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Abstract

Vitamin D and its’ metabolites are a crucial part of the endocrine system that controls whole body
calcium homeostasis. The goal of this hormonal control is to regulate serum calcium levels so that
they are maintained within a very narrow range. To achieve this goal, regulatory events occur in
coordination at multiple tissues, e.g. the intestine, kidney, bone, and parathyroid gland. Production
of the vitamin D endocrine hormone, 1,25 dihydroxyvitamin D (1,25(0OH), D) is regulated by
habitual dietary calcium intake and physiologic states like growth, aging, and the menopause. The
molecular actions of 1,25(0OH), D on calcium regulating target tissues are mediated predominantly
by transcription controlled by the vitamin D receptor. The primary role for 1,25(0OH), D during
growth is to increase intestinal calcium absorption so that sufficient calcium is available for bone
mineralization. However, vitamin D also has specific actions on kidney and bone.
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I. An Overview of Whole Body Calcium Homeostasis

The term calcium homeostasis refers to the regulation of extracellular fluid (ECF) calcium
ion concentration within a very narrow range (i.e. ECF = 88 mg/dL; total serum calcium =
9.5 mg/dL; free ionized calcium 5.0 mg/dL (Houillier et al., 2006)). Cell biologists focus on
how this concentration is used to form an inward calcium gradient across cell membranes
(7,000:1 extracellular:intracellular) and how this gradient can be released and used for cell
signaling (Clapham, 2007). In contrast, the physiologic perspective views calcium
homeostasis as a system whereby serum calcium levels are controlled by the movement of
calcium through/among several tissues (intestine, kidney, bone) and regulated by endocrine
hormones produced by multiple tissues (kidney, parathyroid gland, thyroid gland). In this
light, intestinal calcium absorption from the diet is a disturbing signal that adds calcium to
the ECF after a meal and the bone (through formation and resorption), as well as the kidney
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(by reabsorptive processes that control urinary excretion), must then respond to the
disturbance and control it.

The critical role of intestine, kidney, and bone in calcium homeostasis can be seen from
calcium Kinetic studies using oral delivery and intravenous infusion of stable calcium
isotopes. In adult women, calcium absorption is moderately efficient (Figure 1A, Va/Vi*100
= 25% of a daily intake of 1300 mg). The absorbed calcium joins the serum pool and is
distributed to several pools depending upon need. In growth-stable adult women, the amount
of calcium that is deposited in bone due to formation (Vo+) is equal to the amount released
due to bone resorption (Mo-), i.e. bone turnover is in balance. Losses of calcium from the
central pool through urine and fecal endogenous excretion and these are equal to the amount
of calcium that was absorbed (i.e. net calcium absorption (Va — Vf) is equal to urinary
calcium losses (Vu)). Calcium homeostasis can change dramatically under various
physiologic or dietary conditions. For example, Wastney et al. (Wastney et al., 1996) found
that while 22 year-old women had moderate calcium absorption efficiency and were in bone
balance, growing 13 year-old girls absorbed calcium more efficiently (38% vs 22% per day
when intake was 1330 mg/d), excreted less calcium in the urine (100 vs 203 mg/d), and had
a positive bone balance (282 mg/d) that reflected more bone formation than resorption.
Similarly, Bronner and Aubert (Bronner and Aubert, 1965) used calcium kinetics to show
how reducing dietary calcium intake from excess (1.5% calcium in the diet) to deficient
(0.05% calcium) could enhance bone resorption, improve intestinal calcium absorption
efficiency, and reduce renal calcium loss in growing rats (Figure 1B).

[l. Vitamin D Metabolites are a Part of the Hormonal Network that Controls

Whole Body Calcium Homeostasis

The change in whole body calcium homeostasis induced by altering dietary calcium levels is
preceded by changes in circulating hormone levels, i.e. calcium loading and deprivation
regulate plasma levels of the vitamin D hormone 1,25 dihydroxyvitamin D (1,25(0OH), D)
(Adams et al., 1979, Song et al., 2003). 1,25(0OH), D is derived from vitamin D3, which can
be produced from 7-dehydrocholesterol in ultraviolet B exposed skin (Webb et al., 1988) or
obtained from the diet or as supplements. In the liver, vitamin D is hydroxylated by the 25-
hydroxylase to form 25 hydroxyvitamin D (250H D), a stable metabolite that is used as a
measure of vitamin D status. Under normal physiologic conditions the circulating endocrine
hormone 1,25(0OH), D is produced mainly within the kidney where the actions of two
enzymes, the 25 hydroxyvitamin D, 1a hydroxylase (CYP27B1) that produces 1,25(0OH), D
from 250H D, and the 25 hydroxyvitamin D, 24 hydroxylase (CYP24A1) that is the first
step in 1,25(0OH), D degradation, are balanced to influence the amount of 1,25(0OH), D
available for release into the circulation (Hewison et al., 2000).

Vitamin D and vitamin D metabolites are bound in the circulation by a number of factors
including albumin, lipoproteins, and the Vitamin D Binding Protein (DBP) (White and
Cooke, 2000). The primary role of DBP is to prevent renal loss of vitamin D. During renal
filtration, vitamin D metabolite-DBP complexes are actively reabsorbed by the membrane
receptor megalin and its partner cubulin (Leheste et al., 2003). As a result, DBP knockout
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mice have accelerated clearance of 250HD from blood, reduced serum levels of 250H D
and 1,25(0H), D, and are more sensitive to dietary vitamin D deficiency that wild-type mice
(Safadi et al., 1999). Studies on the metabolic clearance of various vitamin D analogs
suggests that the affinity of a vitamin D metabolite or analog for DBP is correlated with the
half-life in circulation (Dusso et al., 1991). However, DBP is not required for cellular uptake
of vitamin D metabolites; uptake of 250HD into the liver is faster (Safadi et al., 1999) and
tissue accumulation of 1,25(0OH), D is not altered (Zella et al., 2008) in DBP knockout mice.
This suggests that cells either accumulate free vitamin D metabolites or that other serum
proteins like albumin are involved in cellular vitamin D uptake (Chun et al., 2014).

A. Regulation of Vitamin D Metabolism or Action by Other Hormones

The renal production of 1,25(0OH), D is strongly regulated by elevations in serum PTH that
are initiated by transient changes in serum calcium levels such as those that occur with
variations in dietary calcium intake (Boyle et al., 1971, Grubenmann et al., 1978, Del uca,
Seshadri et al., 1985). The changes in serum calcium levels are sensed by the calcium
sensing receptor (CaSR), a glycoprotein that is a G-protein coupled receptor located on the
cell surface of chief cells in the parathyroid gland (Hebert et al., 1997). When calcium binds
to the CaR it activates several intracellular signaling enzymes including: phospholipase C
which then activates protein kinase C, phospholipase D and A2 that mediate generation of
arachadonic acid for regulation of cyclooxygenase and lipoxygenase pathways, and ERK,
JNK, and p38 MAP kinases. Changes in ionized serum calcium can alter the PTH
production at multiple levels (Juppner et al., 2000). PTH secretion increases within seconds
of sensing hypocalcemia while intracellular PTH degradation is rapidly suppressed by
hypocalcemia and increases in the amount of intact PTH available for secretion are present
within 30 minutes. Finally, transcriptional regulation of the PTH gene and stabilization of
the PTH mRNA occurs within hours of sensing low serum calcium levels.

PTH has several critical functions related to calcium homeostasis (i.e. promoting bone
resorption (Silva and Bilezikian, 2015) and renal calcium reabsorption (Lau and Bourdeau,
1995, Moor and Bonny, 2016)). In addition, dietary calcium deprivation increases serum
PTH levels and so high PTH is associated with increased calcium absorption during periods
of low dietary calcium intake. However, the effect of PTH on calcium absorption is indirect
and mediated through the ability of PTH to regulate renal vitamin D metabolism and control
serum levels of the vitamin D hormone, 1,25 dihydroxyvitamin D (1,25(0H), D) (Zierold et
al., 2003, Armbrecht et al., 2003). PTH stimulates CYP27B1 gene expression by binding to
a cell surface receptor, increasing cCAMP production, and activation of the cyclic AMP
response element binding protein (CREB) transcription factor (Armbrecht et al., 2003). PTH
can also reduce renal 1,25(0OH), D degradation by reducing the half-life of the CYP24A1
mRNA (Zierold et al., 2003, Armbrecht et al., 2003). 1,25(0OH), D is a potent suppressor of
PTH gene expression (Nishishita et al., 1998) as well as expression of CYP27B1 (Turunen et
al., 2007) leading to the feed-back inhibition of its own production. The vitamin D-mediated
suppression of gene expression requires vitamin D response elements in the promoter of the
PTH gene (Russell et al., 1999, Mackey et al., 1996) or CYP27B1 gene (Turunen et al.,
2007) and, presumabley, recruitment co-repressors with histone deaceylase activity to keep
these genes in a transcriptionally repressed state.
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While many hormones have independent effects on calcium homeostasis, several hormones
in addition to PTH indirectly influence calcium homeostasis through their effects on the
regulation of vitamin D metabolism or action. During pregnancy, maternal calcium
requirements increase significantly because of the skeletal development that occurs during
the third trimester of pregnancy. As such, serum 1,25(0OH), D levels are elevated during late
pregnancy (Ritchie et al., 1998) due to PTH-independent, placenta 1,25(OH), D production
(Breslau and Zerwekh, 1986). Increased calcium loss during lactation also has a large impact
on maternal calcium homeostasis. During lactation, prolactin has direct effects on calcium
homeostasis but can also influence it by increasing renal 1,25(OH), D production (Robinson
etal., 1982). Growth hormone and its physiologic mediator insulin-like growth factor |
control linear bone growth, bone mass accrual, and intestinal calcium absorption (Zhang et
al., 2011, Fleet et al., 1994, Mora et al., 1999, Boot et al., 1997, Rudman et al., 1990). This
is due to in part to activation of renal CYP27B1 and the elevation of serum 1,25(0OH), D
levels (Zoidis et al., 2002). Growth hormone can also prevent the loss of intestinal VDR that
occurs in ovariectomized rats (Chen et al., 1997) suggesting that growth hormone increases
the cell sensitivity to 1,25(0OH), D by regulating tissue VDR levels. There are well-
established negative effects of glucocorticoids treatment on bone (Weinstein, 2012) and
calcium absorption (Hahn et al., 1981). For example, the association between serum
1,25(0OH),D and calcium absorption was blunted after corticosteroid treatment (Morris et
al., 1990), suggesting the existence of glucocorticoid-induced intestinal resistance to vitamin
D action. Several early reports showed that hypothyroidism increased (Lekkerkerker et al.,
1971) and hyperthyroidism reduced (Haldimann et al., 1980) intestinal calcium absorption.
This is an indirect effect of thyroid hormones mediated by transcriptional repression of
CYP27B1 gene expression (Kozai et al., 2013) that alters serum 1,25(0H), D levels
(Bouillon et al., 1980). Fibroblast growth factor 23 (FGF23) is a phosphatonin that controls
Pi metabolism (see below) in part by suppressing renal CYP27B1 mRNA levels, CYP27B1
enzymatic activity, and 1,25(0OH), D production (Shimada et al., 2001, Perwad et al., 2007).
The FGF23-mediated suppression of serum 1,25(0OH), D should strongly suppress intestinal
calcium absorption, however no studies have been done to formally test this hypothesis.

Estrogen loss has many effects on calcium balance in post-menopausal women, e.g.
increasing bone resorption, reducing calcium absorption and increasing in urinary calcium
loss (Heaney et al., 1978, Riggs et al., 2002). Low estrogen levels seen in post-menopausal
women are associated with reduced serum 1,25(0OH), D level (Gallagher et al., 1980) but
ovariectomy does not reduce serum 1,25(0OH), D levels in rats (Pavlovitch et al., 1980). In
contrast, oophorectomy reduced 1,25(0OH), D-induced intestinal calcium absorption in
young women and that this was reversed by estrogen repletion (Gennari et al., 1990). Other
studies suggest that the impact of estrogen loss on the intestinal responsiveness to 1,25(0OH),
D is due to reduced VDR levels (Chen et al., 1997, Arjmandi et al., 1994, Liel et al., 1999),
although the loss of tissue VDR levels following estrogen loss is not seen in all studies
(Colin et al., 1999).

[1l. Critical Role of VDR in Control of Calcium Homeostasis

It is well established that the physiologic actions of 1,25(0OH), D are mediated by
transcriptional events resulting from activation of the nuclear vitamin D receptor, VDR
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(Christakos et al., 2016). The importance of VDR in whole body calcium homeostasis is
clear from the disruption in calcium metabolism seen in people with type Il genetic rickets
resulting from inactivating mutations in the VDR gene (Tiosano et al., 2011) as well as in
multiple VDR knockout mouse lines (Li et al., 1997, Yoshizawa et al., 1997, Van Cromphaut
et al., 2001). Collectively, mouse models show that global VDR deletion causes a massive
disruption in calcium metabolism in growing mice that includes severe hypocalcemia,
elevated serum PTH and 1,25(OH), D levels, disruption of the growth plate causing growth
arrest, and severe osteomalacia.

Several lines of evidence show that regulating intestinal calcium absorption is the single
most important role for VDR during growth. First, VDR deletion causes a greater than 70%
reduction in calcium absorption efficiency in growing mice (Van Cromphaut et al., 2001,
Song et al., 2003). However, the abnormal calcium homeostasis seen in VDR knockout mice
can be prevented by feeding a rescue diet with high lactose, high calcium, and high
phosphorus levels that promotes vitamin D-independent calcium absorption (Amling et al.,
1999). Second, intestine-specific VDR deletion results in a phenotype that is consistent with
dietary calcium deficiency and the phenotype of the global VDR knockout mouse (i.e.
osteomalacia, reduced serum calcium, elevated serum 1,25(0OH), D and PTH levels) (Lieben
et al., 2012). FInally, my group showed that intestine epithelium-specific, transgenic
expression of VDR could restore normal calcium absorption efficiency to VDR knockout
mice and this was sufficient to normalize serum PTH, serum calcium, and bone mineral
density (Xue and Fleet, 2009).

While the presence of the VDR is an absolute requirement for efficient calcium absorption
(Van Cromphaut et al., 2001, Song et al., 2003), intestinal VDR level or function may also
be an important regulator of intestinal calcium absorption efficiency. Low intestinal VDR
levels have been associated with the loss of basal and vitamin D-responsive calcium
absorption during aging (Bullamore et al., 1970, Nordin et al., 2004, Ebeling et al., 1992)
and after estrogen depletion (Chen et al., 1997, Gennari et al., 1990, Liel et al., 1999). In
addition, my group and others have provided direct experimental evidence demonstrating the
importance of VDR level in the control of vitamin D-regulated intestinal calcium absorption
from studies using inducible over-expression of VDR in Caco-2 cells (Shao et al., 2001) and
from mouse studies that show intestinal resistance to 1,25(0OH), D action when intestinal
VDR levels are genetically manipulated to be low (i.e. 10% normal (Lieben et al., 2015),
50% normal (Song and Fleet, 2007)). Altered VDR function can also impair intestinal
calcium absorption. People with the longer, less transcriptionally active VDR encoded by the
“f” allele of the Fok I gene polymorphism have reduced calcium absorption efficiency
compared to individuals with longer VDR encoded by the “F” allele (Ames et al., 1999,
Jurutka et al., 2000, Huang et al., 2006). These data show that alterations in VDR level
and/or function can impact intestinal calcium absorption and the intestinal responses to the
increased serum 1,25(OH), D levels that result from habitual low dietary calcium intake.

In addition to the critical role of VDR signaling for the control of intestinal calcium
absorption, there is evidence that VDR is also an important regulator of calcium homeostasis
at the level of the kidney and bone. In the kidney, the VDR is crucial for the control of
1,25(0OH), D production (Wang et al., 2015) where it is involved in the transcriptional
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upregulation of CYP24AL1 (lida et al., 1993), the suppression of CYP27B1 expression in the
proximal convoluted tubule (PCT) (Turunen et al., 2007), and the suppression of PTH
production (Nishishita et al., 1998). The loss of these functions explains why serum
1,25(0OH), D levels are so high in VDR knockout mice (Li et al., 1997, Yoshizawa et al.,
1997, Van Cromphaut et al., 2001). In addition to the role of VDR in renal vitamin D
metabolism, Li et al. (Li et al., 2001) showed that urinary excretion of calcium was not
different between 3-month old wild-type and VDR knockout mice fed a chow diet (1%
calcium, 0.85% phosphorus) even though the knockout mice had severe hypocalcemia,
indicating poor renal calcium reabsorption in VDR knockout mice despite signals that
should promote urinary calcium retention. Consistent with this hypothesis, feeding VDR
knockout mice the high calcium rescue diet (2% calcium, 1.2% phosphorus) for one week
normalized serum calcium but urinary calcium was increased 2-fold relative to wild-type
mice. Similar to this, we found that urinary calcium was lower in hypocalcemic, 2-month
old VDR knockout mice but it was elevated 3-fold in VDR knockout mice where intestine-
specific transgenic expression of human VDR restored intestinal calcium absorption and
normalized serum calcium levels (Xue and Fleet, 2009). This is consistent with the
hypothesis that vitamin D stimulates renal calcium reabsorption and that the loss of VDR
eliminates this regulatory pathway.

Our study in VDR knockout mice with intestine-specific, transgenic VDR expression also
revealed an interesting bone phenotype. Rather than simply normalizing bone phenotypes to
levels seen in control mice, a number of femoral bone phenotypes were increased by 13—
18% (e.g. bone mineral density, cortical or trabecular bone area) (Xue and Fleet, 2009). This
could be explained by several studies on of the effects of VDR deletion in osteoblasts. First,
VDR could release a constraint on osteoblast differentiation. This was shown by Sooy et al.
(Sooy et al., 2005) who reported that calvarial osteoblast progenitors from VDR knockout
mice could form more bone /n vitro, a effect they proposed was due to releasing vitamin D-
mediated suppression of the transcription factor RUNX2 (Drissi et al., 2002). Second,
osteoblasts from VDR knockout mice also have defective signaling to osteoclasts. Normally,
osteoblasts induce osteoclast differentiation when RANK (receptor for the activation of the
NFxp) on the cell surface of osteoclast progenitors is activated by RANKL (RANK ligand),
a cell surface ligand expressed on the surface of osteoblasts (Boyle et al., 2003). RANKL
action can be antagonized by osteoprotegerin (OPG), a secreted protein produced by
osteoblasts that binds to RANK, blocks RANKL binding to RANK, and prevents RANKL-
mediated activation of osteoclast differentiation. 1,25(OH), D activates this system by
inducing RANKL expression (Kitazawa et al., 2008) and suppressing OPG expression
(Notoya et al., 2004, Lee et al., 2002). Thus, VDR deletion in osteoblasts could increase
bone mass by reducing osteoclast production. Consistent with this, Yamamoto et al.
(Yamamoto et al., 2013) found that osteoblast-specific deletion of VDR in mice cause a 20%
increase in bone mass and this was associated with reduced bone resorption (e.g. 30% lower
osteoclast surface) and a 50% reduction in bone RANKL expression in VDR knockout mice.

The studies from VDR knockout mice that | discussed above clearly link vitamin D
signaling through the VDR to all three tissues critical to the control of calcium homeostasis.
In the next sections | will discuss specific mechanisms of vitamin D action at the intestine
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and in the kidney. Another review in this special issue will discuss the role of vitamin D
signaling in bone.

IV. Vitamin D-Mediated Regulation of Intestinal Calcium Absorption

In 1937 Nicolaysen first reported the dependence of intestinal calcium absorption on vitamin
D in rats (Nicolaysen). Others later showed that intestinal calcium absorption efficiency is
reduced by more than 75% during vitamin D deficiency (Pansu et al., 1983, Sheikh et al.,
1988). Studies in humans show that calcium malabsorption occurs in the later stages of
vitamin D deficiency (serum 250H D levels < 10 nmol/L) (Need et al., 2008) when
secondary hyperparathyroidism can’t maintain serum 1,25(0OH)» D (and calcium absorption)
presumably because there is not enough 250H D for conversion to 1,25(0OH);, D. Intestinal
calcium absorption efficiency also falls dramatically with aging and this decline is due to the
age-related fall in serum 1,25(0OH), D levels as well as intestinal resistance to the actions of
1,25(0OH), D (Wood et al., 1998, Pattanaungkul et al., 2000, Scopacasa et al., 2004)

By examining the efficiency of absorption across a wide range of luminal calcium
concentrations, it’s clear that the transfer of calcium across the intestinal barrier occurs
through both saturable and non-saturable pathways that can be modeled mathematically
using a modified Michaelis-Menten equation (Wasserman and Taylor, 1969, Pansu et al.,
1981, Heaney et al., 1975, Sheikh et al., 1990) (see Figure 2A). Data from studies using ion
microscopy on chick intestine (Chandra et al., 1990, Fullmer et al., 1996), /in situ ligated
loops of rat duodenum (Pansu et al., 1983), and differentiated monolayers of the human
intestinal cell line Caco-2 (Giuliano and Wood, 1991) show that the saturable component of
duodenal calcium absorption is transcellular and 1,25(0OH), D-regulated. 1,25(0OH), D
increases Vmax (the maximal capacity of transport) consistent with an increase in the
production of intestinal calcium transporters. Saturable calcium absorption is an energy
dependent pathway (Favus et al., 1983) that is most prevalent in the duodenum and jejunum.
The saturable pathway is absent in the ileum (Pansu et al., 1983) but studies show that
vitamin D regulated calcium absorption also occurs in the in the large intestine (Favus et al.,
1981, Favus and Langman, 1984, Karbach and Rummel, 1987, Karbach and Feldmeier,
1993, Barger-Lux et al., 1989) and that VDR expression in these segments are necessary for
normal calcium homeostasis (Christakos et al., 2016, Reyes-Fernandez and Fleet, 2016).

The non-saturable component of calcium absorption is a linear function of luminal calcium
concentration and it occurs throughout the length of the intestine (at 13% of luminal load per
hour in humans (Sheikh et al., 1990)). There is some evidence that the non-saturable portion
of calcium absorption in the human ileum is also vitamin D sensitive (Sheikh et al., 1990).
Under adequate-to-high calcium intakes, the proportion of calcium transported in any given
segment is determined by the presence of the saturable and non-saturable pathways, the
residence time in the segment, and the solubility of calcium within the intestinal segment. As
a result, even though calcium solubility is low and the saturable pathway is absent or very
low, the total amount of calcium absorption is greatest in the ileum since the residence time
in this segment is 10 times longer than in the more proximal intestinal segments (Marcus
and Lengemann, 1962, Duflos et al., 1995).
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A. Molecular Models of Vitamin D Regulated calcium absorption

Several models have been proposed to describe the mechanism for vitamin D mediated
intestinal calcium absorption.

1. Facilitated Diffusion—In 1986 Bronner et al. (Bronner et al., 1986) summarized the
data supporting the facilitated diffusion model (Figure 2B). They argued that the kinetic
analysis of transcellular transport, brush border membrane uptake, and basolateral
membrane extrusion identified the intracellular diffusion of calcium across the cytoplasm as
the rate limiting step in calcium absorption. Subsequent research has both supported and
refuted key aspects of this model.

Vitamin D-dependent brush border membrane calcium uptake is thought to be mediated by
the transient receptor potential cation channel vanilloid family member 6 (TRPV6 aka CaT1
or ECAC2) (Peng et al., 1999). The gene for this apical membrane calcium channel is
regulated by 1,25(0OH), D (Meyer et al., 2007, Fleet et al., 2002) and its induction precedes
the increase in duodenal calcium absorption that occurs following 1,25(0OH), D injection
(Song et al., 2003). In addition, intestine-specific transgenic expression of TRPV6 alone can
increase calcium absorption efficiency and prevent abnormal calcium homeostasis in VDR
knockout mice (Cui et al., 2012). However, 1,25(0OH), D-induced intestinal calcium
absorption was not reduced in TRPV6 knockout mice (Kutuzova et al., 2008, Benn et al.,
2008) even though the induction of calcium absorption caused by low calcium intake was
reduced by 40% in TRPV6 knockout mice (Pickert et al., 2009) and in mice with a non-
functional D541A variant TRPV6 (Woudenberg-Vrenken et al., 2012). Because of the
inconsistent data in TRPV6 knockout mice, the L-type calcium channel Ca, 1.3 was
proposed as an alternative channel for apical membrane calcium uptake (Kellett). However,
several studies do not support an essential role for Ca,1.3 in either basal or vitamin D-
stimulated intestinal calcium absorption. (Xue and Fleet, 2009, Reyes-Fernandez and Fleet,
2015).

Bronner et al. (Bronner et al., 1986) proposed that the key mediator of intracellular diffusion
of calcium during absorption is the cytoplasmic calcium binding protein calbindin D
(calbindin Dgy in mammals, calbindin Dogy in chicks) (Christakos et al., 1992). Intestinal
calbindin levels positively correlate to calcium absorption over a wide range of biological
conditions (Bronner et al., 1986) and their levels change in response to vitamin D deficiency,
1,25(0OH), D injection, and VDR deletion (VVan Cromphaut et al., 2001, Song et al., 2003,
Wasserman and Taylor, 1966), suggesting the calbindin Dgy and Dgy genes might be
vitamin D target genes mediating the effect of the hormone on calcium absorption (Bronner
and Buckley, 1982). However several lines of evidence suggest that calbindins are more
likely intracellular calcium buffers than intracellular calcium ferries. First, calbindin D
protein remained high even after 1,25(0OH), D-induced calcium absorption had returned to
normal in chicks (Spencer et al., 1978) and mice (Song et al., 2003) and neither basal nor
1,25(0OH), D-induced calcium absorption are reduced in calbindin Dgi null mice (Benn et
al., 2008, Akhter et al., 2007). This suggests that calbindin levels alone are neither sufficient
nor necessary to drive intestinal calcium absorption. However, high calcium absorption
resulting from intestine-specific, transgenic TRPV6 expression increases intestinal calbindin
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Dgy levels even in VDR knockout mice (Cui et al., 2012). This suggests that calbindin Dgy is
an intracellular calcium buffer that increases in response to elevated transcellular calcium
absorption and that it is not a facilitator of transcellular calcium movement.

The final step in the facilitated diffusion model is the extrusion of calcium from the cell.
This is an energy dependent process (Favus et al., 1983) that is mediated by the plasma
membrane calcium ATPase 1b (PMCAL1b). PMCA1b expression is reduced by vitamin D
deficiency and increased by vitamin D repletion and low dietary calcium intake (Wasserman
et al., 1992, Cai et al., 1993). Deletion of PMCALb (Atp2bl) or 4.1R, a protein that
stabilizes PMCA1b in the basolateral membrane, reduces both basal and 1,25(0OH), D-
induced intestinal calcium absorption (Liu et al., 2013, Ryan et al., 2015). Some have
proposed that basolateral calcium extrusion may also occur through a sodium-calcium
exchanger (van Corven et al., 1985) but sodium-potassium pump inhibitors that disrupt the
sodium gradient necessary for sodium-calcium exchange did not reduce duodenal calcium
transport in rats (Favus et al., 1983).

2. Vesicular Transport—Sequestering calcium into vesicles within the cell is an
alternative to the ferry/buffer role proposed for calbindin D during transcellular intestinal
calcium absorption (Figure 2B). In support of this model, several groups have reported that
1,25(0OH), D treatment increased the number of lysosomes in chick intestine (Davis and
Jones, 1982), the release of lysosomal enzymes from isolated rat enterocytes (Nemere and
Szego, 1981), the activity and cycling of lysosomes (Warner and Coleman, 1975), and the
level of lysosomal calcium (Nemere et al., 1986). Also, calcium has been associated with
endosomes in the brush border region of intestinal epithelial cells prior to its appearance in
lysosomes during calcium absorption, (Nemere and Norman, 1988). These observations may
explain why preventing lysosomal calcium accumulation with lysosomal pH disrupting
agents blocks vitamin D-mediated calcium absorption (Nemere et al., 1986) through a
mechanism that is independent of ATP-mediated calcium extrusion (Favus et al., 1989).
Calbindin D,gy was reported in chick intestinal endosomes and lysosomes after 1,25(0OH),
D treatment (Nemere et al., 1986) but calbindin Dgy hasn’t been reported in endosomes from
mammalian intestinal epithelial cells. As a result, although these data suggest that vesicular
movement is a legitimate pathway for uptake and movement of calcium through intestinal
epithelial cells, it isn’t clear what makes vesicular transport specific for calcium.

3. Transcaltachia—The facilitated diffusion model for vitamin D-mediated calcium
absorption requires transcriptional events mediated through the VDR. In contrast,
transcaltachia has been described as the rapid absorption of calcium that occurs within
minutes of exposing chick enterocytes to 1,25(0OH), D (Nemere et al., 1984). Transcaltachia
occurs only in response to serosal 1,25(0OH), D exposure which suggests that there is a
membrane receptor on the basolateral surface in absorptive epithelial cells. Some research
suggests transcaltachia represents a novel, non-nuclear role for the vitamin D receptor
(Huhtakangas et al., 2004), a hypothesis supported by the observation that mouse intestinal
VDR was found associated with caveolae (Huhtakangas et al., 2004), from structural
modeling showing an alternative ligand binding pocket (Mizwicki et al., 2004), and from
studies showing that specific vitamin D analogs designed for the alternative binding pocket
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can stimulate transcaltachia in chick intestine (Norman et al., 2002). Alternatively,
transcaltachia may be regulated by the membrane associated rapid response steroid binding
protein (MARRS) (Nemere et al., 2004), a multi-functional protein that regulates glucose
sensing and is also known as ERp57, PLCa, or PDIA3. Because MARRS has multiple
functions, it is difficult to distinguish whether its role in glucose sensing has an indirect
impact on cellular calcium movement. With that in mind, intestine-specific deletion of
MARRS in mice reduced cellular 1,25(0OH), D binding, disrupted 1,25(OH), D regulated
calcium and phosphate uptake into enterocytes (Nemere et al., 2010, Nemere et al., 2012),
and reduced basal calcium absorption in by 30% (Nemere et al., 2012). Unfortunately, two
essential pieces of data are missing and this has limited the acceptance of transcaltachia as
physiologically important pathway for calcium homeostasis. First, no one has reported the
existence of rapid fluxes in serum 1,25(0OH), D needed for transcaltachia, particularly during
the consumption of calcium-rich meals when transcaltachia would have to occur for the
physiologic benefit of the process to be realized. Second, there have been no reported
adverse effects of MARRS deletion on bone, despite the critical importance of intestinal
calcium absorption for normal bone growth (Xue and Fleet, 2009).

4. Regulated Paracellular Movement through Tight Junctions—In addition to the
models for transcellular calcium absorption, some studies have shown that vitamin D
signaling increases diffusional, presumably paracellular fluxes across the intestine,
particularly in the jejunum and ileum (Sheikh et al., 1990, Karbach). By using Ussing
chambers on rat duodenum, Tudpor et al. (Tudpor et al., 2008) found that 1,25(0OH), D
induced ion movement and transepithelial electrical resistance (TEER) without affecting
manitol flux. This suggests that the effect of vitamin D was due to a change in the charge
selectivity of the tight junction. Fujita et al. (Fujita et al., 2008) proposed that this effect was
due 1,25(0OH), D-mediated induction of the tight junction proteins claudin 2 and claudin 12
(Figure 2B). The mRNA levels for these proteins fall dramatically in the jejunum of VDR
knockout mice, and siRNA against claudin 2 or 12 can reduce calcium permeability in
Caco-2 cell monolayers. However, claudin 2 and 12 expression is highest in the ileum
(Fujita et al., 2006) and in the undifferentiated crypt cells of the small intestine (Rahner et
al., 2001). Thus, these proteins are not present in the intestinal segments (duodenum) or
differentiated epithelial cells where 1,25(0OH), D regulates the saturable component of
calcium absorption. This suggests that their impact may be on the linear diffusional
component of calcium transport, which may explain why the non-saturable component of
ileal calcium absorption is reduced in chronic renal disease patients with low serum
1,25(0H), D levels (Sheikh et al., 1990).

V. Vitamin D-Mediated Regulation of Calcium Transport Across Renal
Epithelial Cells

The ability of the kidney to reabsorb calcium from the renal filtrate is highly efficient;
approximately 1400 liters of blood containing 135 grams of calcium is filtered through the
kidney each day yet only a liter or two of urine containing 175 mg of calcium is made each
day. Renal calcium reabsorption occurs through a number of mechanisms that are unique to
each segment of the kidney tubule — the full complexity of this process was recently
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reviewed by Moor and Bonny (Moor and Bonny, 2016). Approximately 90% of renal
calcium reabsorption occurs in the proximal tubule and thick ascending limb of the loop of
Henle. However, the primary location for vitamin D mediated renal calcium reabsorption is
the distal convoluted tubule (DCT), a segment that account for about 8% of total renal
calcium reabsorption.

The movement of calcium across the DCT epithelium has many similarities to what has
already been described for the intestinal epithelium except that paracellular transport is
minimal due to the expression of claudins that do not have cation pore properties (Hou et al.,
2013) (Figure 2B). Like intestinal calcium absorption, DCT calcium reabsorption is thought
be mediated by three steps: apical membrane uptake, facilitated intracellular diffusion, and
ATP-dependent calcium extrusion. The entry of free calcium into the cell is primarily
through transient receptor potential cation channel subfamily V member 5 (TRPV5, aka
CaT2 or ECACL) (Hoenderop et al., 1999, Hoenderop et al., 2000, Peng et al., 2000).
Deletion of TRPV5 in mice has physiologic effects that are less extreme than the VDR
knockout mouse (Hoenderop et al., 2003). While TRPV5 deletion increased urinary calcium
excretion by 4-fold, the mice grew normally and had normal serum calcium levels. This is
because calcium homeostasis adapted to increase serum 1,25(0OH), D by 2-fold leading to a
50% increase in intestinal calcium absorption and increases in osteoclast surface that
reduced bone mass significantly. This is similar to what happens to calcium metabolism in
klotho knockout mice (Alexander et al., 2009). Klotho is normally a transmembrane protein
that serves as a co-receptor for the FGF receptor (FGFR1c in proximal tubular epithelial
cells) that mediates the cellular actions of FGF23 to control phosphate metabolism (Erben).
Some of the effects of klotho deficiency are due to the loss of FGF23-mediated suppression
of renal 1,25(0OH), D production, accounting for elevated serum 1,25(0OH)» D levels in
klotho knockout mice (Alexander et al., 2009). However, a soluble form of a klotho can be
generated when a and P secretases cleave the membrane form of klotho. Cell based studies
show that soluble klotho can act as a B glucuronidase to hydrolyze TRPV5-associated
carbohydrates thereby increasing TRPV5 mediated calcium uptake by 178% in HEK293
cells (Chang et al., 2005). Additional studies showed that glycosylation of TRPV5 prevents
accumulation of TRVP5 in the plasma membrane but doesn’t change its ability to transport
calcium. While this suggests an essential, vitamin D-independent role of soluble klotho in
renal calcium reabsorption (i.e. consistent with data showing elevated urinary calcium in
mice fed low vitamin D diets that prevent klotho-deletion associated elevations in serum
1,25 (OH), D (Alexander et al., 2009)), the physiologic significance of soluble klotho isn’t
yet secure since it is not clear how production of soluble klotho is regulated (Xu and Sun,
2015).

Despite the critical importance of TRPV5 in DCT calcium transport and the fact that a
pharmacologic dose of 1,25(0OH), D increased TRPV5 mRNA by 6-fold (Song et al., 2003),
the effect of altering dietary calcium levels on TRPVS5 is small and VDR deletion actually
increased renal TRPV5 mRNA levels (Song et al., 2003). This suggests that the primary
action of vitamin D on renal calcium reabsorption is not through transcriptional regulation of
TRPVS.
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Intracellular calcium fluxes during renal calcium reabsorption are thought to be controlled
by calbindins but their role has been more difficult to determine because, unlike humans that
express only calbindin D,gy in the kidney, mice expression both calbindin Dgy and calbindin
Dogk (Christakos et al., 1992). Of the two forms found in mouse kidney, calbindin Dgy is
more sensitive to VDR deletion (completely lost vs reduced 60%), dietary calcium
restriction (increased 100% vs no change), and 1,25(0OH), D injection (increased 6-fold vs
2.5 fold) compared to calbindin Dogy (Song et al., 2003, Song et al., 2003). Although
calbindin Dgy (Akhter et al., 2007) and calbindin D,g knockout mice grow normally have
no disruption of calcium homeostasis, calbindin Dg/calbindin Dgy double knockout mice
are more sensitive to the effects of a low calcium diet (Ko et al., 2009), suggesting an
essential role for the calcium binding function of these proteins in physiology. Because
TRPVS5 activity is rapidly suppressed when intracellular calcium levels increase (Hoenderop
et al., 2001), renal calbindins may buffer increases in intracellular calcium that would down-
regulate TRPVS.

The final step in the transcellular calcium transport is the active extrusion of calcium. This
may be mediated by the action of plasma membrane calcium ATPase (PMCA) family
members or by a sodium-calcium exchanger (NCX1). Although both the activity and
amount of the PMCAs are regulated by 1,25(0OH), D (Pannabecker et al., 1995), this step
appears to be due to effects on PMCA1b mRNA stability (Glendenning et al., 2000).
Although all of the work on vitamin D and PMCA has been done on PMCA1b, some have
suggested that PMCA4 is important (van der Hagen et al., 2014). However, a recent study
shows that PMCAA4 knockout mice don’t experience renal calcium wasting, demonstrating
that it is not essential for renal calcium reabsorption (van Loon et al., 2016). While NCX1 is
important for renal calcium reabsorption in the DCT, its expression is not regulated by the
loss of vitamin D signaling in CYP27B1 knockout mice (Hoenderop et al., 2002), vitamin D
deficiency in wild-type mice (Ko et al., 2009) or VDR deletion in normal rat kidney cells (Xi
etal., 2011).

VI. Summary and Conclusions

Since the initial discovery of vitamin D as an essential nutrient for normal growth and bone
development by McCollum in 1922 (McCollum et al., 1922), we have learned a remarkable
amount about how vitamin D is produced in skin, how it is metabolized to the active
hormone 1,25(0OH), D, and how that hormone regulates genes that control calcium
homeostasis. This this review, | have reviewed the data that shows the importance for
vitamin D and signaling through the VDR in the control of intestinal calcium absorption,
renal calcium metabolism, bone metabolism, and even vitamin D metabolism. The evidence
shows that the most important role that vitamin D plays during growth is the control of
calcium absorption.
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Highlights
. Calcium homeostasis controls serum calcium levels within a narrow range
. The vitamin D endocrine system controls whole body calcium homeostasis
. Habitual dietary calcium intake and physiologic states control vitamin D
metabolism
. The primary role of vitamin D is to regulate intestinal calcium absorption.
. Vitamin D also regulates urinary calcium excretion and bone metabolism
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Figure 1. Whole body calcium balance and its control by habitual dietary calcium intake
(A) Calcium kinetic studies show that calcium homeostasis is controlled by the balance

between calcium absorption (Va) and excretion (urine, Vu; feces, VF, endogenous fecal
losses, V) as well as the rate of bone formation (Vo+) and resorption (Mo-). Calcium
balance = calcium intake (Vi) — (VF+Wu), Net calcium absorption = Va-Vf; bone balance =
bone formation (Mo+) — bone resorption (Vo-). (B) Habitual dietary calcium intake alters
calcium homeostasis (using data reported in Bronner and Aubert (Bronner and Aubert,
1965).
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Figure 2. Models for intestinal calcium absorption and renal calcium reabsorption
(A) Kinetic modeling of intestinal mineral absorption shows that both saturable and non-

saturable pathways exist. Total transport is the sum of a linear, concentration-dependent,
non-saturable transport process (defined by a straight line) and a saturable component that
can be defined by the Michaelis-Menton equation. [Ca] = luminal concentration of calcium;
D = the slope of the non-saturable linear component assuming the intercept equals zero;
Vmax = the maximum transport rate seen for the saturable transport component; Km = the
luminal concentration of calcium at %2 the Vmax. (B) A summary of models for calcium
absorption across the intestinal barrier. Potential mechanisms for entry, A, intracellular
movement, B, and exit, C, from the cells are provided in the table for the intestine and
kidney. D = the paracellular movement; N/A = not applicable.
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