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The contribution of gluconeogenesis to hyperglycemia in non-obese diabetic (NOD) mice has been investigated using oral
vanadate administration. Vanadate compounds have been shown to mimic many actions of insulin; however, the exact
mechanism is poorly understood. The aims of the present study were (1) to elucidate vanadate’s action in vivo, and to assess
the possibility that its glucose-reducing effect is dependent on the presence of a minimal concentration of insulin; and (2) to
evaluate the effects of vanadate administration on the key hepatic gluconeogenesis enzymes, glucose-6-phosphatase
(G-6-Pase) and phosphoenolpyruvate carboxykinase (PEPCK), as well as glucose-6-phosphate dehydrogenase (G-6-PDH).
Vanadate caused a significant reduction in blood glucose but failed to normalize it, despite effective serum vanadate
concentrations (26.2 + 1.6 pmol/L). Two weeks after initiation of treatment, blood glucose levels were 26.0 + 1.8, 21.7 + 3.0,
16.0 = 1.6, and 14.3 = 2.3 mmol/L in the control (C), insulin (), vanadate (V), and combined vanadate and insulin (V + 1) groups,
respectively (P < .001). G-6-Pase activity was significantly reduced by vanadate (622 = 134 v365 * 83 nmol/min/mg proteinin
C vV, P < .05). PEPCK activity was also significantly reduced (844 + 370, 623 = 36,337 * 43, and 317 = 75 nmol/min/mg in the
C,1,V,and V + | groups, respectively, P < .001). No significant differences in the hepatic glycogen stores and G-6-PDH activity
were noted between treatment groups. Our study suggests that the inhibition of hepatic G-6-Pase and PEPCK activity by

vanadate plays an important role in reducing blood glucose levels in NOD mice.
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NSULIN-DEPENDENT diabetes mellitus (IDDM) is an
autoimmune disease that involves the destruction of insulin-
producing cells in the islets of Langerhans. Despite current
treatment protocols, the long-term microvascular and macrovas-
cular complications of IDDM and the evolution of insulin
resistance continue to stimulate the investigation of new
treatment strategies.

Vanadate, a trace element, has been shown to be a potent
insulinomimetic agent in isolated adipocytes' and in streptozoto-
cin (STZ) diabetic rats,>* rodent models of non-insulin-
dependent diabetes mellitus (NIDDM),’ cats,® and obese fa/fa
rats.” Recent studies evaluated its effectiveness in the treatment
of diabetes in humans with NIDDM.39 Despite intensive
research, vanadate’s mechanism of action is not clearly under-
stood.?

The non-obese diabetic (NOD) mouse spontaneously devel-
ops autoimmune diabetes that mimics human IDDM, and it is
therefore regarded as an excellent animal model of human
IDDM. !1° The immunologic pathophysiology of IDDM has been
extensively investigated, but the effect of vanadate administra-
tion in NOD mice has not been characterized. The aims of the
present study were thus to characterize vanadate’s actions in
NOD mice, especially its effect on gluconeogenesis, to assess
the combined in vivo effect of vanadate with minimal concentra-
tions of insulin, and to evaluate vanadate’s action on the key
gluconeogenic hepatic enzymes, glucose-6-phosphatase (G-6-
Pase) and phosphoenolpyruvate carboxykinase (PEPCK).

MATERIALS AND METHODS
Animals

Ninety-nine female NOD mice aged 8 weeks were purchased from
Jackson Laboratory (Bar Harbor, ME). The mice were housed in groups
of 5 in polypropylene cages. All mice were maintained according to the
Guidelines for the Care and Use of Laboratory Animals (US Depart-
ment of Health and Human Services, 1996) inside a barriered rodent
facility. Prediabetic mice received water in plastic bottles containing 80
mmol/L NaCl. The mice were acclimatized for 10 days before
experimentation, during which period the health status of the animals
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was assessed daily by observation. Before commencement of the study,
all mice were examined and weighed and the blood glucose level was
measured using the Glucometer Elite (Bayer Diagnostics, Puteaux,
France).

Experimental Design

Blood glucose concentrations were measured once weekly by
sampling a drop of blood from the tail. Mice with blood glucose of 11.1
mmol/L or higher were regarded as diabetic, and allocated randomly to
4 groups according to treatment schedule as follows: (1) Control (C)
mice received no treatment. The drinking water contained 80 mmol/L
NaCl. (2) Insulin-treated (I) mice were injected subcutaneously with 1
TU insulin NPH (Hurnulin-N; Lilly, Fegersheim, France) every other
day. This treatment has been shown in preliminary studies to be
anabolic but inadequate to normalize blood glucose levels. The dose of
insulin was adjusted to cause a slight decrease in blood glucose and
maintain body weight. These mice also received 80 mmol/L NaCl in the
drinking water. (3) Vanadate-treated (V) mice received sodium metavana-
date (BDH Chemicals, Poole, UK) in the drinking water at a concentra-
tion of 3.92 mmol/L. Vanadate solutions were replaced every 3 days. (4)
Vanadate and insulin (V + I) mice received sodium vanadate in the
drinking water at a concentration of 3.92 mmol/L. and were injected
subcutaneously with 1 U insulin NPH every other day. Vanadate
solutions were also replaced every third day.

All animals were inspected daily. Each mouse was weighed every
other day, and blood glucose was measured before insulin was injected.
Water consumption was measured 3 times weekly. Seven or 14 days
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after initiation of treatment, mice were anesthetized by ether inhalation,
exsanguinated, and killed. The blood was separated, and the sera were
stored at —20°C. A full necropsy was performed on each mouse. Liver
samples were immediately frozen in liquid nitrogen and stored at
—70°C.

Serum Vanadate Assay

Terminal blood samples were analyzed for vanadate levels using a
Perkin-Elmer flameless atomic absorption spectrophotometer (5100 ZL
Zeeman Furnace Module; Perkin-Elmer, Norwalk, CT). The sensitivity
of the assay was 0.2 umol/L. vanadate. Each sample was assayed in
duplicate, from which a mean was derived.

Glycogen Determination

A piece of frozen liver was digested by 33% KOH, and the glycogen
was precipitated with 66% ethanol and determined as described by
Hujing.!!

Enzyme Assays

Frozen liver was homogenized in a 10-mL vol of 0.25-mol/L sucrose
containing 10 mmol/L Tris, pH 7.4, and 0.5 mmol/L EDTA (STE
buffer). The microsomal fraction was isolated according to the method
of Arion et al.!2 Briefly, the tissues were prepared from 10% liver
homogenate in 0.25 mol/L sucrose, 10 mmol/L HEPES, pH 7.4.12 The
homogenates were centrifuged for 10 minutes at 8,000 X g, and the
resultant supernatants were recentrifuged for 45 minutes at 105,000 X
g. The obtained microsomal fraction was used for determination of
G-6-Pase activity, and the supernatants were used for determination of
PEPCK and glucose-6-phosphate dehydrogenase (G-6-PDH) activities.

G-6-Pase activity was measured in the microsomal fraction according
to the method of Burchell et al'* with slight modification. The
microsomal fraction was diluted to 2 mg protein/mL and incubated for
10 minutes at 5°C with 0.2% deoxycholate (DOC). Since the isolated
microsomes were a mixture of intact and disrupted vesicles, preincuba-
tion with DOC disrupted most of the microsomal vesicles. G-6-Pase
activity was assayed at 30°C in a final vol of 0.2 mL containing 50
mmol/L Tris/cacodylate buffer, pH 6.5, 15 mmol/L albumin, 20 mmol/L
glucose-6-phosphate, and 25 pg DOC-treated microsomal protein. After
a 10-minute incubation, the assay was terminated as previously
described.!® This resulted in an approximately 2-fold increase in
enzyme activity. The activity of G-6-Pase in the isolated microsomes
was studied in the presence of 1 mmol/L mannose-6-phosphate
according to the method of Arjon et al,!? and thus the total catalytic
activity was determined.

G-6-PDH activity was present in the cytosolic fraction of the
homogenate as described by Bergmeyer.!* Protein content was deter-
mined as previously described.!> PEPCK activity was determined
according to the method of Chang and Lane!® using the rate of exchange
between KH'CO; and unlabeled oxaloacetate.

Data Analysis
Data are presented as the mean = SEM. The unpaired Student’s ¢ test

(2-tailed) was used to compare 2 groups, and ANOVA was used to
compare multiple groups.

RESULTS
Blood Glucose

Blood glucose levels are presented in Fig 1. Blood glucose in
untreated C mice continued to increase throughout the study
period. Two weeks after initiation of the treatments, blood
glucose levels were significantly lower in V and V + I groups.
The maximal effect of vanadate was achieved 24 to 48 hours

MOSSERI ET AL

304
*
--=-- Control

*
—a— Insulin

~o~ Vanadate

—e— Vanadate+Insulin

Glucose (Sl)

| >
I >

o-_r—r—r—r—T—7Tr—Tr—T T
£ 4 -2 0 2 4 6 8 10 12 14 16

Time (Days)

Fig 1. Blood glucose in the 4 treatment groups. Blood glucose
concentrations were measured once weekly by sampling a drop of
blood from the tail. *P < .02.

after initiation of treatment, and thereafter a constant mild
elevation was the rule; however, blood glucose did not reach
normoglycemic values (5 * 1.6 mmol/L). A highly significant
negative correlation was found between blood glucose and
serum vanadate concentrations for Vand V + I mice (P < .002;
Fig 2).

Body Weight

Vanadate treatment initially caused a slight decrease in body
weight, reaching a maximal effect in the first 24 to 48 hours
after the start of treatment. However, 2 weeks after the initiation
of treatment, no significant differences in body weight change
were noted between C and V groups.

Serum Vanadate

Serum vanadate concentrations were similar at both 7 and 14
days after initiation of treatment. Seven days after treatment
started, mean vanadate concentrations were 26.2 * 1.6 umol/L.
(range, 12.6 to 41.6).

Hepatic G-6-Pase Activity

Vanadate caused a significance decrease in hepatic G-6-Pase
activity 7 days after initiation of treatment (Fig 3). The mean
hepatic G-6-Pase activity was 622 * 54, 587 * 89, 364 * 34,
and 369 * 39 nmol/min/mg for the C, I, V, and V + I groups,
respectively (P < .05). A positive linear correlation was found
between the terminal blood glucose levels and G-6-Pase activity
(P < .0001; Fig 4).

Hepatic PEPCK Activity

Seven days after treatment initiation, hepatic PEPCK activity
was significantly reduced in the V treatment group compared
with the C group (844 = 186 v 337 * 21 nmol/min/mg for C v
V, P < .05; Fig 5). PEPCK activity was suppressed to a greater
extent than G-6-Pase in the V groups (6% v 40%).

Hepatic Glycogen Stores

Vanadate administration did not cause significant changes in
the hepatic glycogen content 7 days after treatment initiation.
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p<0.0002

samples were analyzed for vana- 00 Y T T
date using the Perkin-Elmer
flameless atomic absorption
spectrophotometer.

Hepatic G-6-PDH Activity

Vanadate treatment tended to cause an increase in hepatic
G-6-PDH activity hinting at an enhancement of lipogenesis;
however, no statistical significance was reached. Hepatic G-6-
PDH activity in the study groups was 8.25 * 0.34, 10.18 *
1.17,11.98 * 1.31, and 11.77 * 1.42 nmol/min/mg for C, I, V,
and V + I treatment groups, respectively. A significant negative
correlation was found between the terminal blood glucose level
and G-6-PDH activity (P = .02) (Fig 4).

DISCUSSION

In the present study, we present the first characterization of
the various metabolic effects of oral vanadate treatment in
hyperglycemic NOD mice. Vanadate administration for 2 weeks
significantly decreased but did not normalize blood glucose

P<0.05
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Fig 3. Effect of treatment with V, |, and V + | on hepatic G-6-Pase
activity 7 days after treatment initiation. Frozen liver was homog-
enized and the cytosolic fraction was isolated. G-6-Pase activity was

measured in the cytosolic fraction according to Burchell et al.’?

1 T A\ L T
20 22 24 26 28 30 32 34 36 38 40 42

Vanadate
umoll.

levels, despite effective vanadate serum levels. We previously
reported that similar blood levels of vanadate normalized blood
glucose in STZ diabetic rats and ob/ob mice,*$ as well as the
nutritionally induced diabetic Psammomys obesus italicus."?
The dissimilar response of diabetic NOD mice compared
with other species with similar protocols of vanadate treatment
has several possible explanations. An altered sensitivity of the
putative target protein(s), eg, cytosolic tyrosine kinase, mitogen-
activated protein and S6 kinase, and tyrosine phosphatase,’
between different animal species may explain these discrepan-
cies. However, since we observed beneficial effects of vanadate
administration in 2 other mouse models,’ this explanation is
unlikely. Another possibility is that vanadate.effects in vivo are
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Fig 4. Correlation between final blood glucose level and hepatic
G-6-Pase and G-6-PDH activities and glycogen level 7 days after
treatment initiation. Frozen liver was homogenized, the cytosolic
fraction was isolated, and G-6-Pase and G-6-PDH activities and the
gilycogen level were determined. :
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Fig 5. Effect of treatment with V, |, and V + | on hepatic PEPCK
activity 7 days after treatment initiation. Frozen liver was homog-
enized, the cytosolic fraction was isolated, and PEPCK activity was
determined'® by the rate of exchange between KH“CO; and unla-
beled oxaloacetate.

less prominent in an insulin-deficient state such as exists in
NOD mice in comparison to rodents with elevated insulin
levels. This possibility was assessed by treatment of the NOD
mice with anabolic doses of insulin, which were effective in
inducing small but significant reductions of blood glucose and
increases of body weight. However, the results of our study
show that the V + I combination did not cause a synergistic
effect on blood glucose, and even this combination treatment
did not normalize blood glucose levels.

Serum vanadate levels in our study were about 20 umol/L.
This vanadate concentration range has been shown to induce
5% to 15% of the maximal biological response in isolated
cells.'® In human studies, the range for vanadate concentrations
was between 1 and 5 pmol/L. Vanadate therefore appears to
have greater beneficial metabolic effects in vivo compared with
isolated cell systems. The reason for this may be an increase of
specific intracellular concentrations of vanadate during pro-
longed exposure.!® Another reason may be the enhancement of
insulin binding to its receptor.? Previous studies suggested that
vanadate’s in vivo effect may be distal to the tyrosine phosphor-
ylation of the insulin receptor,?! and it may reduce blood
glucose levels by affecting several sites, such as increasing
peripheral glucose uptake.? The decrease in blood glucose may
reduce expression of the gene for the catalytic unit of G-6-
Page.22:23

We report for the first time that vanadate treatment inhibits in
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vivo hepatic G-6-Pase and PEPCK activity, and blood glucose
levels in NOD mice correlate with the activity of these
enzymes. The combination of V + I treatment was found to
have no additional effect on G-6-Pase and PEPCK, suggesting a
common regulatory pathway for the effects of vanadate and
insulin. These results suggest that the hypoglycemic effects of
vanadate may be mediated also via suppression of these
important enzymatic steps in liver glucose production.

In vitro studies by Singh et al** demonstrated the inhibition of
G-6-Pase by micromolar concentrations of vanadate (50%
inhibitory concentration [ICsg], 7 umol/L). Sekar et al?® reported
that in fat cells, vanadate inhibited in vitro G-6-Pase at similar
concentrations. In our study, serum vanadate levels were about
26.2 = 1.6 umol/L. These vanadate concentrations are sufficient
to inhibit G-6-Pase activity, based on the previous studies by
Singh and Sekar et al, although we did not prove it by directly
determining the intracellular glucose-6-phosphate content. Thus,
vanadate may cause reduced G-6-Pase activity at the level of
both gene expression and inhibition of enzyme activity.

These findings support the hypothesis that the inhibition of
gluconeogenic enzymes is independent of other metabolic and
enzymatic alterations induced by vanadate in the diabetic state,
eg, enhancement of peripheral glucose uptake. In humans and
fa/fa rats,? the primary metabolic effect of vanadate was not
due to decreased hepatic glucose production, but rather to
increased peripheral glucose disposal. Both the insulin-deficient
state and the higher vanadate concentration in our study may
explain the main effect of vanadate to suppress gluconeogen-
esis. Glucose utilization was not assessed in this study, but it
was also probably improved, based on previous studies 892

The effect of vanadate in the human was studied using small
doses and yielded clinical effects including some insulin
sensitivity and a decrease in blood glucose levels.? The combi-
nation of these results with ours suggests a possible beneficial
effect of combined V + I treatment in [IDDM. However, the use
of vanadium compounds is probably more efficient in NIDDM
states because vanadium acts distally to the locus of insulin
resistance, reducing the daily requirement for insulin and thus
preventing the vicious circle of increasing insulin dosage,
increasing body weight, and increasing insulin resistance.
Future studies on more potent vanadate derivatives are sug-
gested to improve its clinical use in insulin-resistant states.

ACKNOWLEDGMENT

‘We thank Dr V. Barash for assistance in performing the G-6-Pase and
PEPCK assays.

REFERENCES

1. Green A: The insulin-like effect of sodium vanadate on adipocyte
glucose transport is mediated at post—insulin receptor level. Biochem J
238:663-669, 1986

2. Heyliger CE, Tahiliani A, McNeill TH: Effect of vanadate on
elevated blood glucose and depressed cardiac performance of diabetic
rats. Science 227:1474-1476, 1985

3. Meyerovitch J, Farfel Z, Sack J, et al: Oral administration of
vanadate normalized blood glucose levels in streptozotocin-treated rats.
J Biol Chem 263:6658-6662, 1987

4. Shechter Y, Meyerovitch I, Amir S: The use of post-receptor agent
in studying insulin action and relation to experimental diabetes.
Biochem Pharmacol 37:1891-1896, 1988

5. Meyerovitch J, Rotenberg P, Shechter Y, et al: Vanadate normal-
izes hyperglycemia in two mouse models of non—insulin dependent
diabetes mellitus. J Clin Invest 87:1286-1294, 1991

6. Plotnick AN, Greso DS, Crans DC, et al: Oral vanadate com-
pounds: Preliminary studies on toxicity in normal cats and hypoglyce-
mic potential in diabetic cats. J Vet Intern Med 9:181, 1995

7. Brichard SM, Pottier AM, Henguin JC: Long term improvement
of glucose homeostasis by vanadate in obese hyperinsulinemia fa/fa
rats. Endocrinology 125:2510-2516, 1989

8. Halberstram M, Cohen N, Shlimovich P, et al: Oral vanadate
sulfate improves insulin sensitivity in NIDDM but not in obese
nondiabetic subjects. Diabetes 45:1996



IN VIVO GLUCONEOGENESIS IN NOD MICE—EFFECTS OF VANADATE

9. Goldfine AB, Simonson DC, Folli F, et al: In vivo and in vitro
studies of vanadate in human and rodent diabetes mellitus. Mol Cell
Biochem 153:217-231, 1995

10. Makino S, Kunimoto K, Muraoka Y, et al: Breeding of nonobese
diabetic strain of mice. Exp Anim 29:1-13, 1980

11. Hujing F: A rapid enzymatic method for glycogen determination
in very small tissue samples. Clin Chim Acta 30:567-572, 1970

12. Arion WJ, Ballas LM, Lange Al, et al: Microsomal membrane
permeability and the hepatic glucose-6-phosphatase system. J Biol
Chem 251:4901-4907, 1976

13. Burchell A, Hume R, Burchell B: A new microtechnique for the
analysis of the human hepatic glucose-6-phosphatase system. Clin
Chim Acta 173:183-192, 1988

14. Bergmeyer HU: Glucose-6-phosphate-dehydrogenase, in Berg-
meyer HU (ed): Methods of Enzymatic Analysis. San Diego, CA,
Academic, 1970, pp 458-459

15. Peterson GL: A simplification of the protein assay method of
Lowry et al., which is more generally applicable. Anal Biochem
83:346-356, 1977

16. Chang HC, Lane MD: The enzymatic carboxylation of phospho-
enolpyruvate. II. Purification and properties of liver mitochondrial
phosphoenolpyruvate carboxykinase. J Biol Chem 241:2413-2420,
1966

17. Ziv E, Nachliel I, Bar-On H, et al: Nutritionally induced insulin
resistance in Psammomys obesus italicus, its consequences and its
possible prevention. Exp Clin Endocrinol Diabetes 105:12-13, 1977

(sulpgp] 3)
. Shechter Y, Karlish SJ: Insulin-like stimulation of glucose

325

oxidation in rat adipocytes by vanadyl (IV) ions. Nature 284:556-558,
1980

19. Tang S, Lu B, Fantus IG: Stimulation of '*5I-transferrin binding
and %Fe uptake in rat adipocytes by vanadate: Treatment time
determines apparent tissue sensitivity. Metabolism 47:630-636, 1998

20. Attas OS, Dagheri NM, Vigo NT: Vanadate enhances insulin-
receptor binding in gestational diabetic human placenta. Cell Biochem
Funct 13:9-14, 1995

21. Sekar N, Li J, Shechter Y: Vanadate salts as insulin substitutes:
Mechanisms of action, a scientific and therapeutic tool in diabetes
mellitus research. Crit Rev Biochem Mol Biol 31:339-359, 1996

22. Massillon D, Barzilai N, Chen W, et al: Glucose regulates in vivo
glucose-6-phosphatase gene expression in the liver of diabetic rats. J
Biol Chem 271:9871-9874, 1996

23. Argaud D, Kirby TL, Newgard CB, et al: Stimulation of
glucose-6-phosphatase gene expression by glucose and fructose-2,6-
bisphosphate. J Biol Chem 272:12854-12861, 1997

24. Singh J, Nordlie RC, Jorgenson RA: Vanadate: A potent inhibitor
of multifunctional glucose-6-phosphatase. Biochim Biophys Acta 678:
477-482, 1981

25. Sekar N, Qian S, Shechter Y: Vanadate elevates lipogenicity of
starved rat adipose tissue: Mechanism of action. Endocrinology 139:
2514-2518, 1998

26. Brichard SM, Ongemba LN, Girard J, et al: Tissue-specific
correction of lipogenic enzyme gene expression in diabetic rats given
vanadate. Diabetologia 37:1065-1072, 1994



