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Vanadate Normalizes Hyperglycemia in Two Mouse Models
of Non-insulin-dependent Diabetes Mellitus

Joseph Meyerovitch, Paul Rothenberg, Yoram Shechter, Susan Bonner-Weir, and C. Ronald Kahn
Research Division, Joslin Diabetes Center, Department of Medicine, Brigham and Women’s Hospital,

and Harvard Medical School, Boston, Massachusetts 02215

Abstract

We have studied the effects of oral administration of vanadate,
an insulinometic agent and a potent inhibitor of phosphotyrosyl
protein phosphatase (PTPase) in vitro, on blood glucose and
PTPase action, in two hyperinsulinemic rodent models of non-
insulin-dependent diabetes mellitus (NIDDM). Oral adminis-
tration of vanadate (0.25 mg/ml in the drinking water) to ob/ob
mice for 3 wk lowered blood glucose level from 236+4 to 143+2
mg/dl without effect on body weight. Administration of vana-
date to db/db mice produced a similar effect. Electron micro-
scopic examination revealed no signs of hepatotoxicity after 47
d of treatment.

There was a slight reduction in insulin receptor autophos-
phorylation when tested by immunoblotting with antiphospho-
tyrosine antibody after in vivo stimulation, and the phosphory-
lation of the endogenous substrate of the insulin receptor,
pp185, was markedly decreased in the ob/ob mice. Both cyto-
solic and particulate PTPase activities in liver of ob/ob mice
measured by dephosphorylation of a 3*P-labeled peptide corre-
sponding to the major site of insulin receptor autophosphoryla-
tion were decreased by ~ 50% (P < 0.01). In db/db diabetic
mice, PTPase activity in the cytosolic fraction was decreased to
53% of control values (P < 0.02) with no significant difference
in the particulate PTPase activity. Treatment with vanadate did
not alter hepatic PTPase activity as assayed in vitro, or recep-
tor and substrate phosphorylation as assayed in vivo, in ob/ob
mice despite its substantial effect on blood glucose. These data
indicate that vanadate is an effective oral hypoglycemic treat-
ment in NIDDM states and suggest that its major effects oc-
curs distal to the insulin receptor tyrosine kinase. (J. Clin.
Invest. 1991. 87:1286-1294.) Key words: insulin action « insu-
lin receptor kinase ¢ tyrosine phosphorylation « diabetes melli-
tus therapy '

Introduction

Insulin and other growth factor receptors possess intrinsic tyro-
sine kinase activity (1). The binding of insulin to its receptor
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induces rapid autophosphorylation of the receptor which acti-
vates the tyrosine protein kinase activity towards several cellu-
lar substrates for the receptor (reviewed in reference 2). De-
phosphorylation of the insulin receptor inactivates it (3, 4).
Based on several lines of evidence, it had been suggested that
kinase activity is essential for some or all of the effects of insulin
5, 6).

Vanadate is a trace element which has been shown to be a
potent insulinomimetic agent in isolated adipocytes (reviewed
in reference 7). In streptozotocin (STZ)! treated diabetic rats,
vanadate normalizes blood glucose (8, 9) and restores liver 6-
phosphofructose-2-kinase glucokinase activity toward normal
(10). Vanadate has been shown to be a potent inhibitor of phos-
photyrosyl protein phosphatase (PTPase) activity in vitro at
concentrations which do not inhibit phosphoserine and phos-
phothreonine phosphatase activity (11, 12). Under certain con-
ditions, vanadate may also directly stimulate $-subunit tyro-
sine autophosphorylation and in vitro phosphotransferase ac-
tivity of purified insulin receptors (13), but this action has not
been observed in all studies (14). Vanadate increases glucose
transport in trypsin-treated adipocytes and in cells where the
insulin receptor concentration is reduced 60% by receptor
downregulation (15), suggesting a postreceptor mechanism of
vanadate action.

Two well-studied rodent models of type II diabetes are ob/
ob and db/db mice. These homozygous mice are characterized
by obesity, hyperglycemia, hyperinsulinemia, and a blunted
response to insulin at the receptor and postreceptor levels (16—
26). The exact etiology of the two syndromes has not been
elucidated, although several glycolytic and gluconeogenic en-
zymes are elevated in the livers of these animals (16-26). Both
models demonstrate several metabolic defects consistent with
peripheral insulin insensitivity, including decreased binding to
liver plasma membranes and hepatocytes (21), increased non-
suppressible gluconeogenesis (19, 22) and failure of exogenous
insulin to ameliorate the syndrome (19). In spite of the de-
creased number of insulin receptors in the ob/ob and db/db
mice, the kinase activity per receptor had been reported to be
normal (23, 24; Yamada, K., et al., unpublished observation).
However, in one study the insulin receptor kinase in the muscle
of ob/ob mice was reported to be defective (25). We have
previously reported that vanadate normalized blood glucose in
two models of insulin-deficient diabetes in rats, and that this
was associated with a lowering of elevated PTPase activity pres-
ent in particulate fractions of liver (26). In this study, we have
investigated whether hepatic PTPase activity is altered in ro-
dent models of non-insulin-dependent diabetes mellitus

1. Abbreviations used in this paper: NIDDM, non-insulin-dependent
diabetes mellitus; PTPase, phosphotyrosyl protein phosphatase; STZ,
streptozotocin; WGA, wheat germ agglutinin.



(NIDDM) and whether vanadate administration normalizes
the hyperglycemia. In addition, we have evaluated the effect of
vanadate administration on diabetes-related changes in
PTPase activity, insulin receptor binding, and the phosphory-
lation state of the receptor B-subunit and its putative endoge-
nous substrate, pp185, in vivo.

Methods

Materials

[v-*2P]ATP (3,000 Ci/mmol) was obtained from New England Nuclear
(Boston, MA); wheat germ agglutinin agarose (WGA) was from Vector
Laboratories, Inc. (Burlingame, CA); sodium orthovanadate was from
Aldrich Chemical Company, Inc. (Milwaukee, WI). Streptozotocin,
Hepes, phenylmethylsulfonyl fluoride (PMSF), N*-P-tosyl-L-lysine
chlormethyl ketone (TLCK), N®-tosyl-I-phenylalanine chloromethyl
ketone (TPCK), aprotinin, N-acetyl-D-glucosamine were from Sigma
Chemical Co. (St. Louis, MO). Silicotungstic acid was from J. T. Baker
Chemical Co. (Phillipsburg, NJ). Dithiothreitol (DTT), Coomassie
blue Triton X-100, and AG 1-X2 acetate were purchased from Bio-
Rad Laboratories, Inc. (Richmond, CA). The synthetic peptide, Thr-
Arg-Asp-Ile-Tyr-Glu-Thr-Asp-Tyr-Tyr-Arg-Lys, which contains the
amino acid sequence between residues 1142 and 1153 of the insulin
receptor S-subunits (27) was purchased from Dr. David Coy, Tulane
University (New Orleans, LA). 3-[(3-Cholamidopropyl)dimethylam-
monio]-2-hydroxyl-1-propanesulfonate (CHAPSQO) was purchased
from Pierce Chemicals (Rockford, IL).

Animals

Female obese-hyperglycemic mice (C57B1/6] ob/ob) and the obese
diabetic mice (C57B1/KsJ db/db) and their lean matched controls (ob/
+) and (db/+) were purchased from Jackson Laboratory (Bar Harbor,
ME) and used at 6-8 wk of age. Mice were fed ad /ibitum a standard
laboratory chow. The fed mice were anesthetized by ether and then
bled through the orbital venous plexus. Venous blood and liver sam-
ples were taken between 9 and 11 a.m. As noted in the figure legends
and text, some mice were treated with vanadate (0.25 mg/ml) included
in the drinking water. 80 mM NaCl was also included to reduce vana-
date toxicity, as previously described (8, 9). For these experiments,
control mice were treated with 80 mM NaCl alone.

Methods
Preparations of **P-labeled peptide 1142-1153. Wheat germ agglutinin
purified insulin receptor (28) was incubated with 100 nM insulin for 30
min at 4°C, after which 100 uM [y->?P]ATP (sp act 14.2 Ci/mol), 5
mM Mn?* and 2 mM 1142-1153 peptide were incubated with the
receptor overnight at 4°C. 3?P-Peptide was separated from 3>P-ATP by
chromatography on AG 1-X2 acetate column (29) and on a C-18 SEP-
PAK cartridge (Waters Associates, Milford, MA) and lyophilized.
Tissue extraction. Mice were sacrificed by cervical dislocation, and
livers were rapidly removed. All tissue extractions were performed at
4°C. Livers were homogenized using a Potter-Elvejhem type homoge-
nizer rotating at 1,300 rpm for 20 s in 3 vol of buffer A (20 mM Tris-
HCI, pH 7.5, 50 mM 2-mercaptoethanol, 250 mM sucrose, 2 mM
EDTA, 10 mM EGTA, 10 pg/ml aprotinin, 25 ug/ml leupeptin, 0.1
mM TLCK, 0.1 mM TPCK, 0.5 mM benzamidine, 0.2 mM phenyl-
methylsulfonyl fluoride, and 5 ug/ml each of pepstatin A, antipain, and
chymostatin). Homogenates were centrifuged at 10,000 g for 20 min,
and the supernatant was further centrifuged at 100,000 g for 45 min.
The final supernatant was designated the cytosolic fraction. The pellet
resulting from the 100,000 g spin was solubilized using a Potter-Elvej-
hem type homogenizer rotating at 1,300 rpm for 5 min in buffer A
containing 1% (wt/vol) CHAPSO and was then centrifuged 45 min at
100,000 g to remove insoluble material. The solubilized material in the
supernatant was designated the particulate fraction. In some experi-
ments, this fraction was further fractionated by chromatography on

WGA-agarose columns. After application, the column was washed
with 50 bed volumes of 10 mM Hepes buffer, pH 7.6, 0.1% (vol/vol)
Triton 100, 5 mM EDTA, 0.5 mM benzamidine, 0.2 mM PMSF, and
0.1% (vol/vol) 2-mercaptoethanol (buffer B) and eluted with two bed
volumes with 0.3 M N-acetyl glucosamine in buffer B. The WGA-puri-
fied fractions were designated the glucoprotein-enriched fractions. All
preparations were stored at —70°C before use.

PTPase assays. The dephosphorylation reaction was carried out at
30°C in a final volume of 50 ul of 50 mM Hepes, pH 7.0, 2 mM EDTA,
and | mM DTT, and was terminated by the addition of 30 ul 10% TCA
and 20 ul 1% (wt/vol) BSA. After incubation at 4°C for 10 min and
centrifugation to remove precipitated proteins, 3?P, released from 32P-
peptide was measured using organic extraction of P; (30). Reaction
rates were linear when under 20% of the phosphate was released from
the peptide; therefore, the extent of dephosphorylation was kept within
this limit. Concentrations of phosphotyrosyl peptide were calculated
from the 3P content and the specific activity of [y-2P]JATP. Specific
PTPase activity was defined as the amount of enzyme hydrolyzing 1
pmol phosphate/min per mg protein.

3] Insulin binding to solubilized insulin receptor. An insulin re-
ceptor preparation was prepared as previously described (28) and di-
luted in 50 mM Hepes, pH 7.6, 0.1% Triton X-100. Aliquots (5-9 ug
protein) of WGA eluate were incubated with '*I-insulin (0.1 ng/ml,
2,000 Ci/mmol) in the absence or presence of 1 umol unlabeled insulin
at 4°C for 10 h in a medium of 150 mM NaCl and 50 mM Hepes at pH
7.4 containing 0.1% BSA. Separation of receptor-bound and free insu-
lin was performed by the polyethylene glycol method using bovine
gamma globulin as carrier protein (31).

Identification of hepatic phosphotyrosine containing proteins in
vivo. A recently developed procedure was employed to measure in vivo
phosphorylation involving the analytical isolation of phosphotyrosine
containing proteins which appear in response to hormonal stimulation
of intact tissues (Rothenberg, P., manuscript in preparation). Mice
were anesthetized with sodium amobarbital (20 mg/kg body wt, i.p.).
The abdominal wall was incised to expose the viscera. Normal saline
with or without 107¢ M insulin (Humulin R, Eli Lilly Co., Indianapolis,
IN) was infused into the portal vein for 20 s at a rate of 0.2 ml/min. The
entire liver was then excised and homogenized in 1% SDS, 50 mM
dithiothreitol, 100 mM Hepes, 2 mM EDTA, pH 7.5, at 100°C for 5
min. The denatured proteins were precipitated with TCA (10% wt/vol).
The TCA was removed using three washings with 1:1 (vol/vol)
ether:ethanol. The proteins were resuspended in 50 mM Tris buffer,
pH 7.5, and immunoprecipitated with rabbit polyclonal anti-phospho-
tyrosine antibodies. Imnmunoprecipitated phosphotyrosyl proteins
were resolved on 6% SDS polyacrylamide gels, transferred to nitrocel-
lulose, and detected with anti-phosphotyrosine antibodies and ['%°]]-
protein A. The nitrocellulose membranes were then subjected to autora-
diography.

Electron microscopy. After cervical dislocation, the right lobe of the
liver was rapidly excised, minced in cold 2.5% glutaraldehyde, 0.1 M
phosphate buffer, pH 7.4 and fixed in fresh fixative at 4°C overnight.
Tissue was rinsed in the same buffer, fixed with osmium, dehydrated in
graded alcohols, and embedded in Araldite. Ultrathin sections were
picked up on copper grids and stained with uranyl acetate and lead
citrate. Areas adjacent to portal triads were viewed using a Phillips 301
electron microscope.

Analytic methods. Blood glucose levels were determined using
ACCU-CHEC II (Boehringer Mannheim Diagnostics Division, In-
dianapolis, IN). Plasma immunoreactive insulin concentration was de-
termined by radioimmunoassay using the polyethylene glycol method
(31). Serum concentrations of vanadate were determined by flameless
atomic absorption spectroscopy (32). The lower limit of detection was
7 nM concentration. Protein concentrations were determined by the
method of Bradford (33) using IgG immunoglobulin as a standard.

Data are presented as mean+SEM. The unpaired Student’s 7 test
(two-tailed) was used to compare two groups, and analysis of variance
was used to compare more than two groups using Bonferroni correc-
tion where applicable.
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Table I. Characteristics of Mice

Groups No. Body weight Blood glucose Insulin

g mg/dl uU/ml
ob/+ 6 32.4+0.1 6412 44+7
ob/ob 6 45.0+0.1* 406+2* 170+30*
db/+ 6 32.2+0.2 7012 27.2+2
db/db 6 36.8+0.4* 319+2* 410+24*

The data are represented as the mean+SEM.
* P < 0.001 for ob/ob vs. ob/+ and db/db vs. db/+.

Results

Data concerning blood glucose, body weight, and plasma insu-
lin levels in ob/ob and db/db mice and their matched controls
are presented in Table 1. Blood glucose and serum insulin lev-
els, as well as the body weights, were markedly increased in the
both diabetic models compared to the control mice.

Effect of vanadate treatment on ob/ob mice. After 47 d of
treatment with vanadate, the blood glucose level of the treated
ob/ob mice was 143+2 mg/dl compared to 276+3 mg/dl in the
control untreated ob/ob mice (P < 0.001, Table II and Fig. 1
A). The vanadate treatment also lowered the blood glucose
level of lean ob/+ mice from 170+4 mg/dl to 114+1 mg/dl (P
< 0.001). In both the ob/ob and the ob/+ groups, there was no
difference in body weight in the vanadate-treated mice as com-
pared with their appropriate saline-treated controls (Table II).
Circulating level of vanadate were 5.2+0.9 uM and 2.7+0.5
uM in the ob/+ mice after 3 wk of treatment. These levels are
similar to vanadate levels previously reported by us and others
(9, 10). Untreated mice have no detectable (< 7 nM) serum
vanadate (32). The effect of vanadate was reversible and 20 d
after withdrawal of the vanadate, the blood glucose returned to
the initial hyperglycemic level (Fig. 1 B). To determine the
possible mechanism of this vanadate effect, we evaluated
serum insulin level, insulin receptor function, and some post-
receptor sites of hormone action.

Vanadate treatment increased plasma insulin levels in the
ob/ob mice from 272+25 to 398+40 pU/ml (P < 0.005), but
had no significant effect in the ob/+ group (57+10 to 68+15)
(P> 0.05). In view of the fact that ob/ob mice fail to respond to
even massive doses of insulin (19) and the fact that vanadate
produced a similar, normoglycemic effect in db/db with a low-

Table I1. Effect of Vanadate Treatment on ob/ob Mice

Groups  Treatment  Body weight  Blood glucose Insulin Binding
8 mg/dl uU/ml %/10 mg
ob/+  Control 35.3+0.1 1704 5710 17.3+3.8
ob/+  Vanadate 34.9+0.2 114+1* 68+15  10.3+1.9
ob/ob Control 40.0+0.1 276+3 272425 8.7+1.8
ob/ob Vanadate 40.0+0.2 143+2* 398+40* 7.3+1.3

The vanadate treatment was for 47 d; controls received saline only in
their drinking water. Ob/ob mice differ from ob/+ in weight and
blood glucose (P < 0.001). The data are represented as the
mean+SEM. Sample size is five per group. * P < 0.005 compared
with nontreated mice.
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Figure 1. (A) Effect of oral administration of vanadate on ob/ob mice
on blood glucose level. Ob/ob mice (upper panel) and their matched
controls ob/+ (lower panel) were treated with vanadate (NaVO;, 0.25
mg/ml, and 80 mmol/liter NaCl) in the drinking water (solid lines)
or with 80 mmol/liter NaCl alone (dashed lines). Each point is the
mean of five animals. SEM was 2-3 mg/dl. (B) The effect of vanadate
is reversible. The vanadate drinking water was changed to control
after 20 d. The ob/ob mice are shown in the upper panel and the ob/+

mice in the lower panel. Each point is the mean of five animals.
SEM was 2-3 mg/dl.

ering of insulin levels (see below) it seems unlikely that this
modest increase in insulin is responsible for the normalization
of glucose. Insulin binding to WGA-purified insulin receptors
was reduced in the untreated ob/ob mice (8.7+1.8%/10 ug pro-
tein compared with 17.3+3.8%/10 ug protein in untreated con-
trols) (Table II). After 47 d of vanadate treatment there was still
a decrease in the insulin binding in the ob/ob mice (8.7+1.8%/
10 ug), whereas the vanadate treatment downregulated the
level of insulin binding in the ob/+ mice to 10.3+1.9%/10 ug
protein, although these changes did not reach statistical signifi-
cance (Table II).

At the ultrastructural level, the livers of obese mice were
heavily laden with glycogen and lipid droplets (Fig. 2) with
considerable variability from cell to cell. There was an increas-
ing gradient in the number of lipid droplets from the portal
triad to the central vein. For this reason we compared hepato-



Figure 2. Micrograph of liver from ob/ob control (4), lean ob/+ control (B), ob/ob treated with vanadate (49 d) (C), and lean treated with van-
adate (D). Areas adjacent to portal triads are shown with sinusoid face at top of each micrograph. Hepatocytes from ob/ob were more heavily
laden with lipid droplets (L) and glycogen than those from lean litter mates. There was much variation within adjacent cells. Nonetheless, no
major toxic effects of vanadate were evident in either ob/ob nor lean ob/+ treated. Bar, | um.

cytes from the portal triad from all groups (Fig. 2). With both
the ob/ob or lean ob/+, there was no apparent difference be-
tween vanadate-treated and control mice.

Effect of vanadate treatment on db/db mice. Treatment of
db/db mice with vanadate lowered the blood glucose level from
228+6 to 1411 mg/dl (P < 0.001). This effect was maximal
after 55 d of treatment, with half the effect observed after 23 d
(Fig. 3). This was associated with a 40% decrease in insulin level
(Table III). The vanadate treatment also lowered the blood
glucose level of the db/+ mice from 126+2 to 81+1 mg/dl after

55 d. There was no difference in body weight gain during treat-
ment with vanadate or with saline for either the db/db or the
db/+ groups (Table III). The effect of vanadate was reversible,
and 25 d after withdrawal of the vanadate the blood glucose
returned to the initial hyperglycemic level (Fig. 3).

Effect of diabetes and vanadate on PTPase activity. PTPase
activity present in cytosolic extracts of liver from the 8-wk-old
ob/ob mice was 55% that of the ob/+ (0.18+0.02 U/mg and
0.33+0.03 U/mg, P < 0.01) when assessed in vitro using the
phosphorylated 1142-1153 peptide as substrate (Fig. 4 A4).

Vanadate Treatment of Obese Diabetic Mice ~ 1289
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PTPase activity associated with the particulate fractions was
similarly decreased in the ob/ob mice versus the ob/+ controls
(1.4£0.2 U/mg and 2.1+0.3 U/mg, P < 0.02) (Fig. 4 B). The
glycoprotein fraction of the membrane had five- to eightfold
higher specific activity than the particulate fraction, however,
specific activities of the PTPase in the WGA-purified particu-
late fractions were not different between ob/ob and ob/+ mice
(16.1+1.3 U/mg vs. 16.8+1 U/mg, Fig. 3 B).

In the 8-wk-old db/db mice, the cytosolic PTPase activity
was also decreased by ~ 50% (0.25+0.03 U/mg vs. 0.47+07
U/mg, P < 0.02) (Fig. 5 A). No significant difference was found
in the PTPase activity associated with the particulate fraction
(Fig. 5 B), and thus activity in the glycoprotein fraction-
enriched fraction was not determined.

After 9 wk of treatment, vanadate did not significantly alter
particulate PTPase activity in ob/ob mice (Fig. 6) or db/db
mice (data not shown) compared with their age-matched un-
treated controls. The specific activity of the PTPase activity in
the particulate fraction of the ob/ob mice was 55% of ob/+
(2.9+0.4 U/mg vs. 5.3+0.9 U/mg, P < 0.02) (Fig. 6). Vanadate
treatment did result in a decrease in PTPase activity in the
ob/+ mice (3.9+0.5 U/mg in the treated vs. 5.3+0.5 in the
control animals); however, the change was not statistically sig-
nificant (Fig. 6). No significant differences in cytosolic PTPase
activity was observed in this age group (data not shown).

Table I11. Effect of Vanadate Treatment on db/db Mice

Body weight Blood
Groups Treatment No. change glucose Insulin
gld mg/dl mUfml
db/+ Control 5 0.05+0.003 1061 42+3
db/+ Vanadate 6 0.06+0.02 104+1 48+5
db/db Control 5 0.06+0.002 191£2  ~ 339+52
db/db Vanadate 6 0.06+0.003 167+1% 198+10*

Mice were treated with vanadate for 31 d, then received saline only in
their drinking water for 3 wk. Db/db mice different from db/+ in
body weight, insulin, and blood glucose level (P < 0.001). The data
are represented as the mean+SEM. * P < 0.025 compared with db/db
with control treatment.

¥ P < 0.001 compared with db/db with control treatment.
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as described in Fig. 1. 60 d after treating the mice, the vanadate
had been changed into the control solution. Each point is the
mean of five or six mice. SEM was 2-3 mg/dl.

Effect of vanadate treatment on tyrosyl phosphorylation in
vivo of 95 and 185 kD. To determine whether the administra-
tion of vanadate produced its insulinomimetic metabolic ef-
fects by increasing activation of the insulin receptor, we ana-
lyzed the phosphotyrosyl proteins which occur in intact mouse
liver using an anti-phosphotyrosine antibody immunoblotting
method. After insulin infusion into the portal vein of intact,
live mice, phosphotyrosyl proteins were isolated and analyzed
as described in Experimental Procedures.

Without acute insulin infusion, a major, constitutively
phosphotyrosine-containing protein of M, 120 kD was present
in all animals (Fig. 7). The identity of this band is unknown,
although it has been previously observed (34), and its phospho-
tyrosine content was not influenced by vanadate or insulin
treatment. There was also a low level of 8-subunit phosphoty-
rosine attributable to receptor activation by endogenous, circu-
lating insulin (Fig. 7, at M, 95 kD compare lane 5 with 1 and
lane 7 with 3), however, vanadate treatment did not increase
this basal level of insulin receptor autophosphorylation. This
observation was replicated in three experiments in both ob/+
and ob/ob (—12.1+13.4%; mean percent difference of control
vs. vanadate treated+SD, n = 6). Moreover, no new phospho-
tyrosyl proteins were detected in the vanadate-treated mice
compared with control mice.

After intraportal insulin infusion a 95-kD band, consistent
with the insulin receptor $-subunit, became prominently phos-
phorylated (Fig. 7, lanes 2, 4, 6, 8 + ins). The extent of receptor
autophosphorylation is similar in all animals, although there
was a modest decrease (—38+10%; mean+SD, n = 3) in the
ob/ob diabetic mice compared with ob/+ controls. Vanadate
treatment did not significantly alter receptor autophosphoryla-
tion in either the ob/+ mice (17% mean increase, n = 2) or in
the ob/ob diabetic animals (26% decrease, n = 1).

In addition to the 95-kD receptor band, insulin infusion
stimulated the appearance of a distinct phosphotyrosyl protein
migrating between 170 and 185 kD. This has been previously
identified as pp185, a putative, endogenous substrate of the
insulin receptor kinase (34). In the ob/+ mouse liver, pp185
appeared as a closely spaced protein doublet, whereas in the
ob/ob mice the upper band of pp185 was of much lower inten-
sity as compared to ob/+ controls (Fig. 7, compare lane 4 with
2, and lane 8 with 6). As was true for the insulin receptor,
vanadate treatment did not increase the basal level of pp185
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Figure 4. PTPase activity in cytosolic fractions (a) and particulate and
WGA-purified fractions (b) from livers of ob/ob and ob/+ mice.
Liver fraction derived from ob/ob and ob/+ mice were fractionated
using isotonic sucrose differential centrifugation. The particulate
fraction was then further fractionated on WGA columns. The 1142~
1153 peptide was phosphorylated at 4°C in the presence of 100 nM
insulin using WGA-purified insulin receptor as described in the
methods. The 32P-labeled peptide was separated from the 32P-ATP by
chromatography on AG 1-X2 acetate column and by SEP-PAK
cartridge and lyophilized. Aliquots from each fraction were assayed
for PTPase activity towards the phosphorylated peptides (0.14 uM)

in the presence of 2 mM EDTA and | mM DTT for 5 min at 30°C.
The reaction was stopped by precipitation with 10% TCA, and 3?P,
release was measured by organic extraction of P; (27). The results
represent the mean+SEM of six mice in each group assayed in dupli-
cate. (a) Cytosolic PTPase activity in ob/ob mice and their controls.
* < 0.01. (b) Particulate and WGA-purified PTPase activity in ob/ob
mice and their controls. * < 0.02.

tyrosine phosphorylation in either ob/+ or ob/ob mice (Fig. 7,
compare lane 5 with I, and lane 7 with 3; 7.3+12.5%; mean
difference of control vs. vanadate treated+SD, n = 6). The
effect of vanadate treatment on the extent of stimulated pp185
tyrosine phosphorylation after acute insulin infusion was vari-
able with a twofold augmentation in ob/+ mice in the experi-
ment shown in Fig. 7 (lane 6 vs. lane 2), but no such augmenta-
tion was not evident in ob/ob mice (compare lane 8 with lane
4), nor was it as evident in a replicate experiment with ob/+

controls.

Discussion

Tyrosine phosphorylation is an important regulatory process
(1, 2, 35-37). The level of phosphotyrosine in the cell is a bal-
ance between the actions of protein tyrosine kinases and pro-
tein tyrosine phosphatases. In nontransformed tissues, the ma-
jor tyrosyl kinases are the receptors for certain peptide hor-
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Figure 5. PTPase activity in cytosolic fractions (a) and particulate
fractions (b) from db/db mice livers. PTPase activity was assayed in
cytosolic and in particulate fractions. Liver fractionation and PTPase
assay methods were as described in Fig. 3. * < 0.02.

mones and growth factors, such as insulin, IGF-I, epidermal
growth factor and platelet-derived growth factor. PTPase activ-
ity has been detected in a variety of tissues and cell lines. These
enzymes have molecular weights between 23 kD (in rat brain)
and 200 kD (CD 45 in lymphocytes) and are distinct from
phosphoserine phosphatases based on their primary sequence,
substrate specificity, activity in the presence of EDTA and so-
dium fluoride, selective inhibition by micromolar concentra-
tion of zinc and vanadate (reviewed in references 38, 39). The
exact number of enzymes in the family, their physiologic roles,
and their regulation are uncertain.

We have studied the alterations in hepatic PTPase and tyro-
sine phosphorylation as a possible explanation for blunted re-
sponse to insulin in two rodent models of obesity-associated
diabetes, the ob/ob and db/db mice (16, 40). The decrease in

Figure 6. Effects of van-
adate treatment on
PTPase activity in par-
ticulate fractions from
ob/ob mice liver. (Left)
ob/ob mice; (right) ob/
1* mice. 47 d after oral
administration of vana-
date (hatched bars) or
solution (open bars).
Particulate PTPase ac-
tivity from the ob/ob mice livers was assayed as described in Fig. 3.
The results represent mean+SEM of five mice in each group assayed
in duplicate. *P < 0.02.
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Figure 7. Insulin-stimulated tyrosine phosphorylation in ob/ob mice.
Ob/ob and control mice were treated for 9 wk with vanadate or
control solutions. Phosphotyrosyl proteins from the liver were isolated
as described in Methods. Briefly, mice were anesthetized, the abdom-
inal wall was incised to expose the viscera. Normal saline (lanes /, 3,

5, 7) or 107® M insulin (lanes 2, 4, 6, 8) was infused for 20 s, after
when the liver excised and homogenized in 1% SDS, 100 mM Hepes,
pH 7.5, 50 mM DTT at 100°C for 5 min. The denatured proteins
were precipitated with TCA and immunoprecipitated with polyclonal
antiphosphotyrosine antibodies. The immunoprecipitated phospho-
tyrosyl proteins were resolved on 6% SDS-polyacrylamide gels, trans-
ferred to nitrocellulose, and detected with antiphosphotyrosine anti-
bodies and ['?**I}-protein A and subject to autoradiography. The ex-
periment was performed twice with similar results.

insulin action in these models is associated with decreased re-
ceptor number (16, 21, 25), but the activity of the receptor
tyrosine kinase, when corrected per insulin binding, appears to
be normal (23, 24; Yamada, K., et al., personal communica-
tion). Thus, the major defects in these models seem to be a
decrease in the number of insulin receptors and alterations at
the postreceptor level. In both models there were significant
decreases in the cytosolic PTPase activity, whereas the particu-
late PTPase activity decreased significantly only in ob/ob mice.
Although a synthetic substrate was used in these studies for
improved quantitation, the tissue preparations were also active
in dephosphorylation of the autophosphorylated insulin recep-
tor under the same assay conditions (26, Meyerovitch, J., J. M.
Backer, M. F. White, and C. R. Kahn, submitted for publica-
tion), suggesting that the PTPases being assessed are those
which are potentially involved in the insulin receptor dephos-
phorylation.

The exact relationship between the cytosolic, particulate,
and glycoprotein-enriched PTPase activities is uncertain; how-
ever, some differences have been noted between the enzyme
activities in these two fractions. Previous work (41) has sug-
gested that a membrane-bound PTPase in the kidney can be
distinguished from its cytosolic counterpart based on differen-
tial elution from DEAE-Sepharose, thermal lability, and sensi-
tivity to dodecyl sulfate. On the other hand, Tonks et al. (42)
reported that little difference could be detected between the
cytosolic and particulate forms of the enzymes purified from
human placenta. In previous studies, we reported that the two
enzymes are different both in response to acute stimulation
with insulin (Meyerovitch et al., submitted for publication) and
in chronic insulin-deficient states (26). Recent studies employ-
ing cDNA cloning have suggested that the PTPases are a family
of related molecules, some being cytosolic and others being
transmembrane glycoproteins (38, 39).

The mechanism of regulation of PTPases is largely un-
known. We have demonstrated an effect of insulin on both
membrane and cytoplasmic PTPases in rat hepatoma cells
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(Meyerovitch et al., submitted for publication) suggesting that
insulin may affect both the phosphorylation state and the activ-
ity of the PTPase in a manner similar to changes observed for
some other insulin-regulated enzymes (reviewed in 34). Hor-
monally-stimulated translocation of the PTPases might pro-
vide another regulatory mechanism, in a manner analogous to
the translocation of the glucose transporter and protein kinase
C (43-46), although our own study suggests that this is not the
case (Meyerovitch et al., submitted for publication). Change in
the level of PTPase inhibitor (47) or activator similar to the
insulin-stimulated redistribution of the Mg?>* ATP-dependent
multifunctional protein phosphatase activator which has been
demonstrated in human platelets (48) could provide additional
possible mechanisms. In addition, a primary defect in the
PTPase protein structure or level of expression are other possi-
bilities. In the case of the ob/ob and db/db mice, the decrease in
PTPase activity may reflect a decreased level of PTPase activity
in response to the decrease level of protein tyrosine phosphory-
lation, or an inability of insulin receptor to activate the mem-
brane PTPase activity (Meyerovitch et al., submitted for publi-
cation).

The pp185 has been described as the major substrate for the
insulin receptor (reviewed in 28, 34), and its decreased level of
tyrosine phosphorylation in ob/ob mice is striking and may
well be a major factor in the insulin resistance. It is also appar-
ent in these studies that there is a second endogenous substrate
band at ~ 160 kD which is not altered in phosphorylation in
ob/ob mice, and because the insulin receptor kinase activity
toward an exogenous substrate was also found to be unchanged
when assayed in vitro (data not shown), a specific defect in
pp185 is suggested. Currently we are studying the nature of this
defect which may reflect either a decreased level of the protein,
mutation in the protein, or subtle changes in the ability of the
insulin receptor to phosphorylate pp185. Alterations of the in-
sulin receptor tyrosine kinase in vivo due to changes associated
with the diabetic state, such as changes in the membrane com-
position or changes in serine phosphorylation, are other possi-
ble mechanisms of the altered activity of the insulin receptor in
vivo.

In the present study we have demonstrated that vanadate
administration significantly lowered blood glucose levels in
two mouse models of NIDDM. The effect of the vanadate
treatment was slow in onset with half the effect being observed
after 2 wk of treatment. This is in contrast to the dramatic
effect which occurs after only 2—-4 d in STZ-treated diabetic rats
(9). Although vanadate has been shown to reduce appetite in
normal rats through an effect in the central nervous system
(49), the hypoglycemic effect in the NIDDM rodent models
occurs without an effect on body weight, suggesting that the
mechanism of action of vanadate is not mediated through de-
creased food intake.

The exact site of action of vanadate remains uncertain (re-
viewed in reference 7). Some groups have found that vanadate
directly stimulates 8-subunit tyrosine autophosphorylation
and in vitro phosphotransferase activity of purified insulin re-
ceptors (13), but this has not been observed in all studies (14).
One previous study suggests that the effect of vanadate is not
mediated through changes in the phosphorylation of the insu-
lin receptor (50). In this study we have found that vanadate
produced a variable enhancement of insulin-stimulated tyro-
sine phosphorylation of pp185 in the ob/+ mice but had no



effect in ob/ob mice. Our study differs from the former study in
that the administration of vanadate was chronic rather than
acute. In addition, we have used a technique which enables a
rapid isolation of phosphoproteins and thereby increases the
sensitivity of the assay. The lack of effect of vanadate adminis-
tration on the level of tyrosine phosphorylation of the 8-sub-
unit of the insulin receptor and its putative substrate in ob/ob
mice suggests that its primary action may be at a step distal to
these tyrosine phosphorylations. However, we cannot rule out
changes in tyrosine phosphorylation of substrates which could
be detected only under other conditions (51).

Vanadate can affect directly the activity of several enzymes
in vitro (7), and vanadate administration has been shown to
restore the level of fructose 2,6-biphosphate activity in the STZ
diabetic rats (10) and normalize the glucose uptake and glyco-
gen synthetase in diabetic muscle (52). Normalization of the
activity of these enzymes which are increased in both mice
models of NIDDM (17-20) is a possible mechanism of action
of vanadate.

This study demonstrates that vanadate is an effective oral
hypoglycemic agent and produces a normoglycemic state in
two rodent models of NIDDM. This effect appears to occurasa
result of action at a step distal to the tyrosine phosphorylations
of the insulin receptor and the pp185. No hepatotoxicity was
detected in the present study at the ultrastructure level after 7
wk of vanadate treatment. Likewise, no changes in liver or
kidney function have been reported by us and others in STZ
diabetic rats (9). Although more studies are necessary to evalu-
ate the long-term toxicity, and the appropriate dose of vana-
date, these data suggest that vanadate administration may offer
a new therapeutic approach to diabetes and insulin resistance
states either alone or in combination with conventional

therapy.
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