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Renal toxicity and arterial hypertension in rats
chronically exposed to vanadate
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Abstract
The effects of 1, 10, or 40 juglml of vana-
dium, given for six or seven months as
sodium metavanadate in drinking water
on cardiovascular and biochemical vari-
ables and the electrolyte metabolism of
male Sprague-Dawley rats were investi-
gated. At the end of the exposure period,
all animals exposed to vanadate had
increased systolic and diastolic blood
pressure. This effect was not dose depen-
dent and heart rate and cardiac inotro-
pism were not affected. The role of
defective renal function and electrolyte
metabolism in such effects was sup-
ported, in the rats exposed to 10 and 40
ppm of vanadium, by the following
changes: (a) decreased Na,+ K+-ATPase
activity in the distal tubules of nephrons;
(b) increased urinary excretion of potas-
sium; (c) increase in plasma renin activ-
ity and urinary kallikrein, kininase I, and
kininase II activities; (d) increased
plasma aldosterone (only in the rats
treated with 10 ppm of vanadium). The
alterations in the rats exposed to 1 ppm of
vanadium were: (a) reduced urinary cal-
cium excretion; (b) reduced urinary
kallikrein activity; (c) reduced plasma
aldosterone. These results suggest that
blood hypertension in rats exposed to
vanadate depends on specific mecha-
nisms of renal toxicity related to the
levels of exposure.

(Occup Environ Med 1994;51:500-503)

There is no certainty about the dietary
requirement of humans for vanadium as in
no animal has it been proved that vanadium
deficiency consistently impairs biological
function.I Nutritional studies, however, indi-
cate that vanadium is a very active biological
substance that interacts with other compo-
nents of the diet.' 2 According to in vitro and
in vivo studies, vanadate (VO,, + 5 oxida-
tion state) enters cells where it is reduced
almost completely to the vanadyl form (VO2+,
+ 4 oxidation state).'3 Sabbioni et al sug-
gested that intracellular excess of vanadate,
which may not be reduced to the vanadyl
state, would be responsible for toxic effects in
cell cultures.' Both vanadate and vanadyl
forms are able to specifically affect the activity
of several enzymes; for example, adenylate
cyclase activity is stimulated by vanadate,
whereas Na+, K+-ATPase, phospho-
transferases, phosphohydrolases, and peroxi-

dases are inhibited.4
The concentrations of vanadium in the

environment are increasing. Combustion of
coal and oil in power plants for electric pro-
duction mobilised about 10 000-20 000
tonnes of vanadium/year in the past decade.5
Environmental vanadium may affect the
health of humans through digestion of conta-
minated food or retention of inhaled vana-
dium compounds. The inhalation of
vanadium induced respiratory disorders in
workers cleaning oil fired boilers or handling
petroleum.6

Within the cardiovascular system, exposure
to vanadate induced the increase of both
blood pressure and heart rate in Sprague-
Dawley rats.7-9 In these animals, baroafferent
sensitivity and vagal parasympathetic activity
were reduced, whereas sympathetic tone and
cardiovascular responsiveness of a,, PI, and /2
adrenergic receptors were augmented; the hypo-
tensive and positive inotropic effects of
bradykinin were also potentiated, indicating
that vanadium affects the kallikrein-kinin
system.89

In another study, sodium metavanadate,
given by intravenous infusion to conscious
dogs, increased systemic blood pressure, total
peripheral resistance, pulmonary arterial pres-
sure, and cardiac output, and suppressed
plasma renin activity.'0
The purpose of our study was to investigate

whether, in Sprague-Dawley rats, chronic
exposure to doses of vanadium below those
used previously,7-9 could modify cardio-
vascular homeostasis through effects on
the kallikrein-kinin and renin-angiotensin
systems.

Material and methods
FIRST EXPERIMENT
Eighteen male weaning Sprague-Dawley rats,
randomly divided into three equal groups,
were housed in stainless steel cages and kept
on a standard laboratory diet. One group
received 40 ,ug/ml of vanadium, and the sec-
ond group 10 yug/ml of vanadium, as sodium
metavanadate (NaVO,), in drinking water for
210 days. The third group served as a control.

SECOND EXPERIMENT
Twelve male weaning Sprague-Dawley rats
were randomly divided into two equal groups,
housed in stainless steel cages, and kept on a
standard laboratory diet. One group received
1 jug/ml of vanadium, as NaVO, in drinking
water for 180 days, whereas the other group
served as a control.
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Table 1 Mean (SEM) blood pressure, heart rate, and maximum rate of rise of left
ventricular isovolumetnic pressure (dPIdt) in rats chronically exposed to different doses of
vanadium (n = 6)

Blood pressure (mm Hg)
Exposure to Heart rate dPldt
vanadium Systolic Diastolic (beats/min) (mm Hgls)

First experiment:
Control 106 (7) 85 (5) 356 (12) 4208 (364)
10 ppm 137 (5)* 112 (5)* 341 (18) 4601 (239)
40 ppm 132 (4)* 114 (7)* 365 (21) 4648 (323)

Second experiment:
Control 108 (5) 84 (4) 353 (8) 4550 (624)
1 ppm 130 (4)* 106 (3)* 348 (9) 4732 (521)

* p < 0 05 v control.

At the end of both treatments all rats were
placed in metabolism cages and 24 h urine
samples were collected. All animals were then
anaesthetised with a single intraperitoneal
injection of thiopentone sodium (50 mg/kg
body weight) to perform haemodynamic mea-
surements. The trachea was cannulated to
allow spontaneous breathing and polyethylene

, catheters (containing sodium heparin, 100
United States pharmacopeia units/ml) were
placed in the left femoral artery to record aor-
tic blood pressure. Systolic and diastolic
blood pressure were measured by means of a
P23Db Statham pressure transducer
(Statham Medical Instruments, Los Angeles,
CA, USA) and averaged electronically. A cali-
brated 3French catheter tip pressure trans-
ducer (Millar instruments, Houston, TX,
USA) inserted in the right common carotid
artery and advanced to the left ventricle, was
used to determine left isovolumetric pressure
(dP/dt). A biotronex BL 620 derivative com-
puter (Biotronex Laboratories, Kensington,
MA, USA) was attached to the system and
was adjusted to minimise the expression of

preload and afterload according to Crawford
et al,"I and Davidson et al.'2 Heart rate was
measured by a Beckman cardiotachometer
coupler, that was triggered by the R peak of
the lead II electrocardiogram. The cardiovas-
cular variables were continuously monitored
on a Beckman type RM dynograph recorder
(Beckman Instruments, Sciller Park, IL,
USA) after stabilisation for 30 minutes.

After cardiovascular measurements, blood
samples were collected from the carotid artery
for the determination of plasma renin activ-
ity'3 and plasma aldosterone."4

Samples of several tissues were then excised
for histopathological examination by light
microscopy. The Na+, K+-ATPase activity
was assayed by a histochemical method"5 in
the kidneys of rats exposed to 40 ppm of
vanadium. Samples of tissues were also
excised for the determination of vanadium by
neutron activation analysis.8 9 (This part of the
study has not yet been completed.)

Kallikrein activity,'6 kininase I and II activi-
ties,'7 and creatinine, total nitrogen, proteins,
sodium, potassium, and calcium were mea-
sured in the 24 urine samples by standard
techniques.
The statistical analysis of the data was

made by the Dunnet t test for multiple com-
parison'8 and was considered to be significant
when p values were < 0-05.

Results
Systolic and diastolic blood pressure, but not
cardiac inotropism (dP/dt) and heart rate,
were augmented in all the rats exposed to
vanadium. These changes were not dose-
dependent (table 1).

(A) Na+, K+-ATPase in
control rats and (B) in rats
exposed to 40 ppm of
vanadium. The distal
tubules of controls contain
moreA TPase activity than
the proximal tubules.
Activity ofATPase is
reduced in rats exposed to
vanadate mainly in the
distal tubular cells.
Originally x 400.
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Table 2 Mean (SEM) plasma renin activity (PRA)
andplasma aldosterone in rats chronically exposed to
different doses ofvanadium (n = 6)

Exposure to PRA Plasma aldosterone
vanadium (ng/ml/h) (pg/mi)

First experiment:
Control 10-3 (2 7) 188 (57)
10 ppm 47-5 (14-9)* 554 (160)*
40 ppm 40-6 (12-4)* 265 (61)

Second experiment:
Control 13-4 (3 4) 264 (22)
1ppm 10-6 (2 4) 158 (11)*

* p < 0 05 v control.

Table 3 Mean (SEM) activities of kallikrein and kininase I and II in 24 h urine
samples from rats chronically exposed to different doses ofvanadium (n = 6)

Kininase I Kininase II
(nM x 1-3 of (nM x 1O3 of

Kallikrein hydrolysed substratelmg hydrolysed substrate/mg
Exposure to vanadium (nM/mg create) creatinine) creatinine

First experiment:
Control 8-43 (0 96) 32-0 (4 2) 1-83 (0 26)
10 ppm 13-67 (2.54)* 129-9 (14-9)* 2-63 (0-13)*
40 ppm 11-72 (0 80)* 156-8 (9-1)* 3-92 (4 08)*

Second experiment:
Control 8-02 (1 90) 27-6 (5-4) 2-23 (0 33)
1 ppm 4-36 (0.60)* 56-8 (25-3) 2-30 (0-31)

* p < 0 05 v control.

Histopathological examination by light
microscopy did not show alterations in the
brain, liver, lungs, heart, or blood vessels of
treated rats. In these animals, glomeruli and
renal vessels were also normal although in rats
exposed to 40 ppm of vanadium the lumen of
proximal tubules was narrowed and contained
amorphous material. Hydropic degeneration
was also seen in some proximal, distal, and
straight tubules. Such abnormalities were less
evident in the rats treated with 10 ppm of
vanadium and absent in those treated with 1
ppm of vanadium. In the control rats Na+,
K+-ATPase activity was higher in distal
tubules in the cortex and in straight tubules in
the medulla (figure). In rats exposed to 40
ppm of vanadium, Na+ , K+-ATPase activity
was reduced; the decrease in this enzymatic
activity was more evident in the nephrons
with morphological alterations.

Plasma renin activity was augmented to
similar values in the rats exposed to 10 or 40
ppm of vanadium, whereas it remained
unchanged in the rats given 1 yug/ml of vana-
dium (table 2).

Kallikrein activity was increased in the
urine of rats treated with 10 or 40 jug/ml of
vanadium and decreased after treatment with 1
/ug/ml (table 3).

Urinary kininase I and II activities were
increased in the rats exposed to 40 and 10
ppm of vanadium and unchanged in those
exposed to 1 ppm ofvanadium (table 3).

Vanadate treatment did not modify the uri-
nary excretion of creatinine, total nitrogen,
protein, and sodium. Urinary potassium
decreased with dose, whereas calcium was

reduced in the lowest exposure group (table 4).

Discussion
The results of this study show that chronic
exposure of rats to different doses of vana-

date, lower than those given in previous
experiments,7 is able to induce arterial
hypertension by increasing total peripheral
resistance, as indicated by the lack of changes
in cardiac inotropism and heart rate.
Increased heart rate was found only in rats
treated with 100 ppm of vanadium where the
central and peripheral sympathetic hyperac-
tivity was counteracted by the reduction of
both baroreflex activity and vagal tone.8 9

Male Sprague-Dawley rats exposed to
vanadate according to the protocol of this
investigation showed (after intravenous injec-
tion of substances and physiological agonists)
increased cardiovascular responses to the spe-
cific stimulation of adrenergic receptors.'920
These rats also showed increased responses to
bradykinin (injected intravenously), depen-
dent on activation of both bradykinin, (vascu-
lar) and bradykinin2 (cardiac) receptors, as

well as reduced baroafferent nerve activity and
augmented plasma concentrations of cate-
cholamines.20
The contractile processes in cardiac and

vascular myocells are dependent, with some

differences, on the availability of free calcium
and are mainly regulated by the activity of
both receptor operated slow calcium channels
and cyclic nucleotide pathways.2' This study
suggests that chronic exposure to vanadate
also affects the contractility of myocells by
acting on renin-angiotensin-aldosterone and
kallikrein-kinin systems. This is confirmed by
the finding that exposure to vanadate not only
acts on the urinary excretion of kallikrein and
kinins but increases the cardiovascular
responses to bradykinin.8 9 19 20
Vanadium inhibited synthesis or release of

renin in both conscious dogs receiving vana-

date by an intravenous route'0 and in renal
cortical slices incubated with vanadate.22 This
effect on renin was only partly mediated
through the inhibition of Na+, K+-ATPase,

Table 4 Mean (SEM) creatinine, total nitrogen, proteins, and electrolytes in 24 h urine samplesfrom rats chronically
exposed to different doses ofvanadium (n = 6)

Total Proteins Sodium Potassium Calcium
Creatinine nitrogen (mg/g (mEq/g (mEq/g (mg/g

Exposure to vanadium (mg/24 h) (g/g creatinine) creatinine) creatinine) creatinine) creatinine)

First experiment:
Control 13 (3) 36 (2) 297 (103) 60 (16) 118 (14) 138 (31)
10 ppm 16 (2) 33 (2) 269 (71) 69 (9) 169 (18)* 130 (22)
40ppm 13 (1) 43 (4) 300 (17) 61 (15) 221 (28)* 101 (19)

Second experiment:
Control 15 (2) 37 (2) 231 (21) 69 (8) 113 (25) 85 (7)
1 ppm 13 (3) 32 (1) 203 (12) 67 (7) 106 (6) 55 (5)*

*p < 005 v control.
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as in the presence of methoxyverapamil (a
blocker of the slow calcium channels at the
outer site) the effect of vanadate differed from
that of ouabain (a specific Na+, K+-ATPase
inhibitor) or of potassium free fluid. By con-
trast with the inhibition of renin release in
vitro22 and in dogs.'0 chronic exposure to 10
or 40 ppm of vanadium augmented the
release of renin in rats. Slight morphological
alterations and inhibition of Na+, K+-
ATPase in the cells of the macula densa and
of the distal tubule may be responsible for this
unexpected effect. At the same exposure, only
the urinary excretion of potassium was
increased, whereas in the rats treated with 100
ppm of vanadium the excretion of both potas-
sium and sodium was augmented,89 and in
those given 1 ppm of vanadium urinary cal-
cium was reduced. Therefore, it seems that
vanadate affects the efflux of electrolytes from
tubular cells depending on the dose of expo-
sure.

In the rats exposed to 10 or 40 ppm of
vanadium there was an increase of plasma
renin activity and kininase I, kininase II, and
kallikrein activities as well as of potassium
excretion. This raises the possibility that there
is a threshold effect for these alterations in the
range of exposure from 2 to 10 ppm of
vanadium. Moreover, in the animals treated
with 1, 10, or 40 ppm of vanadium there is a
strong correlation between the changes of
activities of kininase I, II, and of plasma renin.
A partial relation exists on the other hand,
between the activity of these enzymes and that
of kallikrein and between urinary kallikrein
activity and plasma aldosterone. It is not
known whether these modifications are the
result of a direct effect of vanadate or whether
they are secondary, although it was shown
that the activity of the kallikrein-kinin, renin-
angiotensin-aldosterone, prostaglandin, and
enkephalinergic systems are correlated.2'

In conclusion, this research shows that long
term exposure to vanadate induces an
increase of blood pressure in rats that is not
dose-dependent. The role of defective renal
function in such an effect was supported
by alterations in the urinary excretion of
electrolytes and in the activities of the
kallikrein-kinin and renin-angiotensin-
aldosterone systems.

A part of this paper has been presented as an oral communica-
tion at the EUROTOX Congress, Maastricht, The
Netherlands, 1-4 September 1991 and at the Congress trace
elements in men and animals (TEMA 8), Dresden, Germany,
15-22 May 1993.
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