
Vanadate Augments Insulin-Stimulated
Insulin Receptor Kinase Activity and
Prolongs Insulin Action in Rat Adipocytes
Evidence for Transduction of Amplitude of
Signaling Into Duration of Response
I. GEORGE FANTUS, FERHAAN AHMAD, AND GUY DERAGON

Vanadate, a protein tyrosine phosphatase inhibitor,
preserves insulin-stimulated lipogenesis after removal
of insulin. To investigate the mechanism of this action
of vanadate, lipogenesis was studied in isolated rat
adipocytes exposed to vanadate for 60 min followed by
insulin for 15 min at 37°C. Vanadate (10-50 p.M)
prolonged insulin-stimulated lipogenesis. The half-time
(f1/2) of the decay in insulin (0.34 nM)-stimulated
lipogenesis after removal of insulin by washing in pH
7.0 followed by pH 7.6 buffer was 21 min in the
absence and 59 min in the presence of vanadate.
During these conditions, vandate did not alter insulin
binding nor the removal of insulin by the series of
washes. In contrast to lipogenesis, the tV2 of the decay
in insulin receptor tyrosine kinase (IRK) activity,
assayed with the artificial substrate Poly[Glu:Tyr] (4:1),
was not significantly prolonged by vanadate (6 vs. 6.8
min). However, insulin-stimulated IRK activity was
markedly augmented by vanadate to 319 ± 19% of
insulin alone, associated with a similar augmentation
of phosphotyrosine incorporation into the insulin
receptor p-subunit determined by Western blotting
with antiphosphotyrosine antibodies. To determine the
relationship between prolongation of lipogenesis and
the increase in IRK, adipocytes were exposed to 17.2
nM insulin to activate the IRK to the same extent as
insulin (0.34 nM) plus vanadate (maximum activation).
During these two conditions, the decay of lipogenesis
was similar and after stimulation with 17.2 nM insulin
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was not prolonged by vanadate. We conclude that
vanadate prolongs insulin action at insulin
concentrations that do not maximally activate the IRK
by augmenting IRK activity. The data suggest that the
amplitude of the insulin signal, the IRK, is transduced
into duration of response, lipogenesis. Thus activation
of receptor above that required for a maximum
biological response results in prolongation of action.
Diabetes 43:375-83,1994

During the past decade, insulin-mimetic vana-
dium compounds such as sodium orthovana-
date (vanadate) have been the object of
increasing attention both as a means of explor-

ing the mechanism of action of insulin and as potential
therapeutic agents in the management of diabetes (1-3).
The insulin-like activity of vanadate was first observed in
1979 and 1980 when studies reported that this com-
pound stimulates glucose uptake, glucose oxidation, and
potassium uptake in rat adipocytes in vitro (4-6). Since
then, vanadate has been documented to mimic the
actions of insulin in several different tissues. In adipo-
cytes, stimulation of insulin-like growth factor II (IGF-II)
binding (7), lipogenesis (8,9), glycogen synthase (10),
protein synthesis (9), and inhibition of lipolysis (8,11)
have all been demonstrated. Clark et al. (12) have
observed increases in glucose transport, glycolysis, gly-
cogen synthesis, and glucose oxidation in skeletal mus-
cle. In hepatocytes, vanadate has been shown to
stimulate glycogen synthesis and lipogenesis (13) and
inhibit protein degradation (14).

The importance of tyrosine phosphorylation appears
relevant to the postulated mechanism of the action of
vanadate. Insulin activates its receptor by binding to the
externally oriented a-subunit and stimulating autophos-
phorylation of the cytosolic portion of the p-subunit on
tyrosine residues (15-18). The tyrosine-autophosphory-
lated p-subunit is then capable of phosphorylating and
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altering the function of endogenous substrates thereby
transmitting its intracellular biological effects (19). The
second consideration is that vanadate is a potent phos-
photyrosine phosphatase inhibitor (20-22), possibly be-
cause of its structural resemblance to phosphate (23).
One may therefore speculate that phosphotyrosine phos-
phatase inhibition leads to augmented autophosphoryla-
tion and activity of tyrosine kinases such as the insulin
receptor (7,10), the epidermal growth factor receptor
(20), and pp60v-src (24).

Several studies have now demonstrated that vanadate
added to the drinking water of streptozocin (STZ)-in-
duced diabetic rats normalizes blood glucose, produces
weight gain, stimulates glucose transport into muscle
and liver, and improves cardiac performance (25-33).
Reversal of hyperglycemia has been demonstrated in
two mouse models of non-insulin-dependent diabetes
mellitus, ob/ob and db/db mice (34) and the fa/fa rat
(35). Very low serum concentrations of vanadate (<15
ixM) have been effective in the studies cited above (26).
In contrast, significant acute insulin-mimetic activity in
isolated rat adipocytes is generally observed at higher
concentrations (200 IJLM to 1 mM) (8-10).

To resolve this apparent discrepancy between in vitro
and in vivo studies, we previously investigated the effects
of low concentrations of vanadate (<200 JJLM) on insulin
binding, processing, and action in rat adipocytes (36).
Vanadate increased insulin binding that was associated
with a significant increase in sensitivity to insulin. At 200
JJLM, vanadate was also observed to preserve a large
fraction of insulin-stimulated lipogenesis 30 min after
removal of insulin. These interactions of vanadate with
the biological activity of insulin were independent of the
insulin-mimetic behavior of vanadate alone.

In this study, we examined in greater detail the effect of
vanadate on the maintenance of the biological action of
insulin. We demonstrate a dose-dependent effect of
vanadate to prolong insulin-stimulated lipogenesis sub-
sequent to the removal of insulin. The ability of insulin
(0.34 nM) to stimulate its receptor kinase was enhanced
threefold in the presence of vanadate. However, the rate
of decay of the kinase activity was not altered. Maximum
stimulation of the kinase by insulin 17.2 nM (100 ng/ml)
resulted in a decay of lipogenesis similar to that observed
with 0.34 nM insulin plus vanadate, and vanadate did not
prolong insulin action further. These data support the
hypothesis that the amplitude of the hormonal signal, i.e.,
the receptor kinase, in the face of spare receptors is
reflected in the rate of decay of the biological response
and provides another mechanism to explain the ability of
low concentrations of vanadate to lower blood glucose in
vivo.

RESEARCH DESIGN AND METHODS
Porcine insulin was a gift from Nordisk (Gentofte, Den-
mark). Aprotinin, bovine serum albumin (BSA), HEPES,
A/-acetyl-D-glucosamine, phenylmethylsulfonyl fluoride
(PMSF), sodium orthovanadate (vanadate), Triton X-100,
antiphosphotyrosine (P-tyr) antibody, and the synthetic
tyrosine kinase substrate (Poly[Glu/Tyr], 4:1) were pur-

chased from Sigma (St. Louis, MO). Wheat germ agglu-
tinin (WGA) coupled to agarose and protein A-sepharose
CL-4B were obtained from Pharmacia (Uppsala, Swe-
den). Collagenase (type I) was from Worthington (Mis-
sissauga, Ontario). [32P]ATP (specific activity 289 Ci/
mmol), [3-3H]glucose (specific activity 10.8 Ci/mmol),
and Aquasol-ll were supplied by DuPont Canada-New
England Nuclear (Lachine, Quebec). Anti-insulin recep-
tor p-subunit (anti-960) antibody was a gift from Dr. B.
Posner (McGill University, Montreal).
Preparation of adipocytes. Adipocytes were isolated as
described previously (36,37) with minor modifications.
Male Sprague-Dawley rats weighing 160-220 g were
killed by cervical dislocation. Epididymal fat pads were
removed and placed into Sarstedt 50 ml polypropylene
centrifuge tubes containing Krebs-Ringer bicarbonate-
HEPES buffer (KRBH) (in mM: 118.5 NaCI, 4.7 KCL, 2.5
CaCI2,1.2 KH2PO4,1.2 MgS04, 29.2 NaHCO3, and 30.6
HEPES) supplemented with 20 mg/ml BSA, 5 mM glu-
cose, and 1 mg/ml collagenase at pH 7.4. The tissue was
finely minced and bubbled with 95% O2-5% CO2 for 5
min and then allowed to shake gently for 1 h at 37°C. The
digested tissue was filtered through nylon mesh (1,000
ixm), centrifuged at 500 rpm, and washed four times in
the buffer described above without collagenase.
Effect of various doses of vanadate on maintenance
of insulin-stimulated lipogenesis. Isolated adipocytes
were incubated in the presence of vanadate (0-100 ixM)
for 1 h at 37°C. Lipogenesis was maximally stimulated by
exposure to 1.7 nM (10 ng/ml) insulin during the final 15
min, after which lipogenesis was assayed as described
below without or with removal of all hormone by a series
of washes. The cell suspension was centrifuged and the
infranatant aspirated. The adipocytes were washed twice
and incubated in glucose- and insulin-free KRH buffer
(KRBH without NaHCO3), pH 7.0, supplemented with 1
mM pyruvate and 1.5% BSA for a total of 20 min at 37°C.
The cells were subsequently washed twice and incu-
bated for an additional 10 min at 37°C in the KRBH buffer
at pH 7.6. Vanadate concentrations were maintained at
constant levels through all incubations, washes, and the
lipogenesis assay.

After preincubation with vanadate, exposure to insulin,
and repeated washes, lipogenesis activity was assayed
as described by Moody et al. (38). The adipocytes
(5 x 105 cells) were suspended in KRBH (pH 7.6) with
1.5% BSA, 0.5 mM glucose, and [3-3H]glucose (0.33
ixCi) at 37°C. The incubation was terminated after 15 min
by the addition of 15 ml Econofluor and followed by
vigorous shaking at 22°C. After overnight extraction at
22°C, radioactivity was measured in an LKB p-scintilla-
tion counter. Counts were converted to nanomoles of
glucose incorporated into lipid per 105 cells and ex-
pressed as a percentage of the control value.
Effect of vanadate on reversibility of insulin-stimu-
lated lipogenesis. To determine the time course of
decay of insulin-stimulated lipogenesis, a protocol similar
to that described above was followed. Isolated adipo-
cytes were incubated in the absence or presence of 100
ixM vanadate for 60 min at 37°C and for an additional 15
min with or without 0.34 nM (2 ng/ml) insulin, a concen-
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tration that consistently resulted in maximum insulin-
stimulated lipogenesis but did not result in maximum
receptor occupancy (36). The cell suspension was cen-
trifuged, and the infranatant was aspirated. The adipo-
cytes were then washed twice and incubated in glucose-
and insulin-free KRH (pH 7.0) with 1.5% BSAfor various
times (0-120 min) at 37°C. The cells were subsequently
washed twice and stabilized for 10 min at 37°C in KRBH
buffer (pH 7.6) after which lipogenesis was assayed
exactly as described above. Exposure to 100 |xM vana-
date was maintained through all incubations and washes
and through the lipogenesis assay in adipocytes initially
preincubated with vanadate.
Solubilization and lectin purification of insulin recep-
tors. To investigate the effect of vanadate on insulin-
stimulated receptor kinase activity, isolated adipocytes
(2 x 107 cells) were preincubated with or without 100 ixM
vanadate for 60 min at 37°C and then with 0.34 nM insulin
for 15 min as described above. In an additional set of
samples, 100 ixM vanadate was added 1 min before the
termination of the incubation. The cell suspension was
centrifuged, and the infranatant was aspirated. The adi-
pocytes were then washed twice and incubated in glu-
cose- and insulin-free KRH (pH 7.0) with 1 mM pyruvate
and 1.5% BSA for various times (0-50 min) at 37°C. The
cells were subsequently washed twice and stabilized at
37°C in KRBH buffer (pH 7.6) for an additional 10 min,
except for the 10-min sample that was re-equilibrated at
pH 7.6 for 8 min after 2 min at pH 7.0. At the times
indicated, ice-cold solubilization buffer (1.0% Triton
X-100, 4 mM EDTA, 2 mM NaF, 1 mM PMSF, 1 trypsin
inhibitor U/ml of aprotinin, and 30 mM HEPES, pH 7.6)
was added, and the cells were immediately frozen for 1 h
at -70°C (9). The adipocytes were subsequently thawed,
homogenized, and solubilized for an additional 1 h at
4°C. After removal of the fat cake by centrifugation at
1,800 gfor 10 min, the cell extract was centrifuged further
at 100,000 gfor 1 h at 4°C. The supernatant was applied
to a 1 ml column of WGA-agarose, which was then
washed with 50 ml of 50 mM HEPES buffer (at pH 6.0)
containing 150 mM NaCI and 0.1% Triton X-100 followed
by 25 ml of the same buffer at pH 7.6. This pH 7.6 buffer,
supplemented with 0.3 M A/-acetyl-D-glucosamine, was
used to elute the insulin receptor. 125l-labeled insulin,
iodinated to a specific activity of -1.1-1.2 mCi/mmol,
was used to determine insulin binding to the lectin-
purified extract as described previously (9).
Insulin receptor tyrosine kinase (IRK) activity. A pro-
cedure similar to that reported previously was followed
(7,9). Lectin-purified insulin receptor (10-20 fmol of
insulin binding) was placed in a buffer at 22°C containing
50 mM HEPES, 2 mM MnCI2, 15 mM MgS04, 2.5 mg/ml
Poly[Glu/Tyr] (4:1), and 5 IJLM [7-

32P]ATP (5 ^Ci/tube, pH
7.6) in a total volume of 160 IJLI. After 10 min, the reaction
was terminated by spotting 100 ixl of the reaction mixture
on a Whatman no. 3 filter paper, which was then placed
in 10% trichloroacetic acid containing 10 mM sodium
pyrophosphate. After extensive washing in this solution,
the paper was dried and placed in 20 ml of Aquasol-ll for
determination of radioactivity in an LKB (3-scintillation
counter.

P-tyr antibody immunoblots. The above-described
protocol for the assessment of the effect of 100 ixM
vanadate on insulin-stimulated receptor tyrosine kinase
activity was followed for determination of the extent of in
situ insulin receptor tyrosine phosphorylation stimulated
by insulin. Thus one set of adipocytes was incubated with
and without insulin alone for 15 min, one set preincu-
bated with vanadate for 60 min, and a third set with
vanadate added 1 min before the termination of the
incubation.

The reaction was stopped by rapid freezing of the
adipocytes after addition of an ice-cold solution of 1%
Triton X-100, 50 mM HEPES (pH 7.6), 4 mM EDTA, 1
trypsin inhibitor U/ml aprotinin, 20 mM NaF, and 1 mM
PMSF (final concentrations). The cells were thawed and
homogenized with the addition to all samples of 1 mM
vanadate. A second set of experiments was performed
with the modification of stopping the reaction by imme-
diate freezing of the samples in liquid nitrogen. The
above solubilization buffer supplemented with 1 mM
vanadate was added to all samples that were subse-
quently thawed and solubilized. Insulin receptors were
partially purified as above, and an aliquot was submitted
to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) under reducing conditions (9).

After electrophoretic transfer of proteins from the gels
to nitrocellulose membranes, the latter were washed and
blocked with 50 ml of phosphate-buffered saline (PBS),
pH 7.4, containing 10% fetal bovine serum (FBS) for 1 h
at 22°C. The solution was replaced with 50 ml of a 1:1,000
dilution of affinity purified anti-P-tyr antibody in PBS (pH
7.4), containing 10% FBS and incubated for 2 h at 22°C
as described (39). The membranes were washed and
incubated with 50 ml of 125l-labeled goat anti-mouse
antibody (25,000 cpm/100 JJLI) in PBS containing 10%
FBS for 1 h at 22°C. The membranes were washed, dried,
and fixed. Labeled phosphotyrosine-containing proteins
were visualized by autoradiography and intensities of the
95 kD bands determined by densitometry. Receptor
content was determined by immunoblotting with antibod-
ies against the 960 region of the p-subunit. The above
procedure used for the anti-P-tyr immunoblots was mod-
ified by using a solution of PBS (pH 7.4), with 3%
Carnation milk for blocking followed by incubation with
1:500 dilution of anti-960 antibody in PBS with 3% Car-
nation milk for 2 h at 22°C. The incubation with labeled
125l-labeled goat anti-rabbit antibody was also con-
ducted in PBS, 3% milk. Radioactivity was quantified as
above by densitometry of exposed films.
Dissociation of insulin. To determine whether vanadate
had any effect to alter the rate of insulin dissociation from
its receptor during the wash procedure, adipocytes were
incubated with 125l-labeled insulin (0.34 nM) for the
identical times and under the conditions described
above. The cells were exposed or not exposed to 100 ixM
vanadate for 60 min followed by addition of labeled
hormone for 15 min. Total cell-associated radioactivity
was determined by centrifugation through oil as de-
scribed previously (36), and nonspecific binding was
determined in the presence of excess 0.9 ixM unlabeled
insulin. After the 15-min incubation with 125l-labeled insu-
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FIG. 1. Dose-dependent effect of vanadate on the maintenance of
insulin-stimulated lipogenesis in rat adipocytes. Freshly isolated rat
adipocytes were incubated in the absence and presence of the
Indicated concentrations of vanadate for 1 h at 37°C. The cells were
further treated (0) or not treated (•) with 1.7 nM Insulin for 15 min.
The cells were then washed for 20 min in KRH buffer with 1 mM
pyruvate and 1.5% BSA at pH 7.0 to remove cell-associated insulin
and for an additional 10 min in KRBH and 1.5% BSA at pH 7.6.
Lipogenesis was subsequently assayed as described in METHODS and Is
expressed as a percentage of that measured in the absence of insulin
and vanadate before the wash (100%). Maximum lipogenesis in the
presence of 1.7 nM insulin, i.e., without washing, are represented (A).
Data are mean ± SE of 4-10 separate experiments each performed in
triplicate. The residual insulin-stimulated lipogenesis after 30 min of
wash was significantly augmented by vanadate (10 jiM, P< 0.01; 25
vM, 50 »M, and 100 jiM, P < 0.001).

lin, aliquots of the adipocytes were washed as described
for various times in glucose and insulin-free KRH (pH 7.0)
and 1.5% BSA, then re-equilibrated for 10 min in KRBH
(pH 7.6). Residual specific cell-associated radioactivity
was plotted versus total time of the washes as a percent-
age of that determined before washing (t = 0).
Statistical analysis. Data are presented as means ± SE.
Significant differences for individual values were deter-
mined by paired or unpaired Student's ttest (two-tailed).
In each study of the decay rate (lipogenesis and tyrosine
kinase activity), within- and between-study parameters
were analyzed using a repeated measures analysis of
variance (ANOVA). The tV2 (half-time) values were deter-
mined by direct graphic analysis of the decay curves
without assumptions. Statistical significance was ac-
cepted at the level of P < 0.05.

RESULTS
Dose-dependent prolongation of insulin action by
vanadate. Using the experimental protocol described in
METHODS, preincubation of rat adipocytes with vanadate
resulted in a significant inhibition of the loss of insulin-
stimulated lipogenesis after a 30-min wash to remove
insulin (Fig. 1). Insulin alone stimulated lipogenesis to
361 ± 29% of control adipocytes. This decreased after
the wash procedure to 130 ± 15%. Preexposure to van-
adate resulted in a dose-dependent prolongation of
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FIG. 2. Effect of vanadate on the decay of Insulin-stimulated
lipogenesis. Freshly isolated rat adipocytes were incubated in the
absence (•) or presence (O) of 100 fiM vanadate for 1 h at 37°C.
Insulin (0.34 nM) or buffer alone was added for an additional 15 min.
The adipocytes were then washed for the various times indicated
(0-120 min) in insulin-free KRH at pH 7.0 and for an additional 10 min
in KRBH at pH 7.6 as described in METHODS. Lipogenesis was
subsequently assayed and is expressed as percentage of
insulin-stimulated lipogenesis before the wash. In all experiments,
basal activity in the absence or presence of vanadate has been
subtracted so that only insulin-stimulated activity Is shown. Data are
means ± SE of 3-6 separate experiments each performed In triplicate.
The rates of decay in the absence and presence of vanadate were
significantly different (P = 0.03). The f1/2 of the decay in
insulin-stimulated lipogenesis was increased by vanadate from 21 to
59 min. Note that the time plotted indicates the duration of the pH 7.0
wash, and the 10-min equilibration time in pH 7.6 buffer was added to
determine the f1/2 values.

insulin action observed with as little as 10 |xM and
reaching maximum at 50 JJLM (361 ± 20% after wash, Fig.
1). Note that vanadate itself had only a small insulin-
mimetic effect at these concentrations (a maximum of
140 ± 12%) and that the stimulation by vanadate was
subtracted from the insulin plus vanadate value in every
experiment. The residual insulin-stimulated portion of
lipogenesis was significantly greater in the presence of
vanadate than in its absence at all concentrations (10-
100 IULM, Fig. 1).

Effect of vanadate on the rate of decay of insulin-
stimulated lipogenesis. To determine the effect of van-
adate on the prolongation of insulin action, adipocytes
were incubated in the presence or absence of 100 |xM
vanadate and then incubated for 15 min with 0.34 nM
insulin. The subsequent wash time was varied from 0 to
120 min in pH 7.0 after which a 10-min incubation in pH
7.6 buffer was performed to re-equilibrate the cells
before the assay. The decay of insulin-stimulated lipo-
genesis was significantly prolonged in the presence of
vanadate (P = 0.03, repeated measures ANOVA; Fig. 2).
The tV2 of the decay in insulin action in control cells was
21 min, whereas that in the presence of vanadate was
increased to 59 min. As in the previous set of experi-
ments, the insulin-mimetic effect of vanadate itself was
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measured and subtracted at all times in every experi-
ment.
Effect of vanadate on IRK activity. The documented
inhibitory effect of vanadate on protein phosphotyrosine
phosphatase lead us to postulate that the observed
prolongation of insulin action by vanadate may be medi-
ated by an alteration of IRK activity. As described in
METHODS, the cells had received one of three separate
treatments: 1) no exposure to vanadate at any time, 2)
preexposure to 100 |xM vanadate for 60 min, and 3)
exposure to 100 |iM vanadate 1 min before freezing the
adipocytes. An additional protocol was included in some
experiments in which vanadate was absent during the
incubations and washes (treatment 1) but added after
freezing the sample, i.e., during homogenization and
receptor preparation. The addition of vanadate at this
stage yielded the same results as treatment 1 (data not
shown).

In the presence of vanadate (treatment 2), the ability of
insulin to stimulate its receptor kinase was enhanced
more than threefold compared with cells not exposed to
vanadate (treatment 1, 319.0 ± 18.7% of insulin alone).
When vanadate was added 1 min before the freezing
(treatment 3), the IRK activity was also increased com-
pared with insulin treatment alone and approached that
of the cells pretreated for 60 min with vanadate
(242 ± 29% of insulin alone (Fig. 3). This suggested a
very rapid effect of vanadate to inhibit tyrosine dephos-
phorylation.

In contrast to the effect of vanadate on the decay of
insulin-stimulated lipogenesis, the tV2 of the decay in
receptor tyrosine kinase activity after removal of insulin
was not altered by vanadate (P = 0.77, repeated mea-
sures ANOVA). Thus the tV2 of deactivation was 6 min
after insulin alone and 6.8 min after insulin plus vanadate.
Note that, because the decay of IRK activity was very
rapid, the ty2 values determined under these conditions
should be considered semiquantitative.
Vanadate enhances in situ insulin-stimulated insulin
receptor phosphotyrosine content. To correlate the
augmentation of insulin-stimulated tyrosine kinase activ-
ity by vanadate with receptor tyrosine autophosphoryla-
tion in the intact cells, the adipocytes were treated with
the identical three protocols as described above, and the
reaction stopped without washing {t = 0). The P-tyr con-
tent of the p-subunit corrected for receptor concentration
was not altered by vanadate alone (Fig. 4). Insulin (0.34
nM) increased P-tyr to 137% of control adipocytes. In the
presence of vanadate (60-min preincubation), insulin
increased P-tyr to 372% and with vanadate added 1 min
before the termination of the assay, P-tyr content was
289% of control adipocytes (Fig. 4).

To determine that the augmented insulin-stimulated
P-tyr incorporation in the presence of in vivo vanadate
was not caused simply by inhibition of insulin receptor
dephosphorylation during solubilization, the experiments
were repeated (treatments 1 and 2), and the reactions
were terminated by freezing of the cells in liquid nitrogen.
All samples were subsequently thawed and solubilized in
a buffer containing 1 mM vanadate. Stimulation of P-tyr
incorporation into the B-subunit by 0.34 nM insulin was

350 i

FIG. 3. Effect of vandate on IRK activity. Freshly Isolated rat
adipocytes were incubated in the absence (•) or presence (O) of 100
JJLM vanadate for 1 h at 37°C. Insulin (0.34 nM) or buffer alone was
added for an additional 15 min. Vanadate (100 fiM) was added to a
third set of adipocytes (A) 1 min before the termination of the
Incubations. The cells were then washed in insulin-free KRH at pH 7.0
for 0-50 min and for an additional 8-10 min In KRBH at pH 7.6. At the
times indicated, the reactions were terminated by the addition of
ice-cold solubilization buffer and immediate freezing to -70°C as
described in METHODS. Cells were homogenized and solubilized, insulin
receptors were partially purified, and tyrosine kinase activity was
assayed. Data are means ± SE of 3-6 separate experiments each
performed in triplicate and expressed as a percentage of
insulin-stimulated tyrosine kinase activity assayed before the wash.
The decay rate in the presence and absence of vanadate was not
significantly different. The tV2 of the decay in IRK activity was 6 min in
control sample, 6 min with vanadate added for 1 min, and 6.8 min with
vanadate added for 1 h.

156% in the absence and 345% in the presence of 100
ixM vanadate (densitometry, arbitrary units: control 0.9,
insulin 1.4, vanadate 1.1, vanadate plus insulin 3.8; data
not shown).
Effect of insulin concentration on the decay of insu-
lin-stimulated lipogenesis. The lack of increase of the
tV2 of the decay in IRK activity but markedly augmented
activity in the presence of vanadate plus insulin led us to
test whether the increased amplitude of the signal was an
important factor that determined the duration of lipogen-
esis. To increase the IRK activity to approximately the
level observed with 0.34 nM insulin plus vanadate, adi-
pocytes were incubated with 17.2 nM insulin. Insulin
dose-response curves demonstrated that this concentra-
tion of insulin activates the IRK to a similar extent, which
is at maximum (9). The decay in lipogenesis was assayed
in the presence and absence of vanadate as described;
20 min after removal of 0.34 nM insulin, the presence of
vanadate significantly increased lipogenesis (Table 1).
Insulin alone at 17.2 nM resulted in a similar rate of decay
as 0.34 nM insulin in the presence of vanadate. Further-
more, the addition of vanadate did not result in any
prolongation of insulin action after stimulation with 17.2
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FIG. 4. Effect of vanadate on phosphotyroslne
incorporation into the Insulin receptor {J-subunlt.
Adipocytes were Incubated In the absence or
presence of vanadate for 1 min or 60 min and
with and without insulin for 15 min as described
in Fig. 3. At the end of the Incubation, the
reaction was terminated by the addition of
ice-cold stopping solution and immediate
freezing to -70°C. Cells were thawed,
homogenized, and receptors solubilized. Insulin
receptors were Immunoprecipltated and
separated by SDS-PAGE. Proteins were
transferred to nitrocellulose membranes and
immunoblotted with antlphosphotyrosine
antibodies as described in METHODS. The
intensities of the 95 kD bands were determined
by densitometry and corrected for receptor
content determined by Immunoblotting a second
membrane with anti-p-subunit antibody as
described (not shown). The effect of vanadate on
P-tyr incorporation was similar to that observed
on tyrosine klnase activity. The relative
intensities in arbitrary units were: 2.03 (lane 1),
2.79 (lane 2), 1.87 (lane 3), 5.41 (lane 4), 1.73
(lane 5), and 6.43 (lane 6). Similar results were
obtained In two separate experiments.

nM insulin at 20, 30, or 40 min after removal of insulin
(Table 1).
Lack of effect of vanadate on insulin removal. Be-
cause we (36) and others (40) demonstrated previously
that under certain conditions vanadate can increase
insulin binding, the prolongation of biological response
was possibly associated with an additional effect of
vanadate to inhibit the removal of insulin from the adipo-
cytes by the series of washes. Incubation of the adipo-
cytes with or without exposure to 100 |xM vanadate
followed by 125l-labeled 0.34 nM insulin for 15 min at 37°C
followed by washing, as described for the biological
responses, revealed that vanadate did not alter the
removal of insulin (Fig. 5). Thus after 10 min (2 min, pH
7.0, and 8 min, pH 7.6) of washing 12.6 ± 2.05 and
13.5 ± 2.39% of initial 125l-labeled insulin remained cell-
associated in the absence and presence of vanadate,
respectively. After 30 min of washing, these values were

TABLE 1
Effect of insulin concentration on the decay of insulin action

Vanadate
(100 jiM)

Insulin
(nM)

Insulin-stimulated lipogenesis
(% of initial insulin)

20 min 30 min 40 min

Without
With
Without
With

0.34

17.2

39.8 ± 18
95.5 ± 26*
98.5 ± 29
57.7 ± 14t

26.5 ± 14
70.8 ± 23*
76.9 ± 24
57.8 ± 24t

ND
ND

55.7 ± 20
43.8 ± 13t

Data are means ± SE (n = 4) and expressed as the percentage
of insulin-stimulated activity measured at the end of incubation
before removal of hormone. Freshly isolated rat adipocytes
were incubated in the presence and absence of 100 |xM
vanadate for 60 min in KRBH buffer. Insulin (0.34 or 17.2 nM)
was then added for 15 min. Lipogenesis was assayed immedi-
ately, or the cells were washed and incubated for an additional
10, 20, or 30 min in KRH (pH 7.0) followed by 10 min in KRBH
(pH 7.6). Lipogenesis was then assayed as described in
METHODS. Vanadate significantly increased lipogenesis with 0.34
nM insulin but not with 17.2 nM insulin. ND, not determined.
*P < 0.05 in the presence compared with absence of vanadate.
t P = NS in the presence compared with absence of vanadate.

3.8 ± 0.95 and 4.9 ± 1.54%. Note that vanadate did not
increase the specific cell-associated 125l-labeled insulin
before washing. Insulin binding was 7.3 ± 0.26%/
5 x 105 adipocytes in the absence and 7.1 ± 0.81%/
5 x 105 adipocytes in the presence of vanadate. This is
consistent with the lower concentration of vanadate and
higher concentration of insulin used in these experiments
compared with our earlier studies (36).

DISCUSSION
It has been postulated that the insulin-mimetic effects of
vanadate are mediated by its inhibition of phosphoty-
rosine phosphatase activity, thereby leading to an aug-
mentation of tyrosine phosphorylation and tyrosine
kinase activity-of the insulin receptor (1,2). We observed
that, after removal of insulin, lipogenesis remained sig-
nificantly higher in the presence of 200 jxM vanadate
(36). In this study, a dose-dependent effect of vanadate
to prolong insulin-stimulated lipogenesis in rat adipo-
cytes was demonstrated. This effect on prolongation was
maximum at 50 u,M and was significant at vanadate
concentrations as low as 10 |xM, the range measured in
serum of diabetic rats treated with oral vanadate (26).
The tV2 of the decay in lipogenesis was increased from
21 to 59 min by vanadate after stimulation by 0.34 nM
insulin. Because high concentrations of vanadate were
demonstrated previously to increase insulin binding and
insulin sensitivity (36,40), the possibility that the prolon-
gation of lipogenesis was related to an increase in
residual cell-associated insulin required examination.
During the conditions of these experiments, i.e., lower
vanadate concentration and higher insulin concentration,
no significant effect of vanadate on insulin binding was
noted. Furthermore, a similar amount of insulin was
removed by the series of washes in the presence and
absence of vanadate. After the 30-min wash, 3.8 ±
0.95% (control) and 4.9 ± 1.54% (with vanadate) of the
initial insulin remained cell-associated. This amount of
cell-bound insulin would be expected in incubations
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FIG. 5. Effect of vanadate on Insulin removal by repeated washing.
Freshly Isolated rat adipocytes were Incubated In the absence (•) and
presence (O) of 100 M-M vanadate for 1 h at 37°C and 0.34 nM
"5l-labeled Insulin subsequently added for 15 mln with and without
excess 0.9 JAM unlabeled Insulin. Allquots were removed (f = 0) and
centrlfuged through oil to determine total and nonspecific
eel I-associated 1siSl-labeled Insulin. The remaining cells were washed
for various times from 2 to 30 mln In pH 7.0 KRH buffer followed by 10
mln In pH 7.6 KRBH as described In METHODS. Specific cell-associated
125l-labeled Insulin was determined by subtracting nonspecific from
total cell-bound radioactivity and plotted as percentage of specific
cell-bound 125l-labeled insulin at f = 0 versus total time of washing.
Data are means ± SE of 5 (f = 0,10, or 20 min) or 3 (f = 30 or 40 mln)
separate experiments performed In duplicate. Specific 125l-labeled
Insulin bound at f = 0 was 7.3 ± 0.26%/5 x 105 adipocytes in the
absence and 7.1 ± 0.81% In the presence of vanadate.

containing medium insulin concentrations of —6.9 pM
(control) and 8.6 pM (vanadate) and could not account
for the extent of stimulation of lipogenesis at this time
either in the absence or presence of vanadate (Fig. 2)
(36). Previous investigators have reported a significant
delay in the decay of insulin-stimulated glucose transport
in comparison to dissociation of hormone (41,42).

Several studies have questioned the mechanism of
vanadate action. A number of investigators have demon-
strated insulin-like actions in vitro (43,44) and in vivo
(33,34) without IRK activation. To determine whether this
prolongation effect was related to IRK activity, we as-
sessed the effect of vanadate. In contrast to lipogenesis,
vanadate did not prolong the decay of insulin-stimulated
IRK activity; tV2 of decay was 6 min in the absence and
6.8 min in the presence of vanadate. However, IRK
activity was markedly augmented in the presence of
vanadate. Furthermore, this increase correlated with an
increase in phosphotyrosine content of the insulin recep-
tor p-subunit isolated from intact cells. The latter finding
is consistent with an inhibitory effect of vanadate on a
tyrosine phosphatase that dephosphorylates the insulin
receptor (22). However, the return to basal activity of both
IRK activity and lipogenesis indicates that this inhibitory
effect is partial. This may explain the apparent lack of
prolongation of the IRK. Thus, dephosphorylation of the
receptor in rat adipocytes has been demonstrated by
Mooney and Anderson (45) to be very rapid with a tV2 of
21 s. vanadate (1 mM) slowed dephosphorylation by

25% so that the rate of dephosphorylation in the pres-
ence of vanadate would still be rapid in comparison with
the rate of dissociation of the hormone from its receptor.
The latter is in the range of several minutes in rat
adipocytes (36). Therefore, under the conditions of our
experiments the rate of decay of IRK activity was prob-
ably determined by the rate of insulin dissociation from its
receptor rather than dephosphorylation. To confirm the
rapid dephosphorylation rate, the effect of vanadate
added 1 min before the termination of the insulin incuba-
tion was determined. The augmentation of IRK activity
and receptor P-tyr content was close to that observed
with preincubation with vanadate for 60 min. A similar
time course and relationship to hormone dissociation of
the decay in IRK activity in rat adipocytes was noted by
Klein et al. (46).

In view of these results, we considered the possibility
that the prolongation of insulin-stimulated lipogenesis by
vanadate was secondary to the absolute increase in IRK.
It has been suggested that, in the presence of spare
receptors, stimulation by hormone concentrations
greater than that required to achieve a maximum biolog-
ical response results in a prolonged duration of action
(47,48). Haring et al. (41) reported that the decay in
insulin-stimulated glucose transport correlated with the
activating concentration of insulin. We found that the rate
of decay of lipogenesis after stimulation by 17.2 nM
insulin was slower than that observed with 0.34 nM insulin
and similar to that observed after stimulation with 0.34 nM
insulin in the presence of vanadate. The similar decay
rates were associated with a similar extent of stimulation
of IRK activity. Furthermore, vanadate did not alter the
decay rate with 17.2 nM insulin, which results in maxi-
mum IRK activation. Our data support the hypothesis that
the augmentation of IRK activity by vanadate results in
the transduction of the amplitude of the signal, i.e., IRK,
into duration of the final metabolic response, lipogenesis.
These results also are consistent with vanadate acting via
a partial inhibition of protein tyrosine phosphatase activ-
ity. The mechanism of insulin signaling (16,19,49) and the
deactivation process (42,48) involve other biochemical
events distal to the receptor. It is likely that the concen-
tration or activity of an intermediary signaling molecule is
regulated by the IRK and does not manifest spareness.
The rapid loss of IRK activity in relation to lipogenesis
suggests that this molecule has a longer decay time than
the IRK and may not be regulated by tyrosine dephos-
phorylation.

Clearly, vanadate lowers circulating glucose concen-
trations in rodent models of diabetes. The relative impor-
tance of the direct insulin-mimetic effects of vanadate
compared with the enhancement of insulin sensitivity and
prolongation of insulin action is not clear. In the hypoin-
sulinemic STZ-injected rat model, the latter may be
significant.

In summary, this study shows that vanadate prolongs
insulin-stimulated lipogenesis in isolated rat adipocytes.
This effect is apparent at a concentration of 10 |xM and is
maximal at 50 u,M. This action appears to be secondary
to a marked increase in IRK activity in the presence of
vanadate, despite the fact that the half-life of IRK activity
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is not altered by this agent during these conditions. The
data are consistent with a mechanism of action of vana-
date involving partial inhibition of protein tyrosine phos-
phatase and supports the hypothesis that in the
presence of spare receptors the amplitude of signaling is
transduced into duration of biological response.
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