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Review

Current concepts in perinatal mineral metabolism
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Abstract. The serum levels of calcium (Ca) and phosphate are maintained higher in the fetus than
in the pregnant mother, especially in late gestation, to meet the demands of fetal bone development.
In order to maintain this fetal stage-specific mineral homeostasis, the placenta plays a critical role
through active transcellular mineral transport. Although the molecular mechanism of transplacental
Ca transport has been well studied, little is known about the transport mechanism of phosphate and
magnesium. Maternal mineral homeostasis is also altered during pregnancy to supply minerals to
the fetus. In the lactating mother, osteocytic osteolysis is suggested to be involved in the supply of
minerals to the baby. The levels of some calcitropic and phosphotropic (Ca- and phosphate-regulating,
respectively) hormones in the fetus are also different from those in the adult. The PTH level in the
fetusis lower than that in the mother and nonpregnant adult. It is suggested, however, that low fetal
PTH plays an important role in fetal mineral metabolism. The concentration of PTHrP in the fetus is
much higher than that of PTH and plays a critical role in perinatal Ca homeostasis. Uncovering the
molecular mechanisms for fetal stage-specific mineral metabolism will lead to better management
of perinatal patients with mineral abnormalities.
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Introduction

Perinatal mineral homeostasis differs from
mineral homeostasis in adults, and fetal serum
levels of calcium (Ca), inorganic phosphate (P1),
and magnesium (Mg) are maintained higher
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than the maternal levels during late gestation
to meet the requirements of the developing
fetus. The placenta plays a critical role in
maintaining this fetal stage-specific mineral
metabolism. The placental active transport of
Ca, Pi, and Mg in the materno-fetal direction
occurs mainly in late gestation, resulting in feto-
maternal gradients in the plasma levels of these
minerals. The calcitropic and phosphotropic (1)
hormones also play distinct roles during the
perinatal period from those in postnatal life.
Although many fundamental studies have been
performed in previous decades, some advances
in the understanding of this field have been
made in recent years. In this review article, we
summarize the current understanding regarding
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the molecular basis for perinatal mineral
metabolism.

Fetal Mineral Metabolism

In late gestation, fetal serum levels of Ca and
Pi are maintained above the maternal levels by
~1.2-2.0 mg/dl and 1.5 mg/dl, respectively (2).
Although the fetal level of Mg is also increased
compared with the maternal value, the gradient
1s less (~0.12 mg/dl) (2) than those of Ca and
Pi. It is suggested that these high mineral
levels in the fetus are needed for normal bone
formation and calcification (3). In animal models,
despite maternal hypocalcemia induced by a
Ca-restricted diet (4), vitamin D deficiency (5),
parathyroidectomy (6), or vitamin D receptor
deletion model (7), fetuses were reported to be
normocalcemic. The Ca concentration in the
fetus is independent of the maternal Ca level.
In the case of Pi, we reported that the fetal
P1 level was maintained within the normal
range despite maternal hypophosphatemia in
the Hyp mouse, a murine model of X-linked
hypophosphatemic rickets/osteomalacia (XLH),
which carries an inactivating deletion of the Phex
(phosphate-regulating gene with homologies to
endopeptidases on the X-chromosome) gene (8).
Similar data were also reported by other groups
in both mouse (9) and rat (10) studies.

Mineral Transport Across the Placenta

In late gestation, the placenta transports
large amounts of Ca and Pi to allow rapid fetal
skeletal mineralization. The materno-fetal
transfer of Ca and Pi uses an active transcellular
transport mechanism that overcomes the
concentration gradient across the placenta. This
active transcellular transport mechanism occurs
through the syncytiotrophoblast that covers the
surface of villi and faces the intervillous space
filled with maternal blood.

In the case of Ca, the mechanism of active
placental transcellular transport is similar to
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the mechanism that occurs in the intestine.
Transient receptor potential cation channel,
subfamily V, member 6 (TRPV6), which is a Ca
channel, opens in the maternal-facing basement
membrane of the syncytiotrophoblast to allow Ca
entry into the cells. Then Ca binds to calbindin-
Dy, a Ca binding protein, and is transported
to the opposite basement membrane. Finally,
Ca 1s actively transported through the fetal-
facing basement membranes toward the fetal
circulation by the Ca?"-ATPase (11, 12). The
expression of TRPV6 increases 14-fold during the
last 4 d of gestation in wild-type mice, and Trpv6
null fetuses have severe hypocalcemia with a
40% reduction of transplacental Ca transport
(11). The calbindin-Dg, expression also increases
considerably during the last week of gestation in
wild-type mice (11, 13). The expression of Ca%*-
ATPase doubles in the last 7 d of gestation (14,
15), and inhibition of its function by a neutralized
antibody leads to a reduction of transplacental
Ca transport in the perfused rat placenta (12,
16). These data suggest that these molecules
are important in placental active Ca transport
during late gestation.

Compared with the Ca transport system,
the mechanism for transplacental transport
of Pi is largely unknown. It is suggested that
the placental transfer of Piin the materno-fetal
direction also occurs in a transcellular manner
and depends on an Na*- and pH-dependent
active transport mechanism (17, 18). Moreover,
Brunette et al. reported that the pH sensitivity
of the placental Pi transport system is similar
not to that of the renal system but to that of
the intestinal system (19). In mammals, 3 types
of Na*/Pi cotransporters have been identified
(20). Type II Na*/Pi cotransporters have been
considered to be involved in the regulation of
plasma Pi concentrations (21). Type Ila (Npt2a)
and ITc (Npt2c) are predominantly expressed
in renal proximal tubules and contribute to
reabsorbing Pi (22, 23), while type IIb (Npt2b)
is predominantly expressed in the intestine
and absorbs Pi(24).We have demonstrated that
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Npt2b / NPT2B

Fig. 1. The feto-maternal interface of the placenta
expressed Npt2b/NPT2B in both mice and
humans. Immunohistochemical staining
using antibodies against the type IIb Na+/
Pi cotransporter (Npt2b/NPT2B) in ICR
mouse placentas at E18.5 and normal human
placentas at 38 wk of gestation. The signals
for these proteins were detected in the
syncytiotrophoblasts of mouse and human
placentas. Sections were counterstained with
hematoxylin. Scale bars, 50 pm.

Slc34a2/SLC34A2, the gene for Npt2b/NPT2B, is
expressed in the placenta also, and its expression
increases during the development of the placenta
(8). In addition, immunohistochemical staining
revealed the localization of Npt2b/NPT2B in the
feto-maternal interface of both mouse and human
term placentas (Fig. 1), suggesting its critical role
in the materno-fetal transport of Pi. Shibasaki et
al. demonstrated that Slc34a21s expressed in the
labyrinth zone of the mouse placenta from E12.5
and that conventional knockout led to embryonic
lethality just after implantation, indicating
that Npt2b is essential for early embryonic
development (25). Since the expression of genes
for type III Na*/Pi cotransporters (Slc20al
and Slc20a2) was also increased in the mouse
placenta toward the end of gestation (8), we
cannot exclude the possibility that they too
have some role in prenatal Pi homeostasis. As
for Npt2a and Npt2c, the placental expression of
their genes (Slc34al and Slc34a3) was increased
in late gestation, but it was still very low (8) and
unlikely to have significant roles.

In adults, evidence has been accumulated
for a central role of fibroblast growth factor
23 (FGF23) in regulating Pi homeostasis (26).
To exert its effects, FGF23 requires an FGF
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receptor (FGFR) and a-Klotho as a co-receptor
(27). Although we reported that the placenta
expressed both of these molecules (8, 28), it has
been unclear whether FGF23 can regulate Pi
transplacental transport or not.

Little is known of the mechanism of placental
Mg transport. Bidirectional Mg flux has been
demonstrated in sheep, with materno-fetal flux
(0.042 mg/kg fetal weight/hour) exceeding feto-
maternal flux (0.012 mg/kg/h) (29). There is no
direct information on the regulation of placental
Mg transport.

Maternal Mineral Metabolism during
Pregnancy and Lactation

High Ca demand during pregnancy and
lactation alter Ca homeostasis in the mother.
In pregnancy, 2—-3% of maternal Ca is transferred
to the fetus in late gestation (30). During
lactation, 300—400 mg of Ca is transferred into
breast milk per day (31). To meet this high Ca
demand, the rate of intestinal absorption and
bone turnover are increased during pregnancy
(32). In the lactation period, renal excretion of
Caisreduced to maintain bone metabolism (33).
It has been reported that, during pregnancy, the
maternal lumbar spine and total bone mineral
density (BMD) decrease by ~7.6% and ~3.9%,
respectively (34). Other studies showed 4-6%
bone loss during the first 6 months of lactation
(35). However, there is no consensus about the
long-term effects of pregnancy and lactation on
bone.

The mechanism of bone loss during lactation
is thought to be accelerated by suckling-induced,
hypothalamic suppression of estrogen levels
combined with increased levels of parathyroid
hormone-related peptide (PTHrP) secreted from
the lactating breast (36). However, experimentally
decreasing estrogen levels and increasing PTHrP
levels in mice do not reproduce the full effects
of lactation on the skeleton (37). Therefore, it
has been speculated that other mechanisms also
contribute to the bone loss during lactation. Qing
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Table 1 Comparison of serum mineral values between the fetus
and mother

Calcium Fetus >>
Phosphate Fetus >>
Magnesium Fetus >
1iPTH Fetus <<
1,25(0H),D Fetus <
Calcitonin Fetus >

Mother Late gestation
Mother Late gestation
Mother Late gestation
Mother End of gestation
Mother Late gestation
Mother At term

Table 2 Pregnant maternal serum mineral concentration (41)

First Second Third Nonpregnant

trimester trimester trimester adult
Calcium (mg/dl) 8.8-10.6 8.2-9.0 8.2-9.7 8.7-10.2
Phosphate (mg/dl) 3.1-4.6 2.5-4.6 2.8-4.6 2.5-4.3
PTH (pg/ml) 10-15 1825 9-26 851
PTHrP (pmol/l) 0.7-0.9 1.8-2.2 2.56-2.8 <1.3
1,25(0H),D (pg/ml) 20-65 72-160 60-119 2545
250HD (ng/ml) 1827 10-22 10-18 14-80

et al. showed that the size of osteocyte lacunae
in both the tibia and vertebrae increased as a
result of osteocytic osteolysis in lactating mice
and that the change was reversed 7 days after
weaning (38). They also reported that lactation is
associated with the reversible activation of some
genes related to osteoclastic osteolysis in the
osteocyte: tartrate resistant acid phosphatase
(TRAP), cathepsin K, carbonic anhydrase, matrix
metallopeptidase 13 (MMP13), and several
subunits of the H*-ATPase. Since conditional
deletion of the type 1 PTH/PTHrP receptor
(PTHR1) in osteocytes blocked the increase in
lacunar size and the induction of TRAP activity
observed during lactation, they concluded that
lactation is associated with osteocytic osteolysis
due to PTHR1 signaling (38).

PTH

In the fetus, the concentrations of some
calcitropic hormones are maintained at different
levels than in adults. Fetal intact PTH levels
are much lower than maternal or nonpregnant
adult levels near the end of gestation (< 4.72 pg/

ml) (Table 1) (39, 40). Since maternal PTH levels
are suppressed during pregnancy compared with
those in the nonpregnant adult (Table 2) (41),
fetal PTH levels appear to be strongly suppressed.
The fetal parathyroid glands produce PTH from
10 wk of gestation (42). However, it is unknown
whether the human placenta produces PTH or
not. Although the fetal PTH levels are very low,
fetal PTH is thought to be important, since fetal
mice lacking parathyroid glands, PTH or the
PTH/PTHrP receptor are hypocalcemic and have
undermineralized skeletons (3, 43—45).

Vitamin D

After birth, the metabolism of vitamin
D to its major circulating form (25-hydroxy
vitamin D: 250HD) and functional active
form [1,25-dihydroxyvitamin D: 1,25(0OH),D]
takes place in the liver and kidney. In the
kidney, la-hydroxylase converts 250HD to
1,25(0H),D, while 24-hydroxylase catabolizes
250HD and 1,25(0OH),D to 24,25(0H),D and
1,24,25(0H)3D, respectively. FGF23 decreases
the production of 1,25(0OH),D by suppressing the
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expression of la-hydroxylase and inducing that
of 24-hydroxylase (46).

During pregnancy, maternal 250HD crosses
the placenta, so the fetal level of 250HD reaches
75-100% of the maternal level at term (47). On
the other hand, the fetal 1,25(0OH),D level is
lower than that in the mother (< 50%) (Table
1) (48). Both the fetal kidneys and the placenta
express la-hydroxylase (8). Since the level of
1,25(0OH),D in the umbilical artery is higher than
that in the umbilical vein (49), the fetal kidneys
can contribute to produce 1,25(0OH),D in the
fetus. However, it is thought that the synthesis
of 1,25(0OH),D in the fetus is suppressed by the
high levels of Ca and Pi and low levels of PTH.
The maternal level of 1,25(0OH),D of during
pregnancy is 2- to 3-fold higher than that in the
nonpregnant adult (Table 2). It i1s suggested
that the maternal kidneys contribute to the
abundance of 1,25(0OH),D in the pregnant mother
(50).

As for FGF23, we have reported that in cases
of pathological conditions with increased levels
of circulating FGF23, such as in the Hyp mouse,
the high maternal levels of FGF23 can act on
the placenta directly and increase the activity
of placental 24-hydroxylase. Consequently, fetal
250HD levels are decreased by the excessive
conversion of 250HD to 24,25(0H),D (8).

Since the fetal Ca values and skeletal
mineral content were within the normal ranges
in vitamin D deficiency model mice and in
vitamin D receptor null mice, vitamin D has
been considered unimportant for fetal mineral
homeostasis. However, vitamin D deficiency
in mothers was associated with a lower bone
mineral density in their children at 9 yr old (51).
Based on this report, it is possible that vitamin
D metabolism during pregnancy could affect
childhood bone metabolism.

PTHrP

In cord blood, the concentration of PTHrP
is 15-fold higher than that of PTH at term. In
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the fetus, PTHrP is produced in many tissues,
including the placenta. The PTHrP level in the
umbilical vein is higher than that in the umbilical
artery in pigs (52), which suggests that the
placenta may be a critical source of fetal PTHrP.
PTHrP plays important roles in the fetus. It has
been reported that abnormal endochondral bone
development, hypocalcemia, hyperphosphatemia
(even further above the normally high fetal Pi
level), and decreased placental Ca transport
were observed in fetuses of PTHrP-deficient
mice (53, 54). On the other hand, the serum
Mg level remained within the normal range.
Although serum PTH levels increase 3-fold in
PTHrP-deficient fetuses in a form of a secondary
hyperparathyroidism (43), the fetuses still have
hypocalcemia. This suggests that PTH cannot
compensate for the lack of PTHrP completely.
Fetuses lacking either parathyroid glands
or PTH also have hypocalcemia and have no
compensatory increase in PTHrP levels (3, 44).
These data suggest that PTHrP also does not
compensate for the absence of PTH.

In lactating mothers, as described above,
PTHrP produced by the lactating breast plays
an important role in meeting the Ca demands
of lactation. Many studies have shown elevated
serum PTHrP levels during lactation (36, 55, 56).

Calcitonin

Thyroid C-cells begin to differentiate at
around the 12th wk of gestation (57), and
calcitonin is detectable at around the 15th wk
of gestation in the C-cells (58). Fetal circulating
calcitonin levels are ~2-fold higher than those in
the mother (Table 1) (2, 49, 59). The trophoblasts
of the placenta also produce calcitonin and supply
it to the fetus (60). Since the calcitonin does not
cross the placenta in the mouse or rat (61, 62),
fetal circulating calcitonin is derived from fetal
sources. However, the major source of fetal
circulating calcitonin has not been determined.

In a mouse model, fetuses with ablation of
the Ctcgrp gene, which encodes both calcitonin
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and calcitonin gene-related peptide-a, exhibited
normal Ca and Pi levels (61). However, since
the serum Mg level of the fetuses decreased
significantly, calcitonin may contribute to fetal
Mg homeostasis (61).

Conclusion

To meet the demands of developing fetuses,
perinatal mineral homeostasis differs from
mineral homeostasis in adults. However, little
1s known about how mineral metabolism is
regulated in the fetus compared with that in the
adult because of the difficulty in studying human
fetuses. It is expected that further investigations
will uncover the molecular mechanism of fetal
mineral homeostasis and may lead to the
development of new therapeutic strategies for
perinatal patients with mineral abnormalities.
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