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Abstract
Phosphorus, a 5A element with atomic weight of 31, comprises just over 0.6% of the composition by weight of plants and 
animals. Three isotopes are available for studying phosphorus metabolism and kinetics. 31P is stable, whereas the radioactive 
isotope 33P has a half-life of 25 days and 32P has a half-life of 14 days. Phosphate ester and phosphoanhydride are common 
chemical linkages and phosphorus is a key element in organic molecules involved in a wide variety of essential cellular func-
tions. These include biochemical energy transfer via adenosine triphosphate (ATP), maintenance of genetic information with 
nucleotides DNA and RNA, intracellular signaling via cyclic adenosine monophosphate (cAMP), and membrane structural 
integrity via glycerophospholipids. However, this review focuses on the metabolism of inorganic phosphorus (Pi) acting as 
a weak acid. Phosphoric acid has all three hydrogens attached to oxygen and is a weak diprotic acid. It has 3 pKa values: pH 
2.2, pH 7.2, and pH 12.7. At physiological pH of 7.4, Pi exists as both H2PO4

(−) and HPO4
(2−) and acts as an extracellular 

fluid (ECF) buffer. Pi is the form transported across tissue compartments and cells. Measurement of Pi in biological fluids is 
based on its reaction with ammonium molybdate which does not measure organic phosphorus. In humans, 80% of the body 
phosphorus is present in the form of calcium phosphate crystals (apatite) that confer hardness to bone and teeth, and function 
as the major phosphorus reservoir (Fig. 1). The remainder is present in soft tissues and ECF. Dietary phosphorus, comprising 
both inorganic and organic forms, is digested in the upper gastrointestinal tract. Absorbed Pi is transported to and from bone, 
skeletal muscle and soft tissues, and kidney at rates determined by ECF Pi concentration, rate of blood flow, and activity 
of cell Pi transporters (Fig. 2). During growth, there is net accretion of phosphorus, and with aging, net loss of phosphorus 
occurs. The bone phosphorus reservoir is depleted and repleted by overall phosphorus requirement. Skeletal muscle is rich 
in phosphorus used in essential biochemical energy transfer. Kidney is the main regulator of ECF Pi concentration by virtue 
of having a tubular maximum reabsorptive capacity for Pi (TmPi) that is under close endocrine control. It is also the main 
excretory pathway for Pi surplus which is passed in urine. Transcellular and paracellular Pi transports are performed by a 
number of transport mechanisms widely distributed in tissues, and particularly important in gut, bone, and kidney. Pi trans-
porters are regulated by a hormonal axis comprising fibroblast growth factor 23 (FGF23), parathyroid hormone (PTH), and 
1,25 dihydroxy vitamin D (1,25D). Pi and calcium (Ca) metabolism are intimately interrelated, and clinically neither can be 
considered in isolation. Diseases of Pi metabolism affect bone as osteomalacia/rickets, soft tissues as ectopic mineralization, 
skeletal muscle as myopathy, and kidney as nephrocalcinosis and urinary stone formation. 
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Introduction

Phosphorus, a 5A element with atomic weight of 31, com-
prises just over 0.6% of the composition by weight of plants 
and animals. Three isotopes are available for studying phos-
phorus metabolism and kinetics. 31P is stable, whereas the 
radioactive isotope 33P has a half-life of 25 days and 32P 
has a half-life of 14 days. Phosphate ester and phosphoan-
hydride are common chemical linkages and phosphorus 
is a key element in organic molecules involved in a wide 
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variety of essential cellular functions. These include bio-
chemical energy transfer via adenosine triphosphate (ATP), 
maintenance of genetic information with nucleotides DNA 
and RNA, intracellular signaling via cyclic adenosine 
monophosphate (cAMP), and membrane structural integ-
rity via glycerophospholipids. However, this review focuses 
on the metabolism of inorganic phosphorus (Pi) acting as a 
weak acid. Phosphoric acid has all three hydrogens attached 
to oxygen and is a weak diprotic acid. It has 3 pKa val-
ues: pH 2.2, pH 7.2, and pH 12.7. At physiological pH of 
7.4, Pi exists as both H2PO4

(−) and HPO4
(2−) and acts as an 

extracellular fluid (ECF) buffer. Pi is the form transported 
across tissue compartments and cells. Measurement of Pi 
in biological fluids is based on its reaction with ammonium 
molybdate which does not measure organic phosphorus. In 
humans, 80% of the body phosphorus is present in the form 
of calcium phosphate crystals (apatite) that confer hardness 
to bone and teeth, and function as the major phosphorus res-
ervoir (Fig. 1). The remainder is present in soft tissues and 
ECF. Dietary phosphorus, comprising both inorganic and 

organic forms, is digested in the upper gastrointestinal tract. 
Absorbed Pi is transported to and from bone, skeletal mus-
cle and soft tissues, and kidney at rates determined by ECF 
Pi concentration, rate of blood flow, and activity of cell Pi 
transporters (Fig. 2). During growth, there is net accretion of 
phosphorus, and with aging, net loss of phosphorus occurs. 
The bone phosphorus reservoir is depleted and repleted by 
overall phosphorus requirement. Skeletal muscle is rich in 
phosphorus used in essential biochemical energy transfer. 
Kidney is the main regulator of ECF Pi concentration by 
virtue of having a tubular maximum reabsorptive capacity 
for Pi (TmPi) that is under close endocrine control. It is also 
the main excretory pathway for Pi surplus which is passed 
in urine. Transcellular and paracellular Pi transports are per-
formed by a number of transport mechanisms widely dis-
tributed in tissues, and particularly important in gut, bone, 
and kidney. Pi transporters are regulated by a hormonal axis 
comprising fibroblast growth factor 23 (FGF23), parathyroid 
hormone (PTH), and 1,25 dihydroxy vitamin D (1,25D). Pi 
and calcium (Ca) metabolism are intimately interrelated, and 
clinically neither can be considered in isolation. Diseases of 
Pi metabolism affect bone as osteomalacia/rickets, soft tis-
sues as ectopic mineralization, skeletal muscle as myopathy, 
and kidney as nephrocalcinosis and urinary stone formation.

Phosphorus in Circulation and ECF

The circulation and ECF are responsible for the transport of 
Pi to and from the organs involved in Pi metabolism (Fig. 2). 
In plasma, the phosphorus content is about 12  mg/dL 
(3.87 mmol/L) with about a third present as inorganic phos-
phorus (Pi) (Fig. 3). Over 80% of plasma Pi is non-protein 
bound and comprises three protonated species along with 
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Fig. 1   Content of phosphorus in human adult: skeleton, soft tissue, 
and extracellular fluid (grams, log scale). Corresponding data for cal-
cium are shown for comparison
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Fig. 2   Phosphate (Pi) transport to and from tissue compartments in 
mg/24 h. At a dietary phosphorus of 1400 mg, 1120 mg is absorbed 
in upper intestine to the ECF, 210 mg returned to intestine by endog-
enous secretion, resulting in 910  mg net Pi absorption and 490  mg 
fecal excretion. At bone, 180 mg is deposited by bone formation and 

180 mg return to the ECF by bone resorption. At kidney, 5040 mg is 
filtered at the glomerulus and 4130 mg return to the ECF by tubular 
reabsorption with 910 mg excreted in the urine. In soft tissue, Pi is 
exchanged between ECF and cells
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various complexes with Ca, magnesium, and sodium [1]. 
Although plasma Pi is about 20% protein bound, over 95% 
is ultrafilterable because of Donnan membrane effects. Thus, 
the transport of Pi, as into glomerular filtrate, is commonly 
assessed from a measure of total Pi concentration in plasma. 
Only in conditions of marked changes in acid–base this 
assumption does not hold. Pi in plasma and other biological 
fluids is measured by reacting with ammonium molybdate 
to form phosphomolybdate whose absorbance at 340 nm is 
directly proportional to the concentration of Pi. Plasma Pi 
ranges from 2.5 to 4.5 mg per dl [0.81–1.45 mmol/L] in 
adults. In children it is higher due to a higher TmPi and, with 
age decreases progressively from about 6 mg/100 mLGF in 
the neonate to the adult reference range [2] (Fig. 4). Plasma 
Pi concentration has a heritable component [3, 4], increases 
with PI intake [5], and has a diurnal variation [5, 6] (Fig. 5). 
The adult reference range is the same in men and women 
and is not affected by age. Pi concentration in the circula-
tion is an essential measure for assessing Pi metabolism. 
Hypophosphatemia and hyperphosphatemia always reflect 
underlying disease. Both acute hypophosphatemia and 

hyperphosphatemia are common findings in intensive care 
units and contribute to the high morbidity of severely sick 
patients [7, 8] (Table 1). Chronic hypophosphatemia causes 
musculoskeletal disorders (Table 1). It leads to delayed bone 
mineralization producing rickets in children and osteomala-
cia in adults and to proximal muscle weakness reflecting the 
key role Pi plays in the chemical energy transfer in skeletal 
muscle. In contrast, chronic hyperphosphatemia manifests 
as soft tissue mineralization in subcutaneous, vascular, and 
nervous tissues (Table 1). Renal failure is the commonest 
cause of chronic hyperphosphatemia and has a complex 
pathophysiology [9]. An underlying abnormality is over sat-
uration of the ECF with calcium phosphate and the plasma 
total Pi x Ca concentration product has been used to estimate 
this risk. Plasma is metastable with respect to precipitation 
of calcium phosphate as assessed by the octacalcium ion 
product. At normal total plasma Ca concentrations of about 
10 mg/dL, spontaneous precipitation of calcium phosphate 
is not expected at plasma concentrations of Pi below 14 mg/
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Fig. 3   Content of phosphorus in human plasma. Total phosphorus is 
about 12 mg/dL with 72% as organic and 28% as inorganic; inorganic 
phosphorus [phosphate] comprises 20% protein bound and 80% free, 
comprising various ion species. Data redrawn from (1)

Fig. 4   Maximum tubular 
reabsorption phosphate [TmPi] 
mg/100 ml glomerular filtrate 
[GF] after an overnight fast, 
versus age, 6 -18 years, in 
291 girls and 273 boys. Data 
redrawn from (2)
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Fig. 5   Diurnal variation, % change from baseline, in serum phos-
phate (Pi), ionized calcium [Ca + +], parathyroid hormone [PTH], 
and fibroblast growth factor 23 [FGF23] over 48  h in eight healthy 
men. Range in serum Pi is 40% compared with 8% in Ca +  +; range 
in FGF23 is 10% compared with 50% in PTH. Data redrawn from (6)



6	 M. Peacock 

1 3

dL, i.e., at a product of about 140. In fact, mineralization 
is found in patients with a product of 70 mg2/dL2 which is 
half the expected value, clearly indicating that various tissue 
promoters of crystal formation are also involved. However, 
the product is no better a predictor than plasma Pi concentra-
tion alone [10].   

Dietary Phosphorus

Diet is the primary source of body phosphorus. Estimation 
of phosphorus nutrition is assessed from diet history and 
nutrient databases. For the purposes of nutritional require-
ments and metabolic balance studies, dietary intake of 
phosphorus, both organic and inorganic, is usually based 
on food consumed over a 24-h day/night period. Phospho-
rus is present in most foods and closely parallels protein 
content and about 15 mg of phosphorus is ingested with 
every gram of protein in the USA [11]. About 30% of dietary 
phosphorus is consumed as animal flesh and as vegetables. 
A further 30% is consumed as dairy products, about 70% 
of which is inorganic phosphorus. The remaining 40% is 
ingested as Pi in foods, food additives for food processing, 
and as dietary supplements [11] (Fig. 6). Phosphorus content 
is often absent or poorly documented in food labels, oral 
supplements, and medications. This uncertainty is further 
compounded by major underestimates of dietary phosphorus 

content using nutrient databases as compared with chemi-
cal analysis [12]. The recommended daily allowance (RDA) 
of 700 mg per day and the estimated average requirement 
(EAR) of 580 mg per day [13, 14] are usually exceeded by 
about a factor of two in the American diet (Table 2) [15]. 
The EAR is somewhat arbitrary since chronic dietary phos-
phorus insufficiency causing osteomalacia/rickets is not 
readily assessed. The tolerable upper dietary limit (UL) of 
4000 mg per day is also questionable since there is evidence 
that such high intakes may, in some situations, promote bone 
and cardiovascular disease [16]. Phosphorus is absorbed as 
Pi. However, bioavailability of phosphorus for absorption 

Table 1   Conditions and mechanisms associated with a: Chronic hypophosphatemia, b: Acute hypophosphatemia, c: Hyperphosphatemia

Condition Mechanism

a: Chronic hypophosphatemia
 Hyperparathyroidism: primary and secondary Decreased TmPi, increased PTH
 X-linked hypophosphatemic rickets/osteomalacia Decreased TmPi, increased FGF 23
 Tumor-induced osteomalacia Decreased TmPi, increased FGF 23
 Pi deficiency, oral Pi binders Decreased dietary & bioavailable Pi
 Autosomal dominant hypophosphatemic rickets/osteomalacia Decreased TmPi, increased FGF 23
 Autosomal recessive hypophosphatemic rickets/osteomalacia Decreased TmPi, increased FGF 23
 Hypophosphatemic hypercalciuric kidney stones Decreased TmPi, decreased NaP2a & NHERF1
 Intravenous iron Decreased TmPi, increased FGF 23
 Fibrous dysplasia Decreased TmPi, increased FGF 23

b: Acute hypophosphatemia
 Alkalosis ECF & cell Pi redistribution
 Carbohydrate infusion ECF & cell Pi redistribution
 Insulin infusion ECF & cell Pi redistribution
 Post-parathyroidectomy ‘hungry bone’ syndrome Increased net bone Pi accretion
 Alcoholism ECF & cell Pi redistribution

c: Hyperphosphatemia
 Chronic renal failure Decreased GFR, Pi retention
 Hypoparathyroidism Low PTH, increase TmPi
 Familial hyperphosphatemic tumoral calcinosis Genetic mutations in FGF 23, Klotho, Galnt3
 Rhabdomyolysis Massive muscle damage and Pi release

Food source of dietary phosphorus %

dairy flesh/grain/legume phosphate food additives

Fig. 6   Dietary phosphorus food sources (11)
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is not easily assessed since it depends on completeness of 
digestion, presence in the diet of various Pi-binding agents, 
and also on the food source. For example, intake of dietary 
phytate (inositol hexaphosphate) which has a high content 
of phosphorus is about 1 g per day and may be much higher 
in vegetarian diets [17]. Phosphorus in phytate is available 
to plants and ruminants through digestion by phytase. In 
humans, however, bioavailability is variable because cook-
ing destroys plant phytase, human digestive enzymes lack 
phytase, and phytate is largely in the solid state at the pH of 
the human small intestine where the bulk of Pi is absorbed. 
Further, some oral medications are strong Pi-binding agents. 
Aluminum hydroxide, for example, ingested chronically for 
gastric acidity binds dietary Pi, causes Pi depletion and leads 
to osteomalacia [18]. Indeed, in chronic renal failure, oral 
Pi-binding agents are ingested therapeutically to reduce Pi 
bioavailability and prevent hyperphosphatemia [10, 19].

Gut: Pi Absorption

The small intestine has a large capacity for Pi transport 
and is responsible for the bulk of dietary phosphorus that 
is absorbed. Efficiency of absorption is around 80% with 
about 20% of the absorbed Pi returning to gut lumen from 
ECF as endogenous secretions (Fig. 2). Absorption occurs 
by both paracellular diffusion and active, saturable, tran-
scellular mechanisms that act at low phosphorus intakes 
[20, 21]. Because dietary phosphorus is usually in surplus 
of needs, diffusion predominates in humans. However, all 
the mechanisms involved and their relative magnitude are 
not yet fully elucidated. It is known that Pi transport from 
gut lumen into the enterocyte occurs through two families 
of sodium-dependent solute carriers (Fig. 7). Type II trans-
porter, NaPi2b [SLC34A2], actively transports Pi trans-
cellularly [22]. It is present in the apical membrane of the 
enterocyte, functions at low luminal concentrations of Pi, 
and its activity is regulated by 1,25D/VDR. However, the 
importance of this pathway quantitatively is still uncertain 

since inactivating mutations of SLC34A2 in humans do 
not result in major disturbances of phosphate metabolism, 
although they do result in pulmonary alveolar calcium 
phosphate microlithiasis [23]. PiT1 [SLC20A1] and PiT 2 
[SLC20A2] are also involved in the intracellular transport 
of Pi by the enterocyte [24]. On the other hand, paracel-
lular Pi transport is regulated by the proton concentration 
in the enterocyte which is regulated by the sodium hydro-
gen exchanger NHE3, encoded by SCLC9A3. Studies with 
Tenapanor, a small molecule designed to act locally in the 
gut, indicate that the paracellular route is a major gut Pi 
transporting mechanism that can be manipulated pharma-
cologically [25]. By inhibiting the activity of NHE3, Tena-
panor reduces sodium transport into, and increases proton 
concentration in the enterocyte. The increase in cell pH 
selectively increases the intercellular tight junction resist-
ance to Pi transport and reduces Pi gut absorption (Fig. 7) 
[26]. In patients with renal failure and Pi retention, Tena-
panor treatment produces a substantial reduction in serum 
Pi [27]. Pi absorption can be measured in humans by a 
radioactive labeled absorption test [28]. It is decreased in 
a number of diseases including, chronic renal failure, small 
bowel malabsorption, vitamin D-deficient osteomalacia, 
hypophosphatemic osteomalacia, and increased in primary 
hyperparathyroidism, and idiopathic renal stone formation 
(Fig. 8) [20]. In these diseases, Pi absorption mirrors low 
and high 1,25D serum concentrations, respectively, empha-
sizing the central role 125D/VDR in Pi absorption. VDR 
knockout in the gut of mice reduces Pi absorption efficiency 
by 50% [29, 30]. However, the effect of low dietary Pi intake 
to increase absorption [31, 32] appears to be independent of 
1,25D/VDR axis [29]. The effect of FGF23 on Pi absorption 
in humans is largely indirect through a major effect on 1,25D 
secretion [33]. Endogenous secretion of Pi can be assessed 
from balance and kinetic studies and is largely determined 

Table 2   Phosphorus dietary daily intake in men/boys and women/
girls and the RDA from the NHANES 2005–2006

Age(years) Men/boys (mg) Women/girls 
(mg)

RDA (mg)

4–8 1147 1145 460
9–13 1321 1176 1250
14–18 1681 1067 1250
19–30 1656 1120 700
31–50 1727 1197 700
51–70 1492 1106 700
 > 70 1270 985 700
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Fig. 7   Phosphate [Pi] in digestive juice from a meal is absorbed by 
transcellular and paracellular transport mechanisms in the small intes-
tine. NaPi2b and PiT1 transporters regulate transcellular transport in 
the enterocyte. 1,25D/VDR promotes Pi transport. NHE3 transporter 
regulates paracellular Pi transport by setting intracellular proton con-
centration which controls activity of paracellular channels. Role of 
FGF23/Klotho-FGFR in Pi absorption, if any, is unknown
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by ECF Pi concentration (Fig. 2). Unabsorbed phosphorus 
appearing in feces is measured chemically but provides little 
useful clinical information except in the context of a meta-
bolic phosphorus balance [12]. 

Bone: Pi Transport

The skeleton is the largest reservoir of Pi and importantly is 
also the source of the major hormone regulating Pi transport, 
FGF 23. Bone mineral Pi is exchangeable with ECF Pi but 
this flux does not contribute to ECF Pi homeostasis [34, 
35]. There are two fundamental transport pathways for Pi in 
bone. The first involves the transport of ECF Pi into and out 
of bone. The second is the transport of Pi within bone from 
the osteoblast to the apatite crystal. Daily net transport of Pi 
from ECF to new bone formation and back to ECF by bone 
resorption is less than that of kidney and gut (Fig. 2). Bone 
turnover transfers Pi between bone and ECF and controls 
the formation of new bone and resorption of unwanted or 
damaged bone. It enables bone growth, fracture repair, and 
adaptation to mechanical needs. Bone formation, regulated 
by the sclerostin pathway, and bone resorption, regulated 
by the RANKL pathway, are normally closely coupled 
[36, 37]. About 180 mg Pi is deposited in formation and 
180 mg is removed by resorption every 24 h. The removal 
of bone, which initiates the remodeling cycle, is performed 
by the osteoclast. It resorbs osteoid and by dissolving apa-
tite releases Pi back to the ECF pool. In states in which 
bone formation and resorption are partly uncoupled, such 
as with growth or skeletal immobilization, there is net gain 
or loss, respectively, of Pi between bone and ECF. Mecha-
nisms other than bone turnover have been proposed that 
allow the bone reservoir to transfer Pi to and from the ECF. 
In states that require large amounts of Pi and Ca to simul-
taneously exit the bone reservoir over relatively prolonged 
periods, such as pregnancy and lactation, mineral surround-
ing osteocytes is thought to dissolve by a process named 

osteolytic osteolysis and pass via the canaliculi to the ECF 
[38, 39]. Once pregnancy and lactation are complete, the 
process reverses and the depleted mineral is totally replaced. 
However, not all studies corroborate that such changes occur 
[40], and mechanisms underlying osteolytic osteolysis still 
remain to be elucidated. Both the ECF Pi concentration and 
the internal transport of Pi in bone are essential for the for-
mation of apatite. The Pi concentration in ECF determines, 
in part, the rate of Pi transported to and from the osteocyte, 
the cell responsible for maintenance of bone health, the 
osteoblast, the cell responsible for bone formation, and the 
lining cell responsible for enveloping bone tissue. In severe 
chronic hypophosphatemia such as occurs in tumor-induced 
osteomalacia [41], XLH [42], and vitamin D-deficient osteo-
malacia [43], the Pi from ECF to the mineralization front 
is reduced to such an extent that the mineralization rate is 
severely slowed resulting in rickets in children and osteo-
malacia in adults (Table1). Within bone, Pi also needs to 
be generated and transported by the osteoblast for apatite 
formation. Mature crystals of apatite [Ca10 (PO4)6 (OH)2], 
about 3 nm thick and about 50 by 25 nm in length and width, 
are layered into a collagen scaffold [44]. They are in close 
anatomical contact also with the osteoid proteins and the 
osteocytes and their canaliculi (Fig. 9). Active Pi transport to 
and from bone cells is regulated by PiT1&2 [45–48]. In the 
osteoblast, Pi is transported to matrix vesicles that contain 
the machinery required for forming amorphous Ca–Pi [49, 
50] (Fig. 10). Matrix vesicles contain orphan phosphatase 
1(PHOSPH1), an enzyme essential for Pi production [51]. 
Microvesicles, about 200 nm in size, are exocytosed to the 
extracellular matrix where nascent amorphous Ca–Pi crys-
tals accrete more mineral to form mature apatite crystals. 
Osteoid matrix fluid is oversaturated with respect to Ca–Pi 
and unwanted mineralization is kept in check by a num-
ber of inhibitors. Alkaline phosphatase and ectonucleotide 
pyrophosphatase phosphodiesterase [ENPP1] regulate the 
concentration of pyrophosphate, a key inhibitor, in the oste-
oid matrix and simultaneously regulate the availability of Pi 

Fig. 8   Radio phosphorus 
absorption [32P in 50 mg Pi, 
fractional rate/hour] in normal 
subjects, [n = number subjects], 
and in patients with chronic 
renal failure, small bowel mal-
absorption, vitamin D-deficient 
osteomalacia, hypophos-
phatemic osteomalacia, primary 
hyperparathyroidism (PHPT), 
and idiopathic renal calcium 
stone disease. Redrawn from 
(20)
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for transport to the matrix vesicle [52–54]. In the absence 
of PHOSPH1 or alkaline phosphatase activity, bone fails to 

mineralize at a normal rate leading to rickets and osteoma-
lacia, whereas in the absence of ENPP1, generalized arterial 
calcification of infancy occurs. The sibling proteins, regu-
lated by metalloendopeptidase PEX [52], are also key crystal 
inhibitors acting at several sites to prevent crystal formation 
at unwanted locations, such as the osteocytic canaliculi [55, 
56]. Thus, both inadequate supply of Pi from the ECF or a 
failure of Pi transport by the osteoblast lead to a mineraliza-
tion defect resulting in osteomalacia and rickets. 

Muscle: Pi Transport

Voluntary muscle is not involved in the overall transport 
and metabolism of Pi (Fig. 2). Nevertheless, it is included 
here because proximal myopathy is a prominent feature of 
chronic hypophosphatemia and rhabdomyolysis results in 
acute hyperphosphatemia. Lean mass measured by dual 
x-ray absorptiometry (DXA) in men is about 20 kg/m2 and 
in women about 15 kg/m2 [57]. Because of its large bulk, 
voluntary muscle contains a major fraction of the soft tissue 
phosphorus. It is mainly in the form of organic phosphorus, 
particularly, ATP and phosphoryl creatinine. Intracellular-
free Pi in muscle is about 1–2 mg/dL [3–5 mmol] [58] and 
is linearly correlated with ECF Pi [59]. Pi transport into 
muscle cell is regulated by Pit1 and PIT2 transporters [60]. 
Normal ECF and muscle cell Pi concentrations are essential 
for maintaining the stores of creatinine phosphate and the 
functioning of ATP as the energy source for the mechanical 
activity of muscle [61, 62]. The myopathy due to vitamin 
D-deficient osteomalacia and tumor-induced osteomala-
cia rapidly responds to treatment [43], suggesting that an 
impaired Pi supply to muscle is a primary etiological factor.

Kidney: Pi Reabsorption and Urine Excretion

Kidney handles the major fraction of daily Pi transport 
(Fig. 2), and is also the source of 1,25D (Fig. 11), a key 
hormone regulating Pi transport. Renal glomerular filtration 
transports over 5,000 mg Pi every 24 h to the proximal tubule 
which reabsorbs over 80% of this back to ECF (Fig. 2). Kid-
ney is the primary organ controlling Pi concentration in the 
circulation [63]. It performs this function via both the glo-
merular filtration rate (GFR), and the rate of reabsorption 
of Pi in the proximal tubule. Children have higher Pi con-
centration than adults because of a higher TmPi. As GFR 
decreases, as in chronic renal failure, there is a proportion-
ate decrease in the rate of delivery of Pi to the proximal 
tubule. Unless there is a compensatory decrease in Pi gut 
absorption, and/or decrease in Pi tubular reabsorption, and/
or increase in net tissue Pi accretion, there is an inevitable 
rise of Pi concentration in the circulation. Because dietary 
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Within the vesicle, orphan phosphatase 1[PHOSPH1] releases Pi 
from phosphocholine [PC]. Outside the vesicle, Pi released by the 
activity of tissue nonspecific alkaline phosphatase [TNAP] and by 
ectonucleotide pyrophosphatase phosphodiesterase [NPP1] on adeno-
sine triphosphate [ATP] is transported into the vesicle via PiT1. The 
latter increases pyrophosphate [PPi] concentration in the bone matrix
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phosphorus is usually in excess, the gut is unable to compen-
sate for a chronic decrease in GFR. Accretion of Pi in soft 
tissue and bone is limited except during growth. Thus, com-
pensation for a decrease in GFR largely falls on the tubule’s 
ability to decrease reabsorption. The rate of Pi reabsorption 
from the renal filtrate is determined largely by the activity 
of sodium-phosphate cotransporters type 2 (NaPi2a/c) and 
type 3 (PiT2) [60, 64–67] (Fig. 11). Studies using a specific 
inhibitor of NaPi 2a indicate that NaPi2a plays the major 
role [68]. Pi is secreted back from the tubule cell to ECF by 
transporters including XPR1 [69]. The proximal tubule is 
the main site of Pi reabsorption. It has a tubular maximum 
capacity for Pi reabsorption (TmPi) of about 2 mg/dL, above 
which any increase in filtered Pi is excreted in the urine [70]. 
There is a splay with a range of about 1 mg/100 mL GF 
over which tubular reabsorption gradually increases before 
achieving full TmPi. Maximum tubular reabsorption of Pi 
can best be calculated clinically by measuring plasma Pi 
and plasma creatinine (Cr), and the corresponding urine Pi 
and urine Cr in a collection over a suitable time interval of 
not more than 1 to 2 h with blood collected at midpoint of 
the urine collection. A 24-h time interval should not be used 
because blood Pi concentration varies substantially over 24 h 
leading to incorrect low TmPi. Blood and urine are collected 
after an overnight fast to reduce variable effects of diet and 
GFR and optimize reproducibility in the individual. Tubular 
reabsorption can be expressed as fractional excretion of Pi in 
relation to creatinine clearance (plasma Pi × urine Cr/plasma 
Cr × urine Pi). Because GFR varies within and between 
individuals expressing TmPi, per unit of glomerular filtrate 
(TmPi/GFR) provides an estimate of TmPi that can be more 
accurately compared within and between individuals. Based 
on data from phosphate infusions in healthy subjects TmPi 
can be derived from nomograms [71] or from equations 

such as TmPi = P − PE/1–0.1 loge(P/PE) where Pi = plasma 
Pi, PE = urine Pi x plasma Cr/urine Cr [63]. TmPi is high in 
the neonate and decreases progressively with age until the 
adult value is achieved as a teenager (Fig. 4). Urine Pi can 
be expressed in a number of ways. As a Pi/Cr ratio, it is part 
of the calculation of TmPi. For nutritional studies, metabolic 
balance studies, and estimation of urinary risk of stone for-
mation, Pi in a urine collection over a 24-h period is used. 
In an adult in phosphorus balance, a 24-h urine Pi provides 
an estimate of dietary phosphorus intake [72, 73]. This is 
not the case in growing children in positive Pi balance [12], 
or in subjects ingesting Pi binders [19] where the 24-h urine 
Pi can almost be reduced to zero. A 24-h urine Pi is only 
weakly positively related to dietary calcium intake. How-
ever, when large amounts of Ca supplements are ingested, 
as for example, in patients with osteoporosis or hypoparathy-
roidism, Ca acts as a Pi binder and 24-h urine Pi is reduced 
[74]. In children there is no sex difference in 24-h urine Pi 
until skeletal maturity is achieved. Thereafter, because of a 
higher dietary Pi and GFR, men have higher absolute 24-h 
urine Pi than women, although they have the same urine Pi/
Cr ratio. A 24-h urine Pi is measured as a concentration in 
assessment of urinary risk factors for renal stone formation 
[75]. In healthy subjects, Ca–Pi crystalluria is common, is 
passed without incident, and reflects the major effect of urine 
pH on oversaturation with Ca–Pi. Thus, although Pi is a 
common component of urinary stones, its presence is pH 
dependent and does not reflect an abnormality in Pi metabo-
lism. Calcium phosphate stones predominate in patients with 
primary hyperparathyroidism, mixed calcium oxalate/phos-
phate stones in patients with idiopathic stone disease, and 
magnesium ammonium phosphate stones in patients with 
infected urine [76]. Importantly, Ca–Pi either as a crystal 
aggregate in a collecting tubule or as a subepithelial deposit 
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Fig. 11   About 80% of glomerular filtrate phosphate [Pi] is reabsorbed 
by transcellular mechanisms in the proximal tubule. NaPi2a and 
NaPi2c regulate Pi transport into the tubule cell which is translocated 
through the cell and transported to ECF by XPR1. The proximal 

tubule has receptors for both PTHR1 and FGFR/Klotho. The distal 
tubule has receptors for FGFR/Klotho and the enzymes, CYP27B1 
and CYP24A1, responsible for metabolism of 25 hydroxy vitamin D 
to 1, 25 dihydroxy vitamin D and 24, 25 dihydroxy vitamin D
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(Randall plaque) in a renal papilla plays a key role as the 
nidus for renal stone formation [77].

Endocrine Regulation of Pi: FGF 23, PTH, 
1,25D.

The endocrine regulation of Pi metabolism is carried out by 
the highly integrated actions of three hormones, FGF 23, 
PTH, and 1,25D [78, 79]. The central role is played by FGF 
23 [80] secreted by osteocytes [81, 82] (Fig. 12). Increases 
in ECF Pi concentration over days [72, 73] but not acute 
increases over hours [83] upregulates FGF 23 secretion 
which in turn via the FGFR/Klotho receptor in the proxi-
mal tubule [84, 85] decreases activity of NaP2a and NaP2c. 
Transcellular Pi transport from luminal fluid back to ECF 
decreases, resulting in reduced TmPi and decreased ECF Pi 
[86]. Simultaneously, renal 1,25D production falls resulting 
in decreased Pi gut absorption [80, 87]. The overall effect 
is to prevent hyperphosphatemia and maintain normophos-
phatemia. Conversely, decrease in Pi ECF downregulates 
FGF 23 secretion resulting in increased TmPi and increased 
Pi absorption. The overall effect is to prevent hypophos-
phatemia and maintain normophosphatemia (Fig. 12). The 
increase in FGF23 due to high Pi intake is more marked 
than that due to decreased intake suggesting that the pri-
mary function of FGF23 is to prevent hyperphosphatemia 
and ectopic mineralization [72]. The mechanism(s) by 
which the osteocyte senses ECF Pi concentration remains 
unestablished [88, 89]. It does not involve a rapidly acting 

positive-feedback loop [82] but to chronic (over days) 
changes in ECF Pi [72, 73]. Diurnal variation in serum Pi is 
not associated with increases in serum FGF23, contrasting 
with diurnal variation in serum Ca which inversely corre-
lates with changes in serum PTH [6] (Fig. 5). This relatively 
slow positive-feedback loop response probably lies in the 
Pi sensing mechanisms. There is evidence from knockout 
studies in bone cells that FGFR1, which is phosphorylated 
by high Pi concentration, may be part of the Pi sensing 
mechanism [90]. In addition, PiT 2 [91] and AMP-activated 
kinase may be involved in the sensing mechanism [92]. Non-
hormonal stimulated FGF23 secretion occurs with low iron 
status (Fig. 12) [93–95] by acting on the posttranslational 
cleavage of pre-secreted FGF 23 into active and inactive 
fragments [96]. This O-glycosylation-regulated cleav-
age may also be involved in the relatively slow response 
to changes in ECF Pi. Iron status clinically has important 
implications for FGF23 secretion in common diseases such 
as chronic renal failure [97]. Whereas FGF23 regulates Pi 
metabolism, and PTH and 1,25D regulate both Pi and Ca 
metabolism, Pi ECF concentration does not directly affect 
PTH secretion [98], although high dietary phosphorus intake 
[98], oral Pi supplements [72] do so indirectly by reducing 
ECF Ca concentration. FGF 23 and PTH both decrease TmPi 
via NaPi2a and NaPi2c, but in contrast to FGF 23 which 
decreases 1,25D secretion, PTH increases 1,25D secretion 
(Fig. 12). Thus, these three hormones function as a highly 
integrated hormonal axis aimed at maintaining both Pi and 
Ca metabolism and the bone mineral reservoirs. In addition, 
these three hormones are capable of modulating one anoth-
er’s secretion in vitro and in vivo animal models. FGF23 
decreases PTH secretion [99, 100], 1,25D decreases PTH 
secretion [101, 102] and increases FGF 23 secretion [103], 
and PTH increases FGF 23 secretion [104] (Fig. 13). The 
relative importance of these latter pathways in normal physi-
ology and disease pathophysiology still requires some elu-
cidation. It should be noted that hypophosphatemia caused 
by severe phosphate depletion [18] is associated with low 
FGF23 resulting in high TmPi and 1,25D, and low PTH. On 
the other hand, hypophosphatemia due to a primary increase 
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Fig. 12   Increase in ECF phosphate concentration [Pi] stimulates 
secretion of FGF23 by the osteocyte. Increased FGF 23 acts on renal 
tubule cell to reduce phosphate reabsorption [TmPi] and decreases 
ECF Pi, and to reduce 1,25 dihydroxy vitamin D [1,25D] and Pi gut 
absorption. Decrease in circulating Pi concentration [Pi] reduces 
secretion of FGF23 which increases TmPi and 125D secretion. Low 
iron status via non-endocrine mechanism increases FGF 23 secretion
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Fig. 13   FGF 23, PTH, and 1,25D function as a highly integrated hor-
monal axis that maintains Pi and Ca metabolism and regulates Pi and 
Ca mineral reservoirs in the skeleton
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in FGF 23 secretion from disease, such as TIO and XLH 
[33], has low TmPi, 1,25D, and high normal PTH. 

Interactions Between Pi And Ca Metabolism

Metabolism of Pi and Ca do not work in isolation from each 
other. They closely interact at transport mechanisms in ECF, 
gut, bone, and kidney. Further, changes in ECF concentra-
tion of Pi and Ca independently regulate secretion of the 
hormones, FGF 23, PTH, and 1,25D that maintain Pi and 
Ca homeostasis. In ECF, oversaturation with octacalcium 
phosphate leads to soft tissue mineralization, whereas under 
saturation leads to bone demineralization. Healthy bone 
formation requires the requisite supply of both Pi and Ca 
together from the ECF, and when bone resorbs, Pi and Ca are 
released together to the ECF in amounts equal to their 3/5 
molar ratio in apatite. In the diet, Pi and Ca are intimately 
related. Dairy products are a major source of both dietary Pi 
and Ca. Breast milk supplies about 150 mg Pi and 180 mg 
Ca/100 g which combined with casein as milk micelles is 
a highly absorbable supply for the growing infant. On the 
other hand, dietary Pi bioavailability is markedly reduced 
by high intake of Ca supplements, an interaction used thera-
peutically in chronic renal failure and hypoparathyroidism to 
reduce increased ECF Pi concentration. In contrast, a high 
intake of Pi supplements ingested for treatment of hypophos-
phatemic states impairs calcium absorption, reduces circu-
lating ECF Ca, and leads to secondary hyperparathyroidism. 
At the kidney, an increase in Ca ECF concentration reduces 
TmPi, even in the absence of PTH, and in urine oversatura-
tion with Ca–Pi increases the risk of stone formation. These 
multiple interactions between Pi and Ca emphasize that Pi 
metabolism cannot be fully understood in isolation from Ca 
metabolism [105] in either health or disease.
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