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In vivo insulin resistance in streptozotocin-diabetic rats -
evidence for reversal following oral vanadate treatment
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Summary. Hepatic glucose production and peripheral glucose
utilisation were measured in vivo with the euglycaemic-hyper-
insulinaemic clamp technique in rats rendered severely
diabetic with streptozotocin (45 mg/kg) and in conirol rats.
The rats were studied in the post-absorptive state while anaes-
thetised. The basal glucose production and glucose utilisation
were significantly higher (p<0.001) in diabetic rats 9 days
after streptozotocin administration. During the clamp studies,
suppression of glucose production by the liver induced by
submaximal or maximal insulin levels was significantly less
(p<0.01 and p<0.001 respectively) effective in diabetic rats as
compared to control rats. Glucose utilisation was significantly
lower following both submaximal (p<0.01) or maximal
(p<0.001) hyperinsulinaemia as compared to control rats.
Oral administration of vanadate (0.2mg/ml in drinking
water) for a 20-day period in diabetic rats lowered their plas-
ma glucose levels to normal near values within 4 days, nor-
malised plasma insulin levels, and increased pancreatic in-
sulin stores. The rate of glucose disappearance (K value) and
in vivo glucose-induced insulin secretion as estimated during

an i.v. glucose tolerance test were not significantly improved.
In control rats, vanadate treatment did not significantly affect
any of the above parameters. In vanadate treated diabetic rats,
basal glucose production was normalised. Following sub-
maximal or maximal hyperinsulinaemia, glucose production
was suppressed normaly. Basal glucose utilisation was re-
stored and returned to normal values during submaximal
hyperinsulinaemia. However, during maximal hyperinsulin-
aemia, glucose utilisation still remained significantly lower
(p<0.05) as compared to vanadate-treated control rats. Vana-
date treatment in control rats did not affect significantly any
of the above parameters. These results show an insulin-like ef-
fect of vanadate upon glucose metabolism in vivo in the liver
and peripheral tissues of diabetic rats, leading to normalisa-
tion of glycaemia in the absence of any significant improve-
ment of insulin secretion.

Key words: Streptozotocin-diabetic rats, glucose production,
glucose utilisation, insulin resistance, vanadate.

Heyliger et al. [1] reported that the inclusion of sodium
vanadate in the drinking water of streptozotocin (STZ)
diabetic rats alleviated some symptoms of diabetes, re-
sulting in the normalisation of blood glucose levels and
the diminution of depressed cardiac performance.
Sodium vanadate did not increase serum insulin levels
[1] suggesting that insulin target tissues themselves are
the site of vanadate action. This observation has been
recently confirmed and further characterised by
Meyerovitch et al. [2]. They concluded that the adipo-
cytes of STZ diabetic rats responded in vitro to lower in-
sulin concentrations, and that the basal rate of hexose
uptake in the liver and muscles was doubled after ad-
ministration of vanadate. This would suggest that vana-

date treatment improves insulin action at least in the
adipose tissue of the STZ-diabetic rats.

In fact, as there is presently no direct demonstration
of change of in vivo insulin action in target tissues of
vanadate treated STZ-diabetic rats, and in view of the
heterogeneity of insulin sensitivity among target tissues,
it is clearly desirable to examine in vivo the insulin ef-
fect on the glucose disposal by the liver and the periph-
eral tissues in order to properly characterise the impact
of vanadate.

The present study was therefore undertaken to deter-
mine the effect of oral administration of vanadate in se-
verely STZ-diabetic rats: (1) on basal blood glucose and
insulin levels, (2) on glucose tolerance and glucose-in-
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duced insulin release, and (3) on basal and insulin-stimu-
lated in vivo glucose production and glucose utilisation,
using the insulin-clamp technique in conjunction with
isotopic measurement of glucose turnover.

Materials and methods

Animals and treatments

Female Wistar rats used in the study were taken from our own colony.
They were weaned 28 days after birth with free access to a commercial
pelleted chow (ref. 113, UAR, Villemoisson-sur-Orge, France). In-
sulin deficiency was induced at 2.5 months by administering strepto-
zotocin (STZ, 45 mg/kg body weight), diluted in citrate buffer
(Ph 4.5), as a single intravenous injection through the saphenous vein,
under light anaesthesia (pentobarbital) and while the rats were in a
non-fasted state. Nine days after the STZ administration, STZ-
diabetic rats and non-diabetic rats raised in parallel were given an
aqueous solution of sodium metavanadate (Merck, Darmstadt, FRG,
0.2 mg/ml and 80 mmol/1 NaCl) for 20 days. Sodium chloride was in-
cluded as it is known to reduce vanadium toxicity [1]. Vanadate solu-
tions were replaced by freshly prepared solution every two days. The
vanadate treated rats were compared to control rats, either diabetic or
non-diabetic, receiving normal drinking water. We found in pilot ex-
periments with diabetic and non-diabetic rats that drinking water con-
taining 80 mmol/l NaCl for 20 days did not modify their respective
basal plasma glucose levels, their basal plasma insulin levels, their
pancreatic insulin content and their daily food intake (results not
shown). Thus, we decided to compare the vanadate-treated groups to
the respective groups receiving normal drinking water in the experi-
ments related to in vivo glucose metabolism and insulin secretion. A
glucose tolerance test (i.v. glucose 0.5 g/kg body weight) was per-
formed in the untreated STZ and control rats and in the vanadate-
treated STZ and control rats 14 days after starting the treatment. In-
sulin glucose clamp studies and quantification of pancreatic insulin
stores were performed in untreated STZ and control rats and in STZ
and control rats at the end of the vanadate treatment (after 20 days).

Glucose tolerance tests

Intravenous glucose tolerance tests (0.5 g glucose/kg body weight)
were performed at 14.00 hours in rats fasted from 09.00 hours under
pentobarbital anaesthesia (4 mg/100 g body weight intraperito-
neally). Blood was withdrawn from the tail vein. Blood samples
(300 wl) were immediately centrifuged at 4°C and plasma was stored
at —20°C until assayed.

Euglycaemic insulin clamp studies

These studies were performed at 14.00 hours in rats fasted from
09.00 hours according to a previously detailed procedure [3]. Under
these conditions, it had been shown that there was a difference in
blood glucose concentration between the aorta and the portal vein in
the adult rat, indicating that the gut was not adding glucose into the
portal circulation from previously ingested food [4]. Therefore, the
rats were considered to be in the post-absorptive period and the rate
of glucose production was a measure of endogenous glucose produc-
tion. Rats were anaesthetised with pentobarbital (4 mg/100 g body
weight i.p.). Body temperature was maintained at 37-38°C with heat-
ing lamps. One carotid artery was catheterised for blood sampling and
a tracheotomy was performed to avoid respiratory problems during
anaesthesia. A 150 ul blood sample was collected 20 min after the end
of surgery for the determination of the basal blood glucose. The in-
sulin dose-response values were obtained by infusing two amounts of
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insulin (4.3 and 23.0 mmol-h~1.kg™") to raise the plasma insulin
levels to 3.5 and 45.0 nmol/1 values. Insulin (porcine monocompo-
nent insulin Actrapid, Novo, Copenhagen, Denmark) was dissolved
in 09% NaCl containing 02% bovine serumalbumin (Sigma,
St. Louis, Mo, USA).

In experiments on rats with normal basal plasma glucose levels
(control rats and vanadate-treated STZ rats), the variable glucose infu-
sion was begun 5 min after starting the insulin infusion. The steady-
state plasma insulin level and the steady-state blood glucose level
were reached, respectively, 30 min and 45-50 min after the beginning
of the insulin infusion. Blood samples of 200 ul were collected at 55,
60 and 65 min after commencement of the insulin infusion to deter-
mine blood glucose specific activity and plasma insulin concentra-
tions.

In experiments on hyperglycaemic rats (untreated STZ-rats) plas-
ma glucose was normalised before the commencement of each
clamp study by a priming injection of insulin, followed by the insulin
infusion (43 or 23.0mmol/h/Kg) 20min later. This required
45-55 min.

The variable glucose infusion was started 5 min after the begin-
ning of the insulin infusion. The steady-state plasma insulin level and
the steady-state blood glucose level were reached 45-50 min after the
beginning of insulin infusion. Blood samples of 200 ul were collected
at 55, 60 and 65 min after commencement of insulin infusion to deter-
mine blood glucose specific activity and plasma insulin concentra-
tions.

Glucose utilisation and endogenous glicose production

Glucose utilisation and endogenous glucose production in the basal
state as well as during each of the glucose clamp studies were assessed
by a primed continuous infusion of [3-*H] glucose (New England
Nuclear, Dreieich, FRG). The labelled glucose was administered as
an initial intravenous priming dose (4 wCi) followed immediately by a
continuous intravenous infusion at a rate of 0.2 pCi/min. A steady-
state of glucose specific activity was established by 40 min both in the
basal state studies and in the clamp studies. The rate of glucose ap-
pearance (Ra) was then equal to the rate of glucose disappearance
(Rd) and these two parameters were calculated by dividing the [3-H]
glucose infusion rate (dpm/min) by the steady-state value of glucose
specific activity (dpm/g). Glucose utilisation rate (GUR) by the whole
body mass in the basal state, as well as during the clamp studies, is
equal to the rate of glucose disappearance. In the basal state, the rate
of endogenous glucose production (GPR) is equal to the rate of glu-
cose appearance (Ra). In the clamp studies, GPR was calculated by
subtracting the exogenous glucose infusion rate (GIR) from the rate of
glucose appearance (Ra).

Analytical techniques and calculations

Plasma glucose was determined using a glucose analyzer (Beckman
Inc., Palo Alto, Calif., USA). Blood samples for determination of glu-
cose specific activity were deproteinised with Ba(OH),-ZnSO4 and
immediately centrifuged. An aliquot of the supernatant was used for
the determination of glucose concentration using a glucose oxidase
method.

Another aliquot of the supernatant was evaporated at dryness at
60°C to remove tritiated water. The dry residue was dissolved in
0.2 m] distilled water and counted with 10 ml of Ready Solv-MP scin-
tillation solution (Beckman). Plasma immunoreactive insulin was esti-
mated using purified rat (studies in the basal state) or porcine (clamp
studies) insulin as standards (Novo), antibody to mixed (porcine + bo-
vine) insulin cross-reacting similarly with pork and rat insulin stan-
dards and porcine monoiodinated ?T-insulin [3]. Charcoal was used
to separate free from bound hormone. The method allows the deter-
mination of 40 pmol with a coefficient of variation within and be-
tween assays of 10%.
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Table 1. Weight changes, fluid and food intake, basal plasma insulin and glucose levels in vanadate treated or untreated diabetic and control rats.

These parameters were determined at the end of vanadate treatment

Average Fluid Food Plasma Plasma Pancreatic
weight gain intake intake glucose insulin insulin content
(g/day) (ml/day) (g/day) (mmol/1) (nmol/1) (nmol/pancreas)
Control rats
Untreated 26+04 36+3 19+1 6.8+0.1 0.71+£0.04 33.8+2.0
Vanadate treated 0.7£0.5% 2120 15+1¢ 6.6+0.1 0.69 +0.02 351+14
Diabetic rats
Untreated 04+042 95£3° 31£2° 24.6+2.1° 0.55+0.01° 1.5+02°¢
Vanadate treated 0.8+0.6% 25422 171 76+0.2 0.65+0.04 11.7x1.3°

Values are mean+ SEM of 8-17 observations in each group. General features of the experiments are described under “Materials and methods”.
2p <0.05; ®p < 0.01; °p <0.001. Comparisons were made with values in the untreated control rats

Insulin response during the glucose tolerance test was calculated
as the incremental plasma insulin values integrated over the period
(30 min) following the injection of glucose (AI, pmol:-1~1.-min—1).
The rate of glucose disappearance (K) was calculated from the slope
of the regression line obtained with the log-transformed plasma glu-
cose values between S and 30 min after glucose administration; it was
expressed as %-min 1.

Statistical analysis. Results are given as mean = SEM. Statistical anal-
ysis was performed using variance analysis (ANOVA).

Results

Characteristics of animals used in the study are shown
in Table 1. The fluid and food intake of the diabetic
untreated rats were greater than those of the control
untreated rats. Vanadate-treated rats, whether diabetic
or non-diabetic, consumed significantly less (p<0.001)
fluid and food than untreated rats. Similar results were
reported by Heyliger et al. [1] and Meyerovitch et al.
[2]. But as the inclusion of vanadate in the drinking
water of diabetic rats alleviated chronic glucosuria and
symptoms of diabetes, a reduction of the daily fluid in-
take by these rats was not unexpected. Additionally, it
is remarkable that average weight gain, fluid intake
and food intake were not significantly different in con-
trol rats as compared to diabetic rats after 20 days of
vanadate treatment (Table 1). To test the hypothesis
that a reduction of daily food intake per se may affect
insulin action in STZ-diabetic rats, a pilot experiment
was performed using untreated STZ-diabetic rats re-
ceiving the same daily food intake as the vanadate-
treated STZ-rats. In that pair-fed group, despite a
slight reduction of basal plasma glucose as compared
to untreated STZ rats, glucose production and glucose
utilisation following submaximal hyperinsulinaemia
(clamp experiments) were not significantly different
from the corresponding values in the untreated STZ
rats (results not shown).

As shown in Figure 1, basal plasma glucose levels of
STZ-diabetic rats dropped from hyperglycaemic to near
normoglycaemic levels within 4 days after vanadate
treatment and, thereafter, remained stable as long as the
treatment was maintained. This effect of vanadate

25

20

Plasma glucose {mmol/l1}
&
T

0 & 8 12 16 20

Time (days)

Fig.1. Basal plasma glucose changes in STZ-diabetic rats (O, ) and
non-diabetic rats (O, @) receiving (l, @) vanadate treatment (NaVO3
0.2 mg/ml and 80 mmol/1 NaCl in drinking water) for 20 days. Com-
parisons were made with groups supplied with drinking water ([, O).
Diabetic rats were given NaVOj3 9 days after the induction of diabetes
by STZ (45 mg/kg). Each point is the mean= SEM of 8-17 observa-
tions in each group

administration was reversible since hyperglycaemia
recurred within 24 h following removal of vanadate
from drinking water (12.8+0.8 mmol/l and
16.4x+1.0 mmol/1, n=3, in diabetic rats, respectively,
1 day and 2 days after stopping vanadate, as compared
to 7.9+£0.4 mmol/] in the same diabetic rats after a
20 day vanadate supply). Administration of vanadate to
control rats did not modify significantly their basal
plasma glucose and insulin levels nor their pancreatic
insulin stores (Table 1). In diabetic rats, in addition to
its normalising effect upon basal plasma glucose level,
vanadate treatment restored basal plasma insulin levels
and induced an 8-fold increase (p<0.001) in pancreatic
insulin stores (Table 1).

Values of the mean incremental insulin areas
during a glucose tolerance test were multiplied by 10 in
the vanadate treated diabetic rats but compared to
values in the untreated diabetic rats remained non-sig-
nificantly different.

This parameter remained unchanged in the control
groups (Fig.2). In response to an intravenous glucose
load, the K values remained unchanged in the diabetic
and control groups (Fig.2).
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Table 2. Blood glucose, plasma insulin, glucose and insulin infusion rates and glucose kinetics during hyperinsulinaemic euglycaemic clamp in
control and STZ-diabetic rats, treated with and without vanadate

n IR SSPI BBG SSBG SSGIR GPR GUR
(nmol/T) (mmol/1) (mmol/1) (mmol/min)  (mmol/min) (mmol/min)

Control rats

Untreated 5 0 0.7+0.1 5.8+£0.1 54402 ~ 9.0 +0.5 9.0+0.5
6 43 3.6+0.1 58+0.1 57041 18.5£0.6 32 £05 21.7+0.6

6 23.0 45.0+0.8 59+0.1 6.0+0.2 30.7+£0.5 1.7 +1.3 325+1.2

Vanadate treated 5 0 08%0.1 5.8+£0.2 5.5+02 - 9.8 +1.0 9.8+1.0
6 43 33+02 6.0+0.2 56=+0.2 206 £1.6 1.18+1.0 21.7+11
7 23.0 43.5%£3.1 59+0.1 57+02 28.8+0.7 1.40x+1.1 303+1.1

STZ-diabetic rats

Untreated 5 0 07401 143+ 1.8¢ 15.1+£2.5¢ - 259 +4.1° 259+41°¢
7 43 3.7+03 12.7+1.8° 58+03 6.8+ 1.6° 92 =110 16.0+1.2°
6 23.0 48.4+24 14.8+1.3¢ 64+0.3 10.5+£2.0¢ 12.5 £1.6° 23.0+1.8°

Vanadate treated 5 0 0.5+0.1 77102 72£041 - 11.8 +1.3 11.8+1.3
5 43 3.5+02 7.7+01 57+£0.2 18.2+0.6 2.6 £0.7 20812
6 23.0 43.5+2.5 74+04 53+0.2 22.143.5° 23 06 24.4+0.52

Values are mean + SEM. n=number of rats. IIR: insulin infusion rate. SSPI: steady-stae plasma insulin. BBG: basal blood glucose. SSBG:
steady-state blood glucose. SSGIR: steady-state glucose infusion rate. GPR: glucose production rate. GUR: glucose utilisation rate. *p<0.05;

Y5 <0.01; °p < 0.001 as compared to the related control rats
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Time (min) ime imin ma insulin response to glucose
4 1 (0.5 g/kg i.v.) in STZ-diabetic rats
( rl- (O, M) or non-diabetic rats (O, @)
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In vivo insulin action was quantified in diabetic
and control rats including those treated with and with-
out vanadate (Table 2). In the diabetic rats 9 days after
STZ injection, the basal glucose production and glu-
cose utilisation were significantly higher (p<0.001) as
compared to control rats. During the clamp studies,
suppression of glucose production by the liver induced
by submaximal or maximal insulin levels was signifi-
cantly less (p<0.01 and p<0.001 respectively) effective
in the untreated diabetic rats as compared to untreated
control rats. Glucose utilisation was significantly lower
following both submaximal (p<0.01) or maximal
(p<0.001) hyperinsulinaemia as compared to control

test. Each point is the mean +SEM

C STZ C+VA STZ+VA of 7-11 observations in each groups

rats. Following a 20-day vanadate treatment, basal rate
of glucose production was significantly lower (p<0.01)
in vanadate-treated diabetic rats than in untreated
diabetic rats. Vanadate treatment did not affect basal
glucose production in the control rats. During the
euglycaemic clamp experiments, following submaxi-
mal hyperinsulinaemia (3.5 mmol/l as a mean) or
maximal hyperinsulinaemia (45.0 mmol/l as a mean)
endogenous glucose production in the vanadate-
treated diabetic rats was suppressed to normal
(Table 2). Vanadate treatment did not significantly
modify the insulin inhibitory effect upon endogenous
glucose production in the control rats (Table 2). Basal
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rate of glucose utilisation was restored in the vanadate-
treated diabetic rats. Vanadate treatment did not affect
the basal glucose utilisation rate in the control rats
(Table 2). Following submaximal hyperinsulinaemia,
the glucose utilisation by the whole body mass in the
vanadate-treated diabetic rats was restored as com-
pared to control rats (Table2). Following maximal
hyperinsulinaemia, the glucose utilisation in the vana-
date-treated diabetic rats remained significantly lower
(p<0.05) than the corresponding utilisation in the
vanadate-treated control rats (Table 2). Vanadate treat-
ment did not significantly modify the insulin stimula-
tory effect upon glucose utilisation in the control rats
(Table 2).

Discussion

The results clearly show that oral administration of
vanadate largely normalised basal plasma glucose
levels in adult rats with severe STZ-induced diabetes in
accordance with recent studies [1, 2]. The basal plasma
insulin levels returned to normal values, but glucose-in-
duced insulin secretion during the glucose tolerance
test, while increased, still remained not significantly dif-
ferent from that in untreated diabetic rats. Vanadate
treated diabetic rats remained largely intolerant to glu-
cose. The normalisation of plasma insulin levels and the
very weak improvement of insulin secretion in the
diabetic rats is probably related to the significant in-
crease of the pancreatic insulin stores after vanadate
treatment. Our observation that a return to clear-cut
glucose-induced insulin secretion in diabetic rats after
chronic vanadate treatment is in accordance with the
previous report by Heyliger et al. [1]. The slight im-
provement of B-cell function in our protocol could be
related to the normalisation of blood glucose levels, and
not to a direct effect of the vanadate on the B cells. In-
deed, some studies have provided evidence that hyper-
glycaemia per se may contribute to the defect in insulin
secretion by the Bcells in some animal models of
diabetes [5-8]. Alternatively, it has been recently re-
ported that vanadium acutely stimulates in vitro insulin
release from normal rat islets in a concentration-de-
pendent manner [9]. In any cases, it would be erroneous
to suggest that the slight improvement in insulin secre-
tion in diabetic rats treated with vanadate is the main
mechanism contributing to normalisation of the plasma
glucose level.

Another point of interest which emerges from our
data is that vanadate treatment had clear-cut effects
upon glucose metabolism in vivo by the liver and
peripheral tissues. After 20 days of vanadate treatment,
hepatic glucose production returned to normal values
in diabetic rats. During the clamp studies, suppression
of glucose production induced by submaximal or maxi-
mal insulin levels was restored, as compared to vana-
date-treated control rats. Vanadate treatment did not af-
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fect significantly the above parameters in the control
rats. These observations are in line with the report that
vanadate treatment stimulated basal glucose uptake [2]
and restored glycogen content, fructose 2,6-biphos-
phate concentration and glucokinase activity [10] in the
liver of diabetic rats, while it was without significant ef-
fect in the liver of control rats. Concurrent with the res-
toration of hepatic glucose production, a clear improve-
ment of glucose disposal had occurred in the
vanadate-treated diabetic rats. Basal gltucose utilisation
returned to normal values. During the clamp studies,
glucose utilisation induced by submaximal insulin level
was again restored. Nevertheless, at maximal insulin
levels, it remained significantly decreased as compared
to that in control rats. Vanadate treatment did not affect
significantly the above parameters in the control rats.
Our observation that vanadate treatment normalises, to
a large extent, in vivo glucose disposal and the tissue in-
sulin insensitivity in severely diabetic rats agrees with a
recent observation: under experimental conditions very
similar to ours, Meyerovitch et al. [2] found that, sub-
sequent to vanadate treatment, insulin binding and in
vitro insulin-stimulated lipogenesis by the adipocytes
isolated from diabetic rats were normalised. At the mo-
ment, the cellular mechanisms of vanadate are poorly
understood, although several potential biochemical ac-
tions might explain its insulin-like effects in acute ex-
periments. Enhanced hydrogen peroxide generation
[11] or inhibition of phosphotyrosine phosphatase [12]
have been proposed. Inhibition of Nat/K*ATPase (a
widely recognised effect of vanadium [13]) in adipo-
cytes was eliminated as the mechanism of the insulin-
like effects of vanadate in these cells [14]. It was then
demonstrated that vanadate as well as insulin increases
the autophosphorylation and the tyrosine kinase activ-
ity of the insulin receptor in adipocytes [15]. Finally, a
recent report proposed that vanadate stimulates glucose
transport in adipocytes acting at a level distal to the in-
sulin receptor [16]. In addition, vanadate could act by
mediating changes in the intracellular concentration of
cyclic AMP [17] and Ca?* handling [18].

In summary, the present results confirm that severe
insulin deficiency and concomitant hyperglycaemia, as
the consequences of STZ administration in the adult
rat, lead to the development of in vivo insulin resis-
tance. Oral vanadate treatment normalises plasma glu-
cose levels and improves to a large extent the insulin-
mediated glucose disposal and the ability of insulin to
inhibit glucose output. It also normalises basal plasma
insulin level while glucose induced insulin secretion is
only marginally improved. Discontinuation of vanadate
treatment leads to a rapid re-emergence of hypergly-
caemia. The process leading to the normalisation of
tissue responsiveness to insulin in vivo by vanadate is
not understood. One possibility is that vanadate may in-
terfere with the intracellular biochemical events which
lead to insulin receptor upregulation and desensitisa-
tion. An alternative possibility is that the correction of
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the hyperglycaemic state per se is responsible for the
observed changes, since in a recent study [19] we pro-
vided evidence that the sole restoration of normo-
glycaemia (in the absence of any improvement of en-
dogenous insulin secretion) can completely correct
insulin resistance involving both hepatic and peripheral
tissues of diabetic rats.
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