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Abstract—Sodium orthovanadate is known to promote glucose uptake in muscle and adipose tissues
and has been suggested as a possible oral hypoglycemic agent. In addition, insulin-dependent diabetes
has been shown to alter the hepatobiliary clearance of several drugs in rats. This study has determined
whether orthovanadate, like insulin, can reverse diabetes-induced changes in the biliary excretion of
endogenous bile acids and in the hepatobiliary clearance of rose bengal. Six groups of male Sprague-
Dawley rats were used: normal, insulin-treated normal, vanadate-treated normal, diabetic, insulin-
treated diabetic, and vanadate-treated diabetic. Diabetes was induced by injection of streptozotocin
(45 mg/kg, i.v.). One week later, insulin (2-4 U/day, s.c.) and sodium orthovanadate (877 = 82 umol/
kg/day, p.o.) treatments were initiated. After 4 weeks, the clearance and biliary excretion of rose
bengal (60 umol/kg, i.v.) were determined for 3 hr. Bile flow rate, rose bengal excretion, and excretion
of endogenous bile acids were unchanged in the two treated normal groups and in the insulin-treated
diabetic rats. These parameters were increased in untreated diabetic and vanadate-treated diabetic rats
as compared with normal. Pharmacokinetic analyses indicated that total and biliary clearances of rose
bengal were increased in diabetic rats and that orthovanadate did not reverse these changes. However,
liver weight and serum glucose concentrations were reduced by orthovanadate treatment. These data
indicate that the oral insulinomimetic chemical sodium orthovanadate effectively reversed some, but
not all, of the diabetes-induced alterations of hepatic function.
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Vanadium, the 21st most abundant element in the
earth’s crust, is present in varying concentrations in
almost all mammalian cells [1,2]. Vanadium exists
in body fluids predominantly in the 5* oxidation
state as vanadate, VO3, which is structurally similar
to phosphate, as well as in the 4 state [2,3]. In
intracellular compartments such as hepatocytes and
erythrocytes, vanadium exists practically in the 4%
state only [3]. One mechanism for its in vivo actions
may be its ability to mimic the structure of
inorganic phosphate in important intracellular
phosphoenzymes [4]. Other studies have examined
the insulinomimetic properties of vanadate in
adipocytes [5, 6], skeletal muscle {7], and hepatocytes
[8]. In fact, oral administration of orthovanadate to
diabetic rats prevents the decline in cardiac function
resulting from diabetes [9]. Two possible mechanisms
for the improvement in cardiac performance involve
the role of vanadate as an endogenous regulator of
certain enzymes, particularly Na* K*-ATPase [10]
and adenylate cyclase [11], or of cellular calcium
fluxes [12]. In addition, a number of reports indicate
that oral administration of orthovanadate could also
partially normalize blood glucose concentrations in
streptozotocin-induced diabetic rats [9, 13-16] or in
insulin-resistant diabetic ob/ob mice [17]. Moreover,
oral vanadate therapy over 2 months reduces
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glycosylated hemoglobin levels, activates glycolysis,
and depresses gluconeogenesis in streptozotocin-
induced diabetic rats [18]. All of these studies
provide evidence that dietary orthovanadate can be
somewhat effective as an oral agent for treating
diabetes.

Insulin-dependent diabetes has been shown to
induce changes in hepatic uptake, biotransformation,
and biliary excretory function [19]. Several studies
indicate that bile flow changes in response to
diabetogen treatment; flow is depressed for 1-2
weeks after treatment with alloxan or streptozotocin
[20-23], but returns to normal 3-4 weeks after
induction of diabetes [23-27]. Two examples of the
temporary impairment of hepatobiliary function
immediately after streptozotocin injection are the
decreased biliary excretion of both sulfo-
bromophthalein [22] and rose bengal (Watkins JB
IIT and Sanders RA, unpublished results). Several
studies in which experiments were performed 4-5
weeks following streptozotocin-induced diabetes in
order to minimize abnormalities that may be due to
diabetogen toxicity have demonstrated alterations
in the biliary excretion of several organic anions
(acetaminophen, rose bengal, indocyanine green,
bromcresol green, bilirubin), an organic cation
(procainamide ethobromide) and two neutral organic
compounds (ouabain, digoxin) [23,25-28]. In
particular, maximal biliary excretion rate and total
clearance of rose bengal were increased 390 and
65%, respectively, in the diabetic rat [26], whereas
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non-biliary clearance of rose bengal was not altered
by insulin-dependent diabetes (Watkins JB III and
Sanders RA, unpublished results).

Many changes induced by diabetes are reversible
with insulin administration, but whether the
purported insulinomimetic agent sodium ortho-
vanadate can reverse changes in hepatobiliary
function is unknown. One study has examined the
effects of vanadate on bile production, but excretion
of endogenous and exogenous chemicals was not
determined [29]. Therefore, the present study
was designed to determine whether oral sodium
orthovanadate administration, like insulin therapy,
would reverse diabetes-induced alterations in
hepatobiliary function. Diabetes was induced 4-5
weeks before experimentation by administration of
streptozotocin. Biliary excretion of the xenobiotic
rose bengal and endogenous bile acids was
determined in normal and diabetic rats treated with
either insulin or sodium orthovanadate. Rose bengal
was chosen as the test xenobiotic because the entire
change in total clearance caused by diabetes results
from altered biliary clearance. Pharmacokinetic
parameters were calculated to detect alterations in
rose bengal disposition in the different treatment
groups.

MATERIALS AND METHODS

Chemicals. A glucose diagnostic kit, 3a-hyd-
roxysteroid dehydrogenase, B-nicotinamide adenine
dinucleotide, rose bengal, sodium orthovanadate,
streptozotocin, taurocholate, Trizma base and
urethane were purchased from the Sigma Chemical
Co. (St. Louis, MO). All other chemicals were of
the highest quality available. Deionized water was
used for all studies.

Animals. Six groups of male Sprague-Dawley rats
(Harlan Sprague-Dawley, Inc., Indianapolis, IN)
identified as normal, normal plus insulin, normal
plus orthovanadate, diabetic, diabetic plus insulin,
and diabetic plus orthovanadate were housed in
stainless steel cages in groups of three or four, under
a 12-hr light—dark cycle in a temperature-controlled
(21-28°) room. The animals were provided Purina
Laboratory Rodent Chow No. 5012 (St. Louis, MO)
and water ad lib. until they were used. All housing
and treatments were in compliance with the Public
Health Service Guide for the Care and Use of
Laboratory Animals.

Rats, weighing 250-275 gand under light halothane
anesthesia at the time of dosing, were injected with
streptozotocin at 45 mg/kg, i.v., to induce insulin-
dependent diabetes. Streptozotocin was dissolved in
freshly prepared 0.01M sodium citrate, pH 4.5,
immediately before injection into a saphenous vein.
Blood glucose levels were measured periodically
throughout the treatment period beginning 3 days
after streptozotocin injection and ending on the day
of surgery, using the hexokinase diagnostic kit
available from the Sigma Chemical Co. A minimum
serum glucose concentration of 400 mg/dL was
required for consideration as a diabetic rat. There
was no mortality associated with this dose of
streptozotocin or with the prolonged untreated
diabetes and markedly elevated hyperglycemia. One
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week after injection of streptozotocin, treatment
with sodium orthovanadate (0.4 mg/mL in water
adjusted to pH 7 with 1.75 g ascorbic acid/L) was
available in the drinking water for 18-24 days. To
make the taste more palatable, 10g Tang instant
breakfast drink was added per liter. The diabetic rats
consumed an average daily dose of 877 * 82 umol/kg
body weight/day of sodium orthovanadate. The
insulin-treated diabetic group received 2-4 U/day,
s.c., protamine zinc iletin I insulin (Eli Lilly & Co..
Indianapolis, IN) for 22-24 days. Insulin dosage
was adjusted periodically as needed to achieve
normoglycemia. Normal rats (200-225 g) consumed
an average 472 + 17 umol/kg/day, p.o., of sodium
orthovanadate as a 0.8 mg/mL solution or were
treated with 2U insulin/day. The difference
in orthovanadate dosage between normal plus
orthovanadate and diabetic plus orthovanadate
resulted primarily from the smaller volume of the
0.8 mg/mL solution consumed by the normal plus
orthovanadate group. Diabetic rats consumed three
to seven times the volume of the normal plus
orthovanadate rats. Higher concentrations of sodium
orthovanadate caused severe morbidity or death and
were not used.

Biliary excretion studies. Immediately after anes-
thetization with urethane (1.2 g/kg, i.p.), a femoral
artery was cannulated with PE-50 tubing for
subsequent collection of blood samples in which
serum drug concentrations were measured. The bile
duct was isolated through a midline abdominal
incision and was cannulated with PE-10 tubing. Body
temperature was maintained at 37° with a heat lamp
topreventhypothermicalterationof biliary excretion.
A 15-min bile sample was obtained prior to drug
administration in order to determine basal bile flow
and bile acid excretion rates. Bile flow was
continuous, and samples were collected every 15 min
for 60 min, and then every 30 min for 120 min after
rose bengal administration. Approximately 25 min
after injection of the anesthetic (10 min for narcosis
and surgery and a 15-min pre-drug bile collection
period), rose bengal (60 umol/kg, i.v.; 4 mL water/
kg) was injected into a saphenous vein in less than
20 sec. Blood samples (200-250 uL) were collected
at 2, 5, 10, 20, 30, 45, 60, 75, 90, and 120 min after
injection. Blood volume was maintained by infusion
of an equal volume (250 uL) of isotonic saline.

Bile flow rate was measured gravimetrically
assuming a density of 1.0 and expressed as microliters
per minute per gram liver. Bile acid concentration
was determined enzymatically by the hydroxysteroid
dehydrogenase method of Paumgartner et al. [30]
with sodium taurocholate (10~150 umol/mL) as the
standard. Rose bengal concentrations in serum and
bile were determined spectrophotometrically at
550 nm after appropriate dilution of the samples
with deionized water using a standard curve (0.25
to 15 nmol/mL). Biliary excretion was calculated as
the product of biliary concentration times bile flow
rate and expressed as nanomoles per minute per
gram liver.

Pharmacokinetics and statistics. Plasma con-
centration versus time data were fit by PCNONLIN
(Statistical Consultants, Lexington, KY) to the
following  biexponential equation: Concn =
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Ae “ + Be™® where A and « are the Y-intercept
and rate constant for the distribution phase and B
and B are the Y-intercept and rate constant for the
elimination phase. The area under the curve and
area under the moment curve (which was calculated
with the integrated equation of the model) were
determined, permitting calculation of the steady-
state volume of distribution (dose times area under
the moment curve divided by the area under the
curve squared) and total clearance (dose divided by
area under the curve) for each rat [31]. Total
excretion into bile was quantified, and biliary
clearance was calculated as cumulative excretion
divided by area under the curve. Non-biliary
clearance, which represents primarily renal clear-
ance, may be calculated as the difference between
total and biliary clearance.

Means and standard errors were calculated for all
data. Significant differences were determined using
a one-way analysis of variance and Duncan’s least
significant difference test to compare the means.
Bartlett’s test was used to be certain of homogeneity
of variance. Asterisks (*) indicate that the value of
any group was different from that of untreated
normal rats at P<0.05, whereas a dagger (1)
indicates that the value in a treated diabetic group
was significantly different from the untreated diabetic
rats at P < 0.05.

RESULTS

Liver weight to body weight ratio, basal bile flow
and bile acid excretion rates, and serum glucose
concentrations were elevated in the diabetic and in
the orthovanadate-treated diabetic groups (Table
1). These parameters returned to normal in the
insulin-treated diabetic rats. When the increase in
liver weight is considered for the diabetic rats and
bile flow is calculated per g liver, there was no
difference in basal bile flow rate (1.46 =0.12 in
normal vs 1.34 = 0.10 ul./min/g in diabetic rats).
However, bile flow rate was augmented in the
orthovanadate-treated diabetic rats by either 49 or
20% over normal when expressed per kg body weight
or per g liver, respectively. Insulin and orthovanadate
treatments did not affect any of these parameters in
the normal rats. Finally, diabetes-induced changes
in liver weight and serum glucose concentrations were
reduced significantly by orthovanadate treatment
when compared with diabetic rats, but not completely
to normal levels.

Figure 1 shows the decrease in serum rose bengal
concentration with time in the six experimental
groups. Concentrations were similar in the three
normal groups and the insulin-treated diabetic rats.
Serum disappearance was more rapid in the diabetic
and orthovanadate-treated diabetic rats, and serum
rose bengal concentrations were not different
between these two groups.

Figure 2 illustrates biliary excretion versus time
profiles for rose bengal (top panel) and bile acids
(middle panel), and bile flow rate versus time
(bottom panel). Bile flow rate and the biliary
excretion of bile acids and rose bengal were increased
in both the diabetic and orthovanadate-treated
diabetic groups throughout most of the 3-hr

Table 1. Effect of orthovanadate treatment on selected parameters
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insulin
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13.3 £ 0.35%+ 4.59 = 0.03*% 79.6 = 3.8* 1.74 £ 0.09*t 4810 + 536* 453 + 60*+

290 = 11*

orthovanadate

Values are means = SEM for five to seven rats.
* Significantly different from normal rats at P < 0.05.
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+ Significantly different from untreated diabetic rats at P < 0.05.
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Fig. 1. Effect of sodium orthovanadate on the serum concentration of rose bengal in normal and
streptozotocin-induced diabetic rats. Diabetes was induced 4-5 weeks before experimentation to induce
insulin-dependent diabetes by i.v. injection of streptozotocin (45mg/kg). Sodium orthovanadate
(mean * SEM daily oral consumption of 877 * 82 ymolﬁ(g/day, p.o., for diabetic rats and 472 = 17 umol/
kg/day, p.o., for normal rats) was initiated 1 week after induction of diabetes and continued for 18~
24 days. Insulin-treated rats received 2-4 U of protamine zinc insulin per day. Symbols represent
means + SEM for five to seven rats. Key: (*) significant difference from untreated normal at P < 0.05.

experiment. These changes were reversed completely
by insulin treatment. Bile flow, bile acids excretion,
and rose bengal elimination were similar in all three
normal groups as well as the insulin-treated diabetic
rats.

The pharmacokinetic analysis presented in Table
2 indicates that total and biliary clearances were
elevated in the diabetic and in the orthovanadate-
treated diabetic rat groups. Clearance values were
similar in the three normal groups and the insulin-
treated diabetic rats. Steady-state volume of
distribution and terminal half-life were not sig-
nificantly different among the groups.

DISCUSSION

Vanadate ions can be considered low-molecular-
weight analogs of phosphate capable of mimicking
many of the rapid actions of insulin. When
administered orally to diabetic hyperglycemic rats,
vanadate is absorbed into the circulation, stimulates
glucose transport and metabolism, and helps shift
intracellular metabolism from a catabolic to a partial
anabolic state and may even promote normoglycemia
[32]. Vanadate appears to restore tissue respon-
siveness to insulin and activates new synthesis of key
enzymes involved in carbohydrate metabolism.
Although the mechanism by which vanadate mimics
insulin is ill-defined, much data support a theory
that vanadate activates glucose metabolism by an

insulin-independent mechanism or by skirting the
early events of the insulin-dependent cascade
[1,2,32).

Shechter [32] noted the attractiveness of obtaining
an orally active insulinomimetic agent that uses an
alternative pathway, and recommended that further
studies were needed to elucidate the level of vanadate
toxicity over chronic treatment and to search for
new agents that could be coadministered with
vanadate or insulin to achieve normoglycemia.
Ideally, however, any new oral hypoglycemic agent
must be able to reverse almost all of the complications
of diabetes. Although short-term vanadate treatment
clearly reverses cardiac problems in streptozotocin-
induced diabetic rats [9], helps normalize glucose
tolerance and protects pancreatic islet cells from
destruction by streptozotocin [33], the present study
is the first to examine whether oral orthovanadate
therapy normalizes diabetes-induced alterations in
hepatobiliary function. The present data indicate
that the excretion of rose bengal and endogenous
bile acids (Fig. 2) was increased in untreated diabetic
and vanadate-treated diabetic rats as compared with
normal or insulin-treated diabetic rats. The increased
total and biliary clearances of rose bengal in diabetic
rats were not reversed by orthovanadate therapy
(Table 2). Moreover, oral sodium orthovanadate did
not completely reverse diabetes-induced alterations
of basal bile flow rate or excretion of endogenous
bile acids.
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Fig. 2. Effect of sodium orthovanadate on bile flow rate
and the biliary excretion of bile acids and rose bengal in
normal and streptozotocin-induced diabetic rats. Diabetes
was induced 4-5 weeks before experimentation to
induce insulin-dependent diabetes by i.v. injection
of streptozotocin (45 mg/kg). Sodium orthovanadate
(mean * SEM daily oral consumption of 877 % 82 umol/
kg/day, p.o., for diabetic rats and 472 + 17 umol/kg/day,
p.o., for normal rats) was initiated 1 week after induction
of diabetes and continued for 18-24 days. Insulin-treated
rats received 2-4 U of protamine zinc insulin per day.
Symbols represent means = SEM for five to seven rats.
Key: (*) significant difference from untreated normal at
P <0.05.

One other study that examined the effect of
vanadate, a potent vasoconstrictor, on hepatic
hemodynamics and bile production has demonstrated
that vanadate increases hepatic vascular resistance
in a dose-dependent manner [29]. These workers
also showed that there was no change in bile
production until hepatic oxygen consumption was
diminished. They concluded that the vanadate-
induced reduction in bile flow rate was due to
hypoxia caused by the direct action on vascular
smooth muscle resulting in decreased vascular
perfusion and not to any inhibition of Na* K*-
ATPase, an enzyme involved in production of the
so-called bile acid-independent fraction of bile
secretion. The lack of a reduction in bile flow in the
present study may be interpreted as demonstrating
that the dose of orthovanadate was too low to

2273

compromise hepatic perfusion. Finally, vanadyi ions,
produced intracellularly from vanadate, are less
effective inhibitors of Na* K*-ATPase [1].

1t is clear from this (Table 1 and Fig. 2) and other
studies [34-36] that uncontrolled diabetes increases
bile acid formation. In fact, recent work has
demonstrated that an alternative biosynthetic
pathway of cholic acid via 3a,7a-dihydroxy-58-
cholestane is accelerated by diabetes, and that 2
weeks of oral vanadate treatment partially cancels
the increased cholic acid production in diabetic rats
similarly to insulin therapy [36]. Although the
mechanism by which vanadate alters bile acid
metabolism is not fully understood, vanadate does
not increase the serum concentration of insulin and
is not functioning via an insulin-dependent pathway
[37).

Recent work has demonstrated that the hypo-
glycemic action of vanadate is both dose and time
dependent. Pederson et al. [33] indicate that the
glucose-lowering effect could be seen as early as 3
days after omset of therapy, but that complete
normalization did not occur until after 3 weeks.
Sekar et al. [18] noted that normoglycemia was
achieved 5 days after the onset of oral vanadate
therapy and could be sustained for 2 months,
but that hyperglycemia returned rapidly upon
discontinuation of therapy. However, in our work
and in other studies [36, 38], vanadate-treated rats
remained somewhat hyperglycemic in spite of a clear
significant reduction in serum glucose concentrations
from the levels seen in the untreated diabetic rats.
Most studies having good normoglycemic responses
from oral orthovanadate therapy did not have
diabetic rats with as high a glucose level as in the
present study (glucose concentrations of 250-400 mg/
dL versus 866 75 in Table 1). Moreover, our
criteria for use as a diabetic rat is a blood sugar
concentration of greater than 400. It may be that
the effectiveness of vanadate diminishes with
increasing severity of the disease. Also, the addition
of Tang Breakfast Drink to the vanadate solution
could have contributed to the remaining hyper-
glycemia.

Combination of sodium orthovanadate with
ascorbic acid, as done in the present and another
study [38], could have beneficial effects by reducing
oxidative stress in diabetes [39]. In contrast, reducing
agents like ascorbate can stimulate the oxidation of
NADH by V3*, suggesting that the biological effects
of vanadium may be mediated via oxidative
mechanisms [40]. For example, the insulinomimetic
effect of vanadate can be augmented by hydrogen
peroxide [41). However, consumption of the
vanadate-ascorbate solution by normal rats caused
no apparent changes in hepatobiliary function (Table
1, Figs. 1 and 2). Nevertheless, the effects of
ascorbate on free radical production are complex,
and the relative pro- or anti-oxidant action of
ascorbate may depend on doses and routes of
administration of ascorbate and vanadate, as well as
the severity of diabetes. Further work is clearly
necessary before ascorbate—vanadate interactions
are understood completely and before unequivocal
therapeutic benefits to diabetics can be demonstrated.

Higher doses of orthovanadate, which were



2274

J. B. WATKINS III, M. E. BAUMAN and T. M. BEATY

Table 2. Pharmacokinetics of rose bengal disposition

Cllolal Clbiliary Vdss Half’hfe
(mL/min/kg) (mL/kg) (min)
Normal 1.65 = 0.27 0.28 = 0.06 149 + 17 92.4 + 17
Normal +
insulin 1.31 £ 0.09 0.30 = 0.08 151 £22 100 = 18
Normal +
orthovanadate 1.29 £ 0.11 0.28 = 0.05 155+ 19 116 = 13
Diabetic 2.36 + 0.47* 1.22 = 0.31* 191 = 63 127 + 49
Diabetic +
insulin 1.22 £ 0.21% 0.21 £+ 0.04% 147 £ 23 112 +22
Diabetic +
orthovanadate 2.54 = 0.24* 1.20 = 0.13* 124 = 39 543+ 18

Values are means + SEM for five to seven rats.
* Significantly different from untreated normal rats at P < 0.05.
+ Significantly different from untreated diabetic rats at P < 0.05.

administered in an attempt to achieve greater
reductions in hyperglycemia, were not tolerated by
the diabetic rats in our study. In fact, severe diarrhea
and death were noted when the concentration was
0.8 mg/mL [9], but this toxicity was prevented when
the solution was buffered to pH 7.0 [38]. Apparently,
at neutral pH some vanadate exits as vanadyl ion
(4%), which is significantly less toxic than vanadate
(5*) and still capable of diminishing the diabetic
state in the rat by substituting for insulin and/or
enhancing the effects of endogenous insulin [42].
Unfortunately, more recent reports indicate that oral
vanadiumin all forms (metavanadate, orthovanadate
or vanadyl sulfate) elicited toxicity that ranged
from decreased weight gain and increased serum
concentrations of urea and creatinine to death [43].
Clearly then, the use of vanadium salts as adjuncts
to insulin therapy for insulin-dependent diabetic
patients must carefully balance therapeutic versus
toxic actions of the agents. Moreover, no studies to
date have ascertained the effect of combined
therapies (insulin plus vanadate) on hepatic function.

The lack of effective reversal of diabetes-induced
changes in hepatobiliary function by oral sodium
orthovanadate, as well as its toxicity, suggests that
its use as an independent oral hypoglycemic agent
is probably limited. However, there is the potential
for low dose vanadate plus insulin therapy to prove
beneficial and, therefore, continued study is
warranted. More recent studies have noted that
peroxovanadium compounds [44, 45], selenite [46],
molybdate and tungstate [47], zinc ion (48] and
chromium ([49] can all exert insulin-like effects in
vitro. Further research is needed to establish
the therapeutic efficacy of these insulinomimetic
chemicals in vivo and to elucidate the detailed
mechanism by which these agents act. Development
of an orally active insulinomimetic agent capable of
utilizing an alternative pathway to insulin is an
attractive goal, and efforts to develop promising
compounds as new drugs for managing diabetes
mellitus should continue.
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