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ABSTRACT 

Phosphorus is an essential mineral that is, in the form of inorganic phosphate (Pi), required for building cell membranes, DNA and 
RNA molecules, energy metabolism, signal transduction and pH buffering. In bone, Pi is essential for bone stability in the form of 
apatite. Intestinal absorption of dietary Pi depends on its bioavailability and has two distinct modes of active transcellular and passive 
paracellular absorption. Active transport is transporter mediated and partly regulated, while passive absorption depends mostly on 

bioavailability. Renal excretion controls systemic Pi levels, depends on transporters in the proximal tubule and is highly regulated. 
Deposition and release of Pi into and from soft tissues and bone has to be tightly controlled. The endocrine network coordinating 
intestinal absorption, renal excretion and bone turnover integrates dietary intake and metabolic requirements with renal excretion 

and is critical for bone stability and cardiovascular health during states of hypophosphataemia or hyperphosphataemia as evident 
from inborn or acquired diseases. This review provides an integrated overview of the biology of phosphate and Pi in mammals. 
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ganic phosphate molecules (organophosphates) such as phytate, 
which is present in plants. 

To make matters more complex, the term phosphorus is of- 
ten used in clinical chemistry and dietary studies. Phosphorus- 
containing molecules in biological fluids or food items have dif- 
ferent molecular weights depending on the complex and on pH. 
In order to calculate balances, the phosphorus content of the 
fluid/complex is measured or calculated and used. Important ex- 
amples are dietary studies and determination of phosphorus in 
faeces or urine (where pH can change), while measurements in 
blood mostly refer to inorganic phosphate (with stable pH). When 
assessing the phosphorus load coming with drug formulations, 
care should be taken to discern phosphorus from phosphate salts 
(which are usually used). 

ESSENTIAL MINERAL FOR CELLULAR 

METABOLISM 

Total body phosphorus in a 70-kg person is ≈700–800 g, 80–85% 

of which is stored in the skeleton and the remaining 15–20% is in 
soft tissues and blood (5%) (Fig. 1 ). Pi is a building block for phos- 
pholipids, which are an integral part of all plasma and intracel- 
lular membranes, forms part of nucleotides in DNA and RNA and 
is required for cellular energy metabolism (Fig. 2 ). Pi is necessary 
for several enzymatic processes, including glycolysis, ammonia- 
genesis and oxidative phosphorylation. Phosphorylation of glu- 
cose is the first step of glycolysis and Pi is contained in adenosine 
triphosphate (ATP), guanosine triphosphate and uridine triphos- 
phate. In addition, it influences the oxygen-carrying capacity of 
haemoglobin by its availability for 2,3-diphosphoglycerate syn- 
thesis. ATP is also essential for phosphorylation-dependent sig- 
nalling events. 

The overall intracellular concentration of organic phosphates 
has been estimated to range between 5 and 70 mmol/l, while 
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NTRODUCTION 

hosphorus was the first chemical element to be identified. In
669, Hennig Brand discovered elementary phosphorus when
earching for the philosopher’s stone in urine. It took more than a
entury until Justus von Liebig realized that inorganic phosphate
Pi) is required by plants to grow, leading to the first industrial
ertilizer containing nitrogen, potassium and phosphate, called
super-phosphate’. Nowadays, phosphorus is used for a myriad
f chemical reactions and products, including many food items,
aising growing concerns about the limited natural resources of
hosphorus and increasing efforts are being made to recapture
hosphorus from sewage. 
Phosphorus is an essential element for life on earth across all

ingdoms of life. To date, no organism has been identified that
an live without phosphorus. As elementary phosphorus is highly
eactive with oxygen in vivo , phosphorus is present in organic or
norganic phosphate (Pi) molecules as PO4 

3 − ion. 
This review briefly summarizes our current understanding of

he functions, regulation and relevance of phosphate for human
ealth and disease. 

HOSPHORUS IS NOT PHOSPHATE 

he terms phosphorus and phosphate are often used interchange-
bly, however, there are important differences. Phosphorus refers
o the chemical element, while phosphate refers to molecules
ontaining the ion PO4 

3 −. The difference is important for several
easons, including the calculation of balance and chemical and
etabolic reactivity. Phosphorus is highly reactive with oxygen
nd does not exist as such in the human body. After reaction with
xygen and water, phosphorus becomes phosphoric acid that, af-
er dissociation and association with cations, can form various in-
rganic salts. Likewise, PO4 

3 − may form ester bonds typical of or-
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Figure 1: Daily phosphate fluxes. Average dietary intake of phosphorus is ≈1.4 g, of which ≈0.9 g are net absorbed by the intestine. Absorbed Pi enters 
the plasma pool, which is in constant exchange with soft tissue and bone. Blood also undergoes constant filtration and kidneys reabsorb 80–90% of 
filtered Pi. Net renal excretion plus faecal excretion matches daily intake of Pi in subjects in Pi balance. Numbers are average numbers for a 70-kg 
adult person on a mixed standard diet. 
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inorganic Pi values range from 0.7 to > 2 mmol/l. These differ-
ences can be explained in part by the rapid turnover between
different pools of inorganic and organic phosphates. However,
different techniques also yield different values; phosphorus-31
nuclear magnetic resonance found ≈0.7 mmol/l, while chemi-
cal methods found ≈2 mmol/l [1 ]. Of note, in patients on dialy-
sis, rapid changes in intracellular Pi have been reported between
dialysis sessions [2 ]. Nevertheless, intracellular Pi participates
in pH buffering together with proteins and the carbon dioxide–
bicarbonate metabolon. Whether there is intracellular storage of
Pi in the form of polyphosphates has been discussed, but no ev-
idence was found, while recently an intracellular polyphosphate
storage organelle has been identified in Drosophila [3 ]. Clearly this
field requires further examination to better understand the fate
of intracellular phosphates and the role of the intracellular com-
partment when buffering extracellular fluctuations in Pi. 

SYSTEMIC FUNCTIONS OF PHOSPHATE 

Pi concentrations in the extracellular space are ≈0.8–1.4 mmol/l
(3–4.5 mg/dl). About 85% of Pi in the extracellular space is free,
while 10% is protein bound and another 5% is complexed with
calcium or magnesium. Extracellular Pi oscillates during the day,
with its nadir between 8 and 11 a.m. [4 ]. The levels of organic phos-
phates in blood are not routinely measured and their concentra-
tions are poorly defined. 

Systemically, Pi contributes to pH buffering in extracellular flu-
ids even though this contributes only ≈5% to the total buffer ca-
pacity. 

INTESTINAL ABSORPTION 

Phosphate in the diet comes essentially in two different forms, as
organic or inorganic phosphate [5 , 6 ]. Organic phosphates differ
in their composition depending on their origin: plant-derived or-
ganic phosphate is mostly in the form of phytates, while animal- 
derived organic phosphate is bound to protein. Pi salts added as 
food additives are the most important form of inorganic phos- 
phate. These differences are very important for bioavailability of 
phosphate (Fig. 3 ). Plant-derived phytic acid/phytate is poorly ab- 
sorbed. The human intestine has very low phytase activity to re- 
lease Pi from these molecules. This phytase activity comes mostly 
from some bacteria (e.g. Escherichia coli and bifidobacteria) and 
yeast (e.g. various forms of aspergilli and saccharomycetes) in the 
gut microbiome [7 ]. Total phytase activity in the human intestine
may adapt to phytate intake [6 , 8 ]. However, the overall contribu-
tion of Pi from phytates to the human Pi supply remains to be es-
tablished, but current trends in diets shifting to more plant-based 
nutrition will increase dietary phytate intake in the general pop- 
ulation [9 ]. Phytates in the diet interact with cations such as cal-
cium and positively charged trace elements such as iron and zinc
and can lead to their reduced absorption. 

Animal-derived organic phosphates are mostly released af- 
ter cleavage of molecules by digestive enzymes, also involving 
membrane-bound intestinal alkaline phosphatases [6 , 10 ]. Food 
additives contain various Pi salts (e.g. phosphoric acid; sodium,
potassium or magnesium salts; and modified starches). The main 
food categories containing substantial amounts of these food ad- 
ditives are highly processed food items such as unflavoured pas- 
teurized and sterilized (including ultra-high temperature) milk,
infant and follow-on formulae for infants and ultra-high temper- 
ature milk, bread and rolls and meat products for adolescents and 
adults. In the European Union, between 500 mg and 20 g of such
food additives are allowed per 1 kg of food. 

Absorption of Pi in the intestine occurs through two distinct 
pathways: transcellular by active transport and paracellular by 
mostly passive driving forces [6 , 11 ]. Active transcellular trans- 
port is mediated by a set of sodium-dependent Pi transporters lo- 
cated in the luminal membrane of enterocytes in the small in-
testine. At least three different transporters have been identified: 
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Figure 2: Functions of phosphate. Pi is a building block for phospholipids in biological membranes, for nucleotides in DNA and RNAs, to form ATP, is 
involved in intracellular signaling events and is critical for the stability of bone under the form of hydroxyapatite. 
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iT1 (SLC20A1), PiT2 (SLC20A2) and NaPi-IIb (SLC34A2) (Fig. 3 ).
heir segmental expression varies between species: in mice, NaPi-
Ib is mostly located in the distal small intestine, while in rats
nd humans, NaPi-IIb is located in duodenum and jejunum [6 ].
he exact expression of PiT1 and PiT2 has not been detailed to
ate. The basolateral exit pathway of Pi from enterocytes into the
lood has not been identified on a molecular level. Evidence from
lc34a2 knock-out mice demonstrated that NaPi-IIb is mostly re-
uired during periods of low dietary Pi availability and protects
one from demineralization [12 ]. Indeed, this transporter has a
igh affinity for Pi but a low transport capacity. The role of PiT1
nd PiT2 is much less defined. In the absence of NaPi-IIb, only very
ow transport activity is detectable and genetic deletion of Slc20a2
PiT2) has no effect on mineral balance [13 ]. This may suggest only
 marginal role of PiT1 and PiT2 transporters in Pi absorption. In
ontrast, a pan-inhibitor of PiT1/2 and NaPi-IIb decreased intesti-
al Pi absorption in rats more than a specific NaPi-IIb inhibitor
14 ]. Species differences may explain this discrepancy. The situa-
ion in the human intestine remains to be examined. 
Under conditions of normal to high Pi availability, Pi absorption
ostly proceeds via the paracellular route and high Pi permeabili-

ies along the entire axis of the mouse and rat intestine have been
easured [15 ]. Pi absorption is driven by the chemical gradient

rom the lumen to blood and by a lumen-negative transepithe-
ial potential. Luminal Pi concentrations have been measured at
–25 mmol/l, while blood Pi is in the range of 0.8–1.4 mmol/l. Para-
ellular Pi fluxes go through the tight junctions that are formed
y claudins and associated proteins. To date, no specific claudin
as been identified to be involved in Pi fluxes; a role of claudin 3
as been proposed but remains to be confirmed [16 ]. 
Intestinal Pi absorption is partly regulated. Active transport is

timulated by low dietary Pi intake, calcitriol, oestrogens and aci-
osis, while high dietary Pi intake, epidermal growth factor and
lucocorticoids reduce active transport [6 ]. In contrast, paracellu-
ar Pi fluxes appear to be largely unregulated and are not influ-
nced by dietary Pi intake or calcitriol [17 ]. 

EPOSITION AND DISTRIBUTION: SOFT 

ISSUE AND BONE 

bout 15% of the total phosphate content is deposited in soft tis-
ue, mostly liver and skeletal muscle. Skeletal muscle takes up
i from extracellular space, a process stimulated by insulin, and
ypophosphataemia can cause insulin resistance. At least two Pi
ransporters contribute to Pi uptake, PiT1 and PiT2, which seem
o have some overlapping functions. Combined genetic deletion
f both transporters in mice causes severe myopathy [18 ]. 
In the liver, Pi is required for glycolysis and synthesis of phos-

hoproteins and lipids, and substantial amounts of Pi are secreted
nto gall. Liver expresses PiT1, PiT2 and NaPi-IIb Pi transporters
19 ] and the absence of PiT1 during development causes hepatic
ypoplasia, while it improves glucose metabolism in adults [20 ]. 
PiT1 is also required for normal haematopoiesis [21 ]. Likewise,

ypophosphataemia causes anaemia by increasing haemolysis at
east in part due to ATP depletion. 
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Figure 3: Intestinal absorption of Pi. Phosphate is delivered by diet either as inorganic salt or as organic phosphates that can be cleaved by intestinal 
alkaline phosphatases or by bacteria-derived phytases. Active absorption is mediated by Na+ -dependent Pi transporters NaPi-IIb, PiT1 and PiT2 while 
passive absorption proceeds via the paracellular route. 
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Bone contains ≈85% of the total body phosphate content. One
of the primary functions of phosphate in bone is its role as a key
component of hydroxyapatite, the main mineral of bone. Hydrox-
yapatite provides strength and rigidity to bone, making it hard
and durable. Furthermore, phosphate is integral in the regulation
of bone metabolism. It acts as a signalling molecule for various
cellular processes involved in bone remodelling. Phosphate plays
a crucial role in the activation and differentiation of osteoblasts,
the cells responsible for synthesizing new bone tissue. It also in-
fluences the activity of osteoclasts breaking down and resorbing
old or damaged bone. The mechanisms by which osteoblasts take
up phosphate to mineralize bone and by which osteoclasts release
phosphate from the resorptive lacunae remain to be established.
The Pi transporters from the SLC20 and SLC34 families are partly
expressed in bone cells but appear to have no critical role in Pi
transport [22 ]. Rather, PiT transporters may participate in bone Pi
sensing (see below). 

Osteoblasts together with osteoclasts and osteocytes secrete
several hormones that link bone metabolism with systemic min-
eral homeostasis and energy metabolism [23 ]. Among these hor-
mones are sclerostin, osteocalcin, receptor activator of nuclear
factor κΒ ligand (RANKL) and fibroblast growth factor 23 (FGF23).
The role and regulation of FGF23 will be briefly discussed below. 

RENAL EXCRETION AND REABSORPTION 

The fact that intestinal Pi absorption is mostly unregulated (ex-
cept for conditions of very low Pi intake) makes the kidneys the
critical gatekeeper of systemic Pi balance by regulating renal Pi
excretion. Pi is freely filtered and ≈200 mmol ( ≈20 g) of Pi reach
the primary filtrate per day. About 80% of the filtered Pi is reab-
sorbed in subjects on an average diet. However, renal Pi excre- 
tion can increase or decrease to almost zero under conditions 
of very low Pi intake. Pi reabsorption occurs mostly in the prox-
imal tubule, even though some Pi reabsorption has been observed 
in distal nephron segments [11 ]. In the proximal tubule, at least
three distinct sodium–Pi cotransporters mediate the initial step of 
Pi reabsorption across the luminal membrane: NaPi-IIa (SLC34A1),
NaPi-IIc (SLC34A3) and PiT2 (SLC20A2) (Fig. 4 ) [24 ]. Recently, ex-
pression of NaPi-IIb has been reported but appears to be restricted 
to the thin and thick limb of the loop of Henle [25 ]. Like in the
intestine, the basolateral exit pathway in proximal tubule cells 
remains unknown. The relevance of NaPi-IIa and NaPi-IIc for re- 
nal Pi handling is evident from genetic studies in mice and hu-
mans [24 ]. While in mice NaPi-IIa mediates ≈70–80% of active Pi
transport and NaPi-IIc has no major relevance, in humans, inac- 
tivating mutations in SLC34A1 and SLC34A3 cause severe renal Pi 
wasting [26 ]. Hereditary hypophosphataemic rickets with hyper- 
calcuria caused by SLC34A3 mutations is associated with more se- 
vere symptoms such as rickets and persists into adulthood, while 
patients with SLC34A1 mutations appear to have milder symp- 
toms after childhood. However, SLC34A1 mutations are associated 
with a high risk for chronic kidney disease (CKD), possibly due 
to nephrocalcinosis. Moreover, single-nucleotide polymorphisms 
(SNPs) in or close to the SLC34A1 gene locus associate with a
higher risk of developing CKD in several genome-wide association 
studies [27 , 28 ]. The basis for this association remains unknown at 
this time. Likewise, SNPs in the coding and non-coding regions of 
SLC34A1 associate with the risk of developing kidney stones [29 ]. 

Renal Pi handling is tightly regulated by various factors, includ- 
ing parathyroid hormone (PTH), FGF23 together with α-klotho,
calcitriol, dopamine, growth hormone, insulin-like growth factor,
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Figure 4: Renal reabsorption of Pi. Reabsorption of Pi in the proximal tubule is mediated by three Na+ -dependent Pi transporters located in the 
luminal membrane: NaPi-IIa, NaPi-IIc and PiT2. Efflux of Pi at the basolateral membrane occurs through unknown mechanisms. Na+ /K+ -ATPases 
energize transport of Pi across the luminal membrane. 
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hyroid hormone, hypo- and hyperkalaemia and acidosis and al-
alosis [11 , 24 , 30 ]. Among these, PTH and FGF23 are the most
rominent and potent regulators and will be briefly discussed be-
ow. Both hormones are phosphaturic and induce internalization
nd lysosomal degradation of NaPi-IIa and NaPi-IIc [31 , 32 ]. 
Clinically, renal Pi handling is best assessed by measuring phos-

hate and creatinine in timed morning urine and blood collec-
ions in fasting subjects [33 ] to calculate the ratio of the renal
ubular maximum reabsorption rate of phosphate to glomeru-
ar filtration rate (TmP:GFR) at the maximal stimulation of re-
al Pi reabsorption, avoiding the problem of circadian oscillations
f plasma and urine values [34 ]. GFR is another major determi-
ant of plasma Pi and this influence becomes very evident when
FR is < 60 ml/min/1.73 m2 . In subjects with an estimated GFR
 60 ml/min/1.73 m2 , age and sex influence the relationship and
oth must be considered [5 , 35 ]. The range of normal TmP:GFR val-
es differs with age and sex. In female adults it ranges between
.8 and 1.44 mmol/l (2.0–3.6 mg/dl), while in males it ranges be-
ween 0.8 and 1.35 mmol/l (2.0–3.4 mg/dl) (for details see Payne
34 ]). 
Urinary Pi excretion may serve as a marker for dietary Pi in-

ake to overcome the uncertainty of dietary assessments. How-
ver, it is unclear whether the amount of Pi excreted in 24-hour
rine reflects the amount of Pi absorbed during this time period,
s shown for timed infusions in healthy individuals that required
p to 72 hours to clear the entire Pi load [36 ]. Urinary 24-hour
i excretion is even less reliable as a readout for intestinal Pi ab-
orption in patients with CKD [37 ]. In balance studies, at least two
onsecutive 24-hour urine collections were needed to predict Pi
bsorption with ≥75% reliability [38 ]. However, it has been sug-
ested to normalize urinary Pi to urea nitrogen in urine, yielding
 better association with dietary intake [39 ]. Also, random spot
rine samples have been evaluated to assess the correlation with
4-hour urine Pi excretion. While the correlation is weak when
ssessing the Pi:creatinine ratio in spot urine and 24-hour total Pi
xcretion, the correlation improves when age, sex and body weight
re considered [40 , 41 ]. 
An interesting role of phosphate has been recently shown in the
ladder, where phosphate availability modulates urinary tract in-
ections. PiT1 activity reduces intraorganellar Pi in fusiform vesi-
les inside the bladder epithelia, which allows uropathogenic E.
oli to escape from these vesicles and spread [42 ]. 

NTERPLAY OF PHOSPHATE AND CALCIUM 

i functionally and chemically interacts with calcium. Pi and cal-
ium easily react in biological fluids to form calcium phosphate
nd calcium phosphate protein particles (CPPs). This equilibrium
s partly described by the calcium phosphate product (Ca × Pi).
hysiologically, Ca × Pi is 2.4 mmol/l × 1.2 mmol/l = 2.88 mmol2 /l2 

nd is considered to be elevated when > 4.9 mmol2 /l2 . The rele-
ance of the Ca × Pi product becomes easily evident when con-
idering that it correlates with cardiovascular morbidity and mor-
ality in patients [43 , 44 ]. In the kidney, calcium phosphate crystals
ay trigger inflammation and CKD [45 ]. 
The uncontrolled crystallization and precipitation of calcium

nd phosphate is physiologically buffered by the formation of
alcium protein particles (CPPs) that contain fetuin-A [46 ]. First,
alcium phosphate reacts with monomeric fetuin-A, forming cal-
iprotein monomers (CPMs) that then aggregate to primary CCPs
hat after consolidation of the calcium phosphate crystals turn
nto secondary CPPs [46 ]. The transformation of CPMs to sec-
ndary CPPs is modulated by a variety of factors, including pH,
hosphate itself, magnesium and pyrophosphate. Measurement
f the half-transformation (T50 ) time assesses the speed of transi-
ion, and shorter T50 correlates with a higher propensity of plasma
o form calcifying particles. Clinically, a low T50 is associated in pa-
ients with various forms and stages of kidney disease with worse
utcomes and in the general population with an increased risk for
ardiovascular morbidity and mortality [46 , 47 ]. 
An important inhibitor of ectopic tissue calcification is ex-

racellular pyrophosphate (PPi). PPi is formed from ATP that
s released from cells by the ABCC6 (formerly MRP6) trans-
orter and is then converted into PPi and adenosine by the
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Figure 5: Endocrine regulation of phosphate homeostasis. The three major endocrine factors regulating phosphate homeostasis and its link to calcium 

metabolism. For details, see the text. 
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membrane-anchored ectonucleotidases NPP1 (encoded by ENPP1)
and CD73 (NT5E). Adenosine serves as an additional inhibitor of
tissue calcification by blocking the degradation of PPi to two Pi
molecules by tissue non-specific alkaline phosphatase (TNAP).
The relevance of this system is evidenced in patients with inac-
tivating mutations in ABCC6 or ENPP1 and massive ectopic calci-
fications [48 , 49 ]. High PPi levels are associated with disease and
can cause calcium pyrophosphate depositions in joints, leading
to calcium pyrophosphate dihydrate crystal-related arthropathies
[50 ]. 

Another level where calcium and phosphate interact is on the
endocrine level, where a network of hormones regulates not only
the homeostasis of each mineral, but also the balance between
them. The latter point is important to consider when studying the
function of these hormones or measuring them in a diagnostic
setting. 

ENDOCRINE REGULATION 

Both calcium and phosphate homeostasis are regulated by a large
variety of different factors. Some of these factors specifically reg-
ulate only one mineral while key hormones impact on both min-
erals. The main endocrine regulators are calcitriol, PTH and FGF23
together with α-klotho. To better understand the intricate regula-
tion of mineral homeostasis it is important to consider that the
three main factors regulate each other through positive and neg-
ative feedback loops and that despite this regulation, additional
factors will determine the balance between the hormones (Fig. 5 ).
Calcium and phosphate are among these factors and thereby al-
low for differential regulation of mineral homeostasis. 

PTH 

PTH is a master regulator of both calcium and phosphate home-
ostasis, increasing blood calcium levels while promoting renal Pi
excretion at the same time. This dual action protects the organism 

from low calcium and prevents the precipitation of calcium phos- 
phate crystals. PTH also stimulates FGF23 secretion from bone 
and enhances synthesis of calcitriol in the kidney. Since the ac- 
tion of PTH on bone releases phosphate from bone and the stim-
ulation of intestinal calcium and phosphate absorption enhances 
the Pi load, PTH compensates by increasing phosphaturia due to 
downregulation of renal Pi transporters. Secretion of PTH from the 
parathyroid glands is not only stimulated by low ionized calcium,
but also by high plasma Pi, which renders the calcium-sensing re- 
ceptor (CaSR) less sensitive to ionized calcium [51 ]. 

Hyper- and hypophosphataemia can cause relative resistance 
to PTH. In experimental animals, the kidney is relatively insensi- 
tive to PTH, while this effect can be overcome with nicotinamide
[52 ]. In patients with CKD and hyperphosphataemia, the phospha- 
turic effect of PTH is partly blunted. Reduced expression of PTH 

receptor 1 in the kidneys and bone reduces the cellular effects of
PTH in its target organs, leading to a compensatory increase in
PTH secretion. Simultaneously, reduced calcitriol levels and loss 
of α-klotho in parathyroid gland cells reduce the inhibitory effects 
of calcitriol and FGF23 on PTH secretion and parathyroid gland 
growth, leading to secondary hyperparathyroidism (sHPT). Also, it 
has been speculated that direct effects of high phosphate on the 
CaSR might contribute to sHPT [53 , 54 ]. 

FGF23 

FGF23 is a major endocrine regulator of Pi homeostasis [30 , 55 –
59 ]. Physiologically, FGF23 is produced mainly by osteocytes [23 ],
but in diseased organs, FGF23 can be produced by a large vari-
ety of different cell types, including kidney cells. FGF23 secretion 
is stimulated upon increased Pi intake and FGF23 acts primarily 
on the kidneys to stimulate renal clearance of Pi and reduce cir-
culating calcitriol levels. FGF23 downregulates the renal Pi trans- 
porters NaPi-IIa and NaPi-IIc, stimulates calcitriol degradation 
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y CYP24A1 and suppresses calcitriol synthesis by CYP27B1
30 , 32 ]. FGF23 requires α-klotho to bind to its main cognate re-
eptor FGFR1c [60 ]. The main stimulators of bone FGF23 secre-
ion are PTH and calcitriol, along with leptin, several immune cy-
okines (tumour necrosis factor, interleukin-6), aldosterone, sex
ormones, thyroid hormone, plasminogen activator inhibitor-1,
ron and erythropoietin [56 , 57 , 61 –63 ]. Increases in Pi and cal-
ium also stimulate FGF23, but the molecular mechanisms re-
ponsible are unclear and secretion occurs with a delay of sev-
ral hours. In contrast, growth hormone and insulin suppress
GF23 secretion [64 ] (Fig. 5 ). α-klotho acting as a scaffold for FGF23
inding to the FGFR1-3 receptors has actions independent from
GF23 that include cleavage of NaPi-IIa transporters, regulation
f transient receptor potential cation channel subfamily V mem-
er 5 (TRPV5) calcium channels and modulation of renal disease
30 , 65 ]. 

alcitriol 
he classic functions of calcitriol are related to mineral home-
stasis by stimulating the intestine active transcellular calcium
nd Pi absorption and by promoting mineralization of bone tissue
55 , 66 ]. In the kidney, calcitriol enhances active calcium reabsorp-
ion via TRPV5 channels, while the effects on proximal tubular Pi
andling are somewhat more complex. In vitro , calcitriol stimu-
ates Pi transport, while in vivo the positive effect is counterbal-
nced by the stimulation of FGF23 release and the phosphaturic
ffects of FGF23. The effects of calcitriol are mediated by the vita-
in D receptor. Under Pi-depleting conditions, renal and intestinal
i transport are enhanced and calcitriol is elevated. However, ge-
etic ablation of the vitamin D receptor or Cyp27b1 (the enzyme
roducing calcitriol) in mice does not impair the compensatory in-
rease in Pi transport in Pi depletion [67 , 68 ]. Calcitriol also stim-
lates FGF23 production in bone and suppresses PTH secretion
rom parathyroid glands [30 , 55 ]. 

ifferential endocrine actions 
nder conditions of a primary decrease in ionized calcium con-
entrations, an increase in PTH will not only increase renal reab-
orption of calcium and release of calcium from bone, but also
ncreases phosphate release from bone. This Pi will in turn be
xcreted by the kidneys due to a PTH-initiated downregulation
f Pi transporters. PTH will also stimulate renal calcitriol syn-
hesis, promoting intestinal calcium and phosphate absorption.
here is also PTH-independent renal calcitriol synthesis stimu-
ated by low calcium [66 ]. The effects on intestinal Pi absorption
ill again be counteracted by a PTH-stimulated enhanced FGF23
elease that suppresses calcitriol and again stimulates renal Pi ex-
retion. Thus, under these conditions, calcium levels can increase
ithout increasing Pi levels. 
If there is a primary increase in plasma phosphate, this will

irectly stimulate PTH secretion and FGF23 release from bone
55 , 69 ]. The latter can be also independent from PTH and is sus-
ained even if PTH returns to baseline. A strong increase in plasma
hosphate levels can also lead to a decrease in ionized calcium
ue to complexion, which impacts PTH and calcitriol levels as in
 primary reduction of calcium. The main difference between the
rimary calcium decrease or phosphate increase is in the sus-
ained secretion of FGF23 as long as Pi is elevated. However, in
everal pathologies the combined control of calcium and phos-
hate by the same endocrine network can cause abnormal cal-
ium and/or phosphate levels. This is evident in CKD as well as
n primary genetic causes of hypophosphataemia such as in renal
oss of phosphate due to mutations in either SLC34A1 or SLC34A3 ,
here hypophosphataemia triggers an increase in calcitriol, lead-

ng to excessive intestinal phosphate and calcium absorption with
ypercalcaemia and hypercalcuria [70 ]. 

ENSING PHOSPHATE 

he mechanisms by which Pi is sensed in mammals are only now
merging. Mechanisms for sensing either extra- or intracellular Pi
ave been reported [71 ]. Among these mechanisms are the PiT1
nd PiT2 transporters and the CaSR that have been implied in
ensing extracellular Pi in bone and parathyroid glands, respec-
ively [51 , 72 ]. Intracellular Pi may be sensed by a signalling com-
lex involving inositol hexakisphosphate kinases generating in-
sitol hexakisphosphate (IP6 ), which serves a substrate to form
P7 and IP8 that may, via XPR1, modulate phosphate transporters
nd cellular Pi metabolism [73 –75 ]. Another mechanism by which
he kidney proximal tubule may sense Pi has been recently pro-
osed: Pi is taken up by Pi transporters, stimulates glycolysis and
roduction of glycerol-3-phosphate that stimulates bone FGF23
elease [76 ]. Since FGF23 downregulates Pi transport and uptake,
t remains unclear if this mechanism can contribute to sustained
igh FGF23 levels. Also, proximal tubule is not primarily glycolytic.
learly, more research is required to expand our understanding of
his essential aspect of phosphate metabolism. 

EX AND AGE DIFFERENCES 

ge and sex modulate plasma Pi levels, in part by affecting in-
estinal and renal Pi handling [77 ]. Plasma Pi levels are high-
st after birth and decrease continuously until the end of pu-
erty [78 ]. Thereafter they remain constant in men, whereas they
ignificantly increase in women and remain higher. Sex modu-
ates plasma Pi and TmP:GFR in healthy humans. In mice, oe-
trogen downregulates renal NaPi-IIa and NaPi-IIc expression [79 ]
hile it stimulates active intestinal Pi transport via NaPi-IIb [80 ].
he effect of age on the sex-dependent regulation of renal and
ntestinal Pi transporters and the endocrine network regulating
rosstalk has not been addressed in animal models or humans.
he increase in blood Pi levels in women occurs in those > 40–
5 years, however, data on intestinal Pi absorption and renal Pi
andling in postmenopausal women are missing. Age plays a ma-
or role in Pi balance. In rats, tubular Pi reabsorption is highest
round weaning and then decreases [81 ]. Growth hormone does
ot directly stimulate NaPi-IIa but acts possibly via insulin-like
rowth factor 1 and through the suppression of FGF23 [64 , 82 ,
3 ]. In rodents, NaPi-IIc expression is highest post-natally and de-
lines thereafter [84 ]; in adult mice it contributes little to over-
ll Pi reabsorption, as evident from knock-out mouse studies
85 –88 ]. 
A recent study showed that male and female mice had similar

lood Pi levels irrespective of age and diet, with a trend towards
igher levels with higher Pi availability [89 ]. Females had higher
GF23 levels under all conditions and FGF23 increased more with
ge and high Pi availability, while PTH was elevated only in males
ith higher Pi availability. Pi availability had no effect on bone
arameters. We also recently found no sex differences in blood
i, but PTH was higher in male mice [90 ]. However, in contrast
o these studies in rodents, humans exhibit differences between
emales and males in blood Pi levels and show an association
f higher blood Pi levels in subjects with higher Pi intake. We
ave recently shown in 18-month-old male mice fed for 1 year
 normal versus a mildly elevated Pi diet, plasma Pi levels along
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with calcitriol were elevated and PTH decreased and bone showed
reduced bone mineral density in animals receiving higher Pi [91 ].
Thus this topic deserves further analysis in humans under con-
trolled conditions. 

In addition to age and sex, circadian rhythms exerts profound
effects on blood Pi levels as well as on several of its endocrine reg-
ulators and renal handling of Pi [4 ]. Timed measurements are crit-
ical when assessing blood Pi, renal handling and endocrine regula-
tors such as PTH, FGF23 and calcitriol. Whether circadian rhythms
of mineral parameters are affected by age, sex or dietary Pi intake
is unknown. However, circadian rhythms are disturbed in CKD, in-
fluencing mineral metabolism [92 ]. 

PHOSPHATE IN DISEASE 

Phosphate deficiency as well as Pi overload can be causes of se-
vere disease manifestations. In contrast, the occurrence and role
of dietary Pi overload in the general population is rather contro-
versially discussed. 

General population 

A series of epidemiological studies associated high dietary Pi in-
take or high-normal Pi plasma levels (within the normal Pi range)
with a higher risk for incipient heart disease, vascular calcifica-
tion, cardiovascular morbidity and mortality, progression of kid-
ney disease and bone disease [93 –97 ]. Major problems with some
of these studies are that most data originate from studies con-
ducted in US populations. Moreover, there are uncertainties in ac-
curately assessing dietary Pi intake and Pi bioavailability and the
possibility of confounding factors associated with the intake of
highly processed food items. On the other hand, a few studies
tested the effect of high Pi on endocrine or cardiovascular end-
points under controlled experimental conditions in healthy par-
ticipants and animals. In these studies, high phosphate intake
caused a higher sympathetic nerve outflow, higher systolic blood
pressure or bone loss [91 , 98 –100 ]. Moreover, animal studies sug-
gest that high Pi intake can cause left ventricular hypertrophy as
well as kidney damage [45 , 101 ]. Clearly, the health risk associated
with high dietary phosphate intake must be assessed further. The
European Food Safety Authority stated in their 2019 report that
the acceptable daily intake is 40 mg/kg body weight/day, or 2.8 g
for a 70-kg adult [102 ]. Notably, this value was set based on a single
publication in rats and can be considered as purely hypothetical.

Hypophosphataemia 

Hypophosphataemia can be subdivided into moderate [0.3–
0.65 mmol/l (1–2.5 mg/dl)] and severe [ < 0.3 mmol/l ( < 1.0 mg/dl)]
forms based on plasma phosphate levels. The main symptoms
can be explained on a cellular level by energy depletion due
to insufficient ATP production. Symptoms include muscle weak-
ness, including respiratory muscles with respiratory failure, bone
pain and loss, neuropathies, tremors and seizures, haemolysis and
anaemia, metabolic acidosis and insulin resistance [103 , 104 ]. In
children, rickets and bone deformities are prominent. 

In children, inborn defects of phosphate metabolism are among
the most frequent causes and can be caused by gene defects in
either renal phosphate transporters or in endocrine regulators
[26 ]. The most common form of inherited hypophosphataemia is
due to mutations in the PHEX gene causing X-linked hypophos-
phataemia [103 ]. In adults, hypophosphataemia can be caused by
reduced intestinal absorption, internal shifts or renal losses [104 ].
Measurement of TmP:GFR can help to identify the cause of hy- 
pophosphataemia. 

Hyperphosphataemia 

Plasma Pi levels > 1.46 mmol/l (4.5 mg/dl) are considered hy- 
perphosphataemic. Common causes of hyperphosphataemia are 
advanced stages of CKD, acute kidney injury, phosphate supple- 
ments with or without vitamin D supplements, hypoparathy- 
roidism, metabolic and respiratory acidosis or rhabdomyolysis 
and tumour lysis syndrome [5 , 105 –107 ]. Acutely, hyperphos- 
phataemia causes hypocalcaemia, while the long-term conse- 
quences are mostly linked to inflammation, ectopic calcifica- 
tions of vessels and highly increased cardiovascular morbidity 
and mortality [108 ]. For a more detailed discussion of hyperphos-
phataemia in CKD patients, readers are referred to a series of ex-
cellent reviews on various aspects of this problem [5 , 105 , 106 , 109 ,
110 ]. 

THERAPIES TARGETING PHOSPHATE 

METABOLISM 

Therapies targeting phosphate metabolism alter mostly intesti- 
nal absorption and renal excretion. Some therapies target de- 
position in soft tissue, such as insulin/glucose infusions, or re- 
lease from bone, such as bisphosphonates. In states of hypophos- 
phataemia, phosphate supplements are the mainstay of therapy.
A special case is hypophosphataemia due to FGF23 excess, such as 
in X-linked hypophosphataemia (XLH) or in patients with tumour- 
induced osteomalacia (TIO). While in TIO, removal of the FGF23- 
producing tumour is the primary therapy, neutralization of FGF23 
in these patients, and particularly in patients with XLH, has be- 
come an important therapy modality and ameliorates many of 
the problems [103 ]. 

Hyperphosphataemia in CKD is a major problem and remains 
insufficiently controlled by current therapies [106 ]. These thera- 
pies include dietary control of phosphate, phosphate binders, sup- 
pression of PTH secretion with calcimimetics and dialysis to re- 
move excess phosphate. A number of novel therapies have been 
discussed and are under development [11 , 106 ]. These drugs aim
to reduce intestinal phosphate absorption by blocking active or 
passive pathways or try to increase renal clearance of phosphate 
by inhibiting renal Pi transporters. Inhibition of active Pi absorp- 
tion in the intestine by the NaPi-IIb transporter has produced 
promising results in animal studies but has completely failed 
in phase 1 and 2 studies. A novel pan-inhibitor of intestinal Pi
transporters reduces intestinal phosphate absorption in rats; hu- 
man studies are awaited [111 ]. Tenapanor is a non-absorbable 
sodium–hydrogen exchanger 3 inhibitor that indirectly reduces 
intestinal paracellular Pi absorption. Phase 3 studies in patients 
on haemodialysis have shown its potential to reduce hyperphos- 
phataemia, particularly when combined with phosphate binders 
[11 ]. Whether it will improve cardiovascular outcomes has to be 
demonstrated. Inhibition of renal Pi reabsorption may reduce hy- 
perphosphataemia or systemic Pi overload in earlier stages of CKD 

as long as there is sufficient renal filtration of Pi. In mice and
rats, short-term application of such inhibitors reduces hyperphos- 
phataemia, PTH and FGF23 and ameliorates vascular calcification.

OUTLOOK 

Phosphate is an essential mineral and its balance has to be tightly
controlled to avoid states of hypophosphataemia with cellular en- 
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rgy deficiency as well as the sequelae of hyperphosphataemia
ith ectopic calcifications and cardiovascular disease. In times of
ery high consumption of phosphate in industrialized countries
nd evidence associating dietary phosphate with disease and mor-
ality in the general population, as well as in the very vulnerable
opulation of patients with CKD, a better understanding of the
ffects of phosphate in the human body is required. Fields that
ust be further addressed are the role of CPPs, transport mecha-
isms of phosphate in the intestine and other organs (e.g. bone), Pi
ensing, the impact of Pi (and/or CPPs) on inflammation and car-
iovascular health, the interactions of phosphate and phosphate-
ontaining crystals on gut microbes and the role that phospha-
otropic hormones play in these processes. 
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