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Summary: The actions of insul in ,  vanadate (V) and hydrogen peroxide (H202) on 
IGF-II binding and insul in receptor tyrosine kinase ac t i v i t y  were studied in rat 
adipocytes. Incubating adipocytes with a combination of V plus H202 resulted in a 
potent synergist ic effect on both the increase in IGF-II binding and the act ivat ion 
of the insul in receptor kinase. Catalase, which removes H202, abolished th is 
synergism i f  added at the time of mixing of V plus H20 2 but not i f  added I0 min. 
la ter ,  suggesting that the fornation of peroxide(s) of vanadate generated a potent 
insul in mimicker. The data support a c r i t i c a l  role for the insul in receptor kinase 
in insul in action. The novel insulin-mimetic compound, a presumed peroxide of 
vanadate, could prove useful for invest igat ing insul in action and may be valuable 
for t reat ing insul in resistance. Q 1987 Academic Press, Inc, 

In recent years there has been increasing interest  in the biological 

signif icance of vanadium (1-3). I t  appears to be an essential nutr ient  for optimal 

growth of chicks and rats (4), a potent mitogen in several cel l  types (5-8) and 

capable of al ter ing various enzyme ac t i v i t i es  (9-13). I ts  i nsu l i n - l i ke  effects were 

clear ly documented in 1980 when i t  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 I I  i nsu l in - l i ke  growth factor (IGF) receptor translocat ion in the 

former (18), a well established rapid insul in effect.  Of great in terest  was the 

recent demonstration by McNeill et al that vanadate, in the drinking water of 

diabetic rats,  normalized the i r  blood sugar and cardiac performance (19). 

Recent studies have established that the cytoplasmic domain of the ~ subunit of 

the insul in receptor is a tyrosine kinase (20,21) whose a c t i v i t y ,  au~nented by 

insul in binding to the subunit, seems to be essential for real iz ing insul in action 

(22-25). One approach to understanding the la t te r  is to evaluate the effect of 
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insul in mimickers on the relat ionship between receptor kinase act ivat ion an( 

biologic response. We have shown that the insul in mimickers, vanadate (14-19) and 

H202 (26), au@nent the insul in receptor kinase while stimulating IGF receptor 

t ranslocat ion (27). In the course of these studies we observed that the 

combination of vanadate and H202 is strongly insulin-mimetic and, in this 

communication, report the discovery that th is  synergism is due to the formation of 

peroxide(s) of vanadate, a novel and very potent act ivator  of the insul in receptor 

kinase. 

Materials and Methods 

Materials: Porcine insul in was a g i f t  from Connaught-Novo Laboratories 
(Willowdale Ont.). IGF-II was pur i f ied by HPLC from outdated human plasma and 
iodinated to a speci f ic ac t i v i t y  of 150-170 Ci/g as previously noted (18). Bovine 
serum albumin (Fraction V), 4-(2-hydroxyethyl)- l -p iperazine ethanesulfonic acid 
(HEPES), catalase and sodium orthovanadate were purchased from Sigma Chemical Co. 
(St. Louis, MO).  Hydrogen peroxide (H202) and dinonylphthalate were from BDH 
Chemicals Ltd. (V i l le  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 k i l l ed  
by cervical d is locat ion,  and adipocytes were isolated from the epidid3mal fat  pads 
by the method of Rodbell as described in detai l  previously (18). 

1251-IGF-II binding: Isolated adipocytes (3.5 x 105 cells) were incubated at 
37oc in 0.5 ml Krebs-Ringer bicarbonate/HEPES buffer,  pH 7.4, containing 20 mg/ml 
bovine serum albumin with or without insul in ,  vanadate (V) or vanadate plus H202 
(H) as noted in the tex t .  After 15 min the incubation temperature was reduced to 
15oc and 1251-1GF-II binding was determined as described in detai l  previously 
(18). 

Insul in  receptor pur i f i ca t ion by WGA-Agarose chromatography: Adipocytes were 
incubated with vanadate (V), H202(H), insul in or V + H as described in the legend 
to Fig. 3. The reaction was terminated by the addition of I0 ml of ice cold 
so lub i l i za t ion  buffer (50 mM HEPES, 1% Tr i ton X-IO0, 4 mM EDTA, 2 n¢~ NaF, I TIU/ml 
aprot in in,  i mM PMSF, pH 7.6) and the cel ls were immediately frozen at -80oc. 
After 60 min the cel ls  were thawed, homogenized and allowed to stand for 60 min at 
4oc to continue so lub i l i za t ion .  The solubi l ized cel ls were centrifuged at 1800 x 
g at 4oc and the fat  cake was removed. The cell  extract was centrifuged at 
I00,000 x g for 15 rain at 4oc and the supernatant applied to a wheat germ 
agglut in in (WGA)-agarose column (0.6 x 3.0 cm) and recycled 6 times. After 
washing the columns with i00 ml of 50 mM HEPES buffer (pH 7.6) containing 150 mM 
NaCI, I0 mM MgS04 and 0.1% Tri ton X-IO0 followed by i0 ul of above buffer without 
i0 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 NaCI, 0.1% 
Triton X-IO0, I TIU/ml aprotinin and i mM PMSF. 

Assay of insul in receptor kinase using poly Glu:Tyr as substrate: Aliquots 
of WGA-purified insul in receptor were incubated with or without IO-7M insul in for 
30 min at 22°C in 50 mM HEPES buffer pH 7.6. The phosphorylation reaction was 
in i t i a ted  by the addition of 2 mM MnCI2, 15 mM MgS04, 2.5 mg/ml of poly (Glu, Tyr) 
(4:1) and 5 uM [ ~-32p] ATP (5 uCi/tube) in a to ta l  volune of 160 ul as described 
previously (27). After I0 min at 22°C the reaction was terminated by spott ing 80 ul 
of the reaction mixture onto Whatman No. 3 f i l t e r  paper which was placed into 10% 
TCA, I0 mM sodium pyrophosphate solut ion. After extensive washing in the above 
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s o l u t i o n ,  the r a d i o a c t i v i t y  of the paper in 20 ml Aquasol-2 was determined in an LKB 
(Model 1272) beta counter.  

Results 

As p rev ious ly  reported (27) the incubat ion of i so la ted  ra t  adipocytes f o r  15 

min at 37°C with i nsu l i n  or vanadate alone (10 -5 to  10-3M) augmented IGF- I I  b inding 

in a dose-dependent manner (Fig. 1).  Hydrogen 

binding to a maximum of 52% over contro l  at 10-4M. 

with d i f f e r e n t  doses of vanadate (10 -7 to 10-3M) 

peroxide also augmented IGF- I I  

The combination o f  H20 2 (I0-3M) 

s y n e r g i s t i c a l l y  augmented IGF- I I  

binding (F ig.  I ) .  Thus, the e f fec t  of  vanadate (10-4M) plus H202(10"3M) was maximal 

and almost twice tha t  of the added i nd i v i dua l  e f f ec t s  of vanadate and H20 2 or of  the 

maximum e f fec t  achieved by i nsu l i n  (F ig .  i ) .  

ind icates that  the combination of vanadate 

thousand-fold more potent than vanadate alone. 

A perusal of the dose-response curves 

plus H202 was of the order of one 

In previous work we showed tha t  the 

increase in IGF-I I  b ind ing induced by a l l  these agents re f l ec ted  an increase in the 

number of surface receptors (27) presumably due to the s t imu la t ion  of receptor  

t rans loca t ion  from an i n t r a c e l l u l a r  compartment (28). 
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Figure 1. Binding of 1251-1GF-II to rat adipocytes as a function of the dose of vanadate 
plus H20 2. Adipocytes (3 x 105 cells) were incubated with vanadate (V, A ) ,  H20 2 
( H , V ) ,  vanadate plus H20 2 (Q) or insul in ( i )  at 37°C in 0.5 ml Krebs-Ringer 
bicarbonate/HEPES buffer (118.5 mM NaCl, 4.7 mM KCI, 2.5 mM CaCI2, 1.2 mM KH2P04, 
1.2 mM MgS04, 24.9 mM NaHC03, 30 mM HEPES, pH 7.4) containing 20 mg/ml bovine seru~ 
alb~nin (BSA) and 5 mM glucose. V + H were mixed and preincubated for 15 min at 
22oc. The ccmpounds or insulin were added to the cel ls and, after 15min ,  the 
incubation temperature was reduced to 15°C and 1251-1GF-II (0.2 ng, 6 .6x104  dpn) 
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 tota l  
binding to y ie ld specif ic binding. Each value is the mean ± S.E. of 3 separate 
experiments. The specif ic binding of 1251-1GF-II to control cel ls was 8.6 ± 1.1%. 
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~i U ~ . T h e  effect of ca~alase, added to the combination of vanadate plus H202, on 
IGF-II binding to isolated rat adipocytes. (A) Vanadate and H20 2 were preincubated 
at 22oc and at the times indicated catalase was added. After a further 15 min at 
22°C, adipocytes were added and the incubation was continued for 15 min at 37oc 
followed by cooling and measurement of IGF-II binding as described in the legend to 
Figure i .  Each value is the mean ± S.E. of 3 separate experiments. ( 0 )  vanadate 
(10"44) + H202(IO'3M) + catalase (200 ug/ml); ( • ) vanadate (IO-3M); ( • ) 
H202(IO-aM); ( . )  insul in (I0 ng/ml). (B) Vanadate and H20 2 were preincubated for 
15 min at 22oc followed by the addit ion of catalase or buffer for the duration of 
time indicated. Isolated adipocytes were then added for 15 min at 37°C followed by 
cooling to 15oc and measurement of 1251-1GF-II binding as above. The data presented 
is one of two separate experiments with s imi lar  resul ts.  ( 0 )  vanadate (IO-4M) + 
H202(IO'3M); , ( © )  vanadate (IO-4M) + H202(IO-3M) + catalase (200 ug/ml); ( • )  
vanadate (IO-"M); ( I )  insul in (10 ng/ml). 

To determine i f  the synergism seen on combining vanadate and H202 requi red th~ 

independent c e l l u l a r  ac t ion  of  each compound we evaluated the e f f e c t  of  catalas~ 

t reatment  on the potency of  the m ix tu re .  The add i t i on  of  cata lase (200 ug/ml) 

s imu l taneous ly  w i th  the mix ing of  vanadate (IO-3M) and H202(IO-3M) resu l ted  in a 

m ix tu re  whose potency was the same as vanadate (IO-3M) alone. However when catalase 

was added ~ I0 rain. a f t e r  mix ing vanadate and H20 2 the f u l l  synergism of  the 

combination was mainta ined (F ig .  2A). Since, under the cond i t i ons  amployed, H202 

r e a d i l y  combines w i th  vanadate to  form peroxides of vanadate (pervanadate, pV) (29) 

our data i nd i ca te  tha t  the augmented b i o l o g i c  potency is  the r e s u l t  of  the ac t ion  o f  

pV ra the r  than the independent c e l l u l a r  ac t ion  of  each agent. In F ig .  2B one can 

see tha t  a m ix tu re  of  vanadate (IO'4M) and H20 2 (IO-3M) was s t i l l  b i o l o g i c a l l y  f u l l y  

ac t i ve  on IGF- I I  b ind ing  at times up to 24 hours.  However, 2 t o  3 hours a f t e r  

adding cata lase,  to remove H202, the augmented potency was gone (F ig .  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 cel ls)  were incubated with 
vanadate (V), H20 2 (H), insulin ( I )  or pV (H20 2 concentration was always IO-3M) in 
15 ml KRBH buffer, pH 7.4, containing 2% BSA and 5 mM glucose in a 50 ml plast ic 
tube for 15 min at 37°C. Pervanadate (pV) was generated by the premixing of V + H 
for 15 min at 22oc followed by the addition of catalase (200 ug/ml) for a further 15 
rain before addition of the adipocytes. The reaction was terminated, the cel ls 
sol ubil ized, insulin receptors pa r t i a l l y  puri f ied by WGA-agarose chromatography, and 
receptor kinase ac t i v i t y  assayed as described in Materials and Methods. Results 
were normalized to identical amounts of receptor. The number of experiments are 
indicated in parentheses. Values are mean +- S.E. 

i nd i ca t i ng  i n s t a b i l i t y  of the ac t i ve  compound in the absence of an appropr ia te 

ox id i z i ng  environment. 

We next evaluated the e f f ec t  of pervanadate (pV) added to adipocytes on i n s u l i n  

receptor t y ros ine  kinase a c t i v a t i o n .  The combination of  d i f f e r e n t  concentrat ions of  

vanadate with H20 2 (IO-3M) for  15 min p r i o r  to cata lase add i t ion  produced a powerful 

dose-dependent a c t i v a t i o n  of wheat germ agg lu t in in  - p u r i f i e d  t y ros ine  kinase as 

measured by 32p incorporat ion in to  the syn the t i c  substrate poly (Glu, Tyr) (4:1) 

(F ig .  3) .  At the vanadate (IO-4M) plus H20 2 (IO-3M) concentrat ion which maximal ly  

s t imulated IGF-I I  b inding t y ros ine  kinase a c t i v i t y  was 1400% above con t ro l ,  whereas 

vanadate (IO-3M) alone, H20 2 (IO-3M) alone and i n s u l i n  (10 ng/ml) augmented kinase 

a c t i v i t y  by only 32,58 and 349% over control  r espec t i ve l y .  We p rev ious l y  have shovm 

that  a l l  the augmented t y ros ine  kinase a c t i v i t y  was due to the i n s u l i n  receptor 

since i t  was f u l l y  immunoprecipitated by i nsu l i n  receptor ant ibody (27).  
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Table I 

Effect of Pervanadate on the tyrosine kinase ac t i v i t y  of 

WGA-purified insul in  receptors 

Tyrosine Kinase Ac t i v i t y  (% of control) 

Pervanadate (M) -Ins +Ins 

0 100 326 ± 80 
10 -7 121 ± 21 277 ± 40 
10 -6 93 ± i 327 ± 87 
10-5 86 ± 9 301 ± 58 
10 -4 99 ± 16 357 ± 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. i .  After 
incubation in buffer alone for 15 min at 37°C i0 ml of ice cold so lub i l i za t ion  
buffer was added and the cel ls  were frozen at -80oc. The par t ia l  pu r i f i ca t ion  of 
insu l in  receptors was carried out as described in the legend to Fig. 3. Aliquots 
~ere incubated for 30 min at 22°C with or without various concentrations of vanadate 
+ H202(IO-3M ) (pr~nixed) and exposed to catalase as described, with and without 
insul in  (Ins, IO-7M). Tyrosine kinase ac t i v i t y  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 a l l  the assays. The mean 32p incorporation into poly (Glu, Tyr) in 
the control receptor was 60.5 fmol 32p/fmol Ins binding / i0 min. Values are the 
mean ± I/2 range of 2 separate experiments. 

To probe the mechanism of  pervanadate ac t ion  s o l u b i l i z e d  wheat germ a g g l u t i n i l  

p u r i f i e d  i n s u l i n  receptors were incubated in  v i t r o  at 24°C wi th  variou~ 

concent ra t ions  of  vanadate plus H20 2 (IO-3M) in the presence or absence of  i n s u l i t  

( IO-7M). In con t ras t  to i n s u l i n ,  pervanadate did not s t imu la te  t y ros ine  kinas, 

a c t i v i t y  d i r e c t l y  in v i t r o  (Table i ) ;  nor d id  i t  prevent  i nsu l i n - i nduce (  

augmentation of kinase a c t i v i t y .  We also f a i l e d  to see a s i g n i f i c a n t  in  v i t r~  

e f f e c t  of  vanadate alone in c o n t r a d i s t i n c t i o n  to the observat ion of  Tamura e t a  

(16) .  Of i n t e r e s t  is  p re l im ina ry  evidence suggest ing tha t  pervanadate, unlik~ 

i n s u l i n ,  does not a c t i v a t e  the i n s u l i n  receptor  wi th  respect to autophosphory la t im 

a f t e r  incuba t ion  w i th  i n t a c t  c e l l s  or s o l u b i l i z e d  receptor  preparat ions (manuscri W 

in p repa ra t i on ) .  

Oi scussion 

Recent s tudies have sho~n tha t  pervanadate s t imu la tes  l ipogenes is  and i n h i b i t :  

l i p o l y s i s  in adipocytes wi th the same r e l a t i v e  potency ccmpared to vanadat, 

(unpubl ished data) as seen here fo r  the augmentation of  IGF- I I  b i nd ing .  The f a c  

tha t  the more potent i n su l i n -m ime t i c  e f f ec t  o f  pervanadate is  associated wi t l  
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greater potency in regard to receptor kinase act ivat ion is compatible with a 

functional role for the kinase in insul in action. This supports previous 

observations in which ant i -receptor kinase antibodies (25) and s i te-d i rected 

mutagenesis of the insul in receptor kinase (22-24) have demonstrated paral le l  loss 

of insul in action and receptor kinase act ivat ion.  

Vanadate has been previously found to augment tyrosine phosphorylation in cel ls 

(8) presumably by inh ib i t ing  phosphotyrosine phosphatase ( I I ) .  The mechanism of 

pervanadate action is presently unclear since unlike vanadate i t  does not appear to 

be a potent phosphatase inh ib i to r  (unpublished data). Since vanadate can stimulate 

NADH oxidase (13) and promote H20 2 production (2) i t  is possible that some of i ts  

ef fect  on intact  cel ls  may actual ly be mediated by pervanadate. The fa i lu re  to see 

a stimulatory effect of pervanadate on pa r t i a l l y -pu r i f i ed  insul in receptors raises 

the poss ib i l i t y  that the act ive ent i ty  is d i f ferent  from pervanadate or that i t s  

action is ind i rect .  Either poss ib i l i t y  could provide deeper insight into tyrosine 

kinase regulat ion. In respect to the former poss ib i l i t y  i t  has been shown that 

vanadate readi ly enters cel ls where i t  is rapidly converted to vanadyl which is 

largely bound to phosphates i n t race l l u l a r l y  ( i ) .  I t  w i l l  be important to see i f  

pervanadate is handled by cel ls in a s imi lar  fashion or rather d i f fe ren t l y .  

Whatever the mechanism of pervanadate action i t  promises to be a novel tool for 

exploring insul in action and may even prove useful c l i n i c a l l y  in managing insul in  

resistance and deficiency states. 
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