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Abstract

Optimal intestinal calcium (Ca) absorption is necessary for the protection of bone and the
prevention of osteoporosis. Ca absorption can be represented as the sum of a saturable pathway
and a non-saturable pathway that is primarily dependent upon luminal Ca concentration. While
models have been proposed to describe these transport components, significant gaps still exist in
our understanding of these processes. Habitual low intake of Ca up-regulates the saturable
transport pathway, a process mediated by increased renal production of 1,25 dihydroxyvitamin D
(1,25(0H), D). Consistent with this, low vitamin D status as well as deletion/mutation of the
vitamin D receptor (VDR) or 25 hydroxyvitamin D-1a hydroxylase (CYP27B1) genes limit Ca
absorption by reducing the saturable pathway. There is some evidence that non-saturable Ca
absorption in the ileum is also regulated by vitamin D status, but the mechanism is unclear.
Treatment with a number of hormones can regulate Ca absorption in vivo [e.g. parathyroid
hormone (PTH), thyroid hormone, growth hormone (GH)/insulin-like growth factor | (IGF-1),
estrogen, testosterone]. However, some of these actions are indirect (i.e. mediated through the
regulation of vitamin D metabolism or signaling), whereas only a few (e.g. estrogen, IGF-1) have
been shown to persist in the absence of vitamin D signaling.

Keywords
vitamin D receptor; estrogen; IGF-1; pregnancy; Kinetics

I. An Overview of Intestinal Calcium Absorption

Whole body calcium (Ca) metabolism is controlled by a three tissue axis of intestine,
kidney, and bone in an effort to maintain serum Ca within a narrow range (1). In this light,
intestinal Ca absorption from the diet is an essential process maintaining Ca balance and
bone health.

Ca absorption is moderately efficient in free living humans with 35% of a dietary load
typically being absorbed. Kinetic modeling based on the efficiency of absorption across a
wide range of luminal Ca concentrations shows that the transfer of Ca across the intestinal
barrier occurs through both saturable (presumably transcellular) and non-saturable
(presumably paracellular diffusion) pathways (2-5) (Figure 1). The existence of these two
transport routes can be modeled mathematically using a Michaelis-Menten equation
modified to include a linear component. The saturable component of Ca absorption is
prevalent in the proximal small intestine (i.e. duodenum and jejunum) and is under
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nutritional and physiological regulation. This is an energy dependent pathway whereby Ca
movement from the mucosal-to-serosal side of the intestinal barrier can occur against a
concentration gradient (6). The saturable pathway is absent in the ileum (7), but some
animal studies have reported that saturable Ca transport may be functional in the lower
bowel (8-10). In contrast, passive transport occurs throughout the length of the intestine and
is a non-saturable, linear function of luminal Ca concentration (e.g. 13% of luminal load per
hour in humans (5)). The point at which the saturable component of Ca absorption from the
small intestine of adults is at 50% maximum (K,) can be calculated from data published by
Heaney et al. 4 and Sheik et al. (4,5). Assuming meal Ca levels are diluted by a factor of 2 in
the stomach, the K, is equivalent to a meal level of approximately 265 mg Ca. However,
even at 2 g of calcium in a single meal, the saturable component of Ca transport is still at
only 90% capacity. For recommended levels of Ca intake (i.e 400-500 mg per meal), the
saturable component of Ca absorption will account more than 60% of total Ca absorption in
the small intestine demonstrating the importance of the saturable Ca absorption pathway
under normal dietary loads. Under adequate-to-high Ca intakes, the proportion of Ca
transported in any given segment is determined by the presence of the saturable and non-
saturable pathways, the sojourn time through the intestinal tract, and the solubility of Ca
within the intestinal segment (e.g. in the ileum and lower bowel, where pH is neutral or
basic, Ca solubility may be < 20% that seen in the duodenum (11)). As a result, even though
Ca solubility is low and the saturable pathway is absent or very low, the total amount of Ca
absorption is greatest in the ileum since transit time through this segment is 10 or more
times longer in comparison to the more proximal intestinal segments (12,13) (Figure 2).

Il. Regulation of Intestinal Ca Metabolism

The amount of Ca absorbed from the diet is a function of the amount of Ca consumed and
the efficiency of the Ca absorption process. It is this latter process that is strongly regulated
by physiological state (e.g. pregnancy and lactation, maturity/aging) and by habitual dietary
Ca intake (1). In the next several sections we will review the evidence supporting the
regulation of intestinal Ca absorption by vitamin D, describe the molecular mechanisms that
have been proposed to account for intestinal Ca absorption, and finish by summarizing
studies on the regulation of intestinal Ca absorption by other hormones.

A. Role of Vitamin D Status and Vitamin D Signaling in Intestinal Ca Absorption

The habitual consumption of low Ca diets is a major stimulus increasing the efficiency of
intestinal Ca absorption. As discussed below, this effect is mediated through changes in the
serum levels of specific hormones, particularly the active metabolite of vitamin D. While
early studies suggested that intestinal Ca absorption is up-regulated by low dietary Ca
(14,15), Pansu et al. (3) directly showed that feeding a low Ca diet to rats for 5 weeks
(0.17% Ca vs. 0.44% in the reference group) increased the efficiency of duodenal Ca
absorption by specifically increasing saturable Ca transport (Vmax increased 55%).
Similarly, Dawson-Hughes et al. (16) found that in women, the efficiency of Ca absorption
increased by 32% within 1 week of reducing dietary Ca intake from 2000 mg/d to 300 mg/d.
It is now understood that the increased efficiency of Ca absorption resulting from habitual
low Ca intake is due to an adaptation mediated by increased renal production of the active,
hormonal form of vitamin D, 1,25 dihydroxyvitamin D [1,25(OH), D] (17).

For over 70 years we have known that Ca absorption in the gut is dependent upon adequate
vitamin D (18,19). The efficiency of intestinal Ca absorption is reduced by >75% in vitamin
D deficient animals (7) and in dialysis patients with compromised renal function and low
circulating 1,25(0OH), D levels (20). The deficit in Ca absorption caused by vitamin D
deficiency can be restored by either repletion of vitamin D status or with injections of
1,25(0OH), D. In rat duodenum (7) and in differentiated monolayers of the human intestinal
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cell line Caco-2 (21), the effect of 1,25(OH), D on Ca absorption is limited to the saturable
component of transport, leading to an increase in Vo (i-€. the maximal capacity) but not
K. suggesting that more transporters are produced following 1,25(0OH), D treatment. The
regulation of transcellular Ca movement by vitamin D status and 1,25(OH), D treatment has
been clearly demonstrated in duodenum using ion microscopy to follow the movement

of 44Ca across the absorptive epithelial cell. Chandra et al. (22) showed that while Ca
normally flows from the apical side of the enterocyte through the epithelial cell over the
course of 20 minutes; however, in vitamin D deficient chicks, Ca can enter the enterocyte,
but is trapped in the region just below the microvilli. This group later showed that treating
vitamin D deficient chicks with 1,25(OH), D caused a progressive redistribution of Ca from
the brush border region into the cytoplasm to the basolateral membrane (23). The 1,25(0H),
D effect was first seen 2-4 hours after the treatment, consistent with the induction of gene
expression mediated through the vitamin D receptor (VDR). These data strongly supports
the hypothesis that the 1,25(0OH), D-regulated, saturable component of duodenal Ca
absorption is a transcellular process. However, there is some evidence that the non-saturable
portion of Ca absorption in the human ileum is also vitamin D sensitive; the slope of the
non-saturable transport pathway is reduced in chronic renal disease patients and returns to
normal after 1,25(0OH), D injection (5).

a. Critical Role of VDR in Control of intestinal Ca Absorption—Since the 1970s,
we’ve understood that many of the biological effects associated with 1,25(0H), D are
dependent upon transcriptional events that require its binding to the nuclear VDR (24,25).
The importance of the VDR for normal intestinal Ca absorption was shown experimentally
using VDR knockout (KO) mice, where VDR deletion reduces Ca absorption efficiency by
>70% in growing animals. The loss of Ca absorption causes the major phenotypes
associated with VDR gene deletion, i.e. poor growth, low serum Ca, high serum parathyroid
hormone (PTH), and severe osteomalacia (26,27). Two studies have used transgenic
expression of VDR directed to the intestine to rescue the phenotype of the VDR KO mouse.
Initial studies using the adenosine deaminase promoter/enhancer to drive transgenic VDR
expression to the distal duodenum and jejunum showed that this is inadequate for recovery
of the VDR KO mouse on a chow diet, but can improve the phenotype of VDR KO mice fed
a high Ca rescue diet (28). This suggests that although the proximal duodenum and jejunum
are highly responsive to 1,25(0OH), D in normal mice, VDR function in additional segments
are necessary to optimize intestinal Ca absorption and normalize Ca metabolism. Consistent
with this hypothesis, villin promoter-mediated transgenic expression of VDR throughout the
intestinal epithelium was sufficient to completely normalize duodenal Ca absorption, serum
PTH and Ca, and bone mineral density in VDR KO mice (29). This work supports the
hypothesis that the primary role for VDR signaling relevant to Ca metabolism is the control
of intestinal Ca absorption efficiency.

It has been proposed that intestinal VDR level or function may be an important factor
influencing intestinal Ca absorption under a variety of conditions. For example, loss of basal
and vitamin D-responsive Ca absorption during aging (30,31) or after estrogen depletion
(32,33) is associated with a reduction in intestinal VDR (34,35). Consistent with the
importance of VDR level in these conditions, inducible over-expression of VDR in the
intestinal cell line Caco-2 increases 1,25(0OH), D-regulated transcellular Ca transport (36)
while reduced intestinal VDR levels seen in mice heterozygous for the VDR KO allele
blunts 1,25(0OH), D-regulated intestinal Ca absorption efficiency (37).

Some have proposed that polymorphisms in the VDR gene can influence Ca absorption and
the intestinal response to 1,25(0OH), D. The F allele of the Fok | gene polymorphism
disrupts the translation codon (ATG to ACG), shortens VDR protein by three amino acids,
and makes it more transcriptionally active (38). Studies in children and in young Chinese
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women report that individuals homozygous for the shorter, more transcriptionally active F
allele have greater Ca absorption efficiency compared to individuals with the f allele
(39,40). However, Zmuda et al. (41) found no relationship between Fokl genotype and Ca
absorption in older African-American women. Polymorphisms within the distal and 3’ UTR
regions of the VDR gene have been identified and are in strong linkage disequilibrium:
Bsml (B/b), Apal (A/a), and Taql (T/t) (42,43). Unlike the Fokl polymorphism, the impact
of these polymorphisms on VDR function, transcription, or mRNA stability is unclear.
None-the-less, several studies have shown that individuals homozygous for the “high bone
density” Bsml b allele (42) have higher intestinal Ca absorption than those with the B allele
(43-45), although other studies have not found an association between Bsml geneotype and
calcium absorption (46-49). Another study using haplotypes of VDR polymorphisms found
that Ca absorption was significantly increased in women with the haplotype associated with
high bone mass (bbaaTT) compared to the other other VDR haplotypes even when corrected
for dietary calcium intake, serum 1,25(0OH)2D level and body weight (43). Collectively,
these data support the hypothesis that variations in VDR level or function may influence
intestinal Ca absorption.

b. Can High Vitamin D Status Increase Intestinal Ca Absorption?—There is some
controversy regarding whether intestinal Ca absorption is responsive only to increased
serum levels of 1,25(0OH), D (7,50,51) or whether it can also increase in response to
improved serum 25 hydroxyvitamin D [25(OH) D] levels, independent of renal conversion
to 1,25(0OH), D. Heaney et al. (52) reported the first suggestion of an independent effect of
high serum 25(0OH) D levels. They found that Ca absorption (measured by appearance

of 45Ca in serum 5 hours after a meal containing 300 mg Ca) was increased by 25% after 4
weeks of treatment with 50 ug 25(OH) D/d even though serum 1,25(OH), D levels did not
change. Heaney et al. (53) later showed that as serum 25(OH) D increased from 50 to 86.5
nmol/L, there was a 65% increase in Ca absorption efficiency in post-menopausal women
(increased area under the curve of serum Ca 5 h after an oral load of 500 mg Ca). These
studies suggest that the enzyme necessary for conversion of 25(0OH) D to 1,25(0OH), D in
the kidney, 25 hydroxyvitamin D-1a hydroxylase (CYP27B1), is also present in the
intestine. This hypothesis is supported by the fact that CYP27B1 promoter activity is seen in
the jejunum and ileum of transgenic mice expressing a 1.5 kb CYP27B1 promoter-luciferase
reporter gene (54) and by the detection of CYP27B1 mRNA (by RT-PCR) and protein (by
immunohistochemistry) in the human duodenum (55). In addition, the mRNA level of a
well-characterized vitamin D target gene, transient receptor potential cation channel,
subfamily V, member 6 (TRPV®6), correlated well with CYP27B1 mRNA in human
duodenal biopsies, but not with serum 1,25 (OH), D (55), suggesting local production of the
hormone accounts for the increase in TRPV6 expression.

Data from several reports do not strongly support a role for high vitamin D status as a
regulator of intestinal Ca absorption. First, Abrams et al. (56) found that higher serum
25(0OH) D levels were not consistently associated with higher Ca absorption efficiency in a
cross-sectional study of 251 school age children. Also, studies by Need et al. (57,58) found
that the efficiency of intestinal Ca absorption was normal across a wide range of vitamin D
status levels [20-90 nmol/L 25(OH) D] in adults. Increasing vitamin D status was only
beneficial when subjects were so deficient that their serum 25(0OH) D levels were inadequate
to support renal production of 1,25(0OH), D. Hansen et al. (59) reported that raising serum
25(0OH) D from 55 to 160 nmol/L in women with a 50,000 U daily supplement of vitamin
D, for 15 days increased Ca absorption efficiency only modestly (13% above baseline as
determined by a dual stable isotope technique). Thus, the hypothesis that improving vitamin
D status, beyond that necessary to support adequate renal production of 1,25(0OH), D, can
regulate intestinal Ca absorption is not strongly supported by the literature. However,
although a cross-sectional study by Aloia et al. (60) did not find an association between Ca
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absorption and serum 25(OH) D levels in 495 healthy women, they found that the positive
relationship between serum 1,25(0OH), D and Ca absorption was stronger for low serum
25(0OH) D levels than for high levels. This interaction deserves further study.

B. Molecular Models of Ca absorption

Four models have been proposed to explain the mechanism for intestinal Ca absorption:
facilitated diffusion, vesicular trafficking, transcaltachia, and regulated paracellular
transport. In the following section we will review each of these models with an emphasis
towards relating them to the physiologic data defining Ca absorption and its regulation by
vitamin D.

a. Facilitated Diffusion—The biochemical evidence supporting this model was
summarized by Bronner et al. (61) in a critical review of transport data from isolated brush
border membrane vesicles (BBMV), isolated basolateral membrane vesicles, and a variety of
whole intestine transport methods conducted in rats and chicks (e.g. everted gut sacs, in situ
transport, Ussing chambers). This review concluded that while both Ca uptake and Ca
extrusion were vitamin D regulated processes, it was the intracellular diffusion of Ca that
was the rate limiting step in the transcellular Ca transport process. From these data, Bronner
et al. (61) and others have built the facilitated model shown in Figure 3.

In the facilitated diffusion model, vitamin D-dependent uptake of Ca across the brush border
membrane into the enterocyte is mediated by TRPV6 (also known as CaT1 or ECAC2), an
apical membrane Ca channel (62). TRPV6 mRNA level is reduced by more than 90% in the
duodenum of VDR KO mice and the TRPV6 gene is strongly regulated by 1,25(0OH), D in
cultured intestinal cells (63-65) and in the duodenum of mice (51,64) and humans (66). In
addition, induction of TRPV6 mRNA precedes the increase in duodenal Ca absorption that
occurs following a single 1,25(0OH), D injection (51). However, in contrast to the
implication by some that TRPV6 induction is the rate limiting step in transcellular Ca
transport, Ca can enter the enterocyte in vitamin D deficient chicks, but is trapped in the
region just beneath the microvilli (22). Furthermore, in TRPV6 KO mice, intestinal Ca
absorption across everted gut sacs was still responsive to 1,25(OH), D injection (67,68) and
the improved absorption resulting from feeding a low Ca diet was reduced by only 40%
(68). While there may be some compensation by other Ca channels for the loss of TRPV6 in
the KO mouse, these data do not support the simple hypothesis that TRPV6 is the sole
means by which Ca can enter the enterocyte during Ca absorption.

The central player in the facilitated diffusion model is the cytoplasmic Ca binding protein
calbindin D. There are two forms of calbindin D, a 9 kd form found in mammalian intestine
and mouse kidney (calbindin Dgy) and a 28 kd form found in the avian intestine and kidney
and in the mammalian kidney (calbindin Dogy). Calbindins are small EF-hand proteins that
can bind either 2 (Dgy) or 4 (D,gk) moles of Ca per mole of protein (69). Calbindin protein
levels positively correlate to Ca absorption over a wide range of biological conditions (61).
In vitamin D deficient animals and in VDR KO mice, calbindin levels in the intestine are
significantly reduced (26,70). In addition, 1,25(0OH), D injections significantly increase
duodenal levels of calbindin, suggesting that calbindin Dgy and D,gx may be vitamin D
target genes (71). Finally, disruption of Ca binding to calbindins with theophyline treatment
adversely affects intestinal Ca absorption in rats (72). Collectively, these data suggest that
calbindins are proteins that participate in Ca transport by either acting as an intracellular
buffer (i.e. limiting second messenger signaling by Ca during the transport process) or as a
ferry that permits Ca to move away from the apical membrane to the basolateral membrane
(22,73).
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However, several studies refute the hypothesis that calbindins are necessary for intestinal Ca
absorption. First, several studies have shown that intestinal Ca absorption can be low even
when calbindin protein levels are elevated (27,51,74), suggesting that elevated calbindin
levels are not sufficient to maintain elevated intestinal Ca absorption under all conditions. In
addition, although the facilitated diffusion model predicts that Ca absorption cannot occur in
the absence of calbindin D, two different lines of calbindin Dgy null mice are phenotypically
normal and neither basal nor 1,25(OH), D-induced Ca absorption (measured using the
everted sac technique) are affected (68,75-77). However, although both single calbindin Dgy
null mice and single TRPV6 null mice have normal duodenal Ca absorption after 1,25(0OH)»
D treatment, the ability of double calbindin Dg,/TRPV6 KO mice to increase Ca absorption
in response to 1,25(0OH), D is reduced by 60% compared to wild-type mice (68). This
suggests that TRPV6 and calbindin Dgy proteins together may have a special role in Ca
absorption, and that their interaction is more complex than the current iteration of the
facilitated diffusion model predicts.

The final step in the facilitated diffusion model is the extrusion of Ca from the cell. Favus et
al. (6) used Ussing chambers to show that the ATPase inhibitor trifluoroperizine could
reduce transcellular Ca transport in duodenal segments and block the increase in Ca
transport induced by prior treatment with 1,25(0OH), D. This ATP-dependent process is
localized to the basolateral membrane and is necessary to move Ca up the concentration
gradient that exists between the enterocyte cytoplasm and the serum. Wasserman et al.,
(78,79) later identified the plasma membrane Ca ATPase 1b (PMCALb) as a basolateral
protein whose protein and mRNA level was expressed throughout the chick intestine,
reduced by vitamin D deficiency, and increased by vitamin D repletion (2-3 fold) or by
consumption of low Ca diets. While some have suggested that the basolateral extrusion of
Ca may also be mediated by a sodium-Ca exchanger (80), Favus et al. (6) reported that
sodium-potassium pump inhibitors that disrupt the sodium gradient necessary for sodium-Ca
exchange had no impact on Ca transport across duodenal segments mounted in Ussing
chambers.

b. Vesicular Transport—Several observations support sequestration of Ca into vesicles
within the cell as an alternative mechanism to the role proposed for calbindin D as a Ca
ferry/buffer during transcellular intestinal Ca absorption (Figure 3). 1,25(0OH), D treatment
can increase the number of lysosomes in chick intestine (81) and the release of lysosomal
enzymes from isolated rat enterocytes (82), suggesting there is a vitamin D-dependent
increase in the activity and cycling of lysosomes. In addition, during Ca absorption: Ca
accumulates in lysosome-like structures (83), the level of lysosomal Ca is increased 3.1-fold
within 10 hours of 1,25(0OH), D treatment (84), and Ca is associated with endosomes in the
brush border membrane of intestinal epithelial cells prior to its appearance in lysosomes
(85). Consistent with an essential role for lysosomes in intestinal Ca absorption, disrupting
lysosomal pH with agents like quinacrine and chloroquine do not stop Ca entry into
enterocytes (84) or ATP-mediated Ca extrusion (86), but it prevents lysosomal Ca
accumulation and blocks Ca absorption (84). Collectively, these data suggest that vesicular
movement is a legitimate pathway for uptake and movement of Ca through intestinal
epithelial cells. It is not clear, however, what makes the vesicular transport pathway specific
for Ca. In chick intestine, Nemere et al. (84) identified calbindin Dogy in an endosome-like
compartment and in lysosomes containing Ca after 1,25(0OH), D treatment. However,
similar observations have not been made in mammalian intestinal epithelial cells and, given
the fact that Ca absorption is normal in calbindin Dg, KO mice, a role for calbindin D as the
factor defining Ca specificity to the vesicular transport system seems unlikely.

c. Transcaltachia—In contrast to the mechanisms described above, transcaltachia is a
mode of Ca transport that occurs within minutes of exposing enterocytes to 1,25(0OH), D.
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This is consistent with a body of literature on the existence of rapid 1,25(0OH), D actions
that are initiated at the cell membrane and that are independent of new transcriptional
events, such as activating kinase signaling pathways and the opening of chloride channels
(87). Transcaltachia has been directly demonstrated in the perfused chick duodenum where
exposure to a physiologic dose of 1,25(0OH), D for 14 minutes increased Ca appearance in
the serosal perfusate by 40% (88). This effect occurs only in response to serosal exposure to
1,25(0OH), D and it is lost in the intestine of vitamin D deficient chicks. This suggests that in
absorptive epithelial cells in the intestine there is a membrane receptor on the basolateral
surface of whose level, or whose downstream components, are dependent upon vitamin D
regulated synthesis of new proteins. The exact mechanism that Ca follows through the cell
during transcaltachia has not been determined with certainty, but these data are consistent
with the vesicular transport model (89), as well as a need for the apical membrane Ca
channel TRPV6 (90).

The existence of a specific basolateral membrane vitamin D binding protein was first shown
in 1,25(0OH), D-binding studies using chick duodenum (91). Some reports suggest that this
represents a novel, non-nuclear role for the VDR (92) while other data indicates that
transcaltachia is mediated through a new vitamin D binding protein called the membrane
associated rapid response steroid binding protein (MARRS) (93). In support of the VDR
hypothesis, mouse intestinal VDR was found associated with a caveolae-rich membrane
fraction (92). Activation of the rapid, non-transcriptional roles mediated through the VDR is
proposed to occur through a unique alternative ligand binding pocket (94); specific vitamin
D analogs that are proposed to fit into this alternative binding pocket can stimulate rapid
effects of 1,25(0OH), D, including transcaltachia (95).

MARRS is a protein with multiple functions and names (e.g. ERp57, PLCa, PDIA3).
Ribozyme mediated knockdown of MARRS was shown to reduce phosphate uptake into
chick enterocytes (93) and studies recently reported at a national meeting found that
intestine-specific deletion of MARRS in mice reduces 1,25(0OH), D binding and disrupts
1,25(0OH), D regulated Ca uptake into enterocytes (96). However, it is not yet clear whether
MARRS deletion has an impact on intestinal Ca absorption, whole body Ca metabolism, or
bone. In addition, there are other aspects to the transcaltachia model that limit its acceptance
as a physiologically important pathway. For example, the rapid fluxes in serum 1,25(0OH), D
needed for transcaltachia have not been reported, particularly during the consumption of Ca-
rich meals when transcaltachia would have to occur for the physiologic benefit of the
process to be realized. Thus, for transcaltachia to gain full acceptance as an important mode
for regulating intestinal Ca absorption, additional research is needed to place regulation
through this mechanism into a more physiologic context.

d. Regulated Paracellular Movement through Tight Junctions—Although much
of the research on intestinal Ca absorption has focused on explaining the vitamin D-
regulated changes in saturable Ca transport that is prominent in the proximal small intestine,
several studies have shown that vitamin D signaling increases diffusional, presumably
paracellular fluxes across the intestine, particularly in the jejunum and ileum (5,97). Tudpor
et al. (98) used Ussing chambers to find that 1,25(OH), D induced Ca absorption in the rat
duodenum through a solvent drag mechanism sensitive to PI13K, PKC, and MEK inhibitors.
Their finding that 1,25(0OH), D induced ion movement and transepithelial electrical
resistance without affecting manitol flux suggests that the effect was due to a change in the
charge selectivity of the tight junction. The paradigm that tight junction selectivity may be
relevant for transepithelial mineral transport was previously demonstrated in the kidney
when mutations in the tight junction protein paracellin 1 (also known as claudin 16) were
found to account for magnesium and Ca wasting associated with the genetic disease Familial
hypomagnesmia with hypercalciuria and nephrocalcinosis (99). Recently, Fujita et al. (100)
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found that 1,25(OH), D treatment significantly increased claudin 2 and 12 mRNA levels in
Caco-2 cells, that mMRNA and protein levels for these proteins were significantly lower at 12
wk in the jejunum of VDR KO compared to wild type mice, and that SiIRNA against these
claudins reduce Ca permeability in Caco-2 cell monolayers. While this is an intriguing new
way to view Ca absorption, this model must be further tested prior to its acceptance. For
example, it should be determined whether the loss of claudin 2 and 12 influence the
saturable or non-saturable component of Ca absorption using kinetic modeling. If the impact
of deletion has a significant impact on the linear diffusional component of Ca transport, this
may explain the findings from Sheikh et al. (5) who found that the non-saturable component
of ileal Ca absorption was reduced in chronic renal disease patients with low serum
1,25(0OH), D levels. This would also be consistent with the observation that claudin 2 and 12
expression is highest in the ileum (101) rather than in the duodenum where 1,25(0OH), D
regulates the saturable component of Ca absorption. It is also interesting to reflect on the
fact that claudin 2 expression is highest in the undifferentiated crypt cells of the small
intestine (102) whereas, similar to what is seen for the absorption of other minerals (e.g. iron
(103)), the expression of proteins proposed to be important for transcellular Ca movement
(PMCAU1b, calbindin Dgy) increase as cells differentiate and migrate up the villus (80,104).

C. Evidence for the Regulation of Ca Absorption by Other Hormones

a. Parathyroid Hormone—Classical studies using dietary Ca deprivation have identified
PTH as a major hormonal regulator of Ca homeostasis. Once released, PTH has several
important functions related to Ca metabolism: it promotes bone resorption by stimulating
osteoclastic activity; it stimulates renal Ca reabsorption in the proximal renal tubule, and it
increases in the efficiency of Ca absorption. However, the effect on Ca absorption is thought
to be indirect and mediated through the ability of PTH to increase serum 1,25(0OH), D
levels; PTH stimulates the transcription of the gene for the renal enzyme, CYP27B1, and
suppresses renal 24-hydroxylase (CYP24) mRNA levels (105,106).

Because of the effect that PTH has on systemic vitamin D metabolism, it has been difficult
to directly test whether PTH has direct effects on intestinal Ca absorption in vivo.
Nevertheless, there is some evidence suggesting that PTH may directly influence the
intestine. The PTH receptor 1 has been detected in basolateral membrane fractions of rat
intestinal epithelial cells (107), although it is not expressed at high levels relative to tissues
like the kidney (from tissue expression data available at the BioGPS website,
biogps.gnf.org/#goto=welcome). Nevertheless, PTH treatment of isolated rat enterocytes
increases cell cyclic AMP levels and this activates Ca uptake through Ca channels
(108,109). Direct in vitro evidence for PTH-induced transcaltachia comes from Nemere and
Norman (110) who found that bovine PTH 1-34 stimulates Ca transport in isolated duodenal
loops from chicks. However, while serum PTH levels vary significantly throughout the
course of a day (i.e. high in the morning, lower after consuming Ca-rich meals), Ca
absorption efficiency has not been shown to have a similar daily rhythm. In order to
sufficiently test if PTH directly influences Ca absorption (and if this if physiologically
relevant), an in vivo model would need to be generated with targeted deletion of intestinal
PTH receptor 1.

b. Hormones requlating Growth and Metabolism

i. Thyroid Hormone: The thyroid hormones, thyroxine (T,4) and triiodothyronine (T3),
function primarily as regulators of metabolism. However, hyperthyroidism (i.e.
overproduction of T, or T3) has been associated with hypercalcemia and high bone turnover
rates leading to osteopenia (111). Kumar et al. (112) found that Ca uptake was higher in
BBMYV isolated from the duodenum of hyperthyroid rats and lower in BBMV from
hypothyroid rats. This suggests that thyroid hormones modulate intestinal Ca absorption.

Crit Rev Clin Lab Sci. Author manuscript; available in PMC 2011 December 12.


http://biogps.gnf.org/#goto=welcome

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fleet and Schoch

Page 9

However, thyroid treatment increases serum PTH and 1,25(OH),D levels, and so the effects
of thyroid hormones on intestinal Ca absorption may be acting indirectly through the PTH-
vitamin D axis. In contrast, T3 may have direct effects on the developing intestine. Using
cultured embryonic chick intestinal segments, Cross and Peterlik found that while T3
treatment alone had no effect upon jejunal Ca uptake, it amplified the effect of 1,25(0OH),D
on Ca transport by making the tissue more sensitive to the hormone (113). While this
suggests T3 may regulate VDR levels in the intestine, this information isn’t available.

ii. Growth hormone and IGF-1: During childhood and adolescence, growth hormone (GH)
and its physiologic mediator insulin-like growth factor | (IGF-1) have a major role in linear
bone growth and accrual of bone mass (114-116). In addition, GH can also promote
intestinal Ca absorption. Some studies suggest that this is indirectly mediated through
activation of renal CYP27B1 and the elevation of serum 1,25(0OH), D levels (117).
However, we have shown that GH treatment significantly increases intestinal Ca absorption
and duodenal calbindin Dg levels in aged rats without significantly increasing serum
1,25(0OH), D levels (118). GH treatment can prevent the loss of total VDR that occurs with
ovariectomized rats (35) suggesting that GH increases the cell sensitivity to 1,25(0OH), D by
regulating tissue VDR levels; however, this has not been shown directly. The effect of GH
on Ca absorption is most likely mediated through IGF-1 and there is evidence that this effect
is independent of vitamin D signaling. Fatayerji et al. (119) showed that in adult men, Ca
absorption is positively correlated with IGF-1 and that age-related declines in IGF-1 have a
significant negative impact on Ca absorption that could not be explained simply by a
reduction in serum 1,25(OH), D levels. Similarly, while Ca absorption is reduced by 70% in
mice lacking the VDR, there is evidence for vitamin D independent, growth-related
regulation of intestinal Ca absorption in these mice (27). The vitamin D-independent
mechanism by which the GH/IGF-1 axis may regulate intestinal Ca absorption is not clear at
this time.

c. Sex Steroids

i. Estrogen: In addition to the well established effects that estrogen has on bone and bone
cells (120-122), estrogen can influence Ca metabolism in several ways (123) In a
comparison of pre and post-menopausal women, Heaney et al. (120) found that calcium
balance fell significantly in post-menopausal women and that this was due to both a
reduction in calcium absorption and an increase in urinary calcium loss. Estrogen loss can
reduce the serum level of 1,25(OH), D but this can be reversed by estrogen repletion and is
accompanied by an increase in fractional calcium absorption (124). This suggests that a
primary effect of estrogen loss is disruption of the vitamin D endocrine system. However, a
longitudinal study of women passing through menopause showed that while menopause was
associated with decreased Ca absorption and increased serum Ca, there was no change in
serum PTH or 1,25(0H), D level (125). While this suggests that estrogens may have a direct
effect on calcium absorption, others have shown that estrogen may work by indirectly
altering the intestinal responsiveness to 1,25(0OH), D. For example, Gennari et al. (32) found
that oophorectomy reduced basal and 1,25(0OH)» D induced intestinal Ca absorption in
young women, and that this effect could be reversed by estrogen repletion. Several groups
have suggested that the loss of intestinal vitamin D responsiveness in the absence of
estrogen is due to the reduction in VDR levels that results from estrogen deficiency
(33,35,126), although this hypothesis is not universally accepted (127).

Functional estrogen receptors (ERs) have been detected in cells isolated from rat small
intestinal crypts (128). As a result, it is plausible that estrogen may directly affect intestinal
biology (e.g. intestinal Ca absorption). In support of this hypothesis, Ten Bolscher et al.
(129) found that treatment with a pharmacological dose of estradiol-benzoate for two days
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significantly increased intestinal Ca absorption in rats, and that this could be blocked by the
pure ER antagonist, ICI 182780, suggesting estrogen can stimulate intestinal Ca absorption
by activating an ER. Estradiol treatment has also been found to increase duodenal
expression of TRPV6, calbindin Dgy, and PMCA1Db in the intestine of ovariectomized rats
(130). The increase in TRPV6 mRNA occurred even in CYP27B1 null mice — indicating
that the intestinal effects of estrogen are vitamin D independent. Similarly, van Cromphaut
et al. (131) found that intestine TRPVV6 mRNA levels fell 55% in ER alpha null mice and
that pharmacologic treatment with estradiol increased duodenal TRPV6 mRNA levels 4-8
fold in both normal and VDR null mice. However, there is currently no evidence that ER
alpha binds directly to the TRPV6 promoter.

ii. Testosterone: Several studies have shown that hypogonadism in men reduces bone
mineral density (132,133), in part by the loss of signaling to osteoblasts through the
androgen receptor (134). However, very little is known regarding the effects of testosterone
on Ca absorption or vitamin D metabolism. In prepubertal boys, a 4-6 week course of
testosterone increased intestinal Ca absorption by 61% (135). This was accompanied by a
67% increase in serum IGF-1 levels, so it is not clear if the intestinal effects of testosterone
are direct. With aging, Ca absorption efficiency falls significantly in men, and this decline is
related to changes in serum dehydroepiandrosterone sulphate (DHEAS), the sulfated form of
the testosterone prohormone DHEA (136). The change in Ca absorption observed with aged
men was not related to changes in serum 1,25(OH), D, suggesting changes in androgen
signaling do not alter vitamin D metabolism. This is consistent with the observation that
serum vitamin D metabolite levels are not altered by the changes in testosterone that
accompany puberty (137).

d. Hormones of Pregnancy and L actation—Fetal skeletal development during the
third trimester of pregnancy and increased Ca loss during lactation are significant drains on
maternal Ca metabolism. As such, maternal Ca requirements increase significantly during
these periods.

Serum 1,25(OH), D levels and intestinal Ca absorption are both elevated during late
pregnancy (138) and this is due in part to extrarenal 1,25(0OH), D production by the placenta
(139). Still, the impact of pregnancy on Ca absorption appears to have a vitamin D-
independent component. In rats, the pregnancy-induced elevation in intestinal Ca absorption
appears before fetal skeletal mineralization, changes in serum ionized Ca, or changes in
serum 1,25(0H), D levels (140). In addition, intestinal Ca absorption is up-regulated during
pregnancy in vitamin D deficient rats (141,142) and in VDR KO mice (143). The increase in
Ca absorption during pregnancy is accompanied by a > 10-fold increase in TRPV6 mRNA
levels in both pregnant wild-type and VDR null mice (131,143). However, the pregnancy-
related factor regulating this vitamin D-independent increase in Ca absorption and TRPV6
mRNA is not yet known.

Ca absorption is up-regulated during lactation in rodents but not humans. As during
pregnancy, vitamin D deficient rats are capable of up-regulating intestinal absorption during
lactation (141,142,144). There is evidence that prolactin is the factor regulating Ca
absorption during lactation — prolactin injections to vitamin D deficient male rats increased
Ca absorption 30%, leading to a significant increase in serum Ca (145). The mechanism for
this regulation is unclear but may include up-regulation of duodenal calbindin Dgy and
TRPV6 mRNA levels (131). In addition, prolactin can stimulate 1,25(OH), D production
(146). Another intriguing hypothesis for the effect of prolactin is that it may stimulate Ca
absorption through an L-type calcium channel in the distal jejunum and ileum. Morgan et al.
(147) first observed that glucose increases intestinal Ca absorption in rat jejunum by
depolarizing the enterocyte. This mechanism was inconsistent for a role for TRPV6, a
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protein that works best under the hyperpolarizating conditions of the duodenum, but was
consistent with a role for the L-type calcium channel Ca,, 1.3. Later others showed that
prolactin-regulated Ca transport across Caco-2 monolayers was inhibited by L-type Ca
channel inhibitors and by siRNA against Ca, 1.3 (148,149). Collectively, these data suggest
that prolactin is capable of having both direct and indirect effects to increase intestinal Ca
absorption.

[l1l. Conclusions

Intestinal Ca absorption is determined by the amount of Ca in a given meal, the habitual Ca
intake, the physiological state of an individual, the solubility of Ca in the various intestinal
segments, and gut transit time. The vitamin D metabolite, 1,25(0OH), D, is the primary
regulator of intestinal Ca absorption efficiency. Although it is clear that signaling through
the VDR is necessary for vitamin D-mediated intestinal Ca absorption, the exact mechanism
that Ca travels to make it through the intestinal barrier is still in question. Each of the three
models that we presented to explain transcellular Ca transport (i.e. facilitated diffusion,
vesicular transport, transcaltachia) has weaknesses that must be resolved through additional
research. A recently proposed model for regulated paracellular Ca movement through tight
junctions is not consistent with other reports showing that Ca movement is transcellular in
the duodenum, but may help explain data indicating that vitamin D signaling can control
non-saturable, presumably paracellular movement across the ileum. Thus, vitamin D
signaling may utilize different mechanisms to regulate intestinal Ca absorption depending
upon the segment of intestine studied. In addition to vitamin D, other hormones are
important for the maintenance of optimal Ca absorption (Figure 4). Several hormones
influence Ca absorption indirectly through the regulation of renal 1,25(OH), D production.
Nonetheless, several hormones have vitamin D independent actions on Ca absorption (e.g.
IGF-1, estrogen, factors associated with pregnancy) that deserve further inquiry.
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1,25(0OH), D 1,25 dihydroxyvitamin D

25(0OH) D 25 hydroxyvitamin D

BBMV brush border membrane vesicles

Ca Calcium

CYP24 24-hydroxylase

CYP27B1 25 hydroxyvitamin D-1o hydroxylase
DHEA dehydroepiandrosterone

DHEAS dehydroepiandrosterone sulphate

ER estrogen receptor

GH growth hormone

IGF-1 insulin-like growth factor |

KO knockout

MARRS membrane associated rapid response steroid binding protein
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PMCALlb plasma membrane Ca ATPase 1b

PTH parathyroid hormone

Ts triiodothyronine

Ty thyroxine

TRPV6 transient receptor potential cation channel, subfamily VV, member 6
VDR Vitamin D Receptor
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Figure 1. Kinetic modeling of intestinal Ca absorption demonstrates the existence of saturable
and non-saturable pathways

Examination of Ca absorption under a range of luminal concentrations have demonstrated
that total Ca transport is described by a curvilinear function. Total transport (A+B) is the
sum of a saturable component (A) (defined by the Michaelis-Menton equation) and a
concentration-dependent, non-saturable component (B) (defined by a linear equation). A =
Saturable Ca Tx; B = Non-saturable Ca Tx; [Ca%*] = luminal concentration of Ca; C = the
slope of the non-saturable linear component; Vmax = the maximum transport rate for the
saturable transport component; K, = the luminal concentration of Ca at ¥2 Vipax. TX =
transport.

Crit Rev Clin Lab Sci. Author manuscript; available in PMC 2011 December 12.



1dussnueln Joyny vd-HiN 1duosnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Fleet and Schoch

Page 22

Duodenum
Jejunum lleum Colon

Saturable Tx | e AEE—

Non-saturable Tx |

VDR #

Calbindin D9k/TRPV6‘_ N
Claudin 2/12 B —

PMCA1b . __________________________________________________|

Ca solubility h
Residence Time —*

Total Ca Absorption (%) 8 17 65 10

Figure 2. A schematic demonstrating the relationships between features proposed to be critical
for intestinal Ca absorption

Net Ca absorption is determined by many factors and different mechanisms for Ca
absorption may be present in different intestinal segments. This schematic summarizes these
features graphically in black. The height of the black bar signifies the relative importance or
abundance of a feature for a given intestinal segment. Refer to the text for details about the
various parameters listed in the figure. Tx = transport.
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Figure 3. Models for intestinal Ca absorption

Several models have been proposed to explain how Ca transverses the intestinal barrier. The
facilitated diffusion, vesicular transport, and transcaltachia models are all transcellular
absorption pathways. In contrast, claudin 12 and 2 have been proposed to provide selectivity
for Ca to the tight junction complex. While most of the research suggests that Ca absorption
is regulated by vitamin D at a transcriptional level (putative targets for VDR-mediated gene
transcription are identified by an asterisk), the transcaltachia model describes rapid,
1,25(0OH), D-induced, transepithelial Ca movement that requires a basolateral membrane
receptor (i.e. either MARRS or a membrane localized version of VDR, mVDR). For details
of how vitamin D regulates various aspects of these models, refer to the text.
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Figure 4. Hormonal regulation of intestinal Ca absorption

A number of hormones are known to influence calcium absorption. The strongest regulator
is the hormonal form of vitamin D, 1,25(OH), D which regulates gene transcription through
VDR or transcaltachia through membrane bound VDR or MARRS. Some hormones work
indirectly by increasing the renal conversion of 25(OH) D to 1,25(0OH), D, e.g. GH, IGF-1,
PTH. Estrogen may activate the ER to regulate cellular VDR levels or directly regulate
genes controlling intestinal Ca absorption like TRPV6. Several hormones have effects that
are either suggestive [e.g. thyroid hormone (T3) on VDR] or whose mechanism is not clear
(e.g. vitamin D independent effects of pregnancy and IGF-1 on Ca absorption).
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