phorylation (Fig. 7A, lanes 5 and 6). Similarly, immunoblotting
with a threonine 308 phospho-specific antibody demonstrated
a low level of threonine phosphorylation in unstimulated cells
which increased following insulin stimulation for 5 and 30 min
(Fig. 7B, lanes 1 to 3). Although osmotic shock itself had no
significant effect on threonine 308 phosphorylation, osmotic

shock pretreatment resulted in a substantial attenuation of
insulin-stimulated PKB threonine 308 phosphorylation (Fig.
7B, lanes 4 to 6). To ensure that these differences were not due
to unequal PKB expression, the relative levels of PKB were
determined by immunoblotting (Fig. 7C). It should also be
noted that in these experiments the SDS-polyacrylamide gel
electrophoresis conditions were not optimized to detect the
PKB gel shift. Nevertheless, the reduction in PKB electro-
phoretic mobility was discernible following insulin stimulation
(Fig. 7C, lanes 1 to 3) but not in the osmotic shock-treated cells
(Fig. 7C, lanes 4 to 6). This apparent inhibition of the PKB

FIG. 6. Osmotic shock pretreatment inhibits the insulin stimulation of PKB mobility shift and kinase activity. (A) Differentiated 3T3L1 adipocytes were either left
untreated (lanes 1 to 4) or pretreated with 600 mM sorbitol (lanes 5 to 8) for 30 min at 37°C. The cells were then incubated in the absence of insulin (lanes 1 and 5)
or in the presence of 100 nM insulin for 2 (lanes 2 and 6), 30 (lanes 3 and 7), or 60 (lanes 4 and 8) min. Whole-cell extracts were then prepared and immunoblotted
(IB) with the PKB antibody as described in Materials and Methods. (B) Differentiated 3T3L1 adipocytes were either left untreated (lanes 1 and 2) or pretreated with
600 mM sorbitol (lanes 3 and 4) for 30 min at 37°C. The cells were then incubated in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of 100 nM insulin for
5 min. Whole-cell extracts were then prepared and immunoprecipitated with the PKB antibody. The amount of immunoprecipitated PKB activity was determined by
using the substrate histone 2B (H2B) as described in Materials and Methods.

FIG. 7. Osmotic shock pretreatment inhibits the insulin-stimulated phos-
phorylation of PKB on threonine 308 and serine 473. Differentiated 3T3L1
adipocytes were either left untreated (lanes 1 to 3) or pretreated with 600 mM
sorbitol (lanes 4 to 6) for 30 min at 37°C. The cells were then incubated in the
absence of insulin (lanes 1 and 4) or in the presence of 100 nM insulin for 5
(lanes 2 and 5) or 30 (lanes 3 and 6) min. Whole-cell extracts were then prepared
and immunoblotted (IB) with the serine 473 phospho-specific PKB antibody (A),
the threonine 308 phospho-specific PKB antibody (B), or the PKB antibody (C)
as described in Materials and Methods.
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electrophoretic gel shift is in agreement with a reduction in
PKB phosphorylation. Together, these data directly demon-
strate that osmotic shock can repress the insulin stimulation of
PKB activity through the inhibition of threonine 308 and serine
473 phosphorylation.

Osmotic shock inhibits the insulin activation of p70S6 ki-
nase. One downstream target of PKB is the p70S6 kinase,
which is an important signaling molecule involved in the reg-
ulation of mRNA translation (8, 26). Similar to that of PKB,
activation of p70S6 kinase is dependent upon its phosphoryla-
tion on multiple serine and threonine residues, also resulting in
a characteristic reduction in SDS-polyacrylamide gel electro-
phoretic mobility (7, 29). We therefore examined the effect of
osmotic shock on p70S6 kinase activation as a measure of the
in vivo stimulation of PKB activity (Fig. 8). As typically ob-
served, insulin stimulation resulted in a marked reduction in
p70S6 kinase gel mobility (Fig. 8A, lanes 1 to 5). The time
course of the insulin-stimulated decrease in p70S6 kinase mo-
bility was slightly slower than that for PKB, which is consistent
with PKB functioning upstream of p70S6 kinase (compare Fig.
6A and 8). In any case, not only did osmotic shock fail to
induce any mobility shift of p70S6 kinase (Fig. 8A, lane 6), but
it also completely prevented the insulin-stimulated p70S6 ki-
nase mobility shift (Fig. 8A, lanes 7 to 10). Consistent with
these data, insulin stimulated p70S6 kinase activity approxi-
mately 25-fold compared to that in unstimulated cells (Fig.
8B). In contrast, osmotic shock increased p70S6 kinase activity
approximately threefold, whereas osmotic shock pretreatment
completely prevented any insulin-stimulated increase of p70S6
kinase activity (Fig. 8B).

Osmotic shock is dominant over insulin and induces the
dephosphorylation of DPH-PKB. There are several possible
mechanisms that could potentially account for the osmotic
shock inhibition of insulin-stimulated PKB activity. These in-
clude inhibition of PDK1 and PDK2 activities and/or activation
of a PKB phosphatase(s). To distinguish between these possi-
bilities, we first determined whether the effect of osmotic shock
was dominant over that of insulin (Fig. 9). Insulin stimulation
resulted in the persistent phosphorylation of PKB on serine
473 and threonine 308 (Fig. 9A, top and middle panels, lanes
1 to 5). In addition, insulin stimulation for 30 to 90 min re-
sulted in a maximal and persistent mobility shift of PKB (Fig.

9A, bottom panel, lanes 1 to 5). However, following 30 min of
insulin stimulation, brief osmotic shock exposure resulted in
both a rapid dephosphorylation of PKB on both threonine 308
and serine 473 (Fig. 9A, top and middle panels, lanes 6 to 9)
and increased PKB mobility (Fig. 9A, bottom panel, lanes 6 to
9).

To examine whether osmotic shock inhibited the function of
PKB upstream activators, we also examined the dephosphor-
ylation of an expressed DPH-PKBa protein in CHO/IR cells
(Fig. 9B). Since the binding of the PH domain to phosphoino-
sitide triphosphate relieves an inhibitory constraint for consti-
tutively active PDK1 (3, 4, 51), the phosphorylation of DPH-
PKB on threonine 308 should be independent of PI-3,4,5-P3
formation. In the basal state, there was a low level of serine 473
phosphorylation in both the endogenous PKB and the ex-
pressed DPH-PKB protein, whereas insulin stimulation re-
sulted in a marked increase (Fig. 9B, top panel, lanes 1 and 2).
In contrast, the expressed DPH-PKB protein displayed a sig-
nificant level of threonine 308 phosphorylation compared to
endogenous PKB in the basal state (Fig. 9B, middle panel, lane
1). The increased basal phosphorylation on threonine 308 for
the DPH-PKB protein is consistent with the derepression of an
inhibitory constraint imposed by the PH domain for this sub-
strate site. However, insulin stimulation still resulted in in-
creased threonine 308 phosphorylation (Fig. 9B, middle panel,
lane 2). Nevertheless, osmotic shock resulted in a substantial
dephosphorylation of serine 473 and threonine 308 in the
DPH-PKB protein (Fig. 9B, top and middle panels, lane 3).
The ability of osmotic shock to maintain DPH-PKB in a de-
phosphorylated state was independent of whether insulin was
added prior or subsequent to osmotic shock treatment (Fig.
9B, top and middle panels, lanes 4 and 5). Under these con-
ditions, immunoblotting also demonstrated equal expression of
endogenous PKB and the DPH-PKB construct (Fig. 9B, bot-
tom panel). These data suggest that the osmotic shock inacti-
vation of PKB does not result from an inhibition of phosphati-
dylinositide production.

Inhibition of PP2A prevents the dephosphorylation of PKB
by osmotic shock. Previous studies have indicated that protein
phosphatase 2A (PP2A) may be one protein phosphatase that
is responsible for the dephosphorylation of PKB (5, 39). To
further explore whether the osmotic shock-induced dephos-

FIG. 8. Osmotic shock pretreatment inhibits the insulin stimulation of p70S6 kinase mobility shift and kinase activity. (A) Differentiated 3T3L1 adipocytes were
either left untreated (lanes 1 to 5) or pretreated with 600 mM sorbitol (lanes 6 to 10) for 30 min at 37°C. The cells were then incubated in the absence of insulin (lanes
1 and 6) or in the presence of 100 nM insulin for 2 (lanes 2 and 7), 5 (lanes 3 and 8), 30 (lanes 4 and 9), or 60 (lanes 5 and 10) min. Whole-cell extracts were then
prepared and immunoblotted (IB) with the p70S6 kinase antibody as described in Materials and Methods. (B) Differentiated 3T3L1 adipocytes were either untreated
(C), stimulated with 100 nM insulin for 10 min (I), incubated with 600 mM sorbitol for 40 min (S), or preincubated with 600 mM sorbitol for 30 min and then stimulated
with insulin for another 10 min (S1I). Whole-cell extracts were then prepared and immunoprecipitated with the p70S6 kinase antibody. The amount of immunopre-
cipitated p70S6 kinase activity was determined by using the peptide substrate AKRRRLSSLRA as described in Materials and Methods. The basal p70S6 kinase activity
was normalized to 1. Error bars indicate standard deviations.
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phorylation of PKB was dependent upon protein phosphatase
activity, we examined the effects of two distinct protein phos-
phatase inhibitors, okadaic acid and calyculin A. Insulin stim-
ulation resulted in a marked increase in both serine 473 and
threonine 308 phosphorylation concomitant with a decrease in
PKB mobility (Fig. 10A, lanes 1 and 2). As expected, insulin
pretreatment followed by osmotic shock resulted in a near-
complete dephosphorylation of PKB back towards the basal
state (Fig. 10A, lane 3). Interestingly, the PP1 and PP2A in-
hibitor okadaic acid induced an increase in serine 473 phos-
phorylation but had only a small effect on threonine 308 phos-
phorylation (Fig. 10A, lane 4). Since okadaic acid alone
stimulated serine 473 phosphorylation of PKB, there was no
additional effect of insulin (Fig. 10A, upper panel, lane 5). In
contrast, insulin increased PKB threonine 308 phosphorylation
in the presence of okadaic acid (Fig. 10A, middle panel, lane
5). Nevertheless, okadaic acid pretreatment substantially re-
duced the ability of osmotic shock to dephosphorylate PKB
(Fig. 10A, lane 6). These alterations in the observed phosphor-
ylation state of PKB were not a result of differential PKB
expression and appeared to parallel the changes in PKB mo-
bility (Fig. 10A, bottom panel).

Similarly, pretreatment of 3T3L1 adipocytes with the PP2A
inhibitor calyculin A also resulted in increased serine 473 phos-
phorylation of PKB, with a substantially smaller effect on thre-
onine 308 phosphorylation (Fig. 10B, lane 4). As expected,
insulin stimulation increased both serine 473 and threonine
308 phosphorylation in the presence of calyculin A (Fig. 10B,
lane 5). Consistent with the effect of okadaic acid, calyculin A
also substantially reduced the ability of osmotic shock to de-
phosphorylate PKB on both serine 473 and threonine 308 (Fig.

10B, lane 6). Together, these data are consistent with an os-
motic shock-induced dephosphorylation of PKB by a PP2A-
like activity.

Osmotic shock preferentially stimulates the dephosphoryla-
tion of threonine 308. Since the osmotic shock-stimulated de-
phosphorylation of endogenous PKB in 3T3L1 adipocytes was
very rapid, we examined the effect of osmotic shock on over-
expressed PKB in CHO/IR cells (Fig. 11). In these experi-
ments, CHO/IR cells were transfected with the HA epitope-
tagged wild-type PKB (PKB/WT), PKB in which threonine 308
was mutated to aspartic acid (PKB/T308D), and PKB in which
serine 473 was mutated to aspartic acid (PKB/S473D). In un-
stimulated cells, immunoprecipitation of PKB/WT resulted in
a relatively low level of threonine 308 phosphorylation as de-
tected by immunoblotting with the threonine 308 phospho-
PKB-specific antibody (Fig. 11A, lane 1). Insulin markedly
increased the amount of threonine 308 phosphorylation (Fig.
11A, lane 2). Subsequent osmotic shock treatment for 10 min
resulted in a substantial dephosphorylation of threonine 308
(Fig. 11A, lane 3). Similarly, the expression of the PKB/S473D
mutant displayed a low basal phosphorylation of threonine 308
which was increased following insulin stimulation (Fig. 11A,
lanes 4 and 5). Consistent with the expression of PKB/WT,
subsequent osmotic shock treatment resulted in a dephosphor-
ylation of threonine 308 (Fig. 11A, lane 6).

In contrast, expression of PKB/WT in CHO/IR cells resulted
in a relative high basal level of serine 473 phosphorylation (Fig.
11B, lane 1). Due to the high basal serine 473 phosphorylation,
insulin stimulation caused a relatively modest increase (Fig.
11B, lane 2). More importantly, osmotic shock treatment did
not significantly affect the prior insulin-stimulated increase of

FIG. 9. The osmotic shock-induced dephosphorylation of endogenous PKB and expressed DPH-PKB is dominant over the effect of insulin. (A) Differentiated
3T3L1 adipocytes were either not treated (lanes 1 and 9) or stimulated with 100 nM insulin for 30 (lanes 2, 6, 7, and 8), 35 (lane 3), 50 (lane 4), or 90 (lane 5) min
at 37°C. The cells incubated with insulin for 30 min were then treated with 600 mM sorbitol for an additional 5 (lane 6), 20 (lane 7), or 60 (lane 8) min. Whole-cell
extracts were then prepared and immunoblotted with the serine 473 phospho-specific PKB antibody (top panel), the threonine 308 phospho-specific PKB antibody
(middle panel), and the PKB antibody (bottom panel) as described in Materials and Methods. (B) CHO/IR cells were electroporated with 2 mg of DPH-PKBa, and
24 h later the cells were either left untreated (C, lane 1), stimulated with 100 nM insulin for 10 min (I, lane 2), stimulated with insulin for 10 min and then subjected
to a 30-min treatment with 600 mM sorbitol (I1S, lane 3), stimulated with 600 mM sorbitol for 30 min (S, lane 4), or stimulated with 600 mM sorbitol and then subjected
to a 10-min treatment with insulin (S1I, lane 5). Whole-cell extracts were prepared and immunoblotted with the serine 473 phospho-specific PKB antibody (top panel)
or the threonine 308 phospho-specific PKB antibody for the endogenous PKB (middle panel) or immunoprecipitated with the HA monoclonal antibody for the
expressed DPH-PKB followed by immunoblotting with the threonine 308 phospho-specific PKB antibody (middle panel). The amounts of endogenous and expressed
DPH-PKB protein were also determined by immunoblotting with the PKB antibody (bottom panel) as described in Materials and Methods.
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serine 473 phosphorylation (Fig. 11B, lane 3). Furthermore,
expression of the PKB/T308D mutant also resulted in a rela-
tively high basal serine 473 phosphorylation which was still
increased following insulin stimulation (Fig. 11B, lanes 4 and
5). However, as observed for PKB/WT, subsequent osmotic
shock treatment had little effect on the insulin-stimulated
phosphorylation of serine 473. In addition, osmotic shock in-
hibited the insulin stimulation of PKB/WT and PKB/S473D
protein kinase activities but had only a small effect on PKB/
T308D (data not shown). Taken together, these data suggest
that in CHO/IR cells osmotic shock preferentially induces the
selective dephosphorylation of threonine 308 by a PP2A-like
phosphatase activity.

DISCUSSION

Insulin is a pleiotropic hormone that elicits both mitogenic
and metabolic responses essential for normal growth and de-
velopment (46). Of particular importance is the indispensable
role for insulin in the regulation of glucose homeostasis, which
is achieved in part by increased glucose uptake and glycogen
and lipid biosynthesis. To date, substantial progress has been
made in elucidating the distinct pathways and insulin-depen-
dent signal transduction events leading to peripheral tissue
regulation of glucose metabolism. In efforts to identify the
regulated pathways leading to GLUT4 translocation in 3T3L1
adipocytes, we and others have previously reported that os-

FIG. 10. Okadaic acid and calyculin A prevent the osmotic shock-induced dephosphorylation of PKB. (A) Differentiated 3T3L1 adipocytes were either left
untreated (lanes 1 to 3) or pretreated with 1 mM okadaic acid (OA) (lanes 4 to 6) for 120 min at 37°C. The cells were then incubated in the absence of insulin (lanes
1 and 4) or in the presence of 100 nM insulin for 20 (lanes 2 and 5) or 10 (lanes 3 and 6) min. The latter insulin-stimulated cells were then incubated with 600 mM
sorbitol (lanes 3 and 6) for an additional 10 min. Whole-cell extracts were then prepared and immunoblotted with the serine 473 phospho-specific PKB antibody (top
panel), the threonine 308 phospho-specific PKB antibody (middle panel), or the PKB antibody (bottom panel) as described in Materials and Methods. (B)
Differentiated 3T3L1 adipocytes were either left untreated (lanes 1 to 3) or pretreated with 25 nM calyculin A (CA) (lanes 4 to 6) for 15 min at 37°C. The cells were
then incubated in the absence of insulin (lanes 1 and 4) or in the presence of 100 nM insulin for 20 (lanes 2 and 5) or 10 (lanes 3 and 6) min. The latter insulin-stimulated
cells were then incubated with 600 mM sorbitol (lanes 3 and 6) for an additional 10 min. Whole-cell extracts were then prepared and immunoblotted with the serine
473 phospho-specific PKB antibody (top panel), the threonine 308 phospho-specific PKB antibody (middle panel), or the PKB antibody (bottom panel) as described
in Materials and Methods.

FIG. 11. Osmotic shock preferentially induces the dephosphorylation of threonine 308 in CHO/IR cells. CHO/IR cells were electroporated with 2 mg of PKB/WT
(WT), PKB/S473D (S473D), or PKB/T308D (T308D), and 24 h later the cells were either left untreated (lanes 1 and 4), stimulated with 100 nM insulin for 10 min (lanes
2 and 5), or stimulated with insulin for 10 min and then subjected to a 10-min treatment with 600 mM sorbitol (lanes 3 and 6). Whole-cell extracts were prepared and
immunoprecipitated with the HA monoclonal antibody. The immunoprecipitates were then immunoblotted with the threonine 308 phospho-specific PKB antibody (A)
and the serine 473 phospho-specific PKB antibody (B) as described in Materials and Methods.
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motic shock is an insulinomimetic agent that increases glucose
transport and GLUT4 translocation through an alternative
signaling pathway independent of PI 3-kinase activation (11,
45).

Thus, based upon the established paradigms of insulin ac-
tion, we sought to identify the common signal transduction
events utilized by both insulin and osmotic shock to induce
GLUT4 translocation. Surprisingly, however, we observed that
osmotic shock pretreatment completely prevented insulin from
inducing any further GLUT4 translocation. To identify which
potential step in insulin signaling could be reasonable for this
inhibition, we undertook a systemic examination of several
proximal insulin receptor effector proteins. We have found that
osmotic shock had no significant effect on insulin receptor
autophosphorylation, IRS1 tyrosine phosphorylation, or IRS1-
associated PI 3-kinase or PI 3-kinase activity. However, the
insulin stimulation of PKB activation was markedly reduced,
and the effect of osmotic shock was dominant over that of
insulin.

Although the role of PKB in the regulation of GLUT4 trans-
location remains controversial (30, 35), PKB also appears to be
a central effector in other metabolic actions of insulin. For
example, PKB has been reported to phosphorylate and activate
mTOR and p70S6 kinase, leading to increased protein synthe-
sis (9, 30). Expression of a constitutively active PKB mutant
results in an insulin-independent stimulation of lipogenesis
(34). In the case of glycogen synthesis, PKB can phosphorylate
and inactivate GSK3, which is one important kinase that main-
tains glycogen synthase in an inactive phosphorylated state (13,
14). In this regard, we have also observed that osmotic shock
prevents the insulin-stimulated increase in both lipogenesis
and glycogen synthesis. Interestingly, although osmotic shock
alone could partially activate both glucose transport and lipo-
genesis, there was no effect on glycogen synthesis. This is con-
sistent with osmotic shock inactivating PKB and thereby main-
taining GSK3 in a nonphosphorylated active state. In any case,
these data strongly suggest that the osmotic shock inhibition of
PKB activation is at least one effector resulting in a desensiti-
zation of insulin-mediated downstream responsiveness.

Based upon the known mechanisms for the regulation of
PKB activity, there are several possible mechanisms by which
osmotic shock might inhibit the insulin stimulation of PKB
activation. First, osmotic shock could potentially prevent the
formation of PI-3,4,5-P3 and/or the activation of PDK1 and -2.
However, our data demonstrated no significant effect on the
IRS1 association with and/or activation of the PI 3-kinase. In
addition, osmotic shock induced the dephosphorylation of the
DPH-PKB protein, which is phosphorylated by PDK1 in a
PI-3,4,5-P3-independent manner (3). Consistent with these
data, it was also recently reported that osmotic shock did not
block the plasma membrane translocation of PKB in HEK293
cells (39). Thus, it is highly unlikely that osmotic shock pre-
vented the in vivo formation of PI-3,4,5-P3 or activation of the
upstream PKB activators.

Alternatively, osmotic shock appears to require the function
of serine/threonine phosphatase activity to induce the dephos-
phorylation of PKB. This conclusion is supported by the ob-
servation that following the addition of the specific serine/
threonine phosphatase inhibitors okadaic acid and calyculin A,
there was a substantial inhibition of osmotic shock-induced
PKB dephosphorylation. Although okadaic acid is a more se-
lective inhibitor for PP2A than for PP1, calyculin A is highly
specific for PP2A. These data suggest that the major protein
phosphatase responsible for the dephosphorylation of PKB on
both serine 473 and threonine 308 is PP2A. Furthermore, these
observations are also in excellent agreement with recent results

with fibroblast cell lines demonstrating that hyperosmotic
stress inhibited both platelet-derived growth factor- and vana-
date-stimulated PKB activation through the activation of a
PP2A-like phosphatase (39).

In summary, osmotic shock, like several other insulinomi-
metic agents, not only partially activates several insulin-specific
biological responses but also imparts a relative state of insulin
resistance. The osmotic shock inhibition of insulin-stimulated
downstream signaling events, including glucose uptake,
GLUT4 translocation, lipogenesis, and glycogen synthesis, di-
rectly correlated with the inability of insulin to activate PKB
under these conditions. In addition, the persistent inactivation
of PKB by osmotic shock appears to result from the induction
of phosphatase activity without any significant effect on the
insulin receptor kinase, IRS1 tyrosine phosphorylation, or ac-
tivation of the PI 3-kinase. Thus, additional studies are needed
to directly identify the specific phosphatase(s) responsible for
PKB dephosphorylation and its mechanisms of activation. Al-
though we have examined the effect of acute hyperosmotic
stress on insulin signaling only in culture, these findings may
underlie the chronic effect of prolonged hyperglycemia to in-
duce states of insulin resistance in vivo.
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