
Vanadyl Sulfate-Stimulated Glycogen Synthesis Is Associated with Activation of
Phosphatidylinositol 3-Kinase and Is Independent of Insulin Receptor Tyrosine

Phosphorylation†

Sanjay K. Pandey,‡,§ Madhu B. Anand-Srivastava,§ and Ashok K. Srivastava*,‡
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ABSTRACT: Salts of the trace element vanadium, such as sodium orthovanadate and vanadyl sulfate (VS),
exhibit a myriad of insulin-like effects, including stimulation of glycogen synthesis and improvement of
glucose homeostasis in type I and type II animal models of diabetes mellitus. However, the cellular
mechanism by which these effects are mediated remains poorly characterized. We have shown earlier
that different vanadium salts stimulate the MAP kinase pathway and ribosomal-S-6-kinase (p70s6k) in chinese
hamster ovary cells overexpressing human insulin receptor (CHO-HIR cells) [Pandey, S. K., Chiasson,
J.-L., and Srivastava, A. K. (1995)Mol. Cell. Biochem. 153, 69-78]. In the present studies, we have
investigated if similar to insulin, VS also activates phosphatidylinositol 3-kinase (PI3-k) activity, and
whether VS-induced activation of the PI3-k, MAP kinase, and p70s6k pathways contributes to glycogen
synthesis. Treatment of CHO-HIR cells with VS resulted in increased glycogen synthesis and PI3-k
activity which were blocked by pretreatment of the cells with wortmannin and LY294002, two specific
inhibitors of PI3-k. On the other hand, PD98059 and rapamycin, specific inhibitors of the MAP kinase
pathway and p70s6k, respectively, were unable to inhibit VS-stimulated glycogen synthesis. Moreover,
VS-stimulated glycogen synthesis and PI3-k were observed without any change in the tyrosine
phosphorylation of insulin receptor (IR)â-subunit but were associated with increased tyrosine phospho-
rylation of insulin receptor substrate-1 (IRS-1). In addition, PI3-k activation was detected in IRS-1
immunoprecipitates from VS-stimulated cells, indicating that tyrosine-phosphorylated IRS-1 was able to
interact and thereby activate PI3-k in response to VS. Taken together, these results provide evidence that
tyrosine phosphorylation of IRS-1 and activation of PI3-k play a key role in mediating the insulinomimetic
effect of VS on glycogen synthesis independent of IR-tyrosine phosphorylation.

Inorganic salts of the trace element vanadium have been
demonstrated to mimic most of the biological effects of
insulin in several cell types, including stimulation of glucose
transport (1-3), glycogen synthase (4), lipogenesis (5), and
inhibition of lipolysis (6). They have also been shown to
stimulate glycogen synthesis in the liver and diaphragm and
inhibit gluconeogenesis in hepatocytes (7). In addition, oral
administration of vanadium salts has been reported to
improve glucose homeostasis in type I (insulin-dependent
diabetes mellitus, IDDM)1 (8, 9) and type II (noninsulin-
dependent diabetes mellitus, NIDDM) (10-12) animal
models of diabetes mellitus as well as in limited human
clinical trials (13, 14, reviewed in refs15, and16).
Vanadium salts, potent inhibitors of protein tyrosine

phosphatases (PTPases) (17), were initially thought to mimic
insulin action by activating insulin receptor (IR) protein

tyrosine kinase (PTK) activity by preventing dephosphoryl-
ation of the IRâ-subunit (18). However, recent studies have
suggested that the site of vanadium action may not involve
IR-PTK (19-23). Thus, the molecular mechanism(s) of
the insulinomimetic effect of vanadium salts remains poorly
characterized and requires further elaboration.
Insulin elicits its biological effects by binding to the

extracellular IRR-subunit which then stimulates the intrinsic
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PTK activity of the IRâ-subunit (24-27). Activated IR-
PTK phosphorylates insulin receptor substrate-1 (IRS-1),
which appears to be the major substrate mediating insulin
action (28). Tyrosine phosphorylated IRS-1 interacts with
several src homology 2 (SH2) domains containing signaling
proteins, such as adapter proteins growth factor receptor
binder-2 (Grb-2) (29), Syp/SHP2 (30, 31), Nck (32) as well
as the 85 kDa subunit of phosphatidylinositol (PI) 3-kinase
(PI3-k) (33, 34) and initiates two main signaling pathways.
In one pathway, Grb-2 binding to IRS-1 recruits a nucleotide
exchange factor, mammalian son of sevenless (mSOS) which
eventually activates p21ras, a low molecular weight GTP-
binding protein. p21ras cycles between active GTP-bound
conformation and inactive GDP-bound states. p21rasactiva-
tion leads to the sequential activation of several protein
kinases such as Raf, a serine/threonine kinase, which
phosphorylates and activates mitogen-activated protein (MAP)
kinase kinase or MEK, which in turn phosphorylates and
activates two isozymic forms of MAP kinases, p44mapk

(extracellular signal regulated kinase 1 or ERK 1) and p42mapk

(ERK 2) (35, 36). Activated MAP kinase phosphorylates
and activates a downstream ribosomal protein kinase, p90rsk

(37). Recently, using a selective inhibitor of MEK, PD98059,
it was suggested that MAP kinase activation plays a role in
DNA synthesis, cell growth, and transcriptional activation
of c-fos (38, 39). On the other hand, evidence has been
presented to indicate that many other biological effects of
insulin, such as glucose transport, glycogen synthesis, and
lipid synthesis, as well as transcriptional regulation of several
genes, such as phosphoenol pyruvate carboxykinase (PEP-
CK) and hexokinase II, may not require the insulin-induced
ras/MAP kinase pathway (39-41). A 70 kDa ribosomal s6
kinase, p70s6k, is also stimulated in response to insulin by a
mechanism as yet uncharacterized (42).
The second pathway stimulated by insulin involves the

activation of PI3-k, which is a heterodimer consisting of an
85 kDa (p85) regulatory subunit with two SH2 domains and
a 110 kDa (p110) catalytic subunit (27). The p110 catalytic
subunit has lipid kinase activity which phosphorylates PI on
the D-3 position of the inositol ring (43, 44). Recently, a
serine/threonine kinase named protein kinase B (PKB) has
been shown to be the target of PI3-k (45). By using two
specific inhibitors of PI3-k, wortmannin and LY294002, it
has been demonstrated that insulin-induced activation of
PI3-k plays a key role in mediating several biological effects
of insulin, such as glucose transport (46), glycogen synthesis
(47), and transcriptional regulation of several genes (40, 41).
Vanadium salts have been reported to mimic the cardinal

response of insulin on glycogen synthesis in various in vitro
systems (7, 18) and to improve the depressed levels of
glycogen in animal models of diabetes mellitus (48).
However, the possible contribution of insulin-induced signal-
ing pathways in vanadium salt-stimulated glycogen synthesis
has not been investigated. We have shown earlier that
various vanadium salts activate MAP kinase and p70s6k

signaling pathways in an IR-PTK-independent manner (22,
49). In the present studies, we have investigated the
contribution of the MAP kinase, p70s6k, and PI3-k pathway
in vanadyl-sulfate (VS)-stimulated glycogen synthesis in
chinese hamster ovary cells overexpressing human insulin
receptor (CHO-HIR cells). The data presented here dem-
onstrate, for the first time, that VS-stimulated glycogen

synthesis and PI3-k activity in CHO-HIR cells, and the
inhibitors of PI3-k, wortmannin, and LY294002, blocked VS-
stimulated glycogen synthesis. On the other hand, inhibition
of either the MAP kinase or p70s6kpathway failed to inhibit
the glycogen synthesis induced by VS. We demonstrate
further that VS-induced PI3-k activation occurred in the
absence of any detectable tyrosine phosphorylation of IR
â-subunit, but was accompanied by enhanced tyrosine
phosphorylation of IRS-1.

MATERIALS AND METHODS

Materials. CHO-HIR cells and IRS-1 antibody were kind
gifts from Dr. Morris F. White (Joslin Diabetes Center,
Boston, MA). Insulin was obtained from Eli Lilly Co.
(Indianapolis, IN). Antibody against p85 regulatory subunit
of PI3-k was a generous gift from Dr. Louise Larose (McGill
University, Montreal) and was also purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). RadiolabeledD-[U-
14C]glucose was purchased from Dupont, NEN (Boston,
MA). Insulin receptor antibody was a kind gift from Dr.
Barry I. Posner (McGill University, Montreal) or purchased
from Upstate Biotechnology (Lake Placid, NY). Wortman-
nin and staurosporine were obtained from Sigma Chemical
Co. (St. Louis, MO). MEK inhibitor PD98059 was kindly
provided by Dr. Alan Saltiel of Parke-Davis Pharmaceutical
Research, (Ann Arbor, MI). Rapamycin was from Calbio-
chem (La Jolla, CA), LY294002 was from Biomol (Phila-
delphia, PA), and VS was from Aldrich Chemical Co.
(Milwaukee, WI). Anti-phosphotyrosine and anti-MAP
kinase antibodies as well as S6 peptide RRRLSSLRA were
sourced from Upstate Biotechnology. Goat anti-mouse or
anti-rabbit IgG conjugated to alkaline phosphatase was from
Bio-Rad (Mississauga, ON). Silica gel-60 plates were
purchased from Merck & Co., Inc. (Rahway, NJ). Protein
A sepharose beads were bought from Pharmacia Biotech Inc.
(Mississauga, ON). p70s6kantiserum (raised against a peptide
corresponding to amino acids 2-30 of rat p70s6k) was
generously donated by Dr. Frederic Hall of the USC School
of Medicine at Los Angeles.
Methods. Cell Culture. CHO-HIR cells were maintained

in HAM’s F-12 medium containing 10% fetal bovine serum.
They were grown to confluence in 100 mm plates and
incubated in serum-free F-12 medium for 20 h prior to the
experiment, as described earlier (49).
Glycogen Synthesis. Glycogen synthesis was measured

by following the incorporation ofD-[U-14C]glucose into
glycogen, essentially according to the method described by
Lazar et al. (39). Briefly, near-confluent, serum-deprived
CHO-HIR cells in 100 mm dishes were stimulated with VS
or insulin with or without pretreatment with inhibitors as
described in figure legends. The assay was initiated by
addingD-[U-14C]glucose (1µCi/dish) and 5 mM glucose
(final concentration). It was terminated after 2.5 h by
washing three times with ice-cold phosphate-buffered saline
(PBS) and then solubilized in 30% KOH. The solubilized
cells were transferred to glass tubes and heated at 100°C
for 20 min in a dry bath, then 2.0 mg of carrier glycogen
was added, and the mixture was boiled for another 30 min.
Glycogen was precipitated by the addition of 2 vol of 95%
ethanol, and the precipitate was dissolved in water. The
radioactivity incorporated into glycogen was determined by
counting the precipitate in a scintillation counter.
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PI3-k Assay. The assay was performed essentially as
described by Fukui and Hanafusa (50) with minor modifica-
tions. Serum-deprived, confluent CHO-HIR cells were
stimulated with VS or insulin with or without pretreatment
with inhibitors, as described in the figure legends. The cells
were washed twice with cold PBS and lysed in buffer A [25
mM Tris-HCl, pH 7.5, 25 mM NaCl, 1 mM sodium
o-vanadate, 10 mM sodium fluoride, 10 mM sodium pyro-
phosphate, 20 nM okadaic acid, 0.5 mM ethylenebis-
(oxyethylenenitrolo)tetraacetic acid (EGTA), 1 mM phenyl-
methanesulfonyl fluoride (PMSF), 10µg/mL aprotinin, 1%
Triton X-100 and 0.1% sodium dodecyl sulfate (SDS)]. The
cells were scraped and centrifuged at 12000g for 12 min.
Equal amounts of protein lysates were incubated with 5µL
of p85 antibody for 2 h at 4°C. Protein A sepharose beads
were then added, and the resulting mixture was incubated
for an additional 2 h at 4°C. The beads were centrifuged
in a microtube for 15 s, and the pellet was washed 3 times
with HNTG (20 mM Hepes, pH 7.5, 150 mM NaCl, 0.1%
Triton X-100, 10%Glycerol, 10µg/mL aprotinin, 10µg/
mL leupeptin, and 1 mM PMSF), once each with PBS, 0.5
M LiCl, and 0.1 M Tris, pH 7.5, H2O and, finally, with 0.1
M NaCl/1 mM EDTA/20 mM Tris-HCl, pH 7.5. The beads
were then resuspended in 50µL of kinase buffer (20 mM
Tris-HCl, pH 7.5, 10 mM NaCl, and 0.5 mM EGTA),
followed by the addition of 1.0µL of 20 mg/mL PI dissolved
in dimethyl sulfoxide (DMSO). The mixture was vortexed,
preincubated at room temperature for 10 min, and the kinase
reaction initiated by adding [γ-32P]adenosine 5′-triphosphate
(ATP), (10µCi/assay) and MgCl2 (10 mM, final concentra-
tion) at room temperature (30°C). The reaction was stopped
after 3 min by the addition of 150µL of CHCl3:CH3OH:
HCl (100:200:2), and 100µL of CHCl3 was added to separate
the phases. The organic (inferior) phase was taken and
washed with 1 vol of CH3OH:HCl (1:1). Lipid samples were
concentrated in vacuo and spotted onto silica gel-60 plates
which were later developed in CHCl3:CH3OH:NH4OH:H2O
(43:38:5:7). The phosphorylated lipids were then visualized
by autoradiography, and areas corresponding to each spot
were quantified by PhosphorImager (Molecular Dynamics,
Sunnyvale, CA).
Insulin Receptor Tyrosine Phosphorylation. Serum-

deprived, confluent CHO-HIR cells were stimulated with
insulin (100 nM) or VS (100µM) for 5 min, washed with
ice-cold PBS and lysed on ice in 400µL of buffer A. The
lysates were clarified by centrifugation at 10,000g for 12
min, precleared with protein A sepharose for 30 min, and
incubated with insulin receptor antibody for 4 h at 4 °C.
Immunoprecipitates were collected with protein A sepharose,
washed 3 times with 50 mMN-(2-hydroxyethyl)piperazine-
N-2-ethanesulfonic acid (Hepes) buffer, pH 7.5, containing
0.1% Triton X-100 and 0.1% SDS, and 2 times with the
above buffer without SDS. The immunoprecipitates were
solubilized by boiling in 2× sample buffer for 10 min,
electrophoresed on 10% SDS-polyacrylamide gels (SDS-
PAGE) and immunoblotted with anti-phosphotyrosine anti-
body (1:1000). The blots were developed by using goat anti-
mouse IgG conjugated to alkaline phosphatase (1:3000).
Autophosphorylation of IRâ-Subunit. CHO-HIR cells

were stimulated as described above with either insulin or
VS for 5 min, and lysates were prepared. Antibodies against
phosphotyrosine or IRâ-subunit were incubated with protein

A sepharose for 2 h at 4°C. After this, equal amounts of
protein from cell lysates were added to the complexes of
protein A sepharose and antibody, with incubation continuing
for another 4 h at 4°C. The beads were centrifuged in a
microtube for 15 s, and the pellet was washed 3 times with
HNTG and once with PBS. They were then resuspended in
50 µL of kinase buffer. The mixture was vortexed and
preincubated at room temperature with MgCl2 (10 mM) and
MnCl2 (5 mM) for 10 min. The reaction was started by
adding [γ-32P]ATP (5 µCi per assay), and incubation was
continued for another 10 min at 30°C. It was stopped by
the addition of 50µL of 2× sample buffer. The contents
were boiled, centrifuged, and the solubilized fractions
electrophoresed on 10% SDS-PAGE, followed by auto-
radiography.
IRS-1 Tyrosine Phosphorylation. CHO-HIR cells were

stimulated with different concentrations of VS for 5 min.
Equal amounts of proteins from cell lysates were added to
the anti-IRS-1 antibody-protein A sepharose complex, and
incubation was continued overnight at 4°C. The immuno-
precipitates were collected by centrifugation in a microtube
for 15 s, and the pellet was washed 3 times with ice-cold
PBS. The beads were boiled in 2× Laemmli’s sample buffer
and processed further as described above for IR tyrosine
phosphorylation.
Assay of MAP Kinase and p70s6kActiVity. Clarified cell

lysates prepared in buffer A were normalized to contain equal
amounts of protein (100µg) and incubated for 4 h at 4°C
with either 3µL of MAP kinase antibody or p70s6kantibody
preadsorbed to protein A sepharose beads. The immuno-
complexes were collected by centrifugation, followed by
washing 3 times with buffer A and once with buffer B [20
mM Hepes, pH 7.4, 10 mM MgCl2, 1 mM dithiothreitol
(DTT), and 10 mMâ-glycerophosphate]. For MAP kinase
assay, the immunecomplexes were suspended in 40µL of
kinase buffer [25 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 2
mM MnCl2, 1 mM DTT, 1 µM staurosporine, 0.5 mM
EGTA, and 15µg of myelin basic protein (MBP)], and the
reaction was initiated by adding 5µL of 40 µM ATP
containing 0.5µCi [γ-32P]ATP. For p70s6k assay, the im-
munecomplexes were suspended in 20µL of buffer B
containing the S6 peptide RRRLSSLRA (3µg), and the
reaction was initiated by adding 5µL of 100 µM ATP
containing 2µCi [γ-32P]ATP. After 15 min at 30°C, the
reaction was stopped by spotting the aliquots on P-81 filter
paper, followed by washing in 0.5% phosphoric acid and
counting for radioactivity (49).
Statistical Analysis. For some experiments, comparison

of the data was performed by Student’s pairedt-test using
SigmaStat 2.0 program (Jandel Scientific, San Rafael, CA).
The P-values of<0.05 were considered as significantly
different.

RESULTS

Effect of Wortmannin on VS-Stimulated Glycogen Syn-
thesis. Incubation of CHO-HIR cells with increasing
concentrations of the insulinomimetic agent VS stimulated
the rate of glycogen synthesis in a concentration-dependent
manner, as determined by [14C]glucose incorporation into
glycogen (Figure 1A). Stimulation of glycogen synthesis
could be detected with VS doses as low as 1µM (1.7-fold
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stimulation) and was maximal at 100µM, where about 3-fold
stimulation was observed (Figure 1A).
Since wortmannin, a highly selective inhibitor of PI3-k,

has been shown to block insulin-stimulated glycogen syn-
thesis (47, 51), we were interested to determine if PI3-k was
also implicated in VS-stimulated glycogen synthesis. Figure
1A illustrates that treatment of CHO-HIR cells with 100
nM wortmannin for 10 min prior to stimulation with different
concentrations of VS markedly blocked the stimulatory effect
of VS on glycogen synthesis. Under similar conditions,
insulin treatment (100 nM for 5 min), as a positive control,
also stimulated the glycogen synthesis by about 3-fold over
control values which was almost completely blocked by
wortmannin pretreatment (Figure 1C).
Effect of LY294002 on VS-Stimulated Glycogen Synthesis.

Since wortmannin has also been shown to inhibit other
enzymes, such as phospholipase A2 (52), we utilized another
inhibitor of PI3-k, LY294002, to further confirm a role of
PI3-k in VS-induced glycogen synthesis. This inhibitor is
structurally different from wortmannin and acts on the ATP-
binding site of the enzyme (53). As shown in Figure 1,
panels B and C, pretreatment of CHO-HIR cells with
LY294002 (10µM) for 30 min markedly inhibited VS- and
insulin-induced activation of glycogen synthesis, further
supporting a role of PI3-k in VS- as well as insulin-stimulated
glycogen synthesis.
Effect of VS on PI3-k ActiVity. To investigate if VS-

induced activation of glycogen synthesis was correlated with
enhancement of PI3-k activity in CHO-HIR cells, PI3-k
activity in lysates of cells treated with different concentrations
of VS was assayed in immunecomplexes obtained by using
an antibody to the p85 subunit of PI3-k. As shown in Figure
2, panels A and B, treatment of CHO-HIR cells with VS
for 5 min stimulated PI3-k activity in a concentration-
dependent manner. At 100µM, VS stimulated PI3-k activity
by about 3-fold as compared to the controls, and this was
markedly inhibited by treatment of cells with wortmannin
(100 nM for 10 min) prior to stimulation with VS (Figure 2,
panels C and D). Similar results were obtained while using
insulin as a positive control (Figure 2, panels C and D).
Effect of PD98059 on VS-Stimulated MAP Kinase ActiVity

and Glycogen Synthesis. Recently, PD98059, which blocks
insulin-induced activation of the MAP kinases ERK 1 and
ERK 2, has been used to study the role of the MAP kinase
pathway in mediating various biological effects of insulin
(39). We, therefore, investigated whether PD98059 modu-
lates VS-induced MAP kinase activation and glycogen
synthesis in CHO-HIR cells. As shown in Table 1, both
VS- and insulin-stimulated MAP kinase activity by 4-5-
fold, which was markedly inhibited by pretreatment of cells
with PD98059 (10µM for 30 min). However, PD98059
treatment failed to exert an inhibitory effect on insulin- or
VS-stimulated glycogen synthesis (Table 1). These data
demonstrate that, similarly to insulin, VS-induced stimulation
of glycogen synthesis is independent of MAP kinase activa-
tion.
Effect of Rapamycin on VS-Induced ActiVation of P70s6k

and Glycogen SynthesisRapamycin, an immunosuppressant
drug which potently inhibits p70s6k activation induced by
insulin and other growth factors has been used as a tool to
investigate the role of p70s6kin mediating various physiologi-
cal effects of insulin (54-56). Studies in which rapamycin

FIGURE 1: Effect of wortmannin and LY294002 on VS-stimulated
glycogen synthesis. (A) Confluent, serum starved CHO-HIR cells
were treated with wortmannin (100 nM, filled squares) or vehicle
(0.01% DMSO used to dissolve wortmannin, filled circles) for 10
min prior to stimulation with different concentrations of VS for 5
min. After this period, 5 mM glucose andD-[U-14C]glucose (1µCi/
sample) was added to the dishes and incubation continued for an
additional 2.5 h. The reaction was terminated by washing with ice-
cold PBS, and the cells were solubilized in 30% KOH. Glucose
incorporation into glycogen was determined by following the
incorporation of [14C]glucose into glycogen as described in the
Materials and Methods. Values from three separate experiments,
each performed in triplicate, are shown as mean( SE. (B)
Confluent serum-starved CHO-HIR cells were incubated without
(control, C) or with VS (100µM for 5 min) or pretreated with
LY294002 (10µM, 30 min) followed by stimulation with VS
(LY294002 + VS). Glycogen synthesis was determined as de-
scribed in Figure 1A. Values are from three experiments, each
performed in triplicate, are shown as means( SE. (C) Confluent
serum-starved CHO-HIR cells were incubated without (control,
C) or with insulin (INS, 100 nM for 5 min) or pretreated with
wortmannin (100 nM, 10 min) or LY294002 (10µM, 30 min),
followed by stimulation with INS (W+ INS) or (LY294002+
INS), respectively. Glycogen synthesis was determined as described
under Figure 1A. Values are from three separate experiments, each
performed in triplicate, are shown as means( SE.
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was employed to examine its effect on insulin-stimulated
glycogen synthesis or glycogen synthase activation have
produced conflicting results. It has been shown that rapa-
mycin, despite blocking insulin-induced activation of p70s6k,
fails to block glycogen synthesis in rat adipocytes (57, 58),
mouse skeletal muscle (59), CHO (60), and PC12 cells (51).
On the other hand, rapamycin treatment has been reported
to inhibit insulin-stimulated activation of glycogen synthase
and glycogen synthesis in 3T3-L1 adipocytes (47) and rat
diaphgram muscle (61). Therefore, it was of interest to
investigate if rapamycin could also block VS-stimulated
glycogen synthesis in CHO-HIR cells. The results in Table
1 indicate that pretreatment of cells with 50 ng/mL rapamycin
for 30 min blocked VS- and insulin-stimulated p70s6kactivity
without affecting glycogen synthesis. These data suggest
that, like insulin (60), p70s6k activation is not required for
VS-induced glycogen synthesis in CHO-HIR cells.
Effect of VS on IR Tyrosine Phosphorylation and Auto-

phosphorylation. Insulin-induced activation of the PTK
activity of IR â-subunit is essential for mediating several

biological responses of insulin including glycogen synthesis
(62). We therefore, investigated if conditions which stimu-
late glycogen synthesis in response to VS also stimulate
tyrosine phosphorylation of the IRâ-subunit. CHO-HIR
cells were incubated with insulin (100 nM) as well as VS
(100 µM) for 5 min. Cell lysates were prepared and
subjected to immunoprecipitation by an antibody directed
against IRâ-subunit followed by immunoblotting with anti-
phosphotyrosine antibody. As shown in Figure 3A, VS
treatment did not cause any detectable increase in tyrosine
phosphorylation of the IRâ-subunit, whereas, as expected,
insulin markedly stimulated tyrosine phosphorylation of the
IR â-subunit as compared to unstimulated cells. Since IR
â-subunit tyrosine phosphorylation is associated with stimu-
lation of its autophosphorylation, this observation was further
confirmed by performing in vitro autophosphorylation reac-
tion in anti-phosphotyrosine and anti-IR immunoprecipitates
from control, VS-, and insulin-stimulated cells. As shown
in Figure 3, panels B and C, VS did not cause any increase
in autophosphorylation, whereas, as expected, heightened

FIGURE 2: Effect of wortmannin on VS-stimulated PI3-k activity. (A) Confluent, serum-starved CHO-HIR cells were incubated without
(control, C) or with increasing concentrations of VS for 5 min. Cell lysates were prepared and proteins immunoprecipitated with anti-p85
antibody. Immunecomplexes were assayed for PI3-k activity using PI as substrate. Phospholipids were resolved by thin-layer chromatography
and then exposed to X-ray film. An autoradiogram of a representative experiment is shown. Arrowheads indicate the origin and position
of phosphorylated substrate PIP. (B) PIP, the phosphorylated product, formed was quantified by PhosphorImager and values from two
experiments are shown as means( SE. (C) Confluent, serum-starved CHO-HIR cells were pretreated with wortmannin (100 nM) or
vehicle for 10 min followed by stimulation in the absence, C, or presence of VS (100µM) or insulin (INS, 100 nM) for 5 min. Lysates were
prepared, and PI3-k assay was performed as described above. (D) The phosphorylated product (PIP) was quantified by PhosphorImager.
Values from four experiments are shown as means( SE. *P) 0.01 versus VS-stimulated activity.
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autophosphorylation of the 95 kDa IRâ-subunit was
observed in insulin-treated cells. This suggests that, in
contrast to insulin, VS-stimulated glycogen synthesis is not
associated with activation of IR-PTK.
Effect of VS on Tyrosine Phosphorylation of IRS-1 and

PI3-k ActiVity Associated with IRS-1. PI3-k activation by
insulin requires increased tyrosine phosphorylation of IRS-
1. We, therefore, examined whether PI3-k activation by VS
was correlated with enhanced tyrosine phosphorylation of
IRS-1. CHO-HIR cells were incubated with various
concentrations of VS, and cell lysates were subjected to
immunoprecipitation with an antibody against IRS-1. Im-
munoprecipitates were then analyzed by immunoblotting with
anti-phosphotyrosine antibody. As shown in Figure 4A, VS
treatment of cells stimulated the tyrosine phosphorylation
of IRS-1 in a concentration-dependent manner.
To determine if VS-stimulated tyrosine phosphorylation

of IRS-1 results in its association with and activation of PI3-
k, we studied the PI3-k activity in IRS-1 immunoprecipitates
prepared from CHO-HIR cells stimulated with VS. As
shown in Figure 4, panels B and C, about a 6-fold rise in
PI3-k activity was detected in IRS-1 immunoprecipitates after
VS stimulation (100µM, 5 min) of cells compared to
unstimulated control cells. This increase correlated well with
an enhanced tyrosine phosphorylation of IRS-1 in response
to VS (Figure 4A).

DISCUSSION

In the present study, we have demonstrated that VS, which
exerts a variety of insulin-like effects, including the ability
to serve as an orally active antidiabetic agent, stimulates
PI3-k activity as well as glycogen synthesis in CHO-HIR
cells. Our results also show that two structurally and
mechanistically distinct inhibitors of PI3-k, wortmannin, and
LY294002 attenuate VS-induced PI3-k activation as well as
glycogen synthesis. Similar observations have been made
in relation to insulin-induced activation of glycogen synthesis
or glycogen synthase in several systems, such as 3T3-L1
adipocytes (47), PC-12 cells (51), and rat adipocytes (63).

However, the data presented here are the first to show that
VS-stimulated activation of glycogen synthesis as well as
PI3-k activation are blocked in concert by wortmannin and
LY294002 (Figures 1 and 2) and suggest that VS and insulin
employ wortmannin/LY294002-inhibitable signaling inter-
mediates to stimulate glycogen synthesis.
A serine/threonine protein kinase, cAKt/PKB, is activated

in response to several growth factors including insulin (45,
64-65) and vanadate (66). The enzyme is stimulated in vitro
by PI3-k-generated phospholipid products (64) and has been
implicated in the regulation of glycogen synthesis (65). This
contention is based on the fact that glycogen synthase
kinase-3 (GSK-3), a potent protein kinase capable of
phosphorylating and decreasing the activity of glycogen
synthase, is a substrate of cAKt/PKB (65). Interestingly,
cAKt/PKB-catalyzed phosphorylation and inactivation of
GSK-3 was also inhibited by wortmannin and LY294002

Table 1: Effect of PD98059 and Rapamycin on VS- and
Insulin-Stimulated MAP Kinase and p70S6kActivities as well as
Glycogen Synthesisa

kinase activity
(pmol/min/mg)

treatment MAP kinase p70s6k
glycogen synthesis

(cpm( SE)

control 9.6( 3.2 2.2( 0.5 871( 25
vanadyl sulfate 52( 7.4 8.87( 0.4 2738( 54
insulin 50( 5.8 8.93( 1.0 2646( 29
VS+ PD98059 19.3( 4 2793( 73
Ins+ PD98059 10.6( 5 2522( 51
VS+ rapamycin 3.2( 0.3 2897( 88
Ins+ rapamycin 2.71( 0.4 2650( 72

aCHO-HIR cells were incubated with or without PD98059 (10µM)
or rapamycin (50 ng/mL) for 30 min, followed by stimulation in the
absence (control) or presence of vanadyl sulfate (VS, 100µM) or insulin
(Ins, 100 nM) for 5 min. MAP kinase or P70s6kactivity in lysates was
determined as described in the Materials and Methods section by using
MBP or a synthetic peptide RRRLSSLRA as exogenous substrate,
respectively. Glycogen synthesis was determined by following the
incorporation of [14C]glucose into glycogen as described in Figure 1.
Values represent the means( SE from three experiments performed
in triplicate.

FIGURE 3: Effect of VS on insulin receptorâ-subunit tyrosine
phosphorylation and autophosphorylation. (A) Confluent, serum-
starved CHO-HIR cells were either unstimulated, C, or stimulated
with 100 nM insulin (INS) or 100µM VS for 5 min. Cells were
lysed and lysates subjected to immunoprecipitation with anti-IR
â-subunit antibody, followed by immunoblotting with anti-phos-
photyrosine antibody. This immunoblot is the representative of two
other experiments with similar results. (B, and C). Confluent serum-
starved, CHO-HIR cells were either unstimulated, C, or stimulated
with 100 nM insulin (INS) or 100µM VS for 5 min. Cell lysates
were prepared and then immunoprecipitated with either anti-
phosphotyrosine antibody (B) or anti-IRâ-subunit antibody (C).
The respective immunoprecipitates were subjected to autophos-
phorylation reaction followed by autoradiography as described in
Methods. The autoradiograms shown are representative of two other
experiments with similar results.
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(65). Recent studies have shown that overexpression of
constitutively active cAKt/PKB did not reproduce the ability
of insulin to stimulate glycogen synthesis in 3T3-L1 adipo-

cytes (67). It is not known, however, if cAKt/PKB over-
expression was associated with decreased GSK-3 activity in
the above studies. Moreover, insulin-induced glycogen
synthesis was significantly attenuated in the cells over-
expressing the constitutively active form of cAKt/PKB (67).
Studies using cells overexpressing a dominant negative

mutant of the 85 kDa subunit of PI3-k have shown that,
despite markedly attenuated insulin-dependent activation of
PI3-k, glycogen synthase activation was normal (60). This,
together with the observation that PI3-k activation in response
to other growth factors was not associated with glycogen
synthase activation, suggests that PI3-k may not be involved
in the process (68). Therefore, it is possible that wortmannin
and LY294002 exert their inhibitory effect on glycogen
synthase activation by suppressing some other form of PI3-k
and/or an uncharacterized enzyme involved in glycogen
synthase activation. Thus, the contribution of PI3-k or cAKt/
PKB in regulating glycogen synthesis appears to be complex
and needs further investigation.
Our observation that VS-stimulated glycogen synthesis is

not blocked by PD98059, a specific inhibitor of MEK1 and
MEK2, the immediate upstream kinase in the ERK1 and
ERK 2 signaling cascade (Table 1), demonstrated that ERK
activation does not contribute to VS-stimulated glycogen
synthesis. Similar conclusions were drawn by Lazar et al.
after studying the mechanism of insulin-induced glycogen
synthesis in 3T3-L1 adipocytes and L6 myotubes (39). In
addition, experiments using dominant negative ras mutants
have revealed that activation of the ras/ERK signaling
cascade is not required for insulin-activated glycogen
synthesis in PC-12 cells (51) and 3T3-L1 adipocytes (69).
The lack of an effect of rapamycin on VS-stimulated

glycogen synthesis (Table 1), which suggests that p70s6kmay
not have a role in this process is consistent with findings in
PC12 cells (51), skeletal muscle (59), rat adipocytes (57,
58), and CHO-HIR cells (60) in response to insulin. In
some studies, however, rapamycin treatment was shown to
inhibit insulin-induced glycogen synthesis (47, 61). Thus,
the existence of cell-specific pathways for activation of
glycogen synthesis may be postulated. Evidence has been
presented recently showing that c-jun NH2-terminal kinase
(JNK) and ribosomal kinase III (rsk III) may contribute to
insulin-stimulated activation of glycogen synthesis in skeletal
muscle in vivo (59).
Whereas insulin-induced glycogen synthesis requires

functionally active IR-PTK (62), VS-induced glycogen
synthesis occurs in the absence of a detectable IR tyrosine
phosphorylation. In fact, using three different experimental
approaches, we have failed to find any significant increase
in tyrosine phosphorylation and PTK activation of IR in VS-
stimulated CHO-HIR cells. Similar observations have been
made in the rat diaphragm where vanadate-stimulated
glycogen synthesis was not associated with enhanced IR
tyrosine phosphorylation (19). No effect of vanadate on IR
tyrosine phosphorylation in rat adipocytes has also been
demonstrated (70). Interestingly, despite having no effect
on tyrosine phosphorylation of the IRâ-subunit, VS stimu-
lated the tyrosine phosphorylation of IRS-1. Moreover, the
fact that PI3-k activation was observed in IRS-1 immuno-
precipitates from VS-treated cells suggests that recruitment
of PI3-k by binding to tyrosine phosphorylated IRS-1 may
be one of the mechanisms by which VS activates PI3-k. The

FIGURE 4: Effect of VS on insulin receptor substrate (IRS-1)
tyrosine phosphorylation and IRS-1 associated PI3-k activity. (A)
Confluent, serum-starved CHO-HIR cells were stimulated with
the indicated concentrations of VS. Lysates were prepared and
subjected to immunoprecipitation with antibody to IRS-1. Immu-
noprecipitates were separated on 10% SDS-PAGE followed by
immunoblotting with anti-phosphotyrosine antibody as described
in the Materials and Methods. The data are representative of three
independent experiments with similar results. (B) Confluent, serum
starved CHO-HIR cells were either unstimulated, C, or stimulated
with VS (100µM) for 5 min. They were lysed and immunopre-
cipitated with anti-IRS-1 antibody. PI3-k activity was measured in
IRS-1 immunecomplexes as described in Figure 2. This autoradio-
gram is representative of two experiments with similar results. (C)
The phosphorylated product (PIP) was quantified by Phosphor-
Imager. Values from two separate experiments are represented as
means( SE.
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precise mechanism by which VS stimulates the tyrosine
phosphorylation of IRS-1 is not clearly understood at present.
Since vanadium salts are potent inhibitors of PTPases (17),
it is possible that by suppressing a constitutively active IRS-1
specific-PTPase, VS causes an increase in the phospho-
tyrosine content of IRS-1. Alternatively, VS may stimulate
a nonreceptor PTK which, in turn, may phosphorylate IRS-
1. It is noteworthy that some cytokines and other peptide
hormones have been shown to stimulate the tyrosine phos-
phorylation of IRS-1 by activating cytosolic PTKs (71, 72).
Clearly, additional studies are required to test these pos-
sibilities and to identify putative PTKs or PTPases respon-
sible for IRS-1 phosphorylation in response to VS.
In summary, our results demonstrate, for the first time,

that VS induces the tyrosine phosphorylation of IRS-1 and
activates PI3-k in an IR-PTK-independent manner. Thus,
it may be suggested that activation of PI3-k and wortmannin/
LY294002-inhibitable signaling pathway constitute one of
the mechanisms by which inorganic vanadium salts exert
insulin-like effects on glycogen synthesis.
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