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Abstract. Insulin stimulates reabsorption of phosphate (Pi) in the renal proximal tu-
bule. Previous studies have shown that vanadate can mimic the action of insulin on
various tissues. In the present study, we tested the action of vanadate on renal Pi
transport both in control rats and in rats made diabetic by injection of streptozotocin.
Vanadate was administered orally for 4 days by inclusion in drinking water (0.7 mg/
ml). By the 4th day, vanadate treatment of control rats did not change acid-base
status, plasma glucose or the filtered load of Pi, but the urinary excretion of Pi was
reduced to 2.5 + 0.9 compared with 17.6 = 3.5 pmol/mg creatinine (P < 0.02) in
untreated control rats. However, Na*/Pi cotransport by isolated brush border mem-
brane vesicles was not different between the two groups. Findings in parathyroidec-
tomized rats were similar. By the 4th day of vanadate treatment of diabetic rats, there
was reversal of polyuria, polydipsia and hyperglycemia with no change in acid-base
status. The filtered load of Pi was decreased by vanadate, and urinary Pi excretion
also tended to decrease but not significantly. The values for Pi excretion were 21.4 =
7.6 in vanadate treated diabetics and 36.1 + 4.5 umol/mg creatinine in untreated
diabetics. In contrast to vanadate, daily injections of insulin did not change the filtered
load of Pi but reduced urinary Pi excretion in diabetic rats to 15.6 £ 2.2 pmol/mg
creatinine (P < 0.02). These findings suggest that vanadate stimulated tubular Pi
reabsorption in control rats but not in diabetic rats. Vanadate treatment of diabetic
rats may tend to decrease tubular Pi reabsorption in contrast to the action of insulin.

[P.S.E.B.M. 1994, Vol 207]

anadium occurs in a variety of plants and an-

imals, many of which are ingested by humans.

It is an essential nutrient in the rat (1). In so-
lution, it forms the vanadate anion which is absorbed
from intestine and eliminated principally by the kid-
neys (2, 3). Most mammalian tissues, including liver
and bone, contain traces of vanadium but the highest
concentration is in the renal cortex (1, 2). Thus the
kidneys may be a major site of vanadate action. The
renal effects of vanadate include a mixture of hemo-
dynamic and tubular actions which appear to be spe-
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cies-specific. Cardiovascular and vasoconstrictor ef-
fects predominate in cats and dogs, whereas a marked
diuresis and natriuresis occur in acute studies in rats
(2). Neither acute (4) nor chronic (5, 6) treatment of
rats with vanadate produced significant changes in glo-
merular filtration rate. Data from acute studies sug-
gest that the diuresis in the rat is due primarily to
inhibition of Na*/K*-ATPase pump activity in most
nephron segments (1). A full understanding of the re-
nal effects of vanadate has not been reached because
multiple mechanisms may be involved.

In recent years, there has been considerable inter-
est in the insulinomimetic effects of vanadate (7, 8).
This stems from the fact that when vanadate is given to
diabetic animals, it restores blood glucose values to
normal within a few days (7, 9-12) and the euglycemic
state can be maintained for as long as 9-12 weeks (10,
13), even after vanadate withdrawal (14). Several dia-
betes-induced physiological and metabolic changes
were shown to be reversed by vanadate administra-
tion, including glucosuria (10), impaired cardiac per-



formance (15), impaired glucose disposal (9-11, 14),
hepatic glucose production and hepatic PEPCK activ-
ity (11). In vitro, vanadate (usually as sodium ortho-
vanadate) has been shown to produce several insulin-
like actions in a variety of target tissues, including
adipocytes (16-20), hepatocytes (21-24), and skeletal
muscle (25).

Results from a number of studies have suggested
that insulin may have a physiologic role in the acute
renal handling of inorganic phosphate (Pi). Insulin de-
creases renal Pi excretion in fasted rats (26), and re-
verses or prevents the phosphaturic effect of parathy-
roid hormone (27, 28). The hormone also appears to
play a role in the acute renal adaptation to dietary Pi
restriction (29, 30). In vitro, insulin stimulates Pi up-
take by cultured opossum kidney cells (31) and stim-
ulates Pi uptake by proximal tubular brush border
membrane vesicles (32). In the present study, we de-
termined if vanadate stimulated renal Pi transport in
normal and diabetic rats.

Materials and Methods

Animals. Male rats of the Sprague-Dawley strain
initially weighing 125-149 g were obtained from Harlan
Industries (Indianapolis, IN). Surgically parathyroid-
ectomized (PTX) rats of the same strain and weight
range were purchased from Charles River (Wilming-
ton, MA), as in previous studies (33). Animals were
maintained on a 12-hr light:dark cycle, and were given
free access to food and fluids at all times, except for
the 12-hr period prior to induction of diabetes, when
food was withdrawn. Upon arrival, animals were
placed in standard wire-bottom cages and were pro-
vided a pellet rodent food (Rodent Laboratory Chow
#5001; Ralston Purina, St. Louis, MO) for 2-3 days to
adapt to the new environment. At the start of an ex-
periment (Day 0), animals were housed individually in
metabolic cages and a powdered form of the same diet
was provided for the duration of the experiment. Suc-
cessful PTX was indicated by a lower urinary Pi ex-
cretion compared to intact controls on the 5th day af-
ter surgery. Pi excretion was 2 * 1 in PTX rats com-
pared with 41 = 4 (mean = SE, n = 4) wmol/24 hr/100
g in intact rats (P < 0.005).

Induction of Diabetes. Diabetes was induced in
some of the rats on Day 4 of the experiment, following
an overnight fast. Animals were lightly anesthetized
with ether and injected via the saphenous vein with 60
mg/kg body wt of freshly prepared streptozotocin
(Sigma) which was dissolved in ice-cold 144 mM NaCl,
5 mM trisodium citrate buffer, pH 4.5. Control animals
received vehicle only. Induction of diabetes was ini-
tially confirmed by urinary glucose measurements us-
ing Keto-Diastix (Ames).

Vanadate and Insulin Treatment. On Day 7 of
the experiment, control and diabetic rats were divided

into the following groups: (i) control, no treatment, (ii)
control, vanadate treated; (iii) diabetic, no treatment;
(iv) diabetic, vanadate treated; and (v) diabetic, insulin
treated. All five groups were processed in parallel.
Rats were treated with vanadate by providing them
with drinking water containing sodium orthovanadate
(Na;VO,, Fisher Scientific) at 0.7 mg/ml and 85 mM
NaCl. Inclusion of NaCl was reported to reduce pos-
sible toxic effects of vanadate (6, 15). All other animals
in the experiment were given drinking water contain-
ing 85 mM NaCl only. Vanadate solutions were pre-
pared fresh every 2 days. Insulin treatment consisted
of a daily subcutaneous injection of 1.6 U/100 g body
wt of a depot form of insulin (Protamine, Zinc, and
Iletin I, Eli Lilly & Co., Indianapolis, IN). These in-
jections occurred between 8:00 and 10:00 AMm.

Sample Collection. Body weight and food and
water intake were measured each day and urine was
collected every 24 hr. On the morning of Day 11, an-
imals were anesthetized with ether, and a blood sam-
ple was drawn from the descending aorta using a hep-
arinized syringe. The syringe was sealed and blood
gases were determined immediately. In some groups,
the kidneys were excised and brush border membrane
vesicles were prepared from the renal cortex using
magnesium precipitation, as described previously in
detail (30, 33).

Transport Studies. The identity and purity of the
isolated membrane vesicles were determined routinely
by measuring the activity of alkaline phosphatase, a
brush border membrane enzyme. The purity was not
changed by vanadate treatment. In untreated control
rats, for example, alkaline phosphatase activity was
enriched 9-fold in the brush border membrane fraction
compared to the starting homogenate. In vanadate
treated controls, the enrichment was 11-fold.

Isolated brush border membrane vesicles, sus-
pended in 300 mM mannitol, 5 mM Tris (adjusted to
pH 7.4 with Hepes), were used immediately for mea-
surement of Na™-dependent transport of Pi and pro-
line by the rapid filtration procedure described else-
where in detail (30, 33). Briefly, the membrane vesi-
cles (0.1 mg protein/tube) were added to uptake
medium containing (final concentrations) 100 mM
NaCl, 100 mM mannitol, S mM Tris-Hepes (pH 7.4),
and either 0.1 mM K,H3*?PO, or 0.05 mM L-[*H]pro-
line. The uptake at 20°C was terminated by addition of
ice-cold stopping solution followed by filtration
through Millipore filters (0.65 pm). Na*-independent
uptake was determined by replacing NaCl in the up-
take medium with KCI. Na*-independent uptake at 10
sec accounted for less than 5% of the total solute up-
take measured in the presence of Na™. All uptakes
were corrected for nonspecific binding of radioiso-
topes to filters and membranes (30, 33).

Other Assays. Blood gases and pH were ana-
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lyzed with an IL Micro 13-03 pH/blood gas analyzer
(Instrumentation Laboratory, Lexington, KY). The
blood remaining was centrifuged and the plasma was
removed and stored in aliquots at —20°C. The colori-
metric methods described previously (30, 33) were
used to determine Pi, creatinine, and glucose content
in plasma and urine samples, and protein content in
isolated membrane vesicles. Vanadate at concentra-
tions up to 10 mM did not interfere with these colori-
metric methods.

Differences between treated and nontreated
groups were analyzed with the Student’s ¢ test for
group comparisons. Values of P > 0.05 were consid-
ered not significant.

Results

Vanadate treatment of control rats for 4 days pro-
duced no change in acid-base status compared with
untreated controls (Table I). Intake of food and water
was decreased significantly, but not dramatically, by
vanadate, but body weight and blood glucose were not
changed (Table I), as reported previously (15). It is
important to note that a fasting response, which
changes renal Pi transport, is not induced unless rats
consume less than 3 g food each day (33). Fasting also
produces a rapid decrease in body weight which is
readily detected. Urine volume was decreased by van-
adate and plasma Pi also was decreased. Vanadate
tended to increase GFR but the change was not statis-
tically significant, in agreement with previous reports

Table I. Control Rats: Acid-Base Status,
Food/Water Intake and Renal Function at
End of Study (Day 11)?

Untreated + Vanadate
Acid-Base status
Blood pH 7.37 £0.03 7.35=0.03
Pco2 (mm Hg) 426 + 4.4 355 +45
HCO, (mEg/l) 240 £1.0 195 £ 35
Food/Water intake
Water (mi/24 hr) 41+3 27 £ 2°
Food (g/24 hr) 21 =1 17 £ 1%
Body wt (g) 2196 206 £ 6
Blood glucose (mg/d!) 148 + 4 156 = 7
Renal function
Urine volume (ml/24 hr) 21+3 11 =12
Plasma Pi (mM) 193014 1.30=+0.10°
GFR (ml/24 hr/100 g) 604 = 150 1088 + 215
Filtered load Pi (mmol/
24 hr/100 g) 119032 137 x0.24
Urine Pi (pmol/mg Cr) 17.6 £ 3.5 25+ 0.9°

@ Treatment of normal rats with vanadate was carried out as
described in Materials and Methods. Data are mean = SE from
8 rats in each group. Cr, creatinine.

® Significantly different (P < 0.02) compared with untreated
group.
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(5, 6). The filtered load of Pi was similar in the two
groups but urinary Pi excretion (expressed relative to
creatinine excretion) was decreased significantly by
vanadate on Day 11 (Table I). Studies on the time
course showed that the change in Pi excretion devel-
oped slowly and was not apparent until Day 10 (Fig.
1), the 3rd day of vanadate treatment. The findings at
Day 11 suggest indirectly that an increase in tubular
reabsorption of Pi occurred in response to oral vana-
date.

Although the filtered load of Pi was not changed
significantly by vanadate, the variability in plasma Pi
and GFR (Table I) raises the question that a fall in
plasma Pi might be the primary cause of the decrease
in urinary Pi excretion in vanadate-treated rats. This
was addressed by repeating the study in an additional
group of rats which had undergone PTX to eliminate
endogenous parathyroid hormone, an important inhib-
itor of renal Pi transport (27, 28). In brief, the findings
were similar to those shown in Table I for intact rats.
Although vanadate-treated PTX rats consistently
drank less of the vanadate solution (10 = 1 ml on Day
11) compared with the vanadate-treated intact rats
(Table 1), the decrease in urinary Pi excretion was re-
produced. The values for Pi excretion on Day 11 were
1.7 = 0.2 in untreated rats compared with 0.4 = 0.1
(mean * SE, 4 rats/group) pmol/mg creatinine (P <
0.02) in the vanadate-treated group. The PTX rats, un-
like the intact rats showed no significant change in
plasma Pi after vanadate treatment (untreated, 1.87 =
0.14 mM; vanadate, 2.22 = 0.51 mM). Variability in
the GFR was less marked (untreated, 905 = 97; van-
adate 867 = 122 ml/24 hr/100 g) and was not different
between the two groups. Thus, as in intact rats (Table
I), vanadate produced no significant change in the fil-
tered load of Pi (untreated, 1.7 = 0.3; vanadate, 1.9 =
0.2 mmol/24 hr/100 g). This supports the previous con-
clusion that oral vanadate may increase tubular reab-
sorption of Pi.

Treatment of diabetic rats with vanadate or insulin
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Figure 1. Urinary excretion of phosphate in nondiabetic rats
given oral vanadate (VA) or vehicle (control). Vanadate treat-
ment was begun after Day 7. Each point represents the mean +
SE from 8 rats. *Significantly different (P < 0.005, group t test)
compared with untreated controls.



Table ll. Diabetic Rats: Acid-Base Status, Food/Water Intake and Renal Function at End of Study

(Day 11)2
Untreated Vanadate Insulin
Acid-Base status
Blood pH 7.48 + 0.03 7.42 = 0.06 7.42 = 0.01
Pcoz (Mm Hg) 30.0 = 3.3 368 = 4.3 37816
HCO4 (mEg/l) 224 +10 23906 250+16
Food-Water intake
Water (ml/24 hr) 216 + 14 33 + 4P 64 = 10°
Food (g/24 hr) 29 + 1 15 = 1® 23+ 3
Body wt (g) 179+ 6 159 + 7° 2112 7°
Blood glucose (mg/dl) 491 = 32 167 + 43° 144 + 29°
Renal function
Urine volume (ml/24 hr) 182 + 11 14 = 3° 34 + 4°
Plasma Pi (mM) 1.58 + 0.13 1.02 + 0.17° 1.86 £ 0.14
GFR (mi/24 hr/100 g) 1994 + 367 631 + 153° 1007 + 190°
Filtered load Pi (mmol/24 hr/100 g) 3.26 = 0.71 0.74 = 0.21° 2.02 + 0.44
Urine Pi (nmol/mg Cr) 36.1 £ 45 21476 15.6 £ 2.2°

2 Treatment of diabetic rats with vanadate or insulin was carried out as described in Materials and Methods. Cr, creatinine. Data are

mean + SE from 9-11 rats in each group.

® Significantly different (P < 0.03) compared with untreated group.

produced no change in acid-base status compared with
untreated diabetics (Table II). Both vanadate and in-
sulin reduced water intake of diabetic rats to the level
seen in the controls (Table I). Vanadate also produced
a significant fall in food consumption which may con-
tribute to the decreased body weight in this group
compared with untreated diabetics. However, all van-
adate treated rats consumed far more than 3 g food/day
(Table II), so a fasting response can be excluded, as
with control rats. Insulin treatment, in contrast, did
not change food intake, and the body weight of this
group was increased significantly compared with the
untreated diabetics (Table II). Both vanadate and in-
sulin decreased the blood glucose level and urine vol-
ume of diabetic rats to the range observed in the
controls (Table I). Normalization of blood glucose in
diabetic animals by vanadate has been reported previ-
ously (7, 9-12). Based on these physiological changes,
the oral dose of vanadate received by the diabetic rats
was as potent as injections of insulin (Table II). Plasma
Pi of diabetic rats was decreased by vanadate, as in
controls, but not by insulin (Table II). Vanadate, but
not insulin, decreased the filtered load of Pi compared
with the untreated diabetics (Table II). Urinary Pi ex-
cretion was decreased by insulin, compared with the
untreated group. Vanadate produced a similar trend by
Day 11, but the difference was not statistically signif-
icant (Table II).

As expected, urinary Pi excretion tended to in-
crease in all groups following injection of streptozoto-
cin and remained elevated about 2-fold in untreated
diabetics throughout the rest of the time course (Fig.
2). Treatment with exogenous insulin reversed this
change and returned urinary Pi excretion to the level
prior to injection of streptozotocin. Urinary Pi excre-
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Figure 2. Urinary excretion of phosphate in rats made diabetic
by streptozotocin (SZ) injection on Day 4. After Day 7 the rats
were given either oral vanadate (VA), daily insulin injections
(INS), or left untreated (control). Each point is the mean + SE
from 9-11 rats. *Significantly different (P < 0.001, group t test)
compared with untreated controls.

tion in insulin treated diabetics was consistently lower
compared with untreated diabetics during the period
from Day 8 to Day 11 and the difference reached sta-
tistical significance on Day 8 and 11 (Fig. 2). In marked
contrast to its action in control rats (Table I), vanadate
treatment of diabetic rats produced a transient in-
crease in urinary Pi excretion on Day 8-10, but the
changes were not statistically significant compared
with the untreated diabetics throughout the time
course of this study (Fig. 2).

In an attempt to identify the mechanism and site of
action of vanadate on renal tubular transport of Pi in
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control rats (non-PTX), Na*/Pi cotransport was mea-
sured in isolated brush border membrane vesicles de-
rived from the renal proximal tubule. This nephron
segment is the site where most of the filtered phos-
phate is reabsorbed. The integrity of the vesicle prep-
arations was confirmed by the characteristic over-
shoot in Pi uptake at 10 sec compared with 120 min,
the equilibrium point (Fig. 3). Furthermore, the Pi up-
take at 10 sec was markedly Na™*-dependent. In the
absence of Na™, the values for Pi uptake were only 30
+ 2 and 28 = 7 pmol/mg/10 sec in untreated and van-
adate treated groups, respectively. Na*/Pi cotrans-
port at 10 sec, the initial phase of uptake, was not
different between untreated and vanadate treated
groups (Fig. 3). Na*/proline cotransport also was not
changed significantly by vanadate. These findings in-
dicate that the stimulatory effect of vanadate on Pi
reabsorption in control rats cannot be detected in vitro
using isolated membrane vesicles.

Discussion

The present study involved chronic treatment of
rats with vanadate and focused specifically on whether
vanadate could stimulate renal tubular reabsorption of
filtered Pi. In the control (nondiabetic) rats, both intact
(Fig. 1) and PTX, oral vanadate decreased the urinary
excretion of Pi, a finding which contrasts with acute
studies in which intravenous infusion of vanadate into
rats caused an increase in Pi excretion (4, 34). Thus,
with regard to renal Pi transport in control rats, the
results of vanadate treatment appear to depend on
time of treatment and, possibly, route of administra-
tion. The decrease in urinary Pi excretion observed in
the present chronic study is a change which parallels
the known antiphosphaturic action of insulin (26). In-
sulin stimulates the Na*/Pi cotransport system in the
brush border membrane of the proximal tubule (32),
but, in the present study, vanadate treatment pro-
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Figure 3. Sodium-dependent solute transport in renal brush

border membrane vesicles isolated from nondiabetic rats on

Day 11. The rats were either untreated (control) or given oral

vanadate (VA). Data are mean = SE from three different mem-
brane preparations.

120 min
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duced no detectable change in this Pi transport system
(Fig. 3). It is possible that vanadate action on the prox-
imal tubule in vivo is not detectable in isolated brush
border vesicles. For example, in vivo filtered vanadate
may compete with Pi for the Na*/Pi cotransporter in
the brush border membrane or vanadate may inhibit
Na*/K*-ATPase in the basolateral membrane and
collapse the Na™ gradient. Neither of these effects
would be detected in isolated brush border membrane
vesicles. However, both these actions would produce
an increase in urinary Pi excretion, and this did not
occur in the present study. Vanadate may stimulate
Na*/Pi cotransport indirectly by changing cellular me-
tabolism, but, again, this effect would not be detected
in isolated membrane vesicles. Another indirect effect
of vanadate in vivo may be to interfere with the renal
action of parathyroid hormone so that the normal in-
hibitory action of this hormone on tubular Pi reabsorp-
tion is blocked. This is unlikely, however, because the
effect of vanadate was reproduced in PTX rats. Fur-
thermore, if this was the major mechanism of vanadate
action, then similar findings would be expected in both
control and diabetic groups. This did not occur. In
summary, based on the data presented here, it is not
possible to determine the site and the cellular mecha-
nism of vanadate action on Pi transport in the nephron.

The findings on vanadate action in vivo in control
rats complement studies on vanadate action in an in
vitro system using cultured renal epithelial OK cells
(35). Extracellular vanadate (0.05-1.00 mAM) produced
dose-dependent stimulation of Na™/Pi cotransport by
these cells. The stimulation of Pi uptake was corre-
lated with stimulation of protein phosphorylation ei-
ther by vanadate stimulation of tyrosine kinase or by
vanadate inhibition of phosphotyrosyl-protein phos-
phatase.

Unlike its action in the control group of rats, van-
adate treatment of diabetic rats for the same period of
time produced variable, but not significant, changes in
urinary Pi excretion (Fig. 2). Plasma glucose in vana-
date-treated diabetic rats was decreased significantly
and was in the range of values found in the nondiabetic
controls. In contrast, treatment of diabetic rats with
insulin normalized both plasma glucose and urinary Pi
excretion (Tables I and II). Restoration of normogly-
cemia with no significant change in urinary Pi excre-
tion in vanadate treated diabetics suggests, indirectly,
that the phosphaturia in untreated diabetic rats (Fig. 2)
is not due solely to the osmotic effect of a high glucose
concentration in the glomerular filtrate. It has been
reported that normalization of plasma glucose by van-
adate does not involve an increase in plasma insulin,
suggesting that insulin target tissues are the site of
vanadate action (36). The fall in plasma glucose in van-
adate treated diabetic rats is due in part to increased



glucose uptake in liver and muscle (36). The kidney is
also a target for insulin, and long-term oral vanadate
treatment has been reported to prevent the increase in
urinary excretion of albumin in diabetic rats, suggest-
ing an improvement in diabetic kidney function (6).
The present study, however, shows clearly that vana-
date did not reproduce the action of insulin on renal Pi
transport in diabetic rats.

The reason for the different responses of control
and diabetic rats to vanadate is not understood at the
present time. It should be noted, however, that vana-
date does not produce a full range of insulin-like ef-
fects in every system that has been examined (22, 25,
37), suggesting a divergence between the two agents at
some point in the signal transduction pathway. The
dissociation of vanadate action from insulin action in
diabetic rats may make vanadate a useful tool to help
understand the cellular mechanism and the role of in-
sulin regulation of renal Pi transport.
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