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Summary: The actions of insulin, vanadate (V) and hydrogen peroxide (H202) on
IGF-IT binding and insulin receptor tyrosine kinase activity were studied in rat
adipocytes. Incubating adipocytes with a combination of V plus HX0p resulted in a
potent synergistic effect on both the increase in IGF-II binding and the activation
of the insulin receptor kinase. Catalase, which removes H,, abolished this
synergism if added at the time of mixing of V plus HX2 but not if added 10 min.
later, suggesting that the formation of peroxide(s) of vanadate generated a potent
insulin mimicker. The data support a critical role for the insulin receptor kinase
in insulin action. The novel insulin-mimetic compound, a presumed peroxide of
vanadate, could prove useful for investigating insulin action and may be valuable
for treating insulin resistance. o 1987 academic Press, Inc

In recent years there has been increasing interest in the biological
significance of vanadium (1-3). It appears to be an essential nutrient for optimal
growth of chicks and rats (4), a potent mitogen in several cell types (5-8) and
capable of altering various enzyme activities (9-13). Its insulin-like effects were
clearly documented in 1980 when it was shown that vanadate stimulated glucose uptake
and oxidation in rat adipocytes (14,15). Subsequently vanadate was shown to
stimulate glycogen synthase in rat adipocytes (16) and skeletal muscle (17) and to
augment Type II insulin-like growth factor (IGF) receptor translocation in the
former (18), a well established rapid insulin effect. Of great interest was the
recent demonstration by McNeill et al that vanadate, in the drinking water of
diabetic rats, nomalized their blood sugar and cardiac performance (19).

Recent studies have established that the cytoplasmic domain of the § subunit of
the insulin receptor is a tyrosine kinase (20,21} whose activity, augnented by
insulin binding to the subunit, seems to be essential for realizing insulin action
(22-25). One approach to understanding the latter 1is to evaluate the effect of
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insulin mimickers on the relationship between receptor kinase activation anc
biologic response. We have shown that the insulin mimickers, vanadate (14-19) and
Ho02 (26), augment the insulin receptor kinase while stimulating IGF receptor
translocation (27). In the course of these studies we observed that the
combination of vanadate and Hpp s strongly insulin-mimetic and, in this
communication, report the discovery that this synergism is due to the formation of
peroxide(s) of vanadate, a novel and very potent activator of the insulin receptor
kinase.
Materials and Methods

Materials: Porcine insulin was a gift from Connaught-Novo Laboratories
(WilTowdale Ont.}. IGF-II was purified by HPLC from outdated hunan plasma and
iodinated to a specific activity of 150-170 Ci/g as previously noted (18). Bovine
serum albumin (Fraction V), 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid
(HEPES), catalase and sodium orthovanadate were purchased from Sigma Chemical Co.
(St. Louis, MO). Hydrogen peroxide (H00p) and dinonylphthalate were from BDH
Chemicals Ltd. (Ville St. Laurent, Que.). Collagenase (Type I) was from
Worthington Biochemical Corp. (Freehold, NJ).

Adipocyte preparation: Male Sprague-Dawley rats (160-200 g b wt.) were killed

by cervical dislocation, and adipocytes were isolated from the epididymal fat pads
by the method of Rodbell as described in detail previously (18).

1251_1GF-11 binding: Isolated adipocytes (3.5 x 105 cells) were incubated at
370C in 0.5 ml Krebs-Ringer bicarbonate/HEPES buffer, pH 7.4, containing 20 mg/ml
bovine serum albunin with or without insulin, vanadate (V) or vanadate plus H0»
(H) as noted in the text. After 15 min the incubation temperature was reduced to
150¢ and 1251-IGF-II binding was detemmined as described in detail previously
(18).

Insulin receptor purification by WGA-Agarose chromatography: Adipocytes were
incubated with vanadate (V), HXOo(H), insulin or V + H as described in the Tegend
to Fig. 3. The reaction was termminated by the addition of 10 ml of ice cold
solubilization buffer (50 mM HEPES, 1% Triton X-100, 4 mM EDTA, 2 mM NaF, 1 TIU/m]
aprotinin, 1 mM PMSF, pH 7.6) and the cells were imediately frozen at -800C.
After 60 min the cells were thawed, homogenized and allowed to stand for 60 min at
40C to continue solubilization. The solubilized cells were centrifuged at 1800 x
g at 40C and the fat cake was removed. The cell extract was centrifuged at
100,000 x g for 15 min at 49C and the supernatant applied to a wheat gemn
agglutinin (WGA)-agarose colunn (0.6 x 3.0 cm) and recycled 6 times. After
washing the colunns with 100 m? of 50 mM HEPES buffer (pH 7.6) containing 150 mM
NaCl, 10 mM MgS04 and 0.1% Triton X-100 followed by 10 ul of above buffer without
10 mM Mg S04, the bound material was eluted with 50 mM HEPES buffer (pH 7.6)
supplemented with 0.3 M N-acetyl-D-glucosamine, containing 150 mM NaCl, 0.1%
Triton X-100, 1 TIU/ml1 aprotinin and 1 mM PMSF.

Assay of insulin receptor kinase using poly Glu:Tyr as substrate: Aliquots
of WGA-purified insulin receptor were incubated with or without 10°/M insulin for
30 min at 220C in 50 mM HEPES buffer pH 7.6. The phosphorylation reaction was
initiated by the addition of 2 mM MnClp, 15 mM MgSOq, 2.5 mg/ml of poly (Glu, Tyr)
(4:1) and 5 uM [ v ~32p] ATP (5 uCi/tube) in a total volume of 160 ul as described
previously (27). After 10 min at 220C the reaction was temminated by spotting 80 ul
of the reaction mixture onto Whatman No. 3 filter paper which was placed into 10%
TCA, 10 mM sodium pyrophosphate solution. After extensive washing in the above
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solution, the radioactivity of the paper in 20 ml Aquasol-2 was determined in an LKB
{(Model 1272) beta counter.

Results

As previously reported (27) the incubation of isolated rat adipocytes for 15
min at 379C with insulin or vanadate alone (10'5 to 1073M) augnented IGF-II binding
in a dose-dependent manner (Fig. 1). Hydrogen peroxide also augmented IGF-II
binding to a maximum of 52% over control at 107%M. The combination of Ho0o (1073M)
with different doses of vanadate (1077 to 10'3M) synergistically augmented IGF-II
binding (Fig. 1). Thus, the effect of vanadate (10'4M) plus H202(10‘3M) was max imal
and almost twice that of the added individual effects of vanadate and H0 or of the
maximum effect achieved by insulin (Fig. 1). A perusal of the dose-response curves
indicates that the combination of vanadate plus HX0» was of the order of one
thousand-fold more potent than vanadate alone. In previous work we showed that the
increase in IGF-II binding induced by all these agents reflected an increase in the
number of surface receptors (27) presumably due to the stimulation of receptor

translocation from an intracellular compartment (28).
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Figure 1. Binding of 1251-I16F-II to rat adipocytes as a function of the dose of vanadate
plus H0p. Adipocytes (3 x 105 cells) were incubated with vanadate (V, A), HJ0»
(H, ¥ ), vanadate plus HX0» (@) or insulin (W) at 37°C in 0.5 ml Krebs-Ringer
bicarbonate/HEPES buffer (118.5 mM NaCl, 4.7 mM KC1, 2.5 mM CaCl2, 1.2 mM KHP04,
1.2 mM MgS04, 24.9 mM NaHCO3, 30 mM HEPES, pH 7.4) containing 20 mg/ml bovine serum
albumin (BSA) and 5 mM glucose. V + H were mixed and preincubated for 15 min at
220C., The campounds or insulin were added to_the cells and, after 15 min, the
incubation temperature was reduced to 159C and 1291-IGF-II (0.2 ng, 6.6 x 10% dpm)
was added with or without excess (500 ng) unlabeled IGF-II for an additional 60
min. Binding in the presence of excess unlabeled IGF-II was subtracted from total
binding to yield specific binding. Each value is the mean t S.E. of 3 separate
experiments. The specific binding of 1251 -IGF-IT to control cells was 8.6 * 1.1%,
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Figure 2 ,The effect of catalase, added to the combination of vanadate plus Hxp, on
IGF-I1 binding to isolated rat adipocytes. (A) Vanadate and Hp0p were preincubated
at 220C and at the times indicated catalase was added. After a further 15 min at
220C, adipocytes were added and the incubation was continued for 15 min at 379C
followed by cooling and measurement of IGF-II binding as described in the legend to
Figure 1. Each valye is the mean t S.E. of 3 separate experiments. (@) vanadate
(10'3M) + H202(10"3M) + catalase (200 ug/ml); ( A ) vanadate (10-3M); (w)
H202(10‘3M); (M) insulin (10 ng/ml). (B) Vanadate and Hy0, were preincubated for
15 min at 220C followed by the addition of catalase or buffer for the duration of
time indicated. Isolated adipocytes were then added for 15 min at 379C followed by
cooling to 159C and measurement of 251 -16F -11 binding as above. The data presented
is one of two separate experiments with similar_results. (@) vanadate (107%M) +
HO0(107M); ( O) vanadate (107%M) + HP0,(10"HM) + catalase (200 ug/ml); ( A )

vanadate (10"4M); (M) insulin (10 ng/ml).

To detemine if the synergism seen on combining vanadate and H07 required the
independent cellular action of each compound we evaluated the effect of catalase
treatment on the potency of the mixture. The addition of catalase (200 ug/ml)
simultaneously with the mixing of vanadate (10"3M) and H202(10'3M) resulted in a
mixture whose potency was the same as vanadate (10'3M) alone. However when catalase
was added 7 10 min., after mixing vanadate and HX02 the full synergism of the
combination was maintained (Fig. 2A). Since, under the conditions employed, H202
readily combines with vanadate to form peroxides of vanadate (pervanadate, pV) (29)
our data indicate that the augmented biologic potency is the result of the action of
pV rather than the independent cellular action of each agent. In Fig. 2B one can
see that a mixture of vanadate (10‘4M) and H0» (10‘3M) was still biologically fully
active on IGF~II binding at times up to 24 hours. However, 2 to 3 hours after

adding catalase, to remove H 0o, the augnented potency was gone (Fig. 2B),
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Figure 3 . Activation of the insulin receptor tyrosine kinase_of rat adipocytes by peroxide
of vanadate (pervanadate, pV). Adipocytes (2 x 107 cells) were incubated with
vanadate (V), HO2 (H), insulin (I) or pV (H02 concentration was always 10'3M) in
15 ml KRBH buffer, pH 7.4, containing 2% BSA and 5 mM glucose in a 50 ml plastic
tube for 15 min at 370C., Pervanadate (pV) was generated by the premixing of V + H
for 15 min at 220C followed by the addition of catalase (200 ug/ml) for a further 15
imnin before addition of the adipocytes. The reaction was terminated, the cells
solubilized, insulin receptors partially purified by WGA-agarose chromatography, and
receptor kinase activity assayed as described in Materials and Methods. Results
were nomalized to identical amounts of receptor. The number of experiments are
indicated in parentheses. Values are mean t S.E.

indicating instability of the active compound in the absence of an appropriate
oxidizing enviroment.

We next evaluated the effect of pervanadate (pV) added to adipocytes on insulin
receptor tyrosine kinase activation. The combination of different concentrations of
vanadate with Hp02 (1073M) for 15 min prior to catalase addition produced a powerful
dose-dependent activation of wheat germ agglutinin - purified tyrosine kinase as
measured by 32p incorporation into the synthetic substrate poly (Glu, Tyr) (4:1)
(Fig. 3). At the vanadate (10°4M) plus Hx02 (1073M) concentration which maximally
stimulated IGF-II binding tyrosine kinase activity was 1400% above control, whereas
vanadate (10'3M) alone, HX0» (1073M) alone and insulin (10 ng/ml) augmented kinase
activity by only 32,58 and 349% over control respectively. We previously have shown
that all the augmented tyrosine kinase activity was due to the insulin receptor

since it was fully immunoprecipitated by insulin receptor antibody (27}.
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Table 1
Ef fect of Pervanadate on the tyrosine kinase activity of

WGA-purified insulin receptors

Tyrosine Kinase Activity (% of control)

Pervanadate (M) -Ins +Ins
0 100 326 * 80
10-7 121 + 21 277 £ 40
10-6 93t 1 327 87
10-5 8 t 9 301 £ 58
10-4 99 t 16 357 t 7

Adipocytes from male Sprague-Dawley rats were isolated and washed 5 times in
Krebs-Ringer bicarbonate/HEPES buffer as described in the legend to Fig. 1. After
incubation in buffer alone for 15 min at 370C 10 ml of ice cold solubilization
buffer was added and the cells were frozen at -80°9C. The partial purification of
insulin receptors was carried out as described in the legend to Fig. 3. Aliquots
were incubated for 30 min at 220C with or without various concentrations of vanadate
+ H202(10‘3M) (premixed) and exposed to catalase as described, with and without
insulin (Ins, 10'7M). Tyrosine kinase activity was assessed with poly (Glu, Tyr)
(4:1) as substrate as described in Fig. 3._ _The sane amount of receptor (13.3 fmol)
was present in all the assays. The_mean 24P incorporation into poly (Glu, Tyr) 1in
the control receptor was 60.5 fmol 32P/fmol Ins binding / 10 min. Values are the
mean t 1/2 range of 2 separate experiments.

To probe the mechanism of pervanadate action solubilized wheat germ agglutinii
- purified insulin receptors were incubated 1in vitro at 249C with variou
concentrations of vanadate plus H02 (10'3M) in the presence or absence of insulit
(10'7M). In contrast to insulin, pervanadate did not stimulate tyrosine kinas:
activity directly idin vitro (Table 1); nor did it prevent insulin-induce
augmentation of kinase activity. We also failed to see a significant in vitr
effect of vanadate alone in contradistinction to the observation of Tamura et a
(16). Of interest is preliminary evidence suggesting that pervanadate, unlike
insulin, does not activate the insulin receptor with respect to autophosphorylatio
after incubation with intact cells or solubilized receptor preparations (manuscrip

in preparation).

Discussion
Recent studies have shown that pervanadate stimulates lipogenesis and inhibit
lipolysis in adipocytes with the same relative potency compared to vanadat
(unpublished data) as seen here for the augmentation of IGF-II binding. The fac

that the more potent insulin-mimetic effect of pervanadate is associated wit
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greater potency in regard to receptor kinase activation is compatible with a
functional role for the kinase 1in insulin action, This supports previous
observations 1in which anti-receptor kinase antibodies (25) and site-directed
mutagenesis of the insulin receptor kinase (22-24) have demonstrated parallel Toss
of insulin action and receptor kinase activation.

Vanadate has been previously found to augment tyrosine phosphorylation in cells
(8) presumably by inhibiting phosphotyrosine phosphatase (11). The mechanism of
pervanadate action is presently unclear since unlike vanadate it does not appear to
be a potent phosphatase inhibitor (unpublished data). Since vanadate can stimulate
NADH oxidase (13) and promote H0p production (2) it is possible that some of its
effect on intact cells may actually be mediated by pervanadate, The failure to see
a stimulatory effect of pervanadate on partially-purified insulin receptors raises
the possibility that the active entity is different from pervanadate or that its
action is indirect. Either possibility could provide deeper insight into tyrosine
kinase regulation. In respect to the former possibility it has been shown that
vanadate readily enters cells where it is rapidly converted to vanadyl which is
largely bound to phosphates intracellularly (1). It will be important to see if
pervanadate is handled by cells in a similar fashion or rather differently.

Whatever the mechanism of pervanadate action it promises to be a novel tool for
exploring insulin action and may even prove useful clinically in managing insulin
resistance and deficiency states.
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