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Abstract. Vanadate alters intestinal transport and may have a role in regulating cell 
function. To determine whether it influences calcium absorption, we tested the effects 
of acute and chronic vanadate administration on calcium absorption using single-pass 
perfusion of jejunal and ileal segments of the in vivo rat intestine. Acute vanadate 
administration increased the lumen-to-mucosa and net fluxes of calcium in both the 
jejunum and ileum. The increase was largely due to an enhancement of the saturable 
fluxes of calcium and was observed at M concentration of vanadate, but not at 
higher or lower concentrations of the oxyanion, except at the highest concentration 
used, lo-' M, where calcium absorption was inhibited. Chronic vanadate administration 
caused, on the other hand, no changes in calcium absorption. We have demonstrated 
previously that rat intestinal (Na+ + K+)-ATPase is inhibited by vanadate, an effect that 
could raise cell sodium and increase the efflux of sodium across the brush border 
membrane. The results suggest that the vanadate enhancement of calcium absorption 
may be related to an increased entry of calcium into the mucosa, possibly as a result of 
an augmented exchange through the Na+/Ca+ antiport system. Alternatively, vanadate 
may influence access to a calcium channel in the mucosal membrane of the intestinal 
epithelium, leading to the observed increase in absorption. [P.S.E.B.M. 1991, Vol198] 

anadate, the pentavalent oxyanion of vanadium, 
has been noted to have varying effects on differ- V ent transport systems. Present in most mam- 

malian tissues ( 1,2), vanadate has been shown to inhibit 
(Na+ + K+)-ATPase (1,  3), and a variety of other 
ATPases (4-6) and phosphatases (7, 8). It has, however, 
no effect on (H+ + K+)-ATPase (9) and it is stimulatory 
to some enzymes, such as adenylate cyclase (10-13) 
and acetylcholinesterase (14). Its effect on Ca-ATPase 
has generally been inhibitory and demonstrated in 
many isolated cell systems, including erythrocytes (4, 
5 ,  12), cardiac (12) and skeletal muscle ( 15) cells, and 
squid axons (16). Because of the differing actions of 
vanadate on these transport systems, we tested its effect 
on intestinal calcium absorption in the in vivo rat 
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intestine. We found that acute exposure of the intestine 
to vanadate enhances calcium absorption, but chronic 
vanadate ingestion in concentrations that simulate 
those that occur with pollution (17) causes no signifi- 
cant changes in calcium absorption. 

Materials and Methods 
Animal Feeding and Pretreatment. Sprague-Daw- 

ley rats were used and housed under controlled condi- 
tions with a regulated temperature (24"C), humidity, 
and 1ight:dark schedule ( 12: 12 hr). They were fed Ral- 
ston Purina rat chow (Ralston Purina Co., St. Louis, 
MO) and water ad libitum and kept in our animal 
facility for at least 7 days before they were used in the 
experiments described below. The diet contained 1 .O 1 % 
calcium, 0.74% phosphorus, 0.2 1 % magnesium, and 
3.3 IU of vitamin D per gram of diet. In one set of 
experiments, in which the acute effect of vanadate was 
tested, rats with an average weight of 300 g were used. 
In another set, rats with a mean initial weight of 175 g 
were chronically fed vanadate, and, by the time the 
absorption studies were performed, they had grown to 
an average weight of 290 g. Chronic vanadate admin- 
istration was done by a similar method, as we have 
reported earlier (1 8). The rats were randomized into a 
control group ( n  = 8) and two vanadate-fed groups 
(each group, n = 8). The control group was given the 
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Table 1. Effect of lntraluminal Perfusion of Varying 
Vanadate Concentrations on Lumen-to-Mucosa and 

Net Calcium Fluxes in Jejunal Segments of the In Vivo 
Rat Intestinea 

Net 
Vanadate absorption Lumen-to-mucosa flux 

(pmol/hr/g (pmol/hr/g wet wt) concentration 

(MI wet wt) 

0 4.86 k 0.21 6.56 k 0.25 
10-6 4.97 k 0.1 8 6.71 k 0.26 
10-5 5.46 k 0.23 7.37 f 0.32 
10-4 7.23 k 0.23b 9.73 k 0.36' 
i 0-3 5.32 k 0.22 7.18 f 0.31 
10-2 3.11 k 0.17" 4.20 k 0.1 8' 

'Values are means f SE of six rats in each of the six groups 
randomly allocated to perfusion with varying concentrations of van- 
adate. Calcium concentration in the perfusate was 2.5 mM. 

P c 0.01, compared with control group not perfused with vanadate 
(Student's t test). 
'P < 0.05, compared with the control group not perfused with 
vanadate (Student's t test). 

chow diet and water ad libitum and the vanadate-fed 
groups were pair-fed the same diet, but given vanadate 
(orthovanadate; Pfaltz and Bauer Inc., Stamford, CT) 
administered through drinking water at a concentration 
of 75 ppm. This concentration was chosen because it 
produces changes in intestinal transport without com- 
promising the nutrition of the rats during vanadate 
feeding (19). Both the control group and vanadate-fed 
groups were maintained on their respective regimens 
for a period of 7-8 weeks, at the end of which they were 
tested in the experiments described below. 

In Vivo Absorption Studies. Intestinal absorption 
of calcium was determined using a modification of the 

single-pass in vivo perfusion technique described by 
Younoszai et al. (20). Rats were anesthetized with 
intraperitoneal injections of urethane (1 g/kg body wt). 
The abdominal cavity was opened by a midline longi- 
tudinal incision and the entire small intestine was per- 
fused as two separate jejunal and ileal segments. The 
jejunal segment was cannulated, with an inlet cannula 
located 1-cm distal to the ligament of Treitz and a distal 
cannula at the end of the proximal third of the intestine 
(30-40 cm). The ileal segment was similarly cannulated 
at both of its ends, and it comprised the remaining 
distal two thirds of the intestine, extending to l-cm 
orad to the ileocecal junction. The two segments were 
flushed with isotonic saline and air and then re-placed 
in the abdomen. The rats were perfused while placed 
on a heating pad that maintained their rectal tempera- 
ture at 37°C. The segments were perfused in situ at a 
rate of 0.3 ml/min with a solution containing 120 m M  
NaC1, 5 m M  KC1, an appropriate concentration of 
40CaC12 (0.85, 1.7, 2.5, or 3.4 mM), 45CaC12 (1 X lo5 
dpm/ml), [3H]polyethylene glycol (([3H]PEG) mol wt 
4000), and mannitol in sufficient amounts to supple- 
ment the solutes and to achieve an osmolality of 3 10 
mOsm/kg. In addition, sodium orthovanadate (fre- 
quently 0.1 mM) was included in the perfusates of the 
experiments that tested the acute effects of this oxy- 
anion on calcium absorption. In previous studies (3, 
18, 19, 21), this concentration caused changes in the 
transport of sodium, amino acids, and sugars, as well 
as changes in (Na+ + K+)-ATPase and adenylate cy- 
clase. The perfusate collected during the first 60 min 
was discarded, and samples collected during three con- 
secutive 20-min periods were tested for their 40Ca2+ 
concentrations and their contents of 45Ca and [3H]PEG. 

Table II. Effect of Acute Vanadate Administration on Lumen-to-Mucosa and Net Calcium Fluxes in Jejunal and 
Ileal Segments of the In Vivo Rat Intestinea 

Luminal calcium (mM) 

0.85 1.70 2.50 3.40 
Lumen-to-mucosa flux 

(pmol/hr/g wet wt) 
Jejunum 

Ileum 

Control 5.10 f 0.21 6.02 k 0.22 6.60 k 0.27 6.79 k 0.28 

Control 2.22 k 0.09 2.38 k 0.09 2.44 k 0.10 2.49 k 0.10 

Vanadate 7.18 f 0.30 8.27 k 0.30 8.62 k 0.36 9.83 k 0.41 

Vanadate 3.16 k 0.13 3.46 k 0.12 3.55 k 0.15 3.65 f 0.15 
Net absorption 

(pmol/hr/g wet wt) 
Jejunum 

Ileum 

Control 3.78 k 0.16 4.51 k 0.16 4.89 k 0.20 5.19 f 0.22 

Control 0.82 k 0.03 0.95 k 0.16 0.99 k 0.18 1.03 k 0.04 
Vanadate 1.08 k 0.04 1.24 k 0.05 1.30 k 0.05 1.34 k 0.06 

Vanadate 5.45 k 0.23 6.85 f 0.25 7.12 f 0.29 7.34 f 0.30 

a Values are means f SE, n = 6-8. All flux rates in the presence of vanadate (0.1 mM) are significantly higher (P < 0.05) than the corresponding 
rates in control tissues (Student's t test). 
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Total calcium was measured by a fluorometric method 
using the Calcette Automatic Calcium Titrator (Preci- 
sion Systems. McGaw Park, IL). 45Ca and 3H were 
determined in a two-channel liquid scintillation counter 
(Packard, Tri-Carb 4000). At the end of the experi- 
ments, the rats were sacrificed by an added dose of the 
anesthetic and the intestinal segments were resected 
and their length, wet weights, and dry weights were 
determined as described previously (22). Calcium ab- 
sorption, which represents the disappearance of calcium 
from the luminal perfusates, and the lumen-to-mucosa 
(LM) flux, which represents the influx of calcium into 
the mucosa, were calculated by the following formulas: 

[11 
q4'Ca, - (40Ca~) (PEGR)] 

W x t  
Net absorption = 

PI V [45Cai - ("Ca,) (PEGR)] LM flux = 
[(SA, + SAj-)/2] W X t 

in which V refers to the volume of the perfusates per 
unit time; i andf;  the initial and final luminal values; 
40Ca, the chemical calcium content of the luminal fluid; 
45Ca, the radioactive calcium content of the fluid; 
PEGR, the ratio of initial to final polyethylene glycol 
concentrations; SA, the specific activity of the luminal 
fluid; W, the weight of the intestinal segment perfused; 
and t, the time period of perfusion. Absorption was 
calculated per unit wet weight, dry weight, and length 
of the perfused segments, and it varied uniformly 
among the three parameters under the different exper- 
imental conditions. The data are presented as means k 
SE of absorption per unit wet weight. as the absorption 
rates per unit length or dry weight of the perfused 
segments are not comparatively different from the ab- 
sorption data calculated per wet weight of the perfused 
segments. Comparisons between the different control 
and experimental groups were made using the Student's 
t test for unpaired independent samples. 

Sodium Efflux Measurements from Mucosa to 
Lumen. In a previous publication (23), ouabain. an 
inhibitor of the Na+ pump, was found to increase the 
efflux of sodium across the mucosal barrier of the 
intestinal cell. Since vanadate has also been found to 
have a similar inhibitory action on the Na,K pump in 
the intestine, we tested its effect on the efflux of sodium 
from the intestinal mucosa. Such an effect was consid- 
ered relevant to calcium uptake by the intestine, since 
an increase in the sodium efflux may enhance calcium 
influx in exchange for sodium. "NaCI efflux was com- 
pared between normal tissues and tissues exposed to 
vanadate. The efflux was measured by a method similar 
to that described previously (3, 23). A segment of the 
jejunum was everted and incubated for 40 min in a 
phosphate-buffered Krebs solution containing 22NaCl 
(NEN, Research Products-Dupont, Boston, MA). The 
incubation solution was oxygenated with 100% oxygen 
and kept at 35°C. At the end of the loading period, the 

tissue was blotted with Whatman No. 1 filter paper, cut 
into a flat sheet. and mounted in a Lucite chamber with 
an exposed rectangular area of mucosal surface equal 
to 2.5 cm2. The mucosal surface was exposed to non- 
labeled buffer solution (2 ml, 35°C) for a period of 1 
min, during which the solution was bubbled with 100% 
oxygen. The washout solution was removed by suction 
into a counting vial and fresh solution was replaced in 
the chamber. Washout was followed for 10 1-min pe- 
riods. at the end of which the exposed tissue was cut 
out and extracted in 0.1 N HNO3. Washout samples 
and tissue extracts were counted and the rate of change 
of radioactivity in the tissue was used in calculating the 
rate coefficient of the emux process (3, 22). Vanadate 
was added to the incubation and washout solutions and 
its effect was compared with control tissues not exposed 
to vanadate by using the paired Student's t test. 

Results 
Initial studies shown in Table I revealed that a 

vanadate concentration produced a significant in- 

Luminal Calcium(c) 
CmM ) 

lot I,, Corrected 

0. lp---o- k 
Or  O:5 1:0 

Luminal CaIciumCc) 
( m M 1  

Figure 1. The relationship between luminal calcium concentration 
and lumen-to-mucosa calcium flux (means f SE) in jejunal and ileal 
segments of normal control rats and rats perfused with 0.1 mM 
vanadate. The saturation curves were drawn using the kinetic con- 
stants shown in Table 1 1 1  and as determined by the double reciprocal 
plots in the right panels. Over the entire concentration range, calcium 
influx was significantly (P < 0.05) higher in the vanadate-treated 
segments versus the controls. Kd, which reflects nonsaturable calcium 
transport, was calculated in pnol/hr/g wet wt/mmol, as described in 
Ref. 25, and was 0.69 and 0.28 for jejunal and ileal influx, respectively, 
in the controls, and 0.63 and 0.24 in the vanadate-treated tissues. 
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Table 111. The Effect of Acute Vanadate Administration on the Kinetic Constants of the Flux of Calcium from 
Lumen to Mucosa 

Lineweaver-Burk Eadie-Hofstee 

Control Vanadate Control Vanadate 

Crude flux data 
Jejunum 

K," 
Vmaxb 

Ileum 
Kt 
Vmax 

Data corrected for nonmediated fluxes 
Jejunum 

Kt 
Vmax 

Ileum 
Kt 
Vmax 

0.42 
7.63 

0.14 
2.58 

0.173 
5.75 

0.299 
2.45 

0.39 
10.37 

0.1 7 
3.82 

0.092 
8.40 

0.099 
3.30 

0.44 
7.67 

0.1 4 
2.58 

0.1 92 
5.81 

0.303 
2.46 

0.47 
10.81 

0.1 8 
3.83 

0.1 37 
8.55 

0.103 
3.31 

a Data expressed in millimolars. 
Data expressed in pmol/hr/g wet wt. 

crease in both the net and LM fluxes of calcium. The 
increase was not evident at vanadate concent rations 
that were lower or higher than M, but a M 
concentration produced a significant decrease in the 
calcium fluxes. The effect of intraluminal perfulsion of 
lom4 A4 vanadate on calcium absorption was studied in 
the presence of four calcium concentrations and com- 
pared with a group of controls that were similarly 
perfused, but without vanadate. Eight rat groups were 
randomized and their body weights and the lengths and 
wet weights of their jejunal and ileal segments were 
comparable. The results of these studies are shown in 
Table 11, in which vanadate, in comparison to the 
controls, uniformly increased the LM and net calcium 
fluxes. A significant increase was observed at all of the 
calcium concentrations tested and was evident in both 
jejunal and ileal segments. To further evaluate this 
stimulatory effect of the M vanadate concentra- 
tion, we computed the changes in the kinetic properties 
of calcium absorption in the presence and absence of 
vanadate. Figure 1 shows a plot of the LM flux (influx) 
as a function of the luminal concentration of calcium. 
As shown, there is, in both the jejunum and ileum, a 
tendency for the influx rate to saturate with rising 
calcium concentrations. Estimates of the nonmediated 
components of the curves shown in the left panels of 
Figure 1 were computed as described by Schedl et al. 
(24, 25) ,  and the corrected values that are preseinted in 
the right panels of Figure 1 demonstrate the double 
reciprocal plots shown. The plots suggest that stimula- 
tion of the calcium influx may not be mediated through 
a competitive mechanism that shares the same charac- 
teristics as those that exist under normal conditions in 
the jejunum or ileum. A similar plot (data not shown) 
was also made for the net calcium absorption data and 
similar changes in kinetic characteristics were also 

noted. The kinetic constants of the corrected calcium 
influx measurements were calculated using both Line- 
weaver-Burk and Eadie-Hofstee plots (Table 111). The 
effect of vanadate, in both cases, is due to both a 
decrease in Kt and an increase in V,,,,,. 

The effect of chronic vanadate administration was 
studied in three groups of randomized rats ( n  = 8 per 
group). Two of the groups were given vanadate in 
drinking water at a concentration of 75 ppm and the 
third group was given tap water, which is estimated to 
contain 100 parts of vanadate per billion (26). In pre- 
vious publications ( 18, 19), we found that the ingestion 
of vanadate in drinking water in a concentration of 75 
ppm was optimal for testing the effect of chronic van- 
adate administration. This concentration caused no 
changes in food intake or in the rate of growth of the 
rats, both of which remained similar in the three groups 
studied. As compared with controls, chronic exposure 
of the intestine to vanadate (Table IV) causes no 
changes in net calcium absorption or in calcium influx. 
The vanadate-fed rats, however, still respond to acute 
vanadate exposure and, as shown in the third column 
of Table IV, acute vanadate increases their calcium 
absorptive fluxes. 

Table V shows the effect of vanadate on 22Na emux. 
The emux of sodium increased significantly in the 
vanadate-treated tissues as compared with the untreated 
controls. This finding is similar to what we have ob- 
served previously in the rabbit intestine that was treated 
with ouabain (23). In the latter case, ouabain inhibited 
the Na+ pump and caused a rise in cell sodium that 
increased the extrusion of sodium from the cell to the 
intestinal lumen. 

Discussion 
Vanadate, a known inhibitor of Ca-ATPase (4-6), 

was demonstrated, contrary to expectations, to have a 
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Table IV. Effect of Chronic Vanadate Administration on Ca2+ Absorptiona 

Vanadate-fed 
Ca'' Control 

Chronic Acute on chronic 

Lumen-to-mucosa flux 
Jejunum 0.85 4.98 f 0.28 5.26 k 0.27 5.58 rfr 0.31 

3.4 6.41 f 0.36 6.72 f 0.37 8.85 rfr 0.49',' 
Ileum 0.85 2.15 f 0.12 2.24 rfr 0.13 2.49 f 0.14 

3.4 3.19 f 0.18 3.29 k 0.18 3.66 rfr 0.20 
Net flux 

Jejunum 0.85 3.69 k 0.21 3.89 f 0.19 4.41 f 0.25' 
3.4 4.74 f 0.26 4.97 f 0.28 6.99 f 0.38',' 

Ileum 0.85 0.76 f 0.04 0.74 k 0.04 0.99 f 0.06b,c 
3.4 1.01 rfr 0.06 1.1 2 f 0.06b 1.46 k 0.08b,c 

a Results are means t SE of lumen-to-mucosa and net fluxes in pmol/hr/mg wet wt (n  = 8). Ca2+ is the initial luminal calcium concentration in 
millimolars. 

Statistically significant (P < 0.05), as compared with control. 
Significant (P < 0.05), as compared with values under the chronic condition (Student's t test). 

Table V. Effect of Acute Vanadate Administration on 
Sodium Efflux Across the Mucosal Border of Rat 

Jejunum 

Sodium efflux 

(kmol/hr/mg dry wt) (pmol/hr/mg dry wt) 

Ratio of vanadate 
Control Vanadate to control 

3.49 
4.1 1 
3.1 1 
3.19 
3.44 
4.49 
3.99 
4.1 8 

Mean rfr SE 

4.19 
5.38 
3.42 
3.83 
3.96 
4.94 
4.91 
5.31 

1.20 
1.30 
1.10 
1.20 
1.15 
1.10 
1.23 
1.27 

1.1 9 f 0.07 

stimulatory action on intestinal calcium absorption. 
This effect was observed mainly when vanadate was 
administered acutely, and it occurred in both jejunal 
and ileal segments of the rat intestine. The stimulation 
of calcium absorption by vanadate was characterized 
by an increase in V,,,, as well as a decrease in Kl. The 
changes in the kinetic parameters and the double recip- 
rocal plots shown in Figure 1 suggest that the vanadate 
enhancement of calcium absorption occurs through a 
nonspecific transport process that may or may not be 
related to the normal mechanism of absorption of 
calcium. 

It is not possible strictly from the present in vivo 
studies to characterize the mechanism of action of 
vanadate on calcium absorption. However, hypothesis 
can be suggested based on the current findings and 
uptake studies in isolated cells and membrane vesicles 
(4, 5,27.28).  There is evidence to suggest that vanadate 
increases the absorption of calcium by increasing the 
saturable component of calcium absorption. As shown 
in Figure 1, when correction for the nonmediated com- 
ponent of the calcium influx was made, a saturable 

absorptive curve was obtained and the tissues exposed 
to vanadate continued to absorb significantly more 
calcium than the control tissues. This suggests that the 
vanadate effect occurs through enhancement of a cal- 
cium-saturable transport mechanism. The effect may 
involve at least two possible sites of action on the 
calcium transport mechanisms, an effect on the entry 
across the mucosal border of the cell and another on 
the exit across the basolateral membrane. We have 
observed previously (2 1) that vanadate in a concentra- 
tion similar to that used in the present communication 
causes inhibition of (Na' + K+)-ATPase of the rat 
intestine. Such an effect raises the cell Na+ concentra- 
tion and increases, as observed in the present study, the 
extrusion of Na+ across the mucosal membrane. If we 
assume that a Na+/Ca2+ exchanger exists in the mucosal 
brush border membrane, then the extrusion of Na+ 
may enhance calcium entry through this antiport mech- 
anism. Such an assumption, however, is only specula- 
tive at present and it needs to be confirmed by studies 
using brush border membrane vesicles. The efflux of 
Na+ across the basolateral membrane may also increase, 
but the exchange of Na+ for Ca2+ across this barrier was 
found to have a limited role in calcium exchange across 
this barrier (27, 28). Extrusion is believed to occur 
primarily through activation of the Ca2+-ATPase, which 
remains functional despite the presence of the lower 
concentrations of vanadate that were tested. This is 
contrary to what is reported in in vitvo studies of many 
cell systems in which vanadate was found to inhibit 
Ca2+ pump (4, 5 ,  12. 15, 16). However, it is possible 
that the vanadate concentration that was perfused in 
the in vivo conditions of the present experiments, 
though inhibitory to (Na+ + K+)-ATPase, was not high 
enough to inhibit the Ca2+ pump. This is conceivable, 
since Ca*+-ATPase is 3 times less sensitive to vanadate 
than (Na' + K+)-ATPase (5). 

Unlike the acute effect of vanadate, chronic vana- 
date administration causes no changes in calcium ab- 
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sorption. This may be due to at least three possible 
reasons. First, the amount of vanadate that was chron- 
ically administered may be too small to produce an 
effect. It was, however, difficult to administer a larger 
dose of vanadate to rats without interfering with their 
nutrition. In previous studies (18, 19), we found that 
this dose is optimal because it causes changes in intes- 
tinal transport without interfering with the growth and 
nutrition of the rats during the period of its administra- 
tion. Second, the chronic effect of vanadate may cause 
secondary adaptive changes of the intestine, leading to 
tolerance and insensitivity to the vanadate effect. This 
possibility is, however, unlikely, since acute on chronic 
vanadate administration causes a similar stimulation of 
calcium absorption by the intestines of control rats and 
of rats that are given vanadate on a chronic basis. The 
third possibility is that the specific calcium absorptive 
rate measured per wet weight of the intestinal tissue 
may represent an underestimate because of swelling of 
the intestinal epithelium. Calculation of absorption per 
dry weight of mucosa reveals an average 8% increase 
with chronic vanadate, as compared with a 22% in- 
crease with acute administration of the oxyanion. These 
findings are not comparatively different from those 
obtained when absorption is calculated per wet weight 
of intestine. The chronic effect of vanadate is, therefore, 
relatively minimal and not comparable to the acute 
effect. These findings, again, suggest that the effect of 
vanadate on calcium absorption is related to differences 
in the accessibility of the oxyanion to the active Na+ 
and Ca2+ transport sites. 

This study was supported by the Medical Research Service of 
the Veterans Administration. 
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