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Abstract The roles of calcitonin, parathormone and cal-

citriol in the regulation of plasma calcium and phosphate

are well-established. However, in autosomal-dominant

hypophosphatemic rickety patients, studies have revealed

normal plasma levels of calcium, associated with normal

thyroid and parathyroid functions, but decreased levels of

phosphate and calcitriol despite adequate reserves of vita-

min D. Also, in tumoral calcinosis, persistent hyperphos-

phatemia with increased levels of 1,25(OH)2D3 have been

observed. These studies indicate the involvement of factors

other than the ones already known. The first decade of this

century/millennium has led to the discovery of the

involvement of fibroblast growth factor-23, furin protease

and a-klotho in the homeostasis of calcium and phosphate,

which is the subject of this mini-review.
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Basic Concepts

The roles of three hormones, namely, thyrocalcitonin,

parathyroid hormone (PTH/parathormone) and calcitriol

(1, 25-dihydroxy cholecalciferol/1,25(OH)2D3) in the

regulation of plasma calcium and phosphate are well

established. For instance, post in-take of meal, dietary

Ca2? and PO4
3- uptake/absorption in the intestines takes

place; while Ca2? uptake is promoted because of the

increased in vivo population of calcium transporting and

binding proteins caused by increased de novo synthesis

induced by calcitriol, the phosphate uptake occurs due to

the increased activity of the Na?/PO4
3- co-transporter-2b;

both these processes being brought about by calcitriol

hormone derived from its pre-pro-precursor, vitamin D.

This increased uptake of these two minerals in the

intestine leads to a tide in plasma which needs to be

dissipated. Thyrocalcitonin is released by thyroid glands

in response to this tide, which promotes mineralization of

the soft bones by inhibiting osteoclastic activities on the

one hand and promoting osteoblastic activity on the other

hand, thereby normalizing plasma levels of Ca2? and

PO4
3-. Whenever plasma Ca2? decreases (hypocalcemia),

parathormone (PTH) is released by parathyroid glands.

This hormone acts in conjunction with calcitriol in two

ways, (a) by promoting osteocytes to secrete sclerostin,

which binds bone morphogenetic receptor, leading to

inhibition of osteogenesis, while promoting osteoclastic

activity [1], i.e. (i) active release of proteases, glycosi-

dases and phosphatases which cause breakdown of pro-

teoglycan mesh and release of covalently-bound

phosphate (organic phosphate) from proteins (such as,

osteogenin), (ii) increased release of H? due to increased

osteoclastic carbonic anhydrase and (iii) consequential

release of hydroxyapatite from c-carboxy-glutamate resi-

dues of peptides/proteins and its dissociation under acidic

conditions, leading to demineralization and release into

plasma of large amounts of Ca2? and PO4
3- from soft

regions of bones, thereby reversing the osteogenic pro-

cesses induced by thyrocalcitonin, and (b) by selective re-

absorption, in conjunction with calcitriol, of Ca2? on the
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one hand and promotion of phosphaturia by inhibiting

Na?/PO4
3- ‘co-transporter-a’ on the other hand in the

renal proximal tubules, thereby restoring normo-calcemic

levels. Note must, however, be taken that calcitonin and

PTH being proteins, get degraded by proteolytic enzymes

and have, thus, short half-lives (\4 min.), thereby con-

fining their roles to rapid correction/regulation of plasma

Ca2?, whereas calcitriol being a steroidal hormone, has a

long half-life ([6 h.), acts intracellularly over a long

period (even days) of time, whose synthesis is, however,

under strict control at the a-1 hydroxylation of 25(OH)D2

step that takes place in the kidney. The active hormone,

calcitriol, can, however, also be deactivated by further

hydroxylation at C-24 position into 1,24,25(OH)3 chole-

calciferol, called calcitetrol. Furthermore, the two protei-

nic hormones act via signal transducing pathways,

involving second messenger/protein kinases.

Nutritional studies have revealed that the dietary

restriction of phosphate intake results in decreased plasma

levels of PTH by direct or indirect effect of plasma PO4
3-

levels [2] and that there occurs a delayed or improved

secondary hyper-parathyroidism independent of plasma

levels of Ca2? or calcitriol.

Beside its major participation in the mineralization of

skeletal tissues, Ca2? plays vital roles as cofactor of a

variety of enzymes, including blood clotting cascade, sec-

ond messenger, in plasma membrane functions, metabolic

regulations through calmodulin, etc.

Phosphate also plays vital roles in cellular activity. For

instance, it is required to generate energy-rich com-

pounds, such as, nucleoside triphosphates, which in turn

generate other energy-rich compound, such as, coenzyme-

A derivatives, creatine-phosphate, FAD?, NAD?, etc. and

also serves as the linker through phosphodiester bonds

between nucleosides, the building blocks of DNA and

RNA. Nucleoside phosphates are also the starting donor

molecules for the synthesis of proteoglycans, a key

component in the extracellular-matrix, and glycosylation

of proteins. The energy-rich compounds in turn lead to

the survival and proliferation of cells. In addition, PO4
3-

participates in the mineralization of skeletal tissues, for-

mation of intracellular inorganic polyphosphates and also

in the regulation and function of many proteins and

enzymes through phosphorylation/de-phosphorylation

processes.

Normal human plasma levels of Ca2? and PO4
3- are

*2.5 and *1.3 mmol/l, respectively. Ordinarily, there

exists an inverse relationship between the two in the

plasma. However, notwithstanding the interrelationship

between the three hormones, discussed above, in the reg-

ulation of plasma Ca2? and PO4
3-, it has been observed

that despite normo-calcemic status, some patients exhibited

acute and persistent hypo-phosphataemia with associated

symptoms. These diseases were investigated and classified

as (i) autosomal dominant hypophosphatemic rickets

(ADHR) (ii) X-linked hypophosphataemia (XLH) [3] and

(iii) oncogenic osteomalacia (OOM) [4]. Thus, in these

conditions, no inverse relationship existed between plasma

Ca2? and PO4
3-.

Research studies reported during the early years of this

century on these diseases, and related calcium and phos-

phate homeostasis, reveal the involvement of at least three

additional major proteins that have been identified as

fibroblast growth factor-23 (FGF-23), furin protease (FP)

and a-klotho.

Since hypo-phosphatemia has almost always been

associated with phosphaturia, renal excretion [5] rather

than intestinal absorption has been identified as the site of

disorder. Such a condition has been attributed to FGF-23

[4]. FGF-23 has so far been implicated in (1) ADHR (2)

OOM (3) XLH (4) chronic renal failure (CRF) and (5)

familial tumoral calcinosis (FTC) [6], a disease associated

with hyper-phosphatemia, an autosomal recessive disorder

(reverse of ADHR) in which secretion process of this

hormone is affected due to mutation at S129 residue, the site

of GalNAc-osylation [7]; this last disease is also associated

with ectopic calcification.

Fibroblast Growth Factors (FGFs)

FGFs are a family of structurally-related protein molecules,

22 of which are found in humans, while FGF-15 is found

exclusively in mouse. These molecules are involved in a

variety of cellular functions, such as, angiogenesis, wound-

healing, embryonic development and cellular-proliferation

and differentiation. FGFs also bind heparin and interact

with cells via cell-surface associated heparan sulfate-pro-

teoglycans causing signal transduction. FGF-1 and FGF-2

are also known, respectively, as acidic and basic FGFs.

FGF-1 to FGF-10 bind their corresponding receptors

(FGFRs) on cell surfaces. FGF-11 is involved in intracel-

lular processes unrelated to other FGFs and is, therefore,

also known as iFGF. FGF-12 does not bind FGF-receptors

and is so known because of its sequence homology with

other FGF molecules. FGF-13 and FGF-14 are also FGF

homologous factors but have distinct functional differences

with other FGFs. Mouse FGF-15 is an ortholog of human

FGF-19; therefore, there is no human FGF-15. FGF-16

through FGF-23 are newer molecules and not all are well

understood. FGF-19 to FGF-23 are hormone-like growth

factors that have more systemic effects not found in other

FGFs [8]. FGF-19, produced by intestinal cells, binds FGF-

receptor-4-expressing hepatocytes, leading to the down

regulation of bile acid synthetic pathway. FGF-20 is

homologous to Xenopus FGF-20 (XFGF-20). FGF-21 has

Ind J Clin Biochem (Jan-Mar 2014) 29(1):8–12 9

123



been shown to possess anti-hyperglycemic property as well

as plasma triacylglycerol lowering effects along with the

body weight.

FGF-23

The gene for this protein is located on chromosome-12 that

possesses three exons and is expressed in bone (osteocytes)

and connective tissues, the synthesis of which appears to be

regulated by dietary phosphorus intake in healthy men [9].

The translated product, FGF-23, is a 251 amino acids,

30 kDa protein, which is O-glycosylated (GalNAc) on S129

residue by specific ppGalNAcase T3 prior to secretion [7].

To blood, however, osteocytes are the major contributor of

this hormone [10] which acts in an endocrine manner in far

away tissues, e.g. intestines, liver, kidney, bone and adi-

pose. This growth factor binds less-tightly to heparin-sul-

fate but specifically binds FGF-receptor-1-expressing

kidney cells [11], leading to the decreased synthesis of

active hormone of vitamin D, the 1,25(OH)2D3, by causing

repression of the gene for a-1 hydroxylase [12], thereby

regulating calcium homeostasis. Ordinarily, FGF-23 also

inhibits renal tubular re-absorption of phosphate [13] by

decreasing the gene expression of Na?-dependent phos-

phate transporters (Na/Pi-2a and Na/Pi-2c) in the proximal

convoluted tubules [14, 15], thereby promoting phospha-

turia. As such, this hormone was initially (before the year

2000) called ‘‘Phosphatonin’’.

The FGF-23 gene-product is a hormone that possesses a

high sequence homology with FGF-19 and FGF-21 but is

the only member that contains pro-convertase processing

site, a proteolytic cleavage site RXXR, which when

cleaved (by a specific Furin protease) results in the gen-

eration of inactive 18 kDa amino-terminal- and a 12 kDa

carboxy-terminal-fragments. Activity of the intact FGF-23

is regulated by the glycosylation and Furin protease. Gly-

cosylation site is flank by RXXR site. Upon glycosylation

at S129 by ppGalNAc T3, FGF-23 is protected against the

proteolysis by furin. Also, any mutation in RXXR site is

bound to make it resistant to cleavage, thereby increase the

half-life as well as the plasma concentration of this protein,

leading to persistent phosphaturia due to the inhibition of

Na?-dependent phosphate transporters and decreased de

novo synthesis of 1,25(OH)2D3. The result is hypophos-

phatemic rickets, as in ADHR. Similarly, over-production

of this hormone, as under hyperplasic conditions, leads to

‘Tumor-induced Osteomalacia’. On the contrary, loss of

FGF-23 activity, such as, by intracellular proteolysis, leads

to increased plasma levels of phosphate, resulting in ‘cal-

cinosis’; such a condition has been elucidated in tumoral

calcinosis [16], wherein mutations in FGF-23, such as,

S71G, S129F and R176Q, appear to alter the conformation of

FGF-23 such as to make it more susceptible to proteolytic

cleavage by specific furin Protease, leading to increased

intracellular breakdown of FGF-23 and release of C-ter-

minal fragment rather than intact FGF-23 into circulation,

thereby preventing phosphaturia.

a-Klotho

a-Klotho is a 130 kDa protein that has been reported to

bind FGF-23 [8, 17], its receptor (FGF-R) [18] and plasma

membrane Na?/K?-ATPase. Its binding to Na?/K?-ATP-

ase causes increased Na? gradient, which in turn increases

trans-epithelial influx of Ca2? in kidney and choroid

plexus, leading to secretion of a-Klotho.

a-Klotho also possesses b-glucuronidase activity and

thereby modifies sugar chains of transient receptor poten-

tial vanilloid type 5 (TRPV5) in distal tubules; this pre-

vents internalization of Ca2? channel and, therefore, its

inactivation [19]. The result is increased Ca2? absorption.

In other words, a-klotho also directly participates in Ca2?

and PO4
3- homeostasis.

FGF-Receptor-1

This receptor (FGF-R-1) is expressed in only three organs,

kidney, parathyroid and pituitary and consists of three

extra-cellular immunoglobulin-like domains, D1–D3, a

single-span trans-membrane domain and an intra-cellular

split tyrosine kinase domain. In this molecule, there is a

short stretch of acidic amino acids that resides between D1

and D2 domains, which in the absence of the ligand FGF-

23, folds in such a manner that it binds heparansulfate

proteoglycan-binding site on the D3 domain, thereby serves

auto-inhibitory function, preventing activation of the

receptor. FGFs interact with D2 and D3 domains of FGF-R,

D3 being highly ligand-specific especially when a-klotho is

bound to it. In fact, binding of a-klotho to FGF-R makes it

highly specific for the binding of FGF-23. Heparan sulfate

proteoglycan (HSPG) is a cofactor in ternary complex

formation between FGF-23 and its receptor (FGF-R). Thus,

it is the D3 domain of the receptor-1 which imparts spec-

ificity for the binding of FGF-23 [20], D1 and D2 being

only specific for the structurally homologous regions of the

FGFs. The ultimate complex at the cell surface comprises 2

identical FGF-23 ligands, 2 identical FGF-R subunits, 1 or

2 heparansulfate proteoglycan chains and 2 molecule of

a-klotho; the consequential intra-cellular events, such as

repression of a-1 hydroxylase and Na?/PO4
3- cotrans-

porters a and c, are as a result of the activation of the

tyrosine kinase, which resides in the split domains of the
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FGF-R exposed on the cytosolic side of the plasma

membrane.

Furin Protease

Furin, also called as paired basic amino acid cleavage

enzyme (PACE), is a product of the gene that resides

upstream of an oncogene, FES [21], and hence given the

name (furin, F-upstream region). It is a subtilisin-like apo-/

pro-protein convertase, endo-peptidase in nature, that

requires Ca2? and in which a serine residue participates in

catalytic activity. This serine protease is enriched in trans-

golgi network, where it cleaves other proteins into their

mature active forms [22]. Although ubiquitously expressed

at very low levels, furin is found in highest concentrations

in liver and kidney, whereas brain, spleen and thymus

possess much lower levels.

Furin family of proteins exist as pro-enzymes in which

*10 kDa heterogeneous amino-terminal, called the pro-

region, is cleaved prior to its activation. This is followed by

a highly conserved *55 kDa catalytic domain and a

C-terminal tail that has variable length as well as amino

acid sequence. Furin is the only pro-convertase that pos-

sesses a trans-membrane domain; it cleaves the target

proteins down-stream of basic amino acid consensus

sequence of ‘RX(R/K)R’. While the acidic amino acid

sequence 771CPSDSEEDEG780 appears to be responsible

for its trans-Golgi-network localization, the second

domain, 759YKGL762, directs the internalization from cell

surface. It is the phosphorylation of 775Serine residue that

modulates intracellular routing.

In summary, it is the activity of the furin protease that

regulates the half-life of FGF-23; the latter in turn is

responsible, after proper docking on its receptor (FGF-R),

made possible by the participation of a-klotho, for the

regulation of renal a-1 hydroxylase of vitamin D2 and

repression of Na?/Pi-2a and 2c transporters.
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