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Abstract Phosphate is a multivalent ion critical for a variety of physiological
functions including bone formation, which occurs rapidly in the developing infant.
In order to ensure maximal bone mineralization, young animals must maintain a
positive phosphate balance. To accomplish this, intestinal absorption and renal
phosphate reabsorption are greater in suckling and young animals relative to adults.
This review discusses the known intestinal and renal adaptations that occur in young
animals in order to achieve a positive phosphate balance. Additionally, we discuss
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the ontogenic changes in phosphotropic endocrine signalling as it pertains to intes-
tinal and renal phosphate handling, including several endocrine factors not always
considered in the traditional dogma of phosphotropic endocrine signalling, such as
growth hormone, triiodothyronine, and glucocorticoids. Finally, a proposed model
of how these factors may contribute to achieving a positive phosphate balance during
development is proposed.

Keywords Development · Phosphate · Phosphorus · Postnatal

Abbreviations

AA Arachidonic acid
ALP Alkaline phosphatase
BBMV Brush-border membrane vesicles
CVD Cardiovascular disease
FGF23 Fibroblast growth factor 23
GH Growth hormone
NaPiIIa Sodium-phosphate cotransporter isoform IIa
NaPiIIb Sodium-phosphate cotransporter isoform IIb
NaPiIIc Sodium-phosphate cotransporter isoform IIc
NHE3 Sodium hydrogen exchanger isoform III
Pi Phosphate
PLA2 Phospholipase A2
PTH Parathyroid hormone
T3 Triiodothyronine

1 Introduction

Phosphate (Pi) is critical for a myriad of physiological functions including cell
signalling, cell metabolism, as a constituent of the phospholipid bilayer as well as
nucleic acids and in the maintenance of bone integrity (Penido and Alon 2012;
Peacock 2020). In bone, Pi and calcium form a hydroxyapatite salt
((Ca)10(PO4)6(OH)2) which is interspersed in the extracellular matrix of bone tissue
(Bhadada and Rao 2020). In blood, the concentration of phosphate is maintained
within a narrow range which varies with age, and in adults is approximately
0.9–1.5 mM. The highest serum Pi concentration is observed in infants and it
decreases with age to typical adult values (Greenberg et al. 1960). Females tend to
display higher serum Pi than males (Zhang et al. 2014). This difference is particu-
larly pronounced approaching and following menopause, which may be in part due
to the decrease in oestrogen which has a phosphaturic effect (Zhang et al. 2014;
Faroqui et al. 2008). The concentration of intracellular Pi greatly exceeds that of
serum by approximately 100-fold (Penido and Alon 2012). However, this does not
reflect total intracellular inorganic Pi content as inorganic Pi is found in intracellular
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molecules such as nucleoside triphosphates and cyclic nucleoside monophosphates.
Phosphate-dependent bone formation is particularly important early in life, as
neonates and infants experience rapid bone formation with growth (Sanders et al.
2017). Phosphate homeostasis is maintained by a delicate balance between intestinal
absorption, deposition to and resorption from bone, renal reabsorption and urinary
excretion. Perturbations in one or more of these sites of regulation can result in
disease including hypophosphatemic rickets, osteoporosis and osteomalacia (Bitzan
and Goodyer 2019; Francis and Selby 1997; Lee and Cho 2015; Imel 2020;
Marcucci and Brandi 2020; Ito and Fukumoto 2020).

Phosphate homeostasis is subject to hormonal control at all of the aforementioned
regulatory points (Fig. 1). For instance, in response to an increase in serum Pi,
parathyroid hormone (PTH) is released from the parathyroid gland into the blood
(Almaden et al. 1996; Almaden et al. 1998; Centeno et al. 2019; Kritmetapak and
Kumar 2019). Circulating PTH increases bone resorption by liberating Pi from
hydroxyapatite. It also has a direct phosphaturic effect via inhibiting Pi reabsorption
from the renal proximal tubule (Lee et al. 2017). In addition, PTH indirectly

Fig. 1 Endocrine modulation of phosphate homeostasis. Phosphate is absorbed from the small
intestine into the systemic circulation. An increase in serum Pi elicits secretion of PTH from the
parathyroid gland. PTH increases the synthesis of 1,25 (OH)2 Vitamin D3 in the kidney. Increased
serum 1,25 (OH)2 Vitamin D3 stimulates secretion of FGF23 above baseline levels from osteoblasts
and osteocytes in the bone. An elevation in serum 1,25 (OH)2 Vitamin D3 also elicits increased Pi
absorption from the intestine. The aforementioned increases in serum [PTH] and [FGF23] decreases
renal Pi reabsorption; increasing urinary Pi excretion. Consequently, serum [Pi] decreases towards
the normal physiological range
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enhances intestinal Pi absorption by increasing the expression of 1α-hydroxylase, an
enzyme that catalyses the production of 1,25 (OH)2 Vitamin D3 (also known as
calcitriol). 1,25 (OH)2 Vitamin D3 increases the expression and activity of the
predominant intestinal Na+-dependent Pi cotransporter and consequently intestinal
Pi absorption (Xu et al. 2002; Yagci et al. 1992; Katai et al. 1999). Despite enhanced
intestinal Pi absorption, the net effect of PTH secretion is a slight decrease in serum
Pi levels secondary to renal loss of Pi. Parathyroid hormone also has an indirect but
noteworthy phosphaturic effect, both directly and indirectly. PTH stimulates the
production of 1,25 (OH)2 Vitamin D3 which is a stimulus for secretion of FGF23
from osteocytes and osteoblasts (Kaneko et al. 2015). Fibroblast growth factor
23 (FGF23) has a pronounced phosphaturic effect by reducing Pi reabsorption
from the proximal tubule (Gattineni et al. 2009). FGF23 acts by binding to the
FGF receptor and its coreceptor alpha-klotho which enhances its binding (Urakawa
et al. 2006). Interestingly, a cleaved soluble form of klotho also induces phospha-
turia independent of FGF23 (Hu et al. 2010). Importantly FGF23 increases in
response to prolonged (days) high Pi consumption but does not respond to transient
increases in serum Pi (Ferrari et al. 2005; Layunta et al. 2019).

1.1 Transcellular Intestinal Phosphate Absorption/Renal
Phosphate Reabsorption

Dietary free Pi, hereafter referred to simply as Pi, is a common food additive and a
common constituent of the Western diet (Calvo et al. 2014). Pi, as it is not covalently
linked to amino acids in protein or another organic molecule, does not require
enzymatic cleavage to be liberated and absorbed. Inorganic Pi can thus be freely
absorbed from the small intestine. In contrast, phosphorus bound to carbon-
containing molecules such as polypeptides, lipids, and nucleic acids, henceforth
referred to as P, must be enzymatically cleaved prior to absorption. This is typically
accomplished by alkaline phosphatase (ALP), a hydrolase that catalyses the
nonspecific cleavage of phosphomonoester bonds. Once liberated from an organic
molecule, Pi flux across intestinal and renal epithelia can occur via either the
transcellular or paracellular pathway (Fig. 2) (Saurette and Alexander 2019). The
transcellular pathway is characterized by entry of Pi into the epithelial cell via
movement across the apical membrane, followed by exit across the opposing
basolateral membrane (N.B. there is no evidence of transcellular phosphate secre-
tion, i.e. basolateral to apical movement). Given that transcellular Pi flux in both the
small intestine and the kidney depends on the activity of secondary active trans-
porters, the transcellular pathway is saturable. In the small intestine, transcellular Pi
absorption is mediated at the apical membrane by Na+-dependent secondary active
transport (Fig. 3). Specifically, the type-II Na+-Pi cotransporter NaPiIIb (gene name
human/mouse – SLC34A2/Slc34a2) transports Na+ and Pi in a 3:1 stoichiometric
ratio and is recognized as the principal mediator contributing apical Pi uptake in the
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small intestine (Hilfiker et al. 1998; Sabbagh et al. 2011). However, the overall
contribution of NaPiIIb to the maintenance of phosphate homeostasis in humans is
questionable, as patients with biallelic mutations in this gene have pulmonary
alveolar microlithiasis and do not display a phosphate phenotype (Corut et al.
2006; Huqun et al. 2007). Moreover, clinical trials employing a NaPiIIb inhibitor
were unable to lower plasma Pi in humans (Larsson et al. 2018). Also expressed in
the small intestine are the type III Na+-Pi cotransporters Pit1 (gene name human/
mouse – SLC20A1/Slc20a1) and Pit2 (gene name human/mouse – SLC20A2/
Slc20a2) that transport Na+ and Pi in a 2:1 stoichiometric ratio. However, the
contribution of Pit1/2 to apical Pi uptake in the intestine is likely minimal given
negligible measurable sodium coupled Pi uptake in the NaPiIIb intestinal knockout
mice (Sabbagh et al. 2011; Pastor-Arroyo et al. 2020). Further, Pit2 is certainly
dispensable to maintaining global Pi homeostasis under normal dietary Pi conditions
as Pit2 null mice have unaltered Pit homeostasis on this diet (Pastor-Arroyo et al.
2020). Pit1 and 2 have also been proposed to act as extracellular Pi sensors (Bon
et al. 2018). The basolateral mechanism of Pi extrusion in the intestine has not been
identified at the molecular level (Cross et al. 1990).

In the kidney, the vast majority, if not all of the Pi reabsorption occurs in the
proximal tubule (Fig. 4) (Pastoriza-Muñoz et al. 1978; Biber et al. 2013). Chiefly
responsible for Pi reabsorption in this nephron segment are the apically expressed

Fig. 2 The transcellular and paracellular routes of epithelial ion flux. In contrast to the inherently
saturable nature of transcellular ion movement, paracellular flux is governed by the transepithelial
electrochemical gradient. Paracellular ion flux is largely regulated by claudins (indicated by blue
circles) expressed in the epithelial tight junction. With respect to transcellular Pi absorption and
reabsorption, both processes begin with apical secondary active transport (2� AT), coupled to
sodium influx. The identity of the basolateral mechanism(s) of Pi extrusion in the intestine and
kidney have not been clearly delineated (indicated by red question mark on basolateral membrane)
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type-II Na+-Pi cotransporters NaPiIIa (SLC34A1/Slc34a1) and NaPiIIc (SLC34A3/
Slc34a3). NaPiIIc is not electrogenic, co-transporting 2 Na+:1 Pi (Segawa et al.
2002). Individuals with mutations in SLC34A3 present with hereditary
hypophosphatemic rickets with hypercalciuria during childhood (Lorenz-Depiereux
et al. 2006), which appears to be a lifelong disease suggesting an important role for
NaPiIIc across all developmental stages. In contrast NaPiIIa takes up Na+ and Pi in a
3:1 ratio and is therefore electrogenic (Forster et al. 1999). Both isoforms contribute
significantly to Pi homeostasis in humans. Consistent with this, loss of function
mutations in both transporters can cause hypophosphatemia due to renal Pi wasting
(Bergwitz et al. 2006; Schlingmann et al. 2016; Schönauer et al. 2019). Patients with
SLC34A1 mutations, however, can display a range of phenotypes including a renal
Pi wasting syndrome similar to SLC34A3 mutations, infantile neonatal hypercalce-
mia or simply kidney stones (Schlingmann et al. 2016; Rajagopal et al. 2014; Braun
et al. 2016). However, the clinical manifestations tend to improve with age

Fig. 3 Intestinal phosphate absorption. Alkaline phosphatase (ALP) liberates P from organic
molecules as Pi. This is accomplished by the hydrolysis reaction depicted above. Phosphate
attached to a generic organic ‘R’ group is cleaved off by the hydrolase ALP, resulting in R-OH
and H-Pi. The free Pi can then be absorbed via the Na+-dependent secondary active transporters
NaPiIIb, Pit1 or Pit2. NaPiIIb preferentially transports the divalent Pi species (HPO4

2�), whereas
Pit1/2 preferentially transport the monovalent Pi species (H2PO4

�); conferring versatility of
intestinal Pi transport with respect to luminal pH. NHE3 plays a role in paracellular Pi absorption.
Little is known regarding the basolateral mechanism of Pi extrusion. PD ¼ potential difference,
which is approximately �5 mV in the small intestine
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highlighting the importance of NaPiIIa early in life. Also expressed in the proximal
tubule is Pit2 which, akin to its role in the small intestine, contributes less to apical Pi
uptake, in adults at least (Villa-Bellosta et al. 2009; Bon et al. 2018). Xenotropic and
polytropic retrovirus receptor 1 (XPR1) is expressed in the renal proximal tubule,
where recent findings are consistent with a role in basolateral Pi efflux (Ansermet
et al. 2017). This finding, however, should be interpreted tentatively as XPR1 has not
been localized to the basolateral membrane in the proximal tubule, nor have hetero-
zygous expression studies demonstrated the ability for XPR1 to mediate Pi flux.
Recent efforts identified NaPiIIb in the thick ascending limb, but its role in renal Pi
homeostasis is unclear at present (Motta et al. 2020). For a recent review of
phosphate transporters please see (Levi et al. 2019).

1.2 Paracellular Phosphate Flux

Paracellular flux is the movement of an ion across an epithelium between epithelial
cells (Fig. 1). The paracellular pathway is unsaturable and is driven by the

Fig. 4 Renal phosphate reabsorption. Apical NaPiIIa, NaPiIIc preferentially takes up inorganic Pi
in the divalent form, whereas Pit2 shows preference for the monovalent form. The mechanism of
basolateral Pi extrusion is not understood. There is no data supporting paracellular flux across the
renal tubule
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transepithelial electrochemical gradient (King et al. 2018; Knöpfel et al. 2019).
Thus, depending on the electrochemical gradient Pi could either be absorbed
(i.e. apical to basolateral) or secreted (i.e. basolateral to apical) via the paracellular
pathway. The concentration of Pi in the intestinal lumen of rodents has been reported
to be in the millimolar range (Ikuta et al. 2018; Marks et al. 2015). Assuming similar
luminal Pi concentrations exist in humans, a chemical gradient would exist between
the lumen and the blood favouring apical-to-basolateral paracellular Pi movement.
Further, the mammalian small intestine displays a negative transepithelial potential
difference (lumen negative), which would also favour apical-to-basolateral flux of
negatively charged ions such as Pi, especially at an alkaline pH that favours the
divalent species (Gustke et al. 1981). Taken together, the electrochemical gradient
for Pi across the intestine strongly favours apical-to-basolateral absorption of inor-
ganic Pi via the paracellular pathway, which may be more pronounced when
consuming a western diet high in inorganic Pi. In contrast, there does not appear
to be significant paracellular flux contributing to renal Pi reabsorption (Kaufman and
Hamburger 1987; Edwards and Bonny 2018).

The paracellular movement of an ion requires a permeable pore. Claudins are a
family of four pass transmembrane proteins expressed in the tight junctions of
epithelia including the small intestine and the renal epithelium (Günzel and Yu
2013). As hetero- or homo-tetramers, claudins form pores which confer ion selec-
tivity to epithelia (Piontek et al. 2020). The sodium-hydrogen-exchanger isoform III
(NHE3) is apically expressed in the small bowel (Fig. 3) and appears to regulate
intestinal Pi absorption as its pharmacological inhibition reduces paracellular Pi
permeability and intestinal Pi absorption (King et al. 2018). While the roles of the
Na+-Pi cotransporters in Pi homeostasis have been largely established (Biber et al.
2013), the contribution of paracellular Pi movement to whole-body Pi status remains
largely unexplored, as does the contribution of paracellular Pi absorption to
maintaining a positive Pi balance throughout development. This article therefore
focuses largely on transcellular mechanisms by which Pi homeostasis is maintained.
Specifically, we cover the current body of literature characterizing the changes in
intestinal and renal Pi handling throughout mammalian postnatal development.
Included in the discussion is a review of the developmental hormonal changes
influencing Pi homeostasis. Data from a number of animal models are included in
this review. The reader should consider that physiological differences exist between
humans and the models discussed, especially rodents which are multiparous. Thus,
findings from nonhuman mammalian models should be interpreted with these
considerations. We have chosen to include results from nonhuman models as these
studies are often not feasible to conduct on humans for technical and/or ethical
reasons and we believe they contribute insight that is likely translatable.
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2 Ontogeny of Intestinal Phosphate Absorption

Given the need to rapidly mineralize bone as a neonate, it is not surprising that
functional adaptations exist to optimize Pi absorption from the small intestinal
lumen. These adaptive mechanisms diminish as the neonate matures into adulthood
and peak bone mineralization is achieved. Recent work revealed greater 33P absorp-
tion from the jejunum, ex vivo, of 10-week-old (i.e. not fully grown) Sprague-
Dawley rats relative to 20- or 30-week-old (fully grown) animals (Vorland et al.
2018). Corroborating this, Slc34a2 mRNA abundance was significantly greater in
the duodenum and jejunum at 10 weeks of age relative to 20 weeks of age (Vorland
et al. 2018). Further, Borowitz and Granrud found that in New Zealand White
Rabbits, duodenal brush-border membrane vesicles (BBMV) from 2- to 4-week-
old rabbits (preweaning age) displayed higher Na+-dependent Pi uptake than 6- or
12-week-old animals, consistent with greater transcellular Pi uptake in vivo at a
younger age (Borowitz and Granrud 1992). This study also demonstrated that at any
given Pi concentration, Na+-dependent Pi uptake was higher in duodenal BBMV
vesicles derived from 2-week old rather than older animals (Borowitz and Granrud
1992). Finally, they observed the highest ALP activity in small intestine BBMV of
young rabbits, which decreased with age. The in situ and ex vivo Pi flux data is
consistent with enhanced transcellular intestinal Pi uptake in the neonate, which
decreases with age. The high intestinal ALP activity in the infant described by
Borowitz and Granrud also supports this. Increased ALP enzyme activity would
enable the liberation and subsequent absorption of Pi found in organic sources, such
as casein in milk. It is noteworthy that enterocyte turnover in the small intestine is
much lower in young animals in comparison to adults (Smith and Jarvis 1978). Thus,
increased intestinal ALP activity observed in younger animals may reflect longer
enterocyte presence in the small intestine accommodating increased ALP expression
and subsequent activity. Taken together the data is consistent with young animals
having an increased capacity for transcellular Pi absorption from the small intestine
relative to adults.

The relative importance of paracellular versus transcellular intestinal Pi absorp-
tion, particularly in the young, is unclear. Pi permeability in the jejunum and ileum is
significantly greater at pH ¼ 6 than pH ¼ 8.4 (Knöpfel et al. 2019). The human
duodenal pH is approximately 6.6, which increases to 7.5 at the terminal ileum,
consistent with Pi permeability being highest in the most acidic segment, i.e. the
duodenum (Evans et al. 1988). However, the brief sojourn time of dietary Pi in the
duodenum compounded with the rate-limiting step of ALP liberation of dietary P
from organic sources likely limits the contribution of the duodenum to overall Pi
absorption (Duflos et al. 1995). This phenomenon may be particularly relevant in the
infant, given that most, if not all of the Pi in breastmilk is organic; i.e. found in whey,
casein and phospholipids (Gridneva et al. 2018; Suzuki et al. 1991; Lönnerdal et al.
2017). In the case of breastmilk, the protein-bound P component would need to be
enzymatically liberated prior to absorption. By the time this occurs the previously
bound Pi may be in a more distal segment given the brief sojourn time of the
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duodenum. The conceivably low luminal [Pi] contributed by enzymatic cleavage
may necessitate secondary active transport and thus may be absorbed in a
transcellular fashion. Unfortunately, the precise percentage breakdown between
free Pi and bound P in mammalian breastmilk has not been established. By the
stated rationale, however, if the majority of phosphorus content in breastmilk exists
as bound P, the duodenum may not be a site of high Pi absorption during suckling.
Duodenal Pi absorption may become more important after weaning from breastmilk
to a diet containing free ionized Pi, which is freely absorbed. Furthermore, a post-
weaning diet higher in free Pi likely contributes a large electrochemical gradient for
Pi across the duodenum, which combined with an acidic luminal pH, would favour
paracellular Pi absorption from the proximal small bowel. As the pH progressively
increases in the distal small intestine and as the luminal sojourn time increases, Pi
absorption in the jejunum and ileum may become a balance between transcellular
and paracellular flux.

3 Ontogeny of Renal Phosphate Handling

Renal tubular Pi reabsorption is greater early in life compared to older animals
(Bistarakis et al. 1986; Kaskel et al. 1988; Neiberger et al. 1989). A 1988 in situ
study demonstrated functional differences between juvenile and adult guinea pigs
with respect to renal Pi handling (Kaskel et al. 1988). Proximal tubular micropunc-
ture experiments found that Pi reabsorption (normalized to GFR) and fractional Pi
reabsorption (i.e. the percentage of filtered load) significantly decreases from 1 week
(preweaning) to 7 weeks (post-weaning) of age. Similarly, in vitro studies employing
renal cortical BBMVs from juvenile (3–14 days old, i.e. suckling) guinea pigs had a
significantly higher rate of Na+-dependent Pi uptake than BBMVs derived from
older (>57 days old, i.e. post-weaning) animals (Neiberger et al. 1989). This work
also revealed that the Vmax of Na

+-Pi uptake in juvenile-derived kidney BBMV was
significantly greater than that of adults. These findings are consistent with increased
reabsorption of Pi in the neonatal proximal tubule relative to the adult. Of note, the
Vmax of Na+-Pi cotransport in BBMVs isolated from adult kidneys is inversely
correlated to dietary Pi content, whereas juvenile animals did not show the same
capacity to regulate Na+-Pi cotransport in response to changes in dietary Pi
(Neiberger et al. 1989). Consistent with this, serum Pi significantly increases in
young animals when given an oral gavage of inorganic Pi (Neiberger et al. 1989). A
failure to attenuate tubular Pi reabsorption in response to increased dietary Pi in
juvenile animals likely also contributes to maintaining a positive Pi balance while
suckling. Evidence supporting enhanced tubular Pi reabsorption in neonates has also
been found in humans. The urinary fractional excretion of Pi increases between
3 and 6 months of age (Bistarakis et al. 1986). However, the mechanism conferring
increased renal Pi reabsorption in suckling mammals is unclear (Segawa et al. 2002).
Western Blot analysis of kidney BBMV from suckling, weaning and adult rats found
the lowest expression of NaPiIIc in animals that were suckling, with significantly
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higher NaPiIIc expression in weaning rats relative to the adult. Increased renal Pi
reabsorption in suckling animals, despite lower NaPiIIc expression, may be second-
ary to greater abundance or apical membrane expression of NaPiIIa or because of
increased Pit1 or 2 activity. Regardless of the mechanism, the data strongly supports
increased proximal tubule Pi reabsorption in young mammals compared to adults.
This increased renal Pi reabsorption likely contributes to a positive Pi balance
necessary for optimal growth.

4 Ontogeny of Hormonal Factors Directing Intestinal
and Renal Phosphate Handling

PTH Developmental alterations in hormonal signalling likely contribute to the
observed differences with respect to renal and intestinal Pi handling in younger
animals. PTH is a central hormone fundamental to Pi homeostasis. The ability for
PTH to inhibit proximal tubular Pi reabsorption in the kidney changes with mam-
malian development (Johnson and Spitzer 1986). In contrast to the well-recognized
effect of PTH to enhance renal Ca2+-reabsorption, which is present in the neonate,
PTH-mediated phosphaturia is not present in the newborn and appears to develop in
older animals (Johnson and Spitzer 1986). A potential mechanism for this phenom-
enon is reduced phospholipase A2 (PLA2) activity in the neonatal proximal tubule.
Of note, PLA2 is a downstream signalling molecule after activation of the PTH
receptor, which produces arachidonic acid (AA) via hydrolysis of phospholipid
substrates (Friedlander and Amiel 1994). Sheu et al. (1997) found that 14C-AA
production by liposomes purified from the adult rabbit kidney significantly exceeded
that of the juvenile (Sheu et al. 1997). The authors interpreted increased 14C-AA
production as a hallmark of elevated PLA2 activity in adult proximal tubule.
Inhibition of Na+/Pi transport by AA metabolites has been demonstrated in opossum
kidney (OK) cells, a common proximal tubular cell model (Silverstein et al. 1999).
The absence of PTH-induced phosphaturia in the neonate could therefore be sec-
ondary to reduced PLA2 activity in the neonatal proximal tubule, resulting in lower
intracellular [AA], and thus reduced or absent inhibition of apical Na+/Pi
cotransport, thereby limiting phosphaturia. Parathyroid hormone-mediated Ca2+

reabsorption combined with the absence of PTH-induced phosphaturia in the neo-
nate likely enhances the retention of Ca2+ and Pi so as to optimize skeletal miner-
alization during early development (Linarelli 1972).

FGF23 Another hormone central to Pi homeostasis is the phosphatonin, FGF23.
This hormone also inhibits proximal tubule phosphate reabsorption but in contrast to
PTH, inhibits rather than stimulates calcitriol synthesis. FGF23 levels nearly double
between 5 days and 3 months of age. This rapid increase is followed by a gradual
decline to levels at 1 year of age which are comparable to adult values (Braithwaite
et al. 2016; Schoppet et al. 2012). Low serum FGF23 levels in the immediate
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postnatal period likely also contribute to an overall positive Pi balance early in life by
minimizing phosphaturia.

Calcitriol The production and handling of 1,25 (OH)2 vitamin D3/calcitriol changes
throughout mammalian development. Serum calcitriol increases rapidly following
birth, followed by a marked decline into adulthood (Ross and Dorsey 1991).
Consistent with this, the production rate of calcitriol declines with age. We are
only aware that the ontogeny of 1,25 (OH)2 Vitamin D3 production has been studied
in sheep, however, it is plausible that heightened neonatal calcitriol production
occurs ubiquitously in mammals. Elevated calcitriol levels in the neonate may
contribute to the increased intestinal Pi absorption observed. In addition to altered
1,25 (OH)2 Vitamin D3 levels across development, calcitriol signalling in the small
intestine undergoes developmental change. The administration of 1,25 (OH)2 Vita-
min D3 induces similar changes in magnitude of Na+-dependent Pi uptake in small
intestine BBMV in both juvenile and adult rats. However, the fold-increase in
Slc34a2 (gene encoding NaPiIIb) mRNA abundance in young animals is signifi-
cantly greater than that of adults, which may reflect greater NaPiIIb abundance if
protein expression similarly increases (Xu et al. 2002). Post-transcriptional regula-
tion of NaPiIIb by calcitriol is possible given its regulation of other target genes at
this level (Moor et al. 2018). While functional response to 1,25 (OH)2 Vitamin D3

administration with respect to Na+-dependent Pi absorption is similar between
juvenile and adult mammals, the mechanisms underpinning this response differ
between age groups. Since the BBMV technique examines predominately the
transcellular pathway, the results of the Xu et al. suggest that 1,25 (OH)2 Vitamin
D3 may increase Slc20a1 and/or Slc20a2 expression in the small intestine in adults
(Keasey et al. 2016). However, since vitamin D is a transcriptional regulator, it is
also possible that calcitriol regulates the transcription of claudins mediating
paracellular Pi flux in addition to regulating NaPiIIb. Consistent with this possibility,
claudin-2 and -12, two calcium permeable claudins are upregulated in the intestine in
response to vitamin D (Fujita et al. 2008; Zhang et al. 2015). Thus, the functional
distinction in Pi absorption between young and adult animals could be due to a
combination of increased capacity for paracellular Pi absorption and increased
NaPiIIb expression in the neonate.

GH In addition to the roles of PTH and calcitriol in contributing to a positive Pi
balance in young animals, growth hormone (GH) also displays phosphotropic
properties that may contribute to a positive Pi balance early in life. The administra-
tion of an antagonist to GH-releasing factor in juvenile (aged 4–5 weeks) rats
significantly increased renal fractional Pi excretion (Mulroney et al. 1989). As GH
levels in rodents peak in the first week of life, high serum GH in the neonate may
contribute to the elevated Pi reabsorption observed in the kidneys of neonates (Toriz
et al. 2019).

Glucocorticoids May also contribute to renal mediated regulation of Pi homeosta-
sis. The incubation of renal BBMVs with dexamethasone is associated with a
significant decrease in the Vmax of Na

+-Pi uptake (Levi et al. 1995). Additionally,
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dexamethasone also decreases mRNA and protein abundance of a NaPiII transporter
(N.B. this work was performed prior to the differentiation between the two renal
NaPiII isoforms; NaPiIIa and c). Corticosterone, the predominant rodent glucocor-
ticoid, has low serum levels until postnatal day 12 in rats, when it increases
dramatically to a maximum at 24 hrs of life (Henning 1978). Given data supporting
a role for glucocorticoids mediating phosphaturia, low glucocorticoid levels early in
life likely also limit renal phosphate excretion thereby contributing to a positive Pi
balance.

Triiodothyronine (T3) Triiodothyronine (T3) is another phosphotropic factor that is
not commonly thought of in this regard. Exogenous administration of T3 to suckling
Sprague-Dawley rats was associated with several physiological alterations consis-
tent with enhanced renal Pi reabsorption (Euzet et al. 1995). The T3-treated animals
displayed a significant decrease in fractional renal excretion of Pi compared to
controls. Animals receiving T3 also had significantly higher NaPiII (NB – this
work was performed pre-distinction between renal NaPiII isoforms) protein
abundance and elevated Pi uptake into renal cortical BBMVs relative to vehicle-
administered rats. Given the marked postnatal increase in T3 observed in Sprague-
Dawley rats (Chanoine et al. 1993), elevated serum T3 levels may contribute to a
positive Pi balance in young animals. Of note, the increase in renal BBMV Pi uptake
as well as the increase in NaPiII expression in response to exogenous T3 are blunted
in old (24 month) Wistar rats compared to young (3 month) rats (Alcalde et al. 1999).
While a 3-month old rat is certainly not neonatal, this finding nevertheless supports
the possibility that T3 may contribute to greater Pi-retention in younger animals.

5 A Proposed General Model: Intestinal and Renal
Ontogeny of Phosphate Handling

Given the abundance of evidence, it is reasonable to conclude that increased
intestinal NaPiIIb expression in the neonate likely contributes to a positive Pi
balance. Increased neonatal 1,25 (OH)2 Vitamin D3 production in the neonate,
which would result in enhanced intestinal Pi absorption, also likely contributes to
a positive Pi balance. In the young mammal, the mechanism for 1,25 (OH)2 Vitamin
D3-mediated increase in Pi absorption appears to be secondary to an increase in
intestinal NaPiIIb expression whereas the mechanism in the adult is less clear. While
certainly increased NaPiIIb expression contributes, the possibility that 1,25 (OH)2
Vitamin D3 also increases Pit1 and/or Pit2 expression in the adult which in turn
would confer increased Na+-Pi transport cannot be dismissed. The route of intestinal
Pi absorption may change from pre- to post-weaning as the dietary Pi source changes
from largely bound P to a combination of P and Pi. The rate-limiting step of
intestinal ALP liberating Pi from organic molecules may generate a low luminal
concentration of free Pi, necessitating the use of secondary active transport
(i.e. NaPiIIb or Pit1,2) to absorb Pi derived from organic sources. The consumption
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of free ionized Pi post-weaning, however, will generate a high luminal Pi concen-
tration resulting in an electrochemical gradient sufficient to drive paracellular Pi
absorption. With the exception of the role of ALP, this mechanism has been
previously proposed (Knöpfel et al. 2019). Thus, transcellular absorption may
predominate in the preweaning period, whereas paracellular absorption may take
on a larger role post-weaning for persons consuming a western diet. Furthermore, the
relative importance of different intestinal segments to Pi absorption may change
across development. As children begin to consume ionized dietary Pi, the duodenum
may take on a more significant role in intestinal Pi absorption; whereas the net
contribution of the jejunum and ileum to Pi absorption may decrease.

In addition to the intestine, the neonatal kidney also contributes to a positive Pi
balance through functional adaptations resulting in enhanced Pi reabsorption. Renal
Pi excretion is lowest in the neonate. Given that NaPiIIc expression is at a lifetime
low in suckling animals, increased abundance of other Na+-Pi cotransporters in the
kidney may contribute the high Pi reabsorption observed in the neonate. Increased
basolateral XPR1 expression in the proximal tubule may play an additional role in
conferring elevated Pi reabsorption in the neonate (Ansermet et al. 2017). Finally,
the absence of PTH-directed phosphaturia in the neonate likely also contributes to an
overall positive Pi balance.

6 Inorganic Phosphate: Its High Consumption
in the Western World and Potential Ramifications
for the Infant

Phosphate is a common constituent of the Western diet and it is much more
completely absorbed from the intestinal lumen than its organic counterpart (Noori
et al. 2010). The high bioavailability of free Pi presents a potential public health
issue, as elevated serum Pi is associated with renal and vascular damage as well as
with increased all-cause mortality (Hong et al. 2015; Tonelli et al. 2005). It has been
noted that this latter phenomenon occurs even within the normal physiological
serum Pi range (Tonelli et al. 2005). The exact mechanism leading to cardiovascular
complications in persons with elevated serum Pi is unclear. However, one possibility
is increased FGF23 secretion in order to lower serum Pi by inducing phosphaturia.
FGF23 induces Pi-dependent vascular calcification in vitro and is independently
associated with aortic calcification in humans (Jimbo et al. 2014; Schoppet et al.
2012). This phenomenon is of concern when consuming a ‘Western Diet’ given the
high consumption of preservative-containing foods of which free Pi is a component.
It is thus not unreasonable to postulate that the consumption of ionized Pi is
associated with chronically elevated FGF23, which in turn increases the risk of
developing cardiovascular disease (CVD). If this association, i.e. increased CVD
risk in persons with higher plasma Pi, can be extrapolated to infants it suggests
formulae is a risk for CVD, since infants consuming baby formula display elevated
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serum Pi compared to breast fed infants (Greer 1989). For a pictorial representation
of the general adaptations of the juvenile mammal to establish a high Pi balance, the
reader is referred to Fig. 5.

7 Future Research

Studies Examining the Expression and Function of Mediators of Pi Transport
Across Development Much remains to study with respect to the physiological
mechanisms underlying the maintenance of a positive Pi balance in young animals.
The detailed characterization of the normal physiological state will enable the
identification of pathophysiological mechanisms and inform their treatment. To
this end, the ontogeny of Pit1/2 expression across the lifespan remains unknown
and should be delineated. In light of the postulated Pi-sensing role of Pit1/2
heterodimers (Bon et al. 2018), this information may suggest the extent to which
this mechanism is active in the small bowel throughout the life span. Additionally,
investigation is warranted into whether Pi sensing by Pit1/2 has a downstream effect
on NaPiIIb or other NaPi’s analogous to the regulation of the Trpv6 calcium channel
by the calcium-sensing receptor (Lee et al. 2019). Further, the effect of 1,25 (OH)2
Vitamin D3 on Pit1/2 expression in the adult should be determined. Recently, it was
demonstrated in Caco-2 cells that calcitriol upregulates the mRNA abundance of
several intestinal ALP splice variants (Noda et al. 2017). Given the role of ALP in
intestinal Pi absorption, future studies are warranted to examine the change in ALP

Fig. 5 Proposed general adaptations of the juvenile mammal to establish positive Pi balance. The
juvenile mammal possesses increased absorption and reabsorption of Pi in the small bowel and
kidney, respectively. This establishes a sufficiently positive Pi balance such that rapid bone
deposition during growth may occur
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expression in response to 1,25 (OH)2 Vitamin D3 administration in animal models at
different ages. This information would be informative regarding if and how calcitriol
contributes Pi liberation from macromolecules in milk in the suckling infant. Since
studying transcript abundance is not sufficient to analyse calcitriol regulation of
NaPIIb at different ages, changes in NaPiIIb protein abundance in response to
calcitriol in juvenile and adult animals should be studied.

Studies Aimed at Understanding the Mechanisms Mediating Increased Renal
Tubular Pi Absorption in Young Animals As the ontogeny of NaPiIIa expression
in the kidney has not been examined at all, future studies should delineate the
potential role of NaPiIIa in maintaining a positive Pi balance in young animals.
Other experiments aimed at determining the possibility of another transporter such
as Pit2 contributing a compensatory role in Pi reabsorption in the suckling animal
should also be considered. To enhance our understanding of the parathyroid-kidney
interaction in development of renal Pi handling, the ontogeny of PTH receptor
expression in the proximal tubule should be elucidated. Given the absence of
PTH-induced phosphaturia in the newborn, low PTH receptor abundance in the
proximal tubule early in life might explain this phenomenon. Additionally, studies
examining the developmental changes in expression of downstream factors in
PTH-mediated phosphaturia such as the Sodium-Hydrogen Exchanger Regulating
Factor 1 should also be conducted (Lee et al. 2017).

Studies Aimed to Understand the Mechanisms Leading to Developmental
Changes in Phosphotropic Hormone Levels In light of the multifaceted role of
1,25 (OH)2 Vitamin D3 in intestinal Pi handling, future research should seek to
determine how the synthesis and degradation of this endocrine factor is altered
across mammalian development. To this end, the assessment of transcript levels
for, and overall abundance of, 25 hydroxylase (CYP2R1) and 1α hydroxylase
(CYP27B1) in the liver and kidney, respectively, should be ascertained. Studies
examining the ontogeny of calcitriol deactivation by measuring 24 hydroxylase
(CYP24A1) abundance in target tissues would also be informative. Future studies
examining intestinal vitamin D absorption at different ages will further our under-
standing of the developmental changes in the absorption of dietary cholecalciferol
prerequisite to the synthesis and action of active calcitriol. Further the abundance of
VDR and RXR should be examined across ages and consideration made to the
effects of calcitriol on post-transcriptional modification of phosphate transporters
such as NaPi2b examined.

It is surprising that there is a paucity of literature surrounding how the production/
secretion of FGF23 and PTH change across development given their instrumental
role in Pi homeostasis. Serum [FGF23] changes across development have been
documented, the same should be done for PTH to better understand its endocrine
role during growth. Researchers may additionally examine the ontogeny of PTH and
FGF23 transcript abundance in the parathyroid gland and osteocyte/osteoblast,
respectively. This information may prove useful in understanding developmental
changes in a mammal’s capacity to generate a robust endocrine response to an
increase in serum Pi.
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Examination of the Effects of Inorganic Pi on Infants and Children The evidence
linking increased serum Pi levels to all-cause mortality and CVD, even when in the
normal range in adults begs further inquiry in children. Does the increased plasma Pi
level observed in bottle fed infants translate into increased CVD or overall mortality
later in life? The effect of breast vs bottle feeding on Pi homeostasis, FGF23 and
PTH levels should also be considered. This information would be valuable to
families choosing between formula and breast milk.

8 Conclusions

Given the fundamental role of Pi in skeletal development we know surprisingly little
about Pi absorption in young animals. It is clear that there is increased intestinal and
renal Pi absorption/reabsorption in suckling animals. While it is likely that increased
NaPiIIb mediated intestinal absorption accounts for the increased Pi absorption from
the small bowel, the mechanisms mediating increased renal Pi reabsorptions remains
unknown and is an area in need of further study.
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