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Calcium and phosphate regulate numerous biological processes and they are essential for bone mass and bone quality.

The calcium and phosphate balance largely depends on intestinal absorption, and the dietary content of these ions

determines the type of transport. High dietary intake of calcium and phosphate enables absorption by passive transport,

but often the dietary content of these ions is in the low–normal range, especially for calcium. In this condition,

the contribution of active intestinal calcium transport will increase to maintain normal serum levels. This adaptation is

mainly regulated by the active form of vitamin D, 1,25 dihydroxyvitamin D, and requires normal concentrations of

the precursor 25-hydroxyvitamin D. When intestinal calcium absorption is insufficient, hormonal adaptations will release

calcium from bones to secure normocalcemia, not only by increasing bone loss but also by decreasing bone

mineralization. These data underline the fact that adequate calcium intake is critical to secure skeletal integrity. Despite

the insights that sufficient dietary calcium intake and normal 25-hydroxyvitamin D levels are critical for calcium and

bone homeostasis, surprisingly little is known on the proteins that mediate intestinal calcium transport. Also, the

interaction between the intestine and the kidney to control serum phosphate levels is still incompletely understood.
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Introduction

Serum ionized calcium levels (in this chapter calcium refers
to the ionized form) are maintained within a narrow range
(1.0–1.3 mM) because they regulate a wide range of biological
processes including muscular contraction, secretion, cell
division and blood clotting. Phosphate concentrations, on the
other hand, are less tightly controlled (0.8–1.5 mM), but similar to
calcium, phosphate exerts an important physiological
role ranging from cellular energy metabolism and biological
information transfer to enzymatic activities or protein
interactions.

Body calcium and phosphate are ultimately derived from the
diet and adequate intestinal absorption is thus critical for the
calcium and phosphate balance. Adaptations in renal calcium
and phosphate reabsorption aid in maintaining constant serum
levels. In addition, the skeleton forms a major reservoir of these
ions, and can buffer the serum concentrations by taking up or
releasing calcium and phosphate. On the other hand, calcium
and phosphate have an important structural role in the skeleton;
constituting the mineral compartment of bone, they are
essential for bone mass and bone quality. Preservation of serum
calcium levels may thus occur at the expense of skeletal
integrity.

Intestinal calcium and phosphate absorption occurs through
two defined mechanisms: (1) the paracellular transport path-
way, which results from passive diffusion and (2) the active
transcellular pathway. In a standard diet the calcium content is
in the low–normal range, whereas phosphate is abundantly
present. In these dietary conditions calcium absorption already
requires the contribution of the active transcellular pathway,
whereas phosphate absorption occurs primarily through the
passive process.

Calcium and phosphate homeostasis is mainly regulated
by three hormones, parathyroid hormone (PTH), 1,25
dihydroxyvitamin D [1,25(OH)2D] and fibroblast growth factor
(FGF) 23, which together control several processes in the
different target tissues. As intestinal absorption is critical
for the calcium and phosphate balance, in this chapter
we will focus on the role of 1,25(OH)2D in regulating
intestinal calcium and phosphate absorption (see Sections 2
and 4) and on the indirect influence of this process on serum
calcium levels and bone homeostasis (Section 3). Most
of these insights are obtained through preclinical studies
in mice. In Section 5, we will discuss the impact of this
knowledge on calcium and vitamin D supplementation in
humans.
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Molecular Mechanisms of 1,25(OH)2D-mediated Intestinal
Calcium Transport

Transcellular calcium transport. Active, 1,25(OH)2D-medi-
ated, transcellular calcium absorption is a saturable process
that involves the transfer of calcium across the luminal brush
border membrane, its transfer through the cell interior and the
active extrusion of calcium from the basolateral membrane
(Figure 1). Early studies using ion microscopic imaging of
calcium showed that, upon vitamin D repletion, the absorbed
calcium interacted transiently with elements within the
microvillar region of the brush border membrane before dif-
fusing through the cell.1 Recent studies have suggested that the
molecular basis of 1,25(OH)2D-dependent calcium entry
involves uptake of calcium through the 1,25(OH)2D-inducible
epithelial calcium-selective channel TRPV6.2 TRPV6 is present
in all segments of the mouse and rat intestine, is expressed in
villi tips and not in villi crypts and is strongly calcium selective.2

TRPV6 has been reported to associate with other proteins
including calmodulin, which is involved in TRPV6 inactivation. In
addition, TRPV6 can interact with the S100A10-annexin 2
complex and Rab11a, which have a role in the trafficking of
TRPV6 to the plasma membrane and in the recycling of TRPV6,
respectively.3–5 These TRPV6-associated proteins may
represent additional components of the regulation of calcium
entry into the intestinal cell by 1,25(OH)2D. TRPV6 and the
calcium-binding protein Calbindin-D9k are colocalized in the
intestine and both proteins are similarly regulated; more
specifically, they are induced at weaning or under low calcium
conditions and after 1,25(OH)2D injection.6 TRPV6 and Cal-
bindin-D9k are induced before the peak of intestinal calcium
absorption.6 Vitamin D receptor (Vdr)–null mice display
decreased intestinal calcium absorption, which largely con-
tributes to the development of rickets. In these mice, intestinal
Trpv6 mRNA is reduced by more than 90% and there is a 50%
reduction in intestinal Calbindin-D9k.

7–9 These findings provide
indirect evidence for a role of TRPV6 and Calbindin-D9k in the
process of 1,25(OH)2D-mediated calcium absorption. However,
studies in Trpv6- or Calbindin-D9k-null mice indicate that active
calcium transport still occurs in these mice, suggesting
compensation by other calcium channels or calcium-binding
proteins.10–12 Consistent herewith, bone mass is comparable in
Trpv6-null and wild-type (WT) mice under normal calcium
intake. On the other hand, a low dietary calcium intake induces a
more pronounced bone turnover and osteoid abundance in
Trpv6-null mice compared with WT mice. These data suggest a
role for TRPV6 under low dietary calcium conditions to maintain
proper bone mineralization.13 Recent studies have shown that
transgenic mice overexpressing Trpv6 in vivo develop hyper-
calcemia and tissue calcification, indicating a direct role for
TRPV6 in the process of intestinal calcium absorption.14 On the
other hand, the increase in intestinal calcium absorption in
response to 1,25(OH)2D is similar in WT mice and in Trpv6- and
Calbindin-D9k single–null mice, but the 1,25(OH)2D-induced
intestinal calcium transport is 60% lower in Trpv6/Calbindin-D9k

double–null mice. These findings suggest that TRPV6 and
Calbindin-D9k can act together in certain aspects of the
intestinal absorptive process.11 Early studies from Dr Robert
Wasserman’s lab showed the association of calbindin with
intestinal brush borders.15 It is indeed possible, but has not as
yet been investigated, that Calbindin-D9k associates with

TRPV6 and that a principal function of Calbindin-D9k is to
facilitate TRPV6-mediated calcium influx by preventing calcium
channel inactivation. Calbindin may also act as a calcium buffer
preventing the levels of intracellular calcium from accumulating
in intestinal cells. In the cytosol, calcium may be bound to
calbindin and to other calcium-binding proteins. Calcium may
also be sequestered by the endoplasmic reticulum. At the
basolateral membrane calcium is extruded against a con-
centration gradient by the intestinal plasma membrane ATPase
(PMCA1b), which has been reported to be upregulated by
1,25(OH)2D and under conditions of low dietary calcium.16,17

Paracellular calcium transport. In addition to transcellular
calcium transport, calcium is also absorbed from the intestine
by a non-saturable diffusional process that occurs through
intercellular tight junctions. During the first weeks after birth,
intestinal calcium absorption depends on passive non-satur-
able diffusion and not on a 1,25(OH)2D-mediated process,18 a
finding that was confirmed in suckling rats.19 The lack of
response of the intestine to 1,25(OH)2D can be explained by the
relative absence of the VDR during early neonatal life.20 The
paracellular pathway is gradually replaced by a 1,25(OH)2D-
dependent saturable component, which is fully active by the
time of weaning of rats. The time of weaning also correlates with
the development of hypocalcemia in Vdr-null mice.7 These data
indicate that high dietary calcium content together with lactose,
such as in mother’s milk, is sufficient for calcium and bone
homeostasis and encompasses paracellular calcium transport.

Early studies indicated that 1,25(OH)2D not only regulates the
saturable intestinal process but also the non-saturable pro-
cess.19,21 However, paracellular calcium transport and its
regulation by 1,25(OH)2D are much less defined compared
with 1,25(OH)2D-mediated transcellular calcium transport
(Figure 1). Claudins are major transmembrane components
of tight junctions that may function as paracellular cation

Figure 1 Intestinal calcium absorption. Model of intestinal calcium transport
comprising a transcellular, active mechanism that transports calcium when dietary
calcium intake is normal/low and a paracellular, passive pathway that functions under
high calcium intake. Recent studies indicate that in the transcellular pathway other, still
unknown, calcium transporters are involved beside the depicted TRPV6, Calbindin-D9k

and PMCA1b.
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channels. In Vdr-null mice Claudin-2 and -12 are downregulated
in the jejunum, ileum and colon compared with WT mice.22 In
addition, these claudins are induced by 1,25(OH)2D in Caco-2
colon adenocarcinoma cells,22 further suggesting 1,25(OH)2D
regulation of these proteins. 1,25(OH)2D has also been reported
to downregulate Cadherin-17 and Aquaporin-8 in the intes-
tine.11,23 Cadherin-17 is important for cell-to-cell contact and its
downregulation may increase intestinal permeability, whereas
the decrease in the tight junctional channel Aquaporin-8 may
influence the tight junction selectivity toward cations. These
findings indicate that the transjunctional movement of calcium
occurs in a regulated fashion and these data support the
regulation of paracellular calcium transport by 1,25(OH)2D. It will
be of interest, using intestine-specific null mice, to determine the
contribution of specific claudins as well as that of specific intra-
and intercellular matrix proteins to the calcium absorption
mediated by 1,25(OH)2D. Although the intestine has a major role
in 1,25(OH)2D action on calcium homeostasis, these recent
studies suggest that our understanding of the mechanisms
involved in 1,25(OH)2D stimulation of intestinal calcium absorp-
tion is still incomplete. Future studies are needed to determine
the role of the distal as well as the proximal intestine in
1,25(OH)2D-mediated intestinal calciumtransport and to identify
novel 1,25(OH)2D-regulated proteins involved in transcellular
and paracellular calcium transport.

Effect of pregnancy on intestinal calcium transport.
1,25(OH)2D levels increase during pregnancy.24 Calcium
transport has been reported to increase during pregnancy in
vitamin D-replete as well as vitamin D-deficient animals.24

These early findings strengthened the relationship between
1,25(OH)2D and active intestinal calcium transport and sug-
gested that factors independent of 1,25(OH)2D can stimulate
intestinal calcium transport during pregnancy. More recent
studies showed that pregnancy results in an induction of Trpv6
in the duodenum of Vdr-null mice.25–27 In addition, in estrogen
receptor null mice Trpv6 is reduced, suggesting that estrogen,
independent of 1,25(OH)2D, may be an important regulator of
calcium influx during pregnancy.27

Impact of VDR Signaling in the Intestine on Calcium and
Bone Homeostasis.

The contribution of 1,25(OH)2D-mediated intestinal calcium
absorption to calcium and bone homeostasis depends on the
dietary calcium content. When dietary calcium levels are high,
calcium transport in the intestine comprises a passive, para-
cellular pathway, which is independent of intestinal VDR action.
Consistent herewith and further proving this concept, several
studies show that feeding Vdr-null mice a calcium-rich rescue
diet completely prevented the calcium, endocrine and bone
abnormalities that are associated with Vdr deficiency.28,29

During normal to low calcium intake, on the other hand,
stimulation of intestinal calcium transport by 1,25(OH)2D
becomes essential to support normal calcium homeostasis.
Indeed, we found that merely the inactivation of VDR activity in
the intestine (intestinal-specific Vdr-null mice, Vdrint� mice30)
leads to a pronounced defect in intestinal calcium absorption,
even during normal calcium intake, with a negative calcium
balance as a consequence. Surprisingly, intestinal-specific Vdr-
null mice are able to maintain serum calcium levels within a

normal range due to compensatory mechanisms that are
activated by a small rise in serum PTH and a massive increase in
1,25(OH)2D levels. Physiologically, the high PTH and
1,25(OH)2D levels contribute to the maintenance of normo-
calcemia by stimulating renal calcium reabsorption and by
promoting calcium release from the skeleton with a positive flux
to the serum calcium pool. The latter involves two, separate,
mutually exclusive mechanisms, that is, a PTH- and
1,25(OH)2D-mediated increase in bone resorption, and a
1,25(OH)2D-mediated suppression of bone matrix miner-
alization that is evoked by the increased generation of
mineralization inhibitors by the osteoblasts. These compen-
satory mechanisms are essential to maintain normal serum
calcium levels during calcium restriction (or lack of intestinal
VDR activity), but consequently and unfortunately lead to
osteopenia, hyperosteoidosis and a profound reduction in the
mineral content of the mineralized bone, with bone fractures as
a consequence (Figure 2).30 Moreover, we confirmed that
osteoblastic VDR signaling contributes to the maintenance of
normocalcemia when intestinal calcium acquisition is insuffi-
cient, by showing a more marked reduction in serum calcium
levels with less pronounced defects in bone matrix miner-
alization in calcium-deprived osteoblast-/osteocyte-specific
Vdr-null (Dmp1-CRE) mice, compared with calcium-deprived
WT mice.30 Thus, when dietary calcium intake is in the normal–
low range, intestinal VDR activity is crucial for bone home-
ostasis, as it avoids the need for a shift of calcium from the bone
to serum. Importantly, the finding that combined dietary calcium
restriction and intestinal VDR inactivity results in early death
associated with severe bone loss and hypocalcemia30

underscores the fact that 1,25(OH)2D-mediated intestinal
calcium transport is essential to survive calcium restriction and
that the skeletal responses to secure serum calcium are limited.

The above findings also imply that 1,25(OH)2D controls
calcium homeostasis not only by acting on the intestine, but
also by affecting renal and osteoblastic calcium handling.
However, several observations suggest that the impact of
intestinal VDR action on calcium homeostasis dominates, and
that the 1,25(OH)2D-mediated shift of calcium from bone only
functions as a backup mechanism, when the intestinal calcium
acquisition does not suffice (Figure 3). First, just the genetic
reintroduction of the Vdr in the intestine, though at supra-
physiological levels, rescues the hypocalcemia that is asso-
ciated with Vdr deficiency without the need for renal or skeletal
VDR activity.31 Second, the genetic inactivation of VDR sig-
naling in mature osteoblasts and osteocytes via two different
targeting strategies (Collagen1-CRE32 and Dmp1-CRE30 mice)
does not affect calcium homeostasis during normal calcium
intake, whereas the inactivation of intestinal VDR activity in
similar conditions does. Notably, genetic targeting of sub-
physiological Vdr levels to the intestine of Vdr-null mice almost
completely rescues intestinal calcium transport to the levels
observed in WT mice, but does not completely prevent
hypocalcemia (unpublished results). This observation may
imply that renal VDR activity does contribute to serum calcium
in normal circumstances, yet verification of this hypothesis
requires the generation of kidney-specific Vdr-null mice.

In conclusion, intestinal VDR activity is essential for main-
taining normal calcium and bone homeostasis during normal–
low calcium intake. When this process fails, due to insufficient
dietary calcium intake or lack of intestinal VDR signaling,
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increased 1,25(OH)2D levels will aim to maintain normo-
calcemia by acting on the kidney and osteoblasts with negative
consequences for bone mass and quality.

Mechanisms of Phosphate Absorption in the Intestine

Serum phosphate levels are not as tightly regulated as serum
calcium, and they rise with a high phosphorus diet, particularly
after meals. Phosphate is absorbed along the entire intestine,
with the small intestine having a significantly higher absorption
capacity compared with the colon. Approximately 70% of
dietary phosphate is absorbed in the small intestine. The fact
that fractional phosphate absorption is virtually constant across
a broad range of dietary intakes suggests that the bulk of
phosphate absorption occurs by a passive, concentration-
dependent diffusion process. Even in the face of severe
hyperphosphatemia, phosphate continues to be absorbed from
the diet with an efficiency that is only slightly lower than
normal.33 However, a fraction of phosphorus is absorbed
through a saturable, active transport, which is facilitated by
1,25(OH)2D.34–37 It has been suggested that this active
phosphate transport becomes important under conditions of
hypophosphatemia or low phosphate intake.35

Transepithelial transport by phosphate transporters. The
transcellular mechanism of phosphate transport depends on
active transport primarily through sodium-dependent phos-
phate cotransporters. Members of one of these protein families,
the type-III transporters PiT1 and PiT2, are expressed ubi-
quitously. By supplying phosphate to the cells they support
numerous cellular functions, but the contribution of these
transporters to intestinal phosphate transport seems to be
limited.38–41 The most important family consists of the type-II
transporters that are mainly involved in phosphate transport in
the kidney through NPT2a (NaPi-IIa, SLC34a1) and NPT2c
(NaPi-IIc, SLC34a3),42 and in the intestine through NPT2b
(NaPi-IIb, SLC34a2).43

NPT2b is a membrane glycoprotein with eight membrane-
spanning domains and long intracellular C- and N-terminal
domains. It is expressed on the apical surface of intestinal
epithelial cells, and aids in the transport of sodium and
phosphate ions from the intestinal lumen into the epithelial
cells. NPT2b is electrogenic, transports phosphate with a
stoichiometry of 3:1 Na:Pi, and generates an intestinal lumen
negative voltage potential.44,45 NPT2b is suggested to be
mainly important for intestinal phosphate transport when
dietary phosphate intake is low.43 Genetic studies have

Figure 3 Impact of VDR signaling on calcium homeostasis. (Left panel) During low–normal dietary calcium intake, 1,25(OH)2D supports calcium homeostasis by stimulating
intestinal calcium transport. The contribution of renal calcium reabsorption in these circumstances remains to be determined. (Right panel) When stimulation of intestinal calcium
absorption does not suffice to maintain normocalcemia, increased 1,25(OH)2D levels will aim to preserve serum calcium levels within a normal range by acting on the kidney to
stimulate renal calcium reabsorption, and on the bone to shift calcium from the skeleton to serum by increasing bone resorption and suppressing bone matrix mineralization. Figure
adapted from Lieben et al.80

Figure 2 Impaired 1,25(OH)2D-mediated intestinal calcium transport negatively affects bone homeostasis. (a) Cross-sectional 3D-reconstruction of the tibial midshaft by mCT
illustrates the reduction in bone mass in Vdrint� compared with WT (Vdrintþ ) mice. (b) Goldner staining of the tibial cortex shows that abundant unmineralized bone matrix (osteoid,
arrow) lines the endocortical bone surface and resorption cavities in Vdrint� mice. (c) Reduction in bone mineral density (BMD), analyzed in a defined region in the tibial cortex by
mCT, depicts the reduction in mineral content of the mineralized bone matrix. (d) Representative image of the spontaneous bone fractures that are observed in Vdrint� mice, but
never in WT littermates. Notably, mice were fed a diet containing normal calcium content from weaning onwards. Figure adapted from Lieben et al.30
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confirmed the significance of NPT2b for intestinal phosphate
transport and its influence on phosphate homeostasis. Sys-
temic Npt2b deletion is embryonic lethal,46 but inducible
inactivation in adult mice resulted in decreased intestinal
phosphate absorption.47 Similarly, phosphate uptake through
the brush border membrane of intestinal cells was decreased in
Npt2b heterozygous mice.48 Despite the decreased absorption
of intestinal phosphate caused by Npt2b heterozygosity or
inducible Npt2b deficiency, serum phosphate levels were not
altered in adult mice. Consistent herewith, patients harboring
inactivating Npt2b mutations display pulmonary alveolar
microlithiasis (as NPT2b is also expressed in the lung), but
do not show any abnormalities in serum phosphate levels.49,50

The normal serum phosphate levels observed with Npt2b
inactivation are considered to rely on renal compensatory
mechanisms resulting in increased phosphate reabsorption,
which is primarily controlled within the proximal tubule by
NPT2a and NPT2c. Indeed, genetic ablations of these trans-
porters in mice have demonstrated that NPT2a and NPT2c
accomplish most of the total renal phosphate reabsorption.51,52

The likely mechanism for the renal adaptations in Npt2b-
deficient mice is the decrease in serum levels of the phos-
phaturic hormone FGF23 and consequently an increase in renal
expression of NPT2a leading to reduced urinary phosphate
excretion.47 These data clearly indicate that NPT2b is important
for intestinal phosphate transport and that it indirectly
contributes to systemic phosphate homeostasis.

Adaptation of intestinal phosphate absorption. Not only
calcium homeostasis but also phosphate homeostasis is
compromised in vitamin D deficient–53 and systemic Vdr–null
mice, as illustrated by the hypophosphatemia.7,8 However, the
relative contribution of the intestine versus the kidney and bone
in the development of the hypophosphatemia is likely different
from their role in calcium homeostasis. Moreover, the influence
of 1,25(OH)2D on intestinal phosphate absorption is still not fully
elucidated (Figure 4). Treatment of rats with 1,25(OH)2D
increases intestinal Npt2b expression and Na–phosphate
uptake by intestinal brush border membrane vesicles.54

However, studies in mice show that the regulation of intestinal
phosphate transport in response to 1,25(OH)2D may be site-
and age-dependent. Indeed, compared with WT mice, adult
Vdr-null mice show a reduction in Na–phosphate cotransport
and in NPT2b protein but not in Npt2b mRNA levels in the
proximal intestine.35 In contrast, NPT2b protein expression and
Na–phosphate cotransport has been equally detected in brush
border membrane vesicles isolated from the distal intestine of
young WTand Vdr-null mice.55 In addition, apparent phosphate
absorption in the intestine is not decreased in young Vdr-null
mice.56,57 Furthermore, as demonstrated by Segawa et al.,35

NPT2b expression is not only influenced by 1,25(OH)2D sig-
naling, but it is also upregulated by dietary phosphate restriction
through a 1,25(OH)2D-independent pathway. These data
indicate that the intestinal epithelial cell is capable of
responding to the luminal concentration of phosphate and
controls NPT2b expression to increase phosphate transport.
On the other hand, when intestinal phosphate absorption is high
in response to a high phosphate diet,58 a feed-forward
mechanism between the intestine and kidney is proposed.
Intestinal cells would sense changes in luminal phosphate
concentration (or somehow in the phosphate transport in the

intestine) and release a phosphaturic factor to regulate renal
phosphate reabsorption. The nature of the phosphate sensor
and phosphaturic factor remains yet to be identified. Taken
together, evidence has been provided for a vitamin
D-dependent and -independent pathway in intestinal cells that
regulates phosphate handling and homeostasis with intensive
communication to the kidney.

Human Studies

The important role of 1,25(OH)2D-regulated intestinal calcium
absorption for calcium and bone homeostasis in humans is
evidently shown by the observation that the bone and endocrine
abnormalities of patients with Vdr-inactivating mutations are
prevented when these patients are treated with high oral doses
of calcium.59,60 Thus, sufficient 1,25(OH)2D activity is required
when calcium intake is normal/low to guarantee adequate
calcium absorption. Indeed, at normal calcium intake,
1,25(OH)2D-dependent transport accounts for the majority of
calcium absorption, whereas as little as 8–23% of overall
calcium absorption is caused by passive diffusion.61 However,
the ability to adapt to a low calcium diet decreases with age and
is significantly compromised from 60 years onwards in
humans.62,63

Vitamin D deficiency is an important factor leading to reduced
intestinal calcium absorption. Indeed, several cross-sectional
studies observed a correlation between intestinal absorption
and 1,25(OH)2D serum levels.64–67 In vitamin D-deficient
subjects, a positive correlation between calcium absorption
and 25-OHD was found, but the correlation with serum
1,25(OH)2D was still stronger. Moreover, intervention studies
showed that intestinal calcium absorption was decreased when
25-OHD serum levels were very low (o4 ng ml� 1 or
10 nmol l� 1), but that the calcium absorption plateaus when
serum 25-OHD levels are 8 ng ml� 1 (20 nmol l� 1) or higher.68

These data suggest that calcium absorption in vitamin D

Figure 4 Intestinal phosphate absorption. A large fraction of dietary phosphate
intake is considered to be transported by a passive, paracellular pathway. The
transcellular pathway consists of NPT2b localized at the intestinal brush border
membrane. The expression of this transporter is increased by 1,25(OH)2D and when
dietary phosphate intake is low.
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deficiency is reduced secondary to substrate deficiency of
25-OHD and reduced 1,25(OH)2D production.69

Poor dietary calcium intake is a second cause of reduced
intestinal absorption, which is common in the elderly and often
associated with vitamin D deficiency. This situation leads to a
negative calcium balance, which may contribute to osteo-
porosis and osteoporotic fractures. The importance of sufficient
dietary calcium intake is also evidenced by the success of
therapies that add calcium supplementation to reduce fracture
risk. Indeed, meta-analyses comparing the effect of vitamin D
alone with placebo showed that vitamin D in monotherapy is
insufficient for fracture prevention.70–72 In contrast, several
meta-analyses have shown that a combination of vitamin D and
calcium is more effective in reducing fracture risk than calcium
alone or vitamin D alone.70–74 Notably, the effects of these
clinical trials depend on baseline calcium intake, baseline
vitamin D status, age and residence.75

Not only the elderly, but also children, particularly in tropical
countries, are exposed to inadequate dietary calcium intake,
which is now considered an important cause of nutritional
rickets.76,77 Dietary calcium intake in African children is low
(o250 mg d� 1) because dairy products are not frequently
included in the African diet. The serum levels of 1,25(OH)2D are
increased in these children, suggesting compensatory
mechanisms to increase intestinal calcium absorption, which,
however, remain insufficient. Similar to the mice with intestinal
Vdr inactivation (see Section 3;30), the increased 1,25(OH)2D
and PTH levels in these children likely contribute to the bone
defects that are characterized by impaired bone mineralization
and are clinically manifested as rickets. Different from the
mouse study,30 these children are slightly hypocalcemic and the
low serum calcium levels may also hinder bone mineralization.
Other conditions considered to diminish intestinal calcium
absorption are reduced gastric acidification78 and gas-
trectomy79 and they may lead to a negative calcium balance.

Taken together, adequate intestinal calcium transport is
important to guarantee normal calcium and bone homeostasis,
and both sufficient calcium intake and 1,25(OH)2D serum levels
are critical determinants of this process.

Conclusions

Mouse as well as human studies clearly indicate that
1,25(OH)2D-regulated intestinal calcium transport is critical to
preserve normal serum calcium levels and to secure skeletal
integrity. Thus, these basic as well as clinical studies strongly
advocate the use of vitamin D combined with calcium sup-
plementation to halt the osteoporotic process. However, further
studies are required to fully characterize the molecular
mechanisms that mediate active intestinal transport and
the specific contribution of the different intestinal segments. The
contribution of active intestinal phosphate transport to phos-
phate homeostasis may be of less importance compared with
the renal adaptations of phosphate handling. However, a strong
interaction seems to exist between the intestine and the kidney
in order to control serum phosphate levels, but the factors
responsible for this communication remain to be identified.

Conflict of Interest

The authors declare no conflict of interest.

Acknowledgements

GC receives funding from the Fund for Scientific Research-
Flanders (G.0587.09 and G.0573.13); SC receives funding from
the National Institutes of Health (AI-095055, AI-100379, DK-
38961-22).

References

1. Chandra S, Fullmer CS, Smith CA, Wasserman RH, Morrison GH. Ion microscopic imaging of

calcium transport in the intestinal tissue of vitamin D-deficient and vitamin D-replete chickens: a

44Ca stable isotope study. Proc Natl Acad Sci USA 1990;87:5715–5719.
2. Peng JB, Brown EM, Hediger MA. Apical entry channels in calcium-transporting epithelia. News

Physiol Sci 2003;18:158–163.
3. Derler I, Hofbauer M, Kahr H, Fritsch R, Muik M, Kepplinger K et al. Dynamic but not constitutive

association of calmodulin with rat TRPV6 channels enables fine tuning of Ca2þ -dependent

inactivation. J Physiol 2006;577:31–44.
4. van de Graaf SF, Hoenderop JG, Gkika D, Lamers D, Prenen J, Rescher U et al. Functional

expression of the epithelial Ca(2þ ) channels (TRPV5 and TRPV6) requires association of the

S100A10-annexin 2 complex. EMBO J 2003;22:1478–1487.
5. van de Graaf SF, Chang Q, Mensenkamp AR, Hoenderop JG, Bindels RJ. Direct interaction

with Rab11a targets the epithelial Ca2þ channels TRPV5 and TRPV6 to the plasma

membrane. Mol Cell Biol 2006;26:303–312.
6. Song Y, Peng X, Porta A, Takanaga H, Peng JB, Hediger MA et al. Calcium transporter 1 and

epithelial calcium channel messenger ribonucleic acid are differentially regulated by 1,25

dihydroxyvitamin D3 in the intestine and kidney of mice. Endocrinology 2003;144:3885–3894.
7. Li YC, Pirro AE, Amling M, Delling G, Baron R, Bronson R et al. Targeted ablation of the vitamin

D receptor: an animal model of vitamin D-dependent rickets type II with alopecia. Proc Natl

Acad Sci USA 1997;94:9831–9835.
8. Yoshizawa T, Handa Y, Uematsu Y, Takeda S, Sekine K, Yoshihara Y et al. Mice lacking the

vitamin D receptor exhibit impaired bone formation, uterine hypoplasia and growth retardation

after weaning. Nat Genet 1997;16:391–396.
9. Van Cromphaut SJ, Dewerchin M, Hoenderop JG, Stockmans I, Van HE, Kato S et al.

Duodenal calcium absorption in vitamin D receptor-knockout mice: functional and molecular

aspects. Proc Natl Acad Sci USA 2001;98:13324–13329.
10. Akhter S, Kutuzova GD, Christakos S, DeLuca HF. Calbindin D9k is not required for 1,25-

dihydroxyvitamin D3-mediated Ca2þ absorption in small intestine. Arch Biochem Biophys

2007;460:227–232.
11. Benn BS, Ajibade D, Porta A, Dhawan P, Hediger M, Peng JB et al. Active intestinal calcium

transport in the absence of transient receptor potential vanilloid type 6 and calbindin-D9k.

Endocrinology 2008;149:3196–3205.
12. Kutuzova GD, Sundersingh F, Vaughan J, Tadi BP, Ansay SE, Christakos S et al. TRPV6 is not

required for 1alpha,25-dihydroxyvitamin D3-induced intestinal calcium absorption in vivo. Proc

Natl Acad Sci USA 2008;105:19655–19659.
13. Lieben L, Benn BS, Ajibade D, Stockmans I, Moermans K, Hediger MA et al. Trpv6 mediates

intestinal calcium absorption during calcium restriction and contributes to bone homeostasis.

Bone 2010;47:301–308.
14. Cui M, Li Q, Johnson R, Fleet JC. Villin promoter-mediated transgenic expression of transient

receptor potential cation channel, subfamily V, member 6 (TRPV6) increases intestinal

calcium absorption in wild-type and vitamin D receptor knockout mice. J Bone Miner Res

2012;27:2097–2107.
15. Shimura F, Wasserman RH. Membrane-associated vitamin D-induced calcium-binding protein

(CaBP): quantification by a radioimmunoassay and evidence for a specific CaBP in purified

intestinal brush borders. Endocrinology 1984;115:1964–1972.
16. Ghijsen WE, Van Os CH. 1 alpha, 25-dihydroxy-vitamin D-3 regulates ATP-dependent calcium

transport in basolateral plasma membranes of rat enterocytes. Biochim Biophys Acta

1982;689:170–172.
17. Cai Q, Chandler JS, Wasserman RH, Kumar R, Penniston JT. Vitamin D and adaptation to

dietary calcium and phosphate deficiencies increase intestinal plasma membrane calcium

pump gene expression. Proc Natl Acad Sci USA 1993;90:1345–1349.
18. Bronner F, Salle BL, Putet G, Rigo J, Senterre J. Net calcium absorption in premature infants:

results of 103 metabolic balance studies. Am J Clin Nutr 1992;56:1037–1044.
19. Dostal LA, Toverud SU. Effect of vitamin D3 on duodenal calcium absorption in vivo during early

development. Am J Physiol 1984;246:G528–G534.
20. Halloran BP, DeLuca HF. Appearance of the intestinal cytosolic receptor for 1,25-dihy-

droxyvitamin D3 during neonatal development in the rat. J Biol Chem 1981;256:7338–7342.
21. Wasserman RH, Kallfelz FA. Vitamin D3 and unidirectional calcium fluxes across the rachitic

chick duodenum. Am J Physiol 1962;203:221–224.
22. Fujita H, Sugimoto K, Inatomi S, Maeda T, Osanai M, Uchiyama Y et al. Tight junction proteins

claudin-2 and -12 are critical for vitamin D-dependent Ca2þ absorption between enterocytes.

Mol Biol Cell 2008;19:1912–1921.
23. Kutuzova GD, DeLuca HF. Gene expression profiles in rat intestine identify pathways for 1,25-

dihydroxyvitamin D(3) stimulated calcium absorption and clarify its immunomodulatory

properties. Arch Biochem Biophys 2004;432:152–166.
24. Halloran BP, DeLuca HF. Calcium transport in small intestine during pregnancy and lactation.

Am J Physiol 1980;239:E64–E68.

Vitamin D and intestine
S Christakos et al

6 FEBRUARY 2014 | www.nature.com/bonekey

http://www.nature.com/bonekey


25. Fudge NJ, Kovacs CS. Pregnancy up-regulates intestinal calcium absorption and
skeletal mineralization independently of the vitamin D receptor. Endocrinology 2010;151:
886–895.

26. Rummens K, Van Cromphaut SJ, Carmeliet G, Van HE, van BR, Stockmans I et al. Pregnancy
in mice lacking the vitamin D receptor: normal maternal skeletal response, but fetal
hypomineralization rescued by maternal calcium supplementation. Pediatr Res 2003;
54:466–473.

27. Van Cromphaut SJ, Rummens K, Stockmans I, Van HE, Dijcks FA, Ederveen AG et al.
Intestinal calcium transporter genes are upregulated by estrogens and the reproductive
cycle through vitamin D receptor-independent mechanisms. J Bone Miner Res 2003;18:
1725–1736.

28. Amling M, Priemel M, Holzmann T, Chapin K, Rueger JM, Baron R et al. Rescue of the skeletal
phenotype of vitamin D receptor-ablated mice in the setting of normal mineral ion homeostasis:
formal histomorphometric and biomechanical analyses. Endocrinology 1999;140:4982–4987.

29. Li YC, Amling M, Pirro AE, Priemel M, Meuse J, Baron R et al. Normalization of mineral ion
homeostasis by dietary means prevents hyperparathyroidism, rickets, and osteomalacia, but
not alopecia in vitamin D receptor-ablated mice. Endocrinology 1998;139:4391–4396.

30. Lieben L, Masuyama R, Torrekens S, Van LR, Schrooten J, Baatsen P et al. Normocalcemia is
maintained in mice under conditions of calcium malabsorption by vitamin D-induced inhibition of
bone mineralization. J Clin Invest 2012;122:1803–1815.

31. Xue Y, Fleet JC. Intestinal vitamin D receptor is required for normal calcium and bone
metabolism in mice. Gastroenterology 2009;136:1317–1327.

32. Yamamoto Y, Yoshizawa T, Fukuda T, Shirode-Fukuda Y, Yu T, Sekine K et al. Vitamin D
receptor in osteoblasts is a negative regulator of bone mass control. Endocrinology
2013;154:1008–1020.

33. Katsumata S, Masuyama R, Uehara M, Suzuki K. High-phosphorus diet stimulates receptor
activator of nuclear factor-kappaB ligand mRNA expression by increasing parathyroid hormone
secretion in rats. Br J Nutr 2005;94:666–674.

34. DeLuca HF. Overview of general physiologic features and functions of vitamin D. Am J Clin Nutr
2004;80:1689S–1696S.

35. Segawa H, Kaneko I, Yamanaka S, Ito M, Kuwahata M, Inoue Y et al. Intestinal Na-P(i)
cotransporter adaptation to dietary P(i) content in vitamin D receptor null mice. Am J Physiol
Renal Physiol 2004;287:F39–F47.

36. Williams KB, DeLuca HF. Characterization of intestinal phosphate absorption using a novel
in vivo method. Am J Physiol Endocrinol Metab 2007;292:E1917–E1921.

37. Marks J, Srai SK, Biber J, Murer H, Unwin RJ, Debnam ES. Intestinal phosphate absorption and
the effect of vitamin D: a comparison of rats with mice. Exp Physiol 2006;91:531–537.

38. Kavanaugh MP, Miller DG, Zhang W, Law W, Kozak SL, Kabat D et al. Cell-surface receptors
for gibbon ape leukemia virus and amphotropic murine retrovirus are inducible sodium-
dependent phosphate symporters. Proc Natl Acad Sci USA 1994;91:7071–7075.

39. Miller DG, Edwards RH, Miller AD. Cloning of the cellular receptor for amphotropic murine
retroviruses reveals homology to that for gibbon ape leukemia virus. Proc Natl Acad Sci USA
1994;91:78–82.

40. Olah Z, Lehel C, Anderson WB, Eiden MV, Wilson CA. The cellular receptor for gibbon ape
leukemia virus is a novel high affinity sodium-dependent phosphate transporter. J Biol Chem
1994;269:25426–25431.

41. Bai L, Collins JF, Ghishan FK. Cloning and characterization of a type III Na-dependent
phosphate cotransporter from mouse intestine. Am J Physiol Cell Physiol 2000;279:
C1135–C1143.

42. Segawa H, Onitsuka A, Furutani J, Kaneko I, Aranami F, Matsumoto N et al. Npt2a and Npt2c in
mice play distinct and synergistic roles in inorganic phosphate metabolism and skeletal
development. Am J Physiol Renal Physiol 2009;297:F671–F678.

43. Hilfiker H, Hattenhauer O, Traebert M, Forster I, Murer H, Biber J. Characterization of a murine
type II sodium-phosphate cotransporter expressed in mammalian small intestine. Proc Natl
Acad Sci USA 1998;95:14564–14569.

44. Forster IC, Virkki L, Bossi E, Murer H, Biber J. Electrogenic kinetics of a mammalian intestinal
type IIb Na(þ )/P(i) cotransporter. J Membr Biol 2006;212:177–190.

45. Villa-Bellosta R, Sorribas V. Role of rat sodium/phosphate cotransporters in the cell membrane
transport of arsenate. Toxicol Appl Pharmacol 2008;232:125–134.

46. Shibasaki Y, Etoh N, Hayasaka M, Takahashi MO, Kakitani M, Yamashita T et al. Targeted
deletion of the tybe IIb Na(þ )-dependent Pi-co-transporter, NaPi-IIb, results in early
embryonic lethality. Biochem Biophys Res Commun 2009;381:482–486.

47. Sabbagh Y, O’Brien SP, Song W, Boulanger JH, Stockmann A, Arbeeny C et al. Intestinal
npt2b plays a major role in phosphate absorption and homeostasis. J Am Soc Nephrol
2009;20:2348–2358.

48. Ohi A, Hanabusa E, Ueda O, Segawa H, Horiba N, Kaneko I et al. Inorganic phosphate
homeostasis in sodium-dependent phosphate cotransporter Npt2b(þ )/(-) mice. Am J Physiol
Renal Physiol 2011;301:F1105–F1113.

49. Corut A, Senyigit A, Ugur SA, Altin S, Ozcelik U, Calisir H et al. Mutations in SLC34A2 cause
pulmonary alveolar microlithiasis and are possibly associated with testicular microlithiasis. Am J
Hum Genet 2006;79:650–656.

50. Huqun Izumi S, Miyazawa H, Ishii K, Uchiyama B, Ishida T et al. Mutations in the SLC34A2 gene
are associated with pulmonary alveolar microlithiasis. Am J Respir Crit Care Med
2007;175:263–268.

51. Beck L, Karaplis AC, Amizuka N, Hewson AS, Ozawa H, Tenenhouse HS. Targeted inactivation
of Npt2 in mice leads to severe renal phosphate wasting, hypercalciuria, and skeletal
abnormalities. Proc Natl Acad Sci USA 1998;95:5372–5377.

52. Segawa H, Onitsuka A, Kuwahata M, Hanabusa E, Furutani J, Kaneko I et al. Type IIc sodium-
dependent phosphate transporter regulates calcium metabolism. J Am Soc Nephrol
2009;20:104–113.

53. Mailhot G, Petit JL, Dion N, Deschenes C, Ste-Marie LG, Gascon-Barre M. Endocrine and bone
consequences of cyclic nutritional changes in the calcium, phosphate and vitamin D status in
the rat: an in vivo depletion-repletion-redepletion study. Bone 2007;41:422–436.

54. Xu H, Bai L, Collins JF, Ghishan FK. Age-dependent regulation of rat intestinal type IIb sodium-
phosphate cotransporter by 1,25-(OH)(2) vitamin D(3). Am J Physiol Cell Physiol
2002;282:C487–C493.

55. Kaneko I, Segawa H, Furutani J, Kuwahara S, Aranami F, Hanabusa E et al. Hypopho-
sphatemia in vitamin D receptor null mice: effect of rescue diet on the developmental changes in
renal Naþ -dependent phosphate cotransporters. Pflugers Arch 2011;461:77–90.

56. Masuyama R, Nakaya Y, Tanaka S, Tsurukami H, Nakamura T, Watanabe S et al. Dietary
phosphorus restriction reverses the impaired bone mineralization in vitamin D receptor
knockout mice. Endocrinology 2001;142:494–497.

57. Masuyama R, Nakaya Y, Katsumata S, Kajita Y, Uehara M, Tanaka S et al. Dietary calcium and
phosphorus ratio regulates bone mineralization and turnover in vitamin D receptor knockout
mice by affecting intestinal calcium and phosphorus absorption. J Bone Miner Res
2003;18:1217–1226.

58. Berndt T, Thomas LF, Craig TA, Sommer S, Li X, Bergstralh EJ et al. Evidence for a signaling
axis by which intestinal phosphate rapidly modulates renal phosphate reabsorption. Proc Natl
Acad Sci USA 2007;104:11085–11090.

59. Balsan S, Garabedian M, Larchet M, Gorski AM, Cournot G, Tau C et al. Long-term nocturnal
calcium infusions can cure rickets and promote normal mineralization in hereditary resistance to
1,25-dihydroxyvitamin D. J Clin Invest 1986;77:1661–1667.

60. Hochberg Z, Tiosano D, Even L. Calcium therapy for calcitriol-resistant rickets. J Pediatr
1992;121:803–808.

61. McCormick CC. Passive diffusion does not play a major role in the absorption of dietary calcium
in normal adults. J Nutr 2002;132:3428–3430.

62. Bullamore JR, Wilkinson R, Gallagher JC, Nordin BE, Marshall DH. Effect of age on calcium
absorption. Lancet 1970;2:535–537.

63. Ireland P, Fordtran JS. Effect of dietary calcium and age on jejunal calcium absorption in
humans studied by intestinal perfusion. J Clin Invest 1973;52:2672–2681.

64. Abrams SA, Griffin IJ, Hawthorne KM, Gunn SK, Gundberg CM, Carpenter TO. Relationships
among vitamin D levels, parathyroid hormone, and calcium absorption in young adolescents. J
Clin Endocrinol Metab 2005;90:5576–5581.

65. Aloia JF, Chen DG, Yeh JK, Chen H. Serum vitamin D metabolites and intestinal calcium
absorption efficiency in women. Am J Clin Nutr 2010;92:835–840.

66. Gallagher JC, Riggs BL, Eisman J, Hamstra A, Arnaud SB, DeLuca HF. Intestinal calcium
absorption and serum vitamin D metabolites in normal subjects and osteoporotic patients: effect
of age and dietary calcium. J Clin Invest 1979;64:729–736.

67. Gallagher JC, Yalamanchili V, Smith LM. The effect of vitamin D on calcium absorption in older
women. J Clin Endocrinol Metab 2012;97:3550–3556.

68. Need AG, O’Loughlin PD, Morris HA, Coates PS, Horowitz M, Nordin BE. Vitamin D metabolites
and calcium absorption in severe vitamin D deficiency. J Bone Miner Res 2008;23:1859–1863.

69. Bouillon RA, Auwerx JH, Lissens WD, Pelemans WK. Vitamin D status in the elderly: seasonal
substrate deficiency causes 1,25-dihydroxycholecalciferol deficiency. Am J Clin Nutr
1987;45:755–763.

70. The DIPART (Vitamin D Individual Patient Analysis of Randomized Trials) Group. Patient level
pooled analysis of 68 500 patients from seven major vitamin D fracture trials in US and Europe.
BMJ 2010;340:b5463.

71. Avenell A, Gillespie WJ, Gillespie LD, O’Connell D. Vitamin D and vitamin D analogues for
preventing fractures associated with involutional and post-menopausal osteoporosis.
Cochrane Database Syst Rev 2009;15:CD000227.

72. Boonen S, Lips P, Bouillon R, Bischoff-Ferrari HA, Vanderschueren D, Haentjens P. Need for
additional calcium to reduce the risk of hip fracture with vitamin d supplementation: evidence
from a comparative metaanalysis of randomized controlled trials. J Clin Endocrinol Metab
2007;92:1415–1423.

73. Shea B, Wells G, Cranney A, Zytaruk N, Robinson V, Griffith L et al. Meta-analyses of therapies
for postmenopausal osteoporosis. VII. Meta-analysis of calcium supplementation for the
prevention of postmenopausal osteoporosis. Endocr Rev 2002;23:552–559.

74. Tang BM, Eslick GD, Nowson C, Smith C, Bensoussan A. Use of calcium or calcium in
combination with vitamin D supplementation to prevent fractures and bone loss in people aged
50 years and older: a meta-analysis. Lancet 2007;370:657–666.

75. Bouillon R, Van Schoor NM, Gielen E, Boonen S, Mathieu C, Vanderschueren D et al. Optimal
vitamin d status: a critical analysis on the basis of evidence-based medicine. J Clin Endocrinol
Metab 2013;98:E1283–E1304.

76. Marie PJ, Pettifor JM, Ross FP, Glorieux FH. Histological osteomalacia due to dietary calcium
deficiency in children. N Engl J Med 1982;307:584–588.

77. Thacher TD, Abrams SA. Relationship of calcium absorption with 25(OH)D and calcium intake
in children with rickets. Nutr Rev 2010;68:682–688.

78. Yang YX, Lewis JD, Epstein S, Metz DC. Long-term proton pump inhibitor therapy and risk of
hip fracture. JAMA 2006;296:2947–2953.

79. Hylander E, Ladefoged K, Jarnum S. Calcium absorption after intestinal resection. The
importance of a preserved colon. Scand J Gastroenterol 1990;25:705–710.

80. Lieben L, Carmeliet G. Vitamin D signaling in osteocytes: effects on bone and mineral
homeostasis. Bone 2013;54:237–243.

Vitamin D and intestine
S Christakos et al

BoneKEy Reports | FEBRUARY 2014 7


	title_link
	Introduction
	Molecular Mechanisms of 1,25(OH)2D-mediated Intestinal Calcium Transport
	Transcellular calcium transport
	Paracellular calcium transport

	Figure™1Intestinal calcium absorption. Model of intestinal calcium transport comprising a transcellular, active mechanism that transports calcium when dietary calcium intake is normalsollow and a paracellular, passive pathway that functions under high cal
	Effect of pregnancy on intestinal calcium transport

	Impact of VDR Signaling in the Intestine on Calcium and Bone Homeostasis
	Mechanisms of Phosphate Absorption in the Intestine
	Transepithelial transport by phosphate transporters

	Figure™3Impact of VDR signaling on calcium homeostasis. (Left panel) During low-normal dietary calcium intake, 1,25(OH)2D supports calcium homeostasis by stimulating intestinal calcium transport. The contribution of renal calcium reabsorption in these cir
	Figure™2Impaired 1,25(OH)2D-mediated intestinal calcium transport negatively affects bone homeostasis. (a) Cross-sectional 3D-reconstruction of the tibial midshaft by mgrCT illustrates the reduction in bone mass in Vdrint- compared with WT (Vdrint+) mice
	Adaptation of intestinal phosphate absorption

	Human Studies
	Figure™4Intestinal phosphate absorption. A large fraction of dietary phosphate intake is considered to be transported by a passive, paracellular pathway. The transcellular pathway consists of NPT2b localized at the intestinal brush border membrane. The ex
	Conclusions
	A7
	A8
	ACKNOWLEDGEMENTS
	A9




