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Calcium Transport in Epithelial Cells of the Intestine 
and Kidney 
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Abstract The central role of Ia,25-dihydroxyvitamin D3 in the regulation of calcium balance is well established. 
By increasing the absorption of calcium in the intestine and the reabsorption of filtered calcium in the kidney tubule, the 
hormone maintains an appropriate calcium balance. The cellular mechanisms that underlie the increase in calcium 
transport in epithelial cells in response to 1 a,25-dihydroxyvitamin D3 are beginning to be defined. These events include 
an increase in the movement of calcium across the apical membrane of the cell, an increase in the movement of calcium 
across the cell, and an increase in the extrusion of calcium at the basolateral portion of the cell. In this Prospects article, I 
will discuss the nature of the various processes and proteins involved in transcellular calcium movement, and I will 
attempt to highlight various future areas of research. 
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The central role of the vitamin D endocrine 
system in calcium homeostasis is now well estab- 
lished [DeLuca and Schnoes, 1983; Kumar, 
19841. Research during the early part of this 
century demonstrated the critical role of the 
fat-soluble vitamin, vitamin D, in preventing 
rickets [Mellanby, 1919; McCollum et al., 19221. 
The pioneering experiments of Nicolaysen 
showed that vitamin D was essential for the 
maintenance of a positive calcium balance when 
dietary calcium was reduced [Nicolaysen and 
Eeg-Larsen, 19531. DeLuca and colleagues at 
the University of Wisconsin and Kodicek and 
colleagues at Cambridge defined the metabolic 
processes needed for the biotransformation of 
vitamin D to its biologically active metabolite, 
la,25-dihydroxyvitamin D3 [DeLuca and 
Schnoes, 1983; Kumar, 19841. It is now well 
established that vitamin D3 is metabolized to an 
essential intermediary metabolite, 25-hydro*- 
tamin D3, by hepatic, microsomal, and mitochon- 
drial cytochrome P-450 containing vitamin D3 
25-hydroxylases [DeLuca and Schnoes, 1983; 
Kumar, 1984, 19901. 25-hydroxyvitamin D3 it- 
self is metabolized to the bioactive metabolite of 
la,25-dihydroxyvitamin D3, in kidney proximal 
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tubules, by a multicomponent cytochrome P-450 
containing enzyme, 25-hydroxyvitamin D3 101- 
hydroxylase [DeLuca and Schnoes, 1983; Ku- 
mar, 1984, 19901. 101,25-dihydroxyvitamin D3 is 
transported to the intestine, the distal tubule of 
the kidney, and bone, where by various mecha- 
nisms it increases the movement of calcium 
from the lumen into the extracellular fluid or 
from the marrow space into bone matrix [De- 
Luca and Schnoes, 1983; Kumar, 1984, 1990; 
Kumar et al., 1994; Wasserman et al., 1992a,bl. 
It is also clear that la,25-dihydroxyvitamin D3 
must bind to an intracellular receptor, the 1a,25- 
dihydroxyvitamin D3 receptor (usually abbrevi- 
ated as VDR), that is related to a number of 
other sterol and steroid receptors in order to 
induce transcription of various genes [Pike, 
19911. How la,25-dihydroxyvitamin D3 influ- 
ences calcium movement in the intestine, the 
kidney, and bone will be the subject of this 
Prospect article. 

MECHANISM OF ACTION 

IN THE INTESTINE 
OF 1~,25-DIHYDROXWlTAMlN D3 

In considering the movement of calcium across 
an intestinal absorptive cell such as the duode- 
nal cell, it is important to remember that the 
absorption of this divalent ion is an energy re- 
quiring process [Martin and DeLuca, 1969; 
Wasserman et al., 19841. The movement of cal- 
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cium across the apical membrane of an intesti- 
nal epithelial cell is favored by the fact that 
concentrations of calcium within the cell are 
considerably lower than those in the intestinal 
lumen and by the fact that the cell is electronega- 
tive compared to the intestinal lumen Wasser- 
man et al., 19841. Concentrations of calcium in 
intestinal contents may be as high as lop3 M, 
whereas concentrations of calcium within the 
cell are approximately lop6 M. Therefore, the 
movement of calcium across the apical mem- 
brane does not require the expenditure of en- 
ergy Nasserman et d . ,  19841. In contrast, the 
movement of calcium from within the cell into 
the extracellular fluid space and across the baso- 
lateral membrane requires the expenditure of 
energy [Wasserman, et al., 1984, 1992a,bl be- 
cause concentrations of calcium within extracel- 
lular fluid and blood are considerably higher 
than those within the cell and because the cell is 
electronegative relative to the extracellular fluid 
compartment. ATP is required for the function 
of an ATP-driven calcium pump and for provid- 
ing a sodium gradient (via the activity of the 
sodium/potassium ATPase) for the activity of a 
sodium-calcium exchanger Nasserman et al., 
1984, 1992a,bl. 

How does la,25-dihydroxyvitamin D3 influ- 
ence the movement of calcium across the intesti- 
nal absorptive epithelium? Does the process in- 
volve the synthesis of new protein and the 
activation of transcription of specific genes 
within the nucleus? Does it occur solely as a 
result of the activation of nongenomic pro- 
cesses? In my view, the field has been hampered 
by the notion that the movement of calcium in 
response to  la,25-dihydroxyvitamin D3 occurs 
as a result of either a genomic activation process 
or as a result of a nongenomic mechanism. Based 
on review of data obtained from various labora- 
tories, the process probably involves both ge- 
nomic and nongenomic events. I t  is difficult to 
ascribe precise quantitative importance to ei- 
ther one of these processes, although experi- 
ments concerning genomic control of calcium 
transport have been far more easy to design and 
conduct. 

Several groups have demonstrated the impor- 
tance of new protein synthesis in calcium trans- 
port in the intestine. Briefly, blocking protein 
synthesis by actinomycin D or cycloheximide 
results in a decrease in intestinal calcium trans- 
port [Kowarski and Schacter, 1975; Corradino, 
1973a,b; Francheschi and DeLuca, 19811. Ex- 

periments of nature, involving mutations of the 
vitamin D receptor gene, have clearly demon- 
strated a central role for protein synthesis in 
intestinal calcium transport [Liberman et al., 
1986; Castells et al., 1986; Gamblin et al., 19851. 
Humans with vitamin D-dependency rickets, 
type 11, have high circulating la,25-dihydroxyvi- 
tamin D3 concentrations, do not exhibit 1a,25- 
dihydroxyvitamin D3-induced protein synthetic 
events, such as the induction of 24-hydroxylase 
activity in response to  la,25-dihydroxyvitamin 
D3, and manifest rickets and calcium malabsorp- 
tion [Gamblin et al., 19851. These data suggest 
that protein synthesis is crucial to the response 
of the intestinal cell to la,25-dihydroxyvitamin 
D3. Several proteins that could play a role in 
calcium movement, such as the vitamin D-de- 
pendent calcium binding proteins and the plasma 
membrane calcium ATPase or calcium pump 
among others, are induced following the admin- 
istration of la,25-dihydroxyvitamin D, [Wasser- 
man and Taylor, 1966; Borke et al., 1990; Ghi- 
jsen et al., 1982; Wasserman et al., 1992a,b; Cai 
et al., 19931. 

On the other hand, intestinal perfusion experi- 
ments performed by Norman and his colleagues 
have shown that following the infusion of la,25- 
dihydroxyvitamin D3 into perfused intestinal 
loops maintained ex vivo, there is a rapid in- 
crease in calcium movement from the intestinal 
lumen into the extracellular fluid space indepen- 
dent of the synthesis of new protein [Nemere 
and Norman, 1990; Zhou et al., 1992a,b; Nem- 
ere et al., 1991a,b]. This process, known as 
transcaltachia, is not blocked by inhibitors of 
protein synthesis or Golgi or microfilament func- 
tion and is blocked by lp,25-dihydroxyvitamin 
D3 and nifedipine [Nemere and Norman, 1987, 
1990; Zhou et al., 1992b; Norman et al., 1992, 
19931. PTH (1-341, PTH-related protein (1-341, 
and BAY K8644 increase transcaltachia [Zhou 
et al., 1992a; de Boland et al., 19901. Lysosomal 
and endocytic vesicles are thought to play a role 
in transcaltachia [Nemere and Norman, 1990; 
Nemere et al., 1991a,bl. The opening of Ca2+ 
channels in the basolateral portion of the cell 
associated with exocytosis of Ca2+ containing 
vesicles in response t o  protein kinase C and 
protein kinase A activation are believed to play a 
role in this process [de Boland and Norman, 
1990aI. The precise quantitative role of transcal- 
tachia in intestinal calcium transport is not cer- 
tain. It is to be noted that transcaltachia does 
not play a major role in intestinal calcium 
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transport in vivo in the vitamin D-deplete state, 
since transcaltachia is observed only in vitamin 
D-replete animals. Additionally, as noted ear- 
lier in vitamin D-dependency rickets, type 11, 
calcium transport is low, despite extremely high 
plasma la,25-dihydroxyvitamin D3 concentrations. 

In the apical membrane, la,25-dihydroxyvita- 
min D, causes a change in the lipid composition 
[O’Doherty, 1979; Matsumoto et al., 1981; Ad- 
ams et al., 19701. Phosphatidyl choline synthe- 
sis is increased both by the de novo synthesis of 
phosphatidyl choline and an increase in the 
methylation of phosphatidyl ethanolamine [Mat- 
sumoto et al., 19811. It has been suggested that 
a change in the phosphatidyl cholineiphosphati- 
dyl ethanolamine ratio results in an increase in 
the fluidity of the apical membrane and an in- 
crease in the numbers of surface calcium chan- 
nels that allow the flux of calcium into the 
intestinal cell [Adams et al., 19701. The increase 
in the rate of calcium movement across the 
apical membrane in response to lq25-dihy- 
droxyvitamin D3 is not dependent upon protein 
synthesis, as it is not blocked by various inhibi- 
tors of protein synthesis. This process, while 
important for the initial movement of calcium 
into the cell, is only one of several processes 
necessary for the transcellular movement of cal- 
cium. For example, glucocorticoids inhibit la,25- 
dihydroxyvitamin D,-mediated calcium flux in 
the intestine; following the administration of 
glucocorticoids to la,25-dihydroxyvitamin D3- 
treated animals, one observes normal uptake of 
calcium in apical brush-border membranes, but 
transcellular movement of calcium is dimin- 
ished [Schultz et al., 19821. This suggests that 
events other than apical brush-border mem- 
brane events are also important to the move- 
ment of calcium across an intestinal epithelial 
cell. 

Within the duodenal absorptive cell, la,25- 
dihydroxyvitamin D3 increases the synthesis of 
the vitamin D-dependent calcium binding pro- 
tein IWasserman and Taylor, 19661. There are 
two classes of the vitamin D-dependent calcium 
binding proteins: one with an M, of approxi- 
mately 9,000 and another with an M, of approxi- 
mately 28,000 [Wasserman and Taylor, 1966; 
Gross and Kurnar, 19901. The two classes of 
protein bind either two or four moles of calcium 
per mole of protein [Gross and Kumar, 19901. 
These proteins are induced following the admin- 
istration of la,25-dihydroxyvitamin D3 but not 
calcium to D-deficient animals [Gross and Ku- 

mar, 19901. Although the proteins are vitamin 
D-dependent and increase in amount in parallel 
with intestinal calcium transport, it has, been 
more difficult to elucidate their precise mecha- 
nism of action [Gross and Kumar, 19901. Experi- 
ments by Feher et al. [19901 have shown in vitro 
at least that diffusion of calcium across an artifi- 
cial compartment is enhanced by the addition of 
calcium binding proteins to the compartment. 
Calcium binding proteins are redistributed in 
the cell following the administration of la,25- 
dihydroxyvitamin D3, and this process could in 
some manner increase calcium transport across 
the cell [Nemere et al., 1991bl. Additionally, 
others have suggested that calcium binding pro- 
teins, bound to calcium, increase the activity of 
the calmodulin-dependent plasma membrane cal- 
cium pump present in the basolateral portion of 
the cell [Walters, 19891. 

In the basolateral portion of the intestinal 
absorptive cell, la,25-dihydroxyvitamin D3 in- 
creases the bioactivity and the quantity of the 
plasma membrane calcium pump [Wasserman 
et al., 1992a,b; Cai et al., 19931. The time course 
of induction of the plasma membrane calcium 
pump amount and activity following the admin- 
istration of la,25-dihydroxyvitamin D3 suggests 
that the protein plays a critical role in the move- 
ment of calcium out of the cell into the extracel- 
lular fluid space [Wasserman et al., 1992a,b; Cai 
et al., 19931. An increase in the amount of the 
plasma membrane calcium pump in response to 
la,25-dihydroxyvitamin D3 is mediated by an 
increase in the transcription of the plasma mem- 
brane calcium pump isoform-1 gene and a subse- 
quent increase in the synthesis of this protein 
[Cai et al., 19931. 

A model for the movement of calcium across 
the intestinal epithelial cell in the D-deficient 
state as well as the D-replete state is shown in 
Figure 1. 

1~,25-DIHYDROXWITAMIN D,-MEDIATED 
CALCIUM TRANSPORT IN THE KIDNEY 

The kidney reabsorbs approximately 98% of 
filtered calcium IKumar et al., 19881. It has been 
suggested that since virtually all filtered calcium 
is reabsorbed by the kidney [Costanzo and Wind- 
hager, 1978,1980; Friedman and Gesek, 19931, 
this organ is not important in the maintenance 
of calcium balance. This is an error, as even 
small changes in the calcium absorption in the 
kidney result in quantitatively large losses of 
calcium from the body. Normally, in humans, 
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Fig. 1. The transcellular diffusional-active transport model of Ca2+ absorption. (Reproduced from 
Wasserman et al., 1992a, with permission of the American Institute of Nutrition.) 

the kidneys filter approximately 10,000 mg of 
calcium via the glomeruli per 24 h. Only 200 mg 
of filtered calcium appears in the urine in a 24 h 
period. Hence, even a small change in the amount 
of calcium absorption by the kidney will result 
in a quantitatively large change in the amount 
of calcium appearing in the urine. Approxi- 
mately 60% of filtered calcium is absorbed in the 
proximal tubule, another 10-15% is absorbed in 
the Loop of Henle, and the remaining 1 5 2 5 %  is 
reabsorbed in the distal tubule and collecting 
duct. Proximal tubular calcium reabsorption is 
sodium-dependent, and alterations in the effi- 
ciency of sodium reabsorption in the proximal 
tubule determine how much calcium is reab- 
sorbed in this nephron segment. For example, 
the administration of sodium chloride in the 
form of isotonic saline is associated with a diure- 
sis and rejection of sodium and calcium in the 
proximal tubule. On the other hand, in volume 
depletion where there is avid sodium reabsorp- 
tion, an associated increase in calcium reabsorp- 
tion is observed. Generally, sodium and calcium 
reabsorption in the proximal tubule occur in 
parallel with one another. On the other hand, in 
the distal tubule calcium reabsorption can, and 
often is, dissociated from sodium reabsorption 
[Kumar et al., 19881. Hormone-regulated cal- 

cium reabsorption, including la,25-dihydroxyvi- 
tamin D3-mediated calcium absorption in the 
kidney, occurs in the distal nephron [Kumar et 
al., 1988, 1994; Bouhtiauy et al., 1993; Fried- 
man and Gesek, 19931. 

In vivo studies have shown that la,25-dihy- 
droxyvitamin D3 increases calcium reabsorption 
in the kidney, and it is likely that la,25-dihy- 
droxyvitamin D3 exerts its effect in the distal 
nephron [Bouhtiauy et al., 19931. Immunohisto- 
chemical studies have clearly shown that many 
of the proteins involved in calcium flux in the 
intestine are present exclusively in the distal 
convoluted tubule [Kumar et al., 1994; Borke et 
al., 19871. For example, the vitamin D-depen- 
dent calcium binding protein is present exclu- 
sively in distal tubular segments; additionally, 
the basolateral plasma membrane calcium pump 
is also present, at least by immunohistological 
criteria, predominantly in the distal tubule of 
the kidney [Borke et al., 19871. Finally, the 
sodium-calcium exchanger is also present exclu- 
sively in the distal segment of the nephron [Ra- 
machandran and Brunette, 19891. Significant 
amounts of the vitamin D receptor also occur in 
distal segments of the nephron [Kumar et al., 
19941. Hence the entire machinery for the ge- 
nomic effects of la,25-dihydroxyvitamin D3 ap- 
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pears to be present in the distal segments of the 
kidney. 

A lack of calcium in the diet is associated with 
an increase in the release of parathyroid hor- 
mone and an increase in the synthesis of la,25- 
dihydroxyvitamin D3 in proximal tubular seg- 
ments. la,25-dihydroxyvitamin D3 exerts its 
effects together with parathyroid hormone in 
distal nephron segments [Bouhtiauy et al., 1991, 
1993; Friedman and Gesek, 19931. The stimula- 
tory effects of parathyroid hormone alone on 
apical membrane calcium absorption in distal 
tubule cells have been delineated by several in- 
vestigators [Friedman and Gesek, 1993; Bouh- 
tiauy et al., 19911. la725-dihydroxyvitamin D3 
increases the synthesis of vitamin D-dependent 
calcium binding protein in the distal nephron 
and, perhaps in a manner analogous to that seen 
in the intestine, increases the synthesis and 
activity of the plasma membrane calcium pump. 
These factors serve to  increase absorption of 
calcium in the distal nephron. 

PCR analysis of different nephron segments 
has shown that the plasma membrane calcium 
pump is present both in the distal as well as in 
the proximal nephron [Magosci et al., 19921. On 
the other hand, immunohistochemical studies 
suggest that the plasma membrane calcium 
pump is present predominantly in the distal 
tubule of the rat and human kidney [Borke et 
al., 1987, 19881. It is possible that the plasma 
membrane calcium pump present in the proxi- 
mal tubule of the kidney plays a role in the 
maintenance of intracellular calcium homeosta- 
sis but does not play an important role in the 
movement of calcium across proximal tubular 
cells. In the proximal tubule, the movement of 
calcium is predominantly paracellular. In the 
distal tubule, however, the plasma membrane 
calcium pump probably does play an important 
role in the movement of calcium across the 
distal tubule epithelial cell in response to la,25- 
dihydroxyvitamin D3. 

FUTURE DIRECTIONS FOR RESEARCH 

There are several unanswered questions with 
respect to  how calcium moves across epithelia in 
the intestine and the kidney. In the intestine, a 
substantial amount of paracellular calcium 
movement occurs, especially when luminal cal- 
cium concentrations are high. The mechanism 
by which this occurs is uncertain and requires 
clarification. Similarly, in the proximal tubule 
the manner in which paracellular movement of 

calcium occurs and is regulated needs to be 
clearly defined. 

The role of a sodium-calcium exchanger in the 
absorption of calcium in the intestinal cell, as 
well as in the distal tubular cell of the kidney 
tubule, needs to be investigated. The structure 
of the sodium-calcium exchanger in the intes- 
tine and the structure of the sodium-calcium 
exchanger in the distal tubular cell need to be 
ascertained. Are these two proteins similar to 
one another, and are they similar to the sodium- 
calcium exchanger of the canine heart? Are they 
regulated by 1a725-dihydroxyvitamin D3 or other 
calciotropic proteins? How important a role do 
they play in vitamin D3-regulated calcium trans- 
port? 

Another important area of research involves 
the role of the plasma membrane calcium pump 
in renal tubular calcium absorption. There is an 
apparent discrepancy between the amount of 
the plasma membrane calcium pump deter- 
mined by immunohistochemical methods vs. the 
amount of the plasma membrane calcium pump 
as determined by PCR methods. Does the proxi- 
mal tubular plasma membrane calcium pump 
play an important role in transcellular calcium 
flux, and, if so, how important is its role in this 
tubular segment? 

With respect to transcaltachia, it will be impor- 
tant to define how important a role this process 
plays in calcium absorption in the intestine un- 
der physiologic circumstances. The precise role 
of calcium binding protein in the movement of 
calcium across the cell still remains to  be clearly 
elucidated. While the time course of induction of 
calcium binding protein suggests that it plays a 
role in the movement of calcium across epithe- 
lia, other approaches, such as gene deletion 
“knock-out’’ experiments, need to clearly define 
the role of the vitamin D-dependent calcium 
binding protein in the movement of calcium 
across the intestine and the distal tubular epithe- 
lium. 
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