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and University of Texas Health Science Center, San Antonio, Texas 78284

Abstract

Vanadate has insulin-like activity in vitro and in vivo. To char-
acterize the in vivo mechanism of action of vanadate, we exam-
ined meal tolerance, insulin-mediated glucose disposal, in vivo
liver and muscle glycogen synthesis, and in vitro glycogen syn-
thase activity in 90% partially pancreatectomized rats. Four
groups were studied: group I, sham-operated controls; group
II, diabetic rats; group III, diabetic rats treated with vanadate;
and group IV, diabetic rats treated with phlorizin. Insulin sen-
sitivity, assessed with the euglycemic hyperinsulinemic clamp
technique in awake, unstressed rats, was reduced by - 28% in
diabetic rats. Both vanadate and phlorizin treatment com-
pletely normalized meal tolerance and insulin-mediated glu-
cose disposal. Muscle glycogen synthesis was reduced by

- 80% in diabetic rats (P < 0.01) and was completely restored
to normal by vanadate, but not by phlorizin treatment. Glyco-
gen synthase activity was reduced in skeletal muscle of diabetic
rats (P < 0.05) compared with controls and was increased to
supranormal levels by vanadate treatment (P < 0.01). Phlori-
zin therapy did not reverse the defect in muscle glycogen
synthase.

These results suggest that (a) the defect in muscle glycogen
synthesis is the major determinant of insulin resistance in dia-
betic rats; (b) both vanadate and phlorizin treatment normalize
meal tolerance and insulin sensitivity in diabetic rats; (c) vana-
date treatment specifically reverses the defect in muscle glyco-
gen synthesis in diabetic rats. This effect cannot be attributed
to the correction of hyperglycemia because phlorizin therapy
had no direct influence on the glycogenic pathway.

Introduction

The insulin-mimetic properties of vanadate were described in
isolated adipocytes by Dubyak and Kleinzeller (1) and
Schechter and Karlish (2) in 1980. Since then, numerous re-
ports have elucidated the intracellular mechanism(s) whereby
vanadate mimics insulin action in adipocytes (1-6), skeletal
muscle (7, 8), hepatocytes (9-1 1), and other cell types (12, 13).

Heyliger et al. (14) first proposed the in vivo insulin-like
activity of the element, because its oral administration normal-
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ized the plasma glucose concentration in streptozocin-diabetic
rats, without significant increase in the plasma insulin con-
centration. Recently, Meyerovitch et al. ( 15) further character-
ized the mode of action of vanadate in diabetic rats by sug-
gesting that the improvement in the basal rates of hexose up-
take in liver and skeletal muscle was primarily responsible for
the reduction in circulating plasma glucose level. However, the
relative contribution of each of the various intracellular ac-
tions of vanadate ( 1-13) to its in vivo blood glucose lowering
effect has yet to be delineated.

Wehave recently demonstrated that the correction of
chronic hyperglycemia with phlorizin ( 16, 17), an inhibitor of
renal tubular glucose reabsorption, completely reverses the
defect in insulin-mediated glucose disposal, which character-
izes the partially pancreatectomized diabetic rats. In this study,
we use vanadate and phlorizin as tools to further delineate the
intracellular defect(s) in insulin-mediated glucose metabolism
in an animal model of non-insulin-dependent diabetes mel-
litus.

The effect of prolonged vanadate therapy on plasma glu-
cose and insulin concentrations, whole body insulin-mediated
glucose uptake, in vivo muscle glycogenic rates, and in vitro
glycogen synthase activity is examined in partially pancreatec-
tomized rats. To dissect out the beneficial effects of the correc-
tion of chronic hyperglycemia (16, 17) from the specific in
vivo action(s) of vanadate, we compare diabetic rats treated
with phlorizin, which corrects hyperglycemia but is devoid of
any known insulin-mimetic properties, or with vanadate.

Our results indicate that the glycogenic pathway in skeletal
muscle is severely impaired in diabetic rats and is the major
site of the in vivo effects of vanadate on glucose metabolism.

Methods

Animals. Four groups of male Sprague-Dawley rats (Charles River
Breeding Laboratories, Wilmington, MA) were studied: group I,
sham-operated controls (n = 9); group II, partially pancreatectomized
rats (n = 9); group III, partially pancreatectomized rats treated with
vanadate (n = 9); group IV, partially pancreatectomized rats treated
with phlorizin (n = 7). When 3-4 wk old, all rats (80-100 g) were
anesthetized with phenobarbital (50 mg/kg body wt i.p.) and in groups
II, III, and IV 90% of their pancreas was removed according to the
technique of Foglia (18), as modified by Bonner-Weir et al. (19).
Group I underwent a sham pancreatectomy in which the pancreas was
disengaged from the mesentery and gently rubbed between the fingers.
Sodium metavanadate (0.2 mg/ml in drinking water) or phlorizin (0.4
g/kg body weight s.c., prepared as a 40% solution in propylene glycol)
treatment (groups III and IV, respectively) was initiated 2-3 wk after
surgery and was continued for 3 wk. The vanadate concentration was
adjusted every 3 d to maintain the plasma glucose level between 100
and 150 mg/dl.

Immediately after surgery (i.e., pancreatectomy or sham pancre-
atectomy) rats were housed in individual cages and subjected to a

892 L. Rossetti and M. R. Laughlin

J. Clin. Invest.
K The American Society for Clinical Investigation, Inc.
0021-9738/89/09/0892/08 $2.00
Volume 84, September 1989, 892-899



standard light (6 a.m. to 6 p.m.)/dark (6 p.m. to 6 a.m.) cycle. Based on
prior experience, rats received the identical daily allotment of Purina
Rat Chow (Ralston-Purina Co., St. Louis, MO) in an amount (0.1
g/gram body weight per d) that sustained normal growth and was
completely consumed by all of the animals.

After surgery, rats were weighed twice weekly and tail vein blood
was collected for the determination of fed plasma glucose concentra-
tion at the same time (8 a.m.). A fasting plasma glucose concentration
also was determined twice weekly on tail vein blood.

Euglycemic clamp study. Insulin-mediated whole body glucose up-
take was measured in awake unstressed chronically catheterized rats
using the euglycemic clamp in combination with [3H]3-glucose infu-
sion, as previously described (16, 20). Briefly, 5 wk after pancreatec-
tomy or sham-pancreatectomy rats were anesthetized with an intraper-
itoneal injection of phenobarbital (50 mg/kg body wt) and indwelling
catheters were inserted in the right internal jugular vein and in the left
carotid artery. The venous catheter was extended to the level of the
right atrium and the arterial catheter was advanced to the level of the
aortic arch ( 16, 17). 1 wk after catheter placement (6 wk after pancre-
atectomy or sham-operation) rats received an infusion of insulin at 12
mU/kg min for 2 h. A variable infusion of 25% glucose solution was
started at time 0 and adjusted in order to clamp the plasma glucose
concentration at - 100 mg/dl. A prime (6 uCi) continuous (0.4 ,uCi/
min) infusion of [3H]3-glucose (New England Nuclear, Boston, MA)
was initiated at time zero and continued throughout the study ( 16, 20).
Plasma samples for determination of [3H]3-glucose specific activity
were obtained at 5-10-min intervals throughout the insulin clamp
study. Plasma samples for determination of plasma insulin and plasma
glucagon concentrations were obtained at time -30, 0, 60, 90, and 120
min during the study. At the end of the 120-min study rats were
injected with phenobarbital (60 mg/kg body wt), the abdomen was
quickly opened, and the rectus abdominal and hindlimb muscle were
freeze-clamped with aluminum tongs precooled in liquid nitrogen. All
tissue samples were kept frozen at -80°C for subsequent analysis. The
absence of glycosuria was ascertained at the end of each euglycemic
clamp study.

The study protocol was reviewed and approved by the Yale Animal
Care and Use Committee.

Glycogen formation in vivo. Muscle glycogen synthesis was quanti-
tated by two independent means: first, by determining the increment
in cold glycogen concentration above fasting levels, and second, by
measuring the incorporation of [3H]3-glucose counts into glycogen.
Liver and muscle glycogen concentrations were determined after di-
gestion with amyloglucosidase as previously described (21). The in-
traassay and the interassay coefficients of variation (CV) were < 10%
(at 0.250 g% tissue weight) when a liver or muscle homogenate was
assayed as multiple aliquots. Aliquots of the tissue homogenate (200
,u) were used to determine the amount of tritium label in glycogen.
Glycogen was precipitated by washing in 10 vol of absolute ethanol
and by incubating for 1 h at -20°C. The procedure was repeated three
times and then the precipitate was collected, dried down, and dissolved
in water before scintillation counting. The recovery of free [3H]3-glu-
cose, added to test the procedure, was < 1%of the free glucose radioac-
tivity added to the homogenate in each assay. The glycogen synthetic
rate was obtained by dividing the [3H]3-glucose radioactivity in glyco-
gen (counts per minute per milligram tissue) by the mean specific
activity of [3H]3-glucose in plasma during the insulin clamp (counts
per minute per milligram plasma glucose). The rate of net glycogen
synthesis is expressed as milligrams of glucose in glycogen per gram of
tissue. During the initial 30 min after starting insulin, the plasma-tri-
tiated glucose specific activity is not constant and blood was drawn
every 5 min to define accurately the mean specific activity during this
time period. This number was time-averaged with the mean tritiated
glucose during the last 90 min of the insulin clamp to calculate the
glycogen synthetic rate (Fig. 2).

Kinetic analysis of muscle glycogen synthase. The standard glyco-
gen assay used is a modification (22, 23) of the method of Gilboe et al.
(24) and Thomas et al. (25) and is based on the measurement of the

incorporation of radioactivity into glycogen from UDP-U-['4C]glucose
(UDPG). ' Synthase I, the active form, was measured at a final concen-
tration of 0. I mMglucose-6-P, whereas synthase D, or total enzyme,
was measured in the presence of 10 mMglucose-6-P. The reaction
mixtures originally contained 50 mMTris, pH 7.8, 10% glycerol, 20
mMEDTA, 130 mMKF, 7 mg/ml oyster glycogen, and UDPG(0.1-2
,gCi/,gmol). This was diluted with muscle homogenate to two-thirds of
the original concentrations. Assays were conducted at final concentra-
tions of 0.1, 0.3, 0.8, 2.0, 5.0, and 10 mMUDPG, the data were
linearized as Eadie-Hofstee plots and fit using linear regression. The
Km for UDPGwas taken to be the reciprocal of the slope, whereas
Vmax was the y-intercept divided by the slope.

Analytical procedures. Plasma glucose was measured by the glucose
oxidase method (glucose analyzer; Beckman Instruments, Palo Alto,
CA) and plasma insulin by RIA using rat insulin standards. Plasma
[3H]3-glucose radioactivity was measured in duplicate on the superna-
tants of barium hydroxide-zinc sulphate precipitates (Somogyi proce-
dure) of plasma samples after evaporation to dryness to eliminate
tritiated water.

Calculation. Data for total body glucose uptake and suppression of
hepatic glucose production represent the mean values during the last
30 min. The hepatic glucose production was calculated as the differ-
ence between the tracer-derived rate of appearance and the infusion
rate of glucose. Total body glucose disposal was calculated by adding
the rate of residual hepatic glucose production during the last 30 min of
each insulin clamp to the glucose infusion rate during the same 30 min
time period. The rate of net glycogen synthesis was calculated as num-
ber of [3H]3-glucose counts in glycogen per gram of muscle tissue
divided by the time-weighed mean plasma [3H]3-glucose-specific activ-
ity (Fig. 2) (counts per minute per milligram glucose). For each rat, the
mean of four determinations on rectus abdominal muscle and four on
hindlimb muscle was used to approximate the mean whole body mus-
cle glycogen concentration. All values are presented as the
mean±SEM. Differences between groups were determined using one-
way analysis of variance in conjunction with the Student Newman-
Kuels test.

Results

General characteristics of the animals (Table I and Fig. 1).
There were no differences in the mean body weights among
groups I-IV (Table I). Both the fasting (P < 0.05) and postmeal
(P < 0.01) plasma glucose concentrations during the 2-wk
period before the insulin clamp study were significantly higher
in the diabetic group (II) than in the other three groups (I, III,
and IV) (Table I, Fig. 1). The fasting plasma insulin and glu-
cagon concentrations were similar in all four groups, whereas
the postmeal plasma insulin concentration was significantly
and equally diminished in diabetics, vanadate-treated, and
phlorizin-treated diabetic (groups II, III, and IV) compared
with controls (group I) (P < 0.01).

Euglycemic hyperinsulinemic clamp (Figs. 2 and 3, Table
II). Steady state plasma glucose and insulin concentrations
during the hyperinsulinemic clamp were similar in all four
groups (Table II). The CVs in plasma glucose and insulin levels
were < 5 and 10%, respectively, in all four groups. In diabetic
rats (group II), insulin-mediated glucose uptake was reduced
by 28% (P < 0.01) compared with controls (group I). Vanadate
and phlorizin treatment of diabetic rats (group III and IV,
respectively) completely restored tissue sensitivity to normal
(Fig. 3).

Plasma glucagon concentration and residual hepatic glu-
cose production during the insulin clamp study were not sig-

1. Abbreviations used in this paper: UDPG, UDP-(U['4C])glucose.
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Table L. General Characteristics of the Experimental Groups

Fasting plasma Fed plasma Fasting plasma Fed plasma Fasting plasma
Group n Body weight glucose glucose insulin insulin glucagon

g mg/dl ng/ml pg/ml

I Controls 9 306±7 106±2 146±1 1.9±0.3 5.1±0.3 162±14
II Diabetic 9 302±15 125±4* 336±32* 1.7±0.4 2.4±0.6* 164±12

III Diabetic plus vanadate 9 298±12 111±3 142±3 1.6±0.3 2.5±0.4* 194±22
IV Diabetic plus phlorizin 7 289±12 109±2 144±3 1.7±0.4 2.3±0.5* 172±19

* P < 0.01 compared with controls.

nificantly different in any of the four experimental groups
(Table II).

Muscle glycogen synthesis (Fig. 4, A and B). The fasting
muscle glycogen concentration was similar in groups I-IV and
was 0.549±0.009 (n = 7) in group I, 0.533±0.010 (n = 8) in
group II, 0.539±0.012 (n = 6) in group III, and 0.546+0.009
g% (n = 6) in group IV.

The muscle glycogen concentration (Fig. 4 A) at the end of
the insulin clamp study was significantly reduced in diabetic
rats (group II) compared with controls (group I) (0.629±0.019
vs. 0.898±0.025 g%; P < 0.01), and restored to normal
(0.852±0.022 g%) by vanadate (group III), but not by phlorizin
(0.679±0.016 g%; P < 0.01) treatment (group IV). In response
to insulin, muscle glycogen synthesis, estimated from the in-
crement in cold glycogen concentration as well as from the
tracer-derived glycogenic rate (Fig. 4 B), was severely impaired
in diabetic animals (6.75±1.50 and 7.78±1.56 jg/g tissue min,
respectively) compared with controls (28.29±1.81 and
31.06±2.47 ug/g tissue min; P < 0.01). Vanadate treatment of
diabetic rats completely normalized the muscle glycogenic rate
(25.54±1.82 and 29.61±2.72 ,ag/g tissue min). Phlorizin treat-
ment of diabetic rats only slightly improved insulin-stimulated
glycogen synthesis (11. 12±1.47 and 12.94±1.28 ug/g tis-
sue min).
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Figure 1. Effect of vanadate and phlorizin administration on post-
meal plasma glucose concentrations of 90% partially pancreatecto-
mized diabetic rats. 3 wk after pancreatectomy rats were randomly
divided in three groups: diabetic untreated (PANX; *); diabetic
treated with vanadate (VANADATE; o); and diabetic treated with
phlorizin (PHLORIZIN; A).

Liver glycogen concentrations (Fig. 5). The fasting and
postinsulin liver glycogen concentrations were significantly
higher in all diabetic groups (II, III, and IV) than in controls (I)
(Fig. 5). However, after the insulin clamp study, no significant
increment above basal could be detected in any of the experi-
mental groups.

Muscle glycogen synthase (Fig. 6, A and B and Table III).
The activity of glycogen synthase I (active) and D (total) were
measured as a function of UDPGin muscle homogenates
taken from rats in groups I-IV after the completion of the
insulin clamp. The data for synthase I are presented as Eadie-
Hofstee plots in Fig. 6 A and for synthase D in Fig. 6 B. The
parameters Km(UDPG) and Vmax are estimated from the slope
of each line and its y-intercept, and are reported in Table III.
The Vmax for both the I and D forms is depressed by pancre-
atectomy (group II) and is not affected by phlorizin treatment
(group IV). Vanadate (group III) treatment, on the other hand,
elevates the glycogen synthase Vma. above that for normal rats
(group I). The Km(UDPG) is similar in all groups, and proba-
bly reflects synthase activation by insulin during the clamp.

Discussion

Insulin resistance is a prominent feature of diabetes mellitus in
both man (26-29) and animals (16, 30-35). Glucose storage is
a major determinant of insulin-mediated glucose disposal (36,
37) and muscle tissue is responsible for the majority of the
glucose uptake under euglycemic hyperinsulinemic conditions
(38, 39). Thus, it is important to define the role, if any, that the
glycogenic pathway plays in the impaired insulin-mediated
glucose uptake characteristic of the diabetic state.

In previous studies, we have demonstrated that phlorizin,
an inhibitor of renal tubular glucose reabsorption, is capable of
normalizing meal tolerance and insulin sensitivity in partially

60
Time (minutes)

Figure 2. Plasma [3Hjglucose specific activity time course during the
euglycemic clamp study in diabetic untreated (PANX; *); and dia-
betic vanadate-treated (VANADATE; o) rats.
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pancreatectomized diabetic rats. Because phlorizin corrects
hyperglycemia, but is devoid of any known insulin-mimetic
property, it is a perfect tool to distinguish the consequences of
correction of hyperglycemia per se from other specific effects
of a hypoglycemic agent.

Recently, Heyliger et al. (14) have extended previous ob-
servations regarding the insulin-like activity of vanadate in
isolated cells (1-13) to the whole animal, and have demon-
strated that this element is capable of normalizing elevated
plasma glucose concentrations in diabetic rats.

This study was therefore undertaken to define the meta-
bolic pathway(s) responsible for insulin resistance in an animal
model of diabetes mellitus and to delineate the cellular mecha-
nism(s) whereby vanadate normalizes glucose tolerance. Be-
cause an impairment in glycogen synthesis has been shown to
be a major determinant of insulin resistance in non-insulin-
dependent diabetes (38, 40-42), we have examined the effect
of prolonged phlorizin and vanadate treatment on the kinetics
of the rate-limiting enzyme of the glycogenic pathway, glyco-
gen synthase.

After partial (90%) pancreatectomy, rats develop a diabetic
state characterized by mild fasting hyperglycemia and glucose
intolerance (Table I, references 16 and 17). Fasting plasma
insulin concentrations are normal, but the beta cell ability to
respond to elevation in plasma glucose concentration is se-
verely impaired (16, 17). As shown in Fig. 1, the treatment of

Figure 3. Insulin-mediated tissue glucose uptake dur-
ing the euglycemic insulin clamp in controls (CON;
group I), diabetic (PANX; group II); diabetic treated
with vanadate (PANX + VAN; group III) and dia-
betic treated with phlorizin (PANX + PHLOR;
group IV).

diabetic rats with either vanadate or phlorizin completely nor-
malized the meal tolerance without affecting the plasma insu-
lin concentrations (Table I). However, whereas phlorizin de-
creases plasma glucose concentrations by inducing a state of
persistent glycosuria ( 16), it has been suggested that vanadate
mimics insulin action directly at the cellular level (15).

Tissue sensitivity to insulin, quantitated 6 wk after pancre-
atectomy using the euglycemic clamp technique, was reduced
by 28%(P < 0.01) in the diabetic rats (group II)'compared with
controls (group I) (Fig. 3). This decrease is quite similar to that
we previously reported in the same diabetic rat model at lower
insulin concentrations (16). The correction of chronic hyper-
glycemia by either vanadate or phlorizin treatment completely
normalized the whole body glucose uptake (Fig. 3). As shown
in Table II, no differences among groups could be detected in
hepatic glucose production and plasma glucagon concentra-
tions during the insulin clamp study.

Altogether, these data demonstrate that both vanadate and
phlorizin treatment can completely correct the defect in pe-
ripheral insulin-mediated glucose disposal that characterizes
the partially pancreatectomized rat model. However the intra-
cellular mechanism(s) whereby vanadate and phlorizin exert
their beneficial effect on glucose disposal could not be deter-
mined.

Because incorporation of glucose into skeletal muscle gly-
cogen is a major fate of an infused glucose load under eu-

Table I. Plasma Glucose, Insulin, and Glucagon Concentrations and Hepatic Glucose Production during the Euglycemic Clamp Studies

Steady-state Steady-state Steady-state
Group n Insulin infusion plasma insulin plasma glucose plasma glucagon HGP

mU/kg per min ng/ml mg/dl pg/ml mg/kg per min

I Controls 9 12 32±2 102±1 176±14 0.31±0.11
II Diabetic 9 12 34±3 105±1 178±15 0.52±0.17

III Diabetic plus vanadate 9 12 30±2 103±1 177±12 0.24±0.07
IV Diabetic plus phlorizin 7 12 29±4 101±2 180±16 0.35±0.11

HGP, hepatic glucose production.

Insulin-stimulated Glycogen Repletion in Diabetic Rats 895
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glycemic hyperinsulinemic conditions, we examined the influ-
ence of phlorizin and vanadate treatment on the glycogenic
pathway.

The muscle glycogen concentration (Fig. 4 A) at the end of
the insulin clamp were severely reduced in diabetic rats com-

pared with controls (P < 0.01). The correction of hyperglyce-
mia with vanadate restored muscle glycogen levels to normal,
whereas phlorizin treatment was unable to normalize the
muscle glycogen concentrations. The difference between van-

adate- and phlorizin-treated animals is particularly interesting
because the whole body glucose disposal was similar in these
two groups.

To quantitate the skeletal muscle glycogenic rates, we in-

fused tritiated glucose during the euglycemic clamp and mea-

sured the time-course plasma glucose-specific activity as well
as the incorporation of 3H counts into muscle glycogen at the
end of the study. Moreover, because the muscle glycogen con-

centration after 24 h of fasting was similar in all rats, it was

Figlre 4. (A) Skeletal muscle glycogen concentra-
tion at the end of the euglycemic insulin clamp in

controls (CON; group I); diabetic (PANX; group
Il); diabetic treated with vanadate (PANX
+ VAN; group III); and diabetic treated with
phlonrzin (PANX + PHLOR; group IV). (B)

_ Rates of skeletal muscle net glycogen synthesis
*t t during the euglycemic clamp in controls (CON;

group I); diabetic (PANX; group II); diabetic
treated with vanadate (PANX + VAN; group III);
and diabetic treated with phlorizin (PANX
+PHLOR; group IV). Muscle glycogen synthesis
was quantitated by determining the increment in

'cold' glycogen concentration above fasting levels
PANX (COLD) and by measuring the incorporation of

+PHLOR [3H]glucose counts into glycogen [3H].

possible to calculate the muscle glycogen synthetic rates from
the cold glycogen concentrations as well. The results from
these two independent measurements of glucose incorporation
into glycogen (Fig. 4 B) again confirmed that the insulin-stim-
ulated glycogen repletion was severely impaired in diabetic rats
and was completely restored to normal by the treatment with
vanadate, but not with phlorizin.

Because muscle mass in the rat represents 40% of the
body weight (43, 45), it is possible to calculate the contribution
of skeletal muscle glycogen synthesis to the whole body glucose
uptake. In normal rats (group 1), 35% of the tissue glucose
uptake (Fig. 7) can be accounted for by muscle glycogen reple-
tion, while in diabetic rats only 10-1 5%of the rate of disap-
pearance (Rd) was accounted for by muscle glycogen deposi-
tion. The difference in glucose incorporation into glycogen
(8.62 mg/kg per min) between control and diabetic rats can

account for 90% of the impairment in whole body glucose
uptake (Fig. 7) under the conditions of this study. This result
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suggests that the impairment in the glycogenic pathway in
skeletal muscle is indeed the major intracellular defect in the
partially pancreatectomized diabetic rat. However, because we
did not measure the oxidative and nonoxidative glycolytic
fluxes these data cannot definitely exclude the presence of ad-
ditional intracellular defects in the oxidative pathway. More-
over, it has to be emphasized that the rate-limiting step for
insulin-mediated glucose disposal can vary in the function of
the plasma insulin concentrations (46).
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I Figure 5. Liver glycogen concentration in the
fasting state (left column) and at the end of the
euglycemic clamp (right column) in controls
(CON; group I); diabetic (PANX; group II);
diabetic treated with vanadate (PANX

PANX + VAN; group III); and diabetic treated with
+ PHLOR phlorizin (PANX + PHLOR; group IV).

After vanadate therapy, muscle glycogen formation repre-
sented 32% of the Rd similarly to what observed in control rats
(Fig. 7), whereas after phlorizin, only 13% of the glucose up-
take could be accounted for by muscle glycogen synthesis.
Because the meal tolerance as well as the insulin-mediated
glucose disposal were equally normalized by either vanadate or
phlorizin treatment, but the improvement in muscle glycogen
repletion was observed only after vanadate, this latter effect
has to be considered specific of the element and independent
from the correction of the hyperglycemic state.

Additionally, this finding also seems to validate previous
observations (47) that the plasma glucose concentration influ-
ences insulin sensitivity primarily by up- and downregulating
the glucose transport system. In fact, whereas 100% of the
improvement in insulin-mediated glucose disposal was due to
the enhanced muscle glycogen deposition in the vanadate-
treated animals, only 22% of the increase in glucose uptake
was represented by augmented glucose storage in skeletal
muscle after phlorizin therapy, suggesting that phlorizin cor-
rects the defect in glucose transport, but not the intracellular
defect in glycogen synthesis.

To determine if the observed effects of vanadate treatment
were mediated by allosteric changes in the rate-limiting en-

Glycogen Synthase D
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Figure 6. Kinetic analysis of the muscle glycogen synthase (Eadie-
Hofstee plots) in Controls (v); diabetic (-); diabetic treated with van-

adate (o); and diabetic treated with phlorizin (A).

Table III. Skeletal Muscle Glycogen Synthase Km
and Vma, at the End of the Euglycemic Clamp Studies

Group n Km V,,, r*

mM Asmol/g wet wt

I Controls I 5 0.187±0.032 0.524±0.049 0.9739
D 0.084±0.023 0.577±0.059 0.9398

II Diabetic I 5 0.196±0.063 0.382±0.030 0.9758
D 0.085±0.039 0.434±0.044 0.8740

III Diabetic plus I 5 0.147±0.030 0.705±0.089 0.9917
vanadate D 0.081±0.003 0.828±0.117 0.9685

IV Diabetic plus I 5 0.160±0.010 0.349±0.015 0.9413
phlorizin D 0.069±0.007 0.419±0.014 0.9725

* r value is from linear regression of the Eadie-Hofstee plots shown
in Fig. 6. All other values are also derived from those plots.
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Figure 7. Contribution of the muscle glycogen synthesis to the whole
body tissue glucose uptake during the euglycemic clamp in controls
(CON; group I); diabetic (PANX; group II); diabetic treated with
vanadate (PANX + VAN; group III); and diabetic treated with
phlorizin (PANX + PHLOR; group IV). The whole body muscle gly-
cogenic rates displayed in this figure are obtained from the data
shown in Fig. 4 B assuming that total body muscle mass in the rat is
40% of the body weight (43-45).

zyme of the glycogenic pathway, we performed a kinetic analy-
sis of the rectus muscle glycogen synthase. The enzyme assay
was conducted in homogenate of tissue obtained at the end of
the insulin clamp study. Therefore, it reflects the status of the
enzyme after prolonged in vivo insulinization. The Vmax, I and
D, were significantly reduced in diabetic rats compared with
controls (P < 0.05). Vanadate-treated diabetic rats displayed a
Vmax increased beyond the control level, whereas the phlori-
zin-treated group had Vmax similar to that of untreated diabetic
rats (Fig. 6 and Table III). These results demonstrate that a
significant reduction in glycogen synthase Vmax persisted after
2 h of in vivo insulinization in skeletal muscle of diabetic rats.
More importantly, perhaps, vanadate therapy increased the
Vmax of the skeletal muscle glycogen synthase to supranormal
levels. This effect cannot be ascribed to the correction of the
hyperglycemia per se because phlorizin treatment had no di-
rect influence on the kinetics of the enzyme. The potentiation
of insulin action on skeletal muscle glycogen synthase after in
vivo vanadate administration is consistent with recent obser-
vations in isolated adipocytes (3, 4). The similar kinetics of the
glycogen synthase in untreated and phlorizin-treated diabetic
rats seem to suggest that the rate of glucose disposal does not
influence the enzyme activity under these in vivo conditions,
because phlorizin normalizes tissue glucose uptake but does
not improve glycogen synthase activity.

In conclusion, these results demonstrate that an impair-
ment in skeletal muscle glycogen synthesis is a major determi-
nant of insulin resistance in 90% partially pancreatectomized
rats, and vanadate, but not phlorizin, selectively reverses the
defect in the glycogenic pathway by stimulating the Vmax of the
enzyme glycogen synthase.
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