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ABSTRACT 

The regulation of mineral metabolism results 
from the interplay of four endocrine organs 
forming the parathyroid-intestine-bone-
kidney axis. In this context, the skeleton stores 
minerals (calcium and phosphate) within its 
matrix and orchestrates the regulation of their 
levels, interacting with the kidney. Here, we 
give an overview of the main pathways 
involved in the crosstalk between these two 
organs. Moreover, we describe the endocrine 
network characterised by bone- and kidney-
derived hormones, and further signals, i.e. 
parathyroid hormone, that target them. 

 

Introduction 

The skeleton is the largest organ in mammals 
and, besides providing mechanical support, 
the frame for locomotive muscle attachment 
and protection of internal organs, it plays other 
functions, such as energy, mineral metabolism, 
fertility and appetite regulation.1,2 

Minerals, mostly calcium, phosphate and 
bicarbonate, are structural constituents of 
bones, and the skeleton works as their storage, 
releasing them when needed.3 

Mineral balance is maintained by co-
ordination of many endocrine signals between 
the kidney, bone and other organs, such as 
parathyroid glands and intestine. 

 

Mineral metabolism: calcium and phosphate 

Calcium 

Calcium is involved in several biological 
functions, such as cell signalling, neural 
transmission, muscle function, blood 
coagulation, membrane and cytoskeletal 
regulation, secretion and biomineralisation.4 

Calcium levels are finely regulated in 
intracellular and extracellular compartments. 
Total body calcium content is approximately 
1kg, and 99% resides in the skeleton, whereas 
the extraskeletal component accounts for only 
1%.5 

Even with great variability, of 1g calcium 
introduced by diet, half is absorbed by the 
gastrointestinal tract, mainly by the 
duodenum, in a vitamin D-dependent 
manner.6 About 10g calcium per day is filtered 
by glomeruli in the kidneys, and up to 99% is 
reabsorbed by two mechanisms: paracellular 
passive reabsorption and a transcellular active 
process mediated by CaSR (the calcium-
sensing receptor) and TRPV5 (transient 
receptor vallinoid 5).7 The reabsorption occurs 
mainly in the proximal tubules, where it is 
largely driven by diffusion through the 
paracellular shunt.8,9 About 10% of filtered 
load is actively reabsorbed by the distal 
tubule.10 Only 50-250mg calcium is excreted in 
urine during a day.5 Hormonal regulation of 
tubular calcium reabsorption and urinary 
excretion contribute to the maintenance of 
calcaemic physiological range. 

The most relevant hormones that control 
calcium homeostasis are parathyroid hormone 
(PTH) and vitamin D.11 

Phosphate 

The skeleton is also the reservoir of phosphate. 
Indeed, most of the phosphorus builds, with 
calcium, skeletal hydroxyapatite, whereas the 
extraskeletal phosphate accounts for ~15%, 
constituting phosphoproteins, phospholipids 
and nucleic acids.12 The phosphate balance is 
maintained by fibroblast growth factor 23 
(FGF23), PTH and vitamin D.13,14 The phosphate 
introduced via the diet is absorbed in the small 
intestine, with both calcium-dependent and  
-independent mechanisms. The main process 
is through passive absorption that depends on 
the amount of phosphorus in the gut.15 
However, there is also an active sodium-
dependent mechanism, mediated by NaPi2b 
(sodium-dependent phosphate transport 
protein 2B), and stimulated by 1,25(OH)2 
vitamin D.16,17 As for calcium, the kidney 
contributes to the regulation of phosphate 
levels in the blood by its reabsorption in 
convoluted and in proximal tubules.11 
Phosphate reabsorption by the proximal 
tubular cells involves uptake across the brush 
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border membrane mediated by NaPi2a and 
NaPi2c, which collectively account for the 
reabsorption of ~80% of filtered phosphate.17 

In this context, FGF23 is the main emerging 
phosphatonin that protects cells and tissues 
from high levels of phosphorus.18 Indeed, 
increased oral phosphate intake results in 
increased FGF23 secretion and systemic 
circulation, while in dietary phosphate 
restriction, lower serum levels of FGF23 are 
observed.16 To regulate phosphate 
homeostasis, FGF23 establishes a complex 
interaction with PTH and vitamin D by which 
FGF23 suppresses PTH secretion and 1,25(OH)2 
vitamin D synthesis. 

PTH: endocrine signal outside bone and 
kidney 

The parathyroid gland evolved to operate as 
calciostat, responding to alteration of serum 
calcium levels with PTH secretion.10 PTH is 
secreted as a protein of 84 amino acids. It is 
synthesised as a propeptide containing a 
presequence of 25 amino acids and a 
prosequence of 6 amino acids.19 Presequence 
and prosequence are then cleaved off in the 
endoplasmic reticulum and the full length PTH 
of 84 amino acids is stored in vesicles.  

PTH is released in response to a reduced 
concentration of extracellular calcium and it 
acts to restore calcium levels.19,20 Parathyroid 
glands sense extracellular calcium 
concentration through the CaSR on their cell 
membrane. The interaction of calcium with the 
extracellular domain of the CaSR results in 
stimulation of phospholipase C-β (PLCβ) 
activity via Gα11. PLCβ catalyses the formation 
of inositol 1,4,5-trisphosphate (IP3) and 
diacylglycerol (DAG). The accumulation of IP3 
induces the release of calcium into the cytosol 
from intracellular stores, whereas DAG 
activates the mitogen-activated protein kinase 
(MAPK) cascade. In contrast to other cells that 
release their product in response to increased 
calcium levels, these events lead to reduced 
PTH secretion from the parathyroid chief 
cells.19-21 

PTH has a very short circulating half life and it 
is primarily metabolised in the liver into amino- 
and carboxy-terminal fragments, leading to 
several forms of PTH in the circulation. 
However, the amino terminus (known as 1-34 
PTH) is the only one that can bind to the PTH 
receptor carrying out the biological effect on 
target organs.22 The carboxy terminus is 
cleared by filtration in glomeruli and it 
accumulates during renal failure.23 

The tissue response to PTH is mediated by PTH 
receptor type 1 (PTHR1) belonging to G-
protein-coupled receptor family 2.22,24 When 
PTH binds its receptor, several downstream 
pathways are activated in a tissue-specific 
manner, involving protein kinase A and protein 
kinase C (PKC) activation, cyclic AMP signalling 
and MAPK pathways.19,22 

Biological effect of PTH 

PTH acts directly on the kidney, inducing 
1,25(OH)2 vitamin D production and calcium 
reabsorption, mainly in the distal convoluted 
tubule.8 In addition to serum calcium, PTH 
regulates phosphate levels, inhibiting 
phosphate reabsorption by proximal tubules 
and causing hypophosphataemia. Indeed, PTH 
reduces NaPi2a and NaPi2c expression in the 
apical membrane of proximal tubular cells.25-27 
Even if a direct effect on intestinal calcium and 
phosphate absorption is not clear, PTH 
promotes their absorption through vitamin D 
released from kidney.11  

PTH-mediated effects on bone seem to be 
dose-dependent. Indeed, chronic elevation of 
PTH, as in hyperparathyroidism, induces 
osteoclast resorption, whereas intermittent 
administration of 1-34 PTH has anabolic 
functions, stimulating osteoblast activity.26,28 
Furthermore, since PTHR1 localises in 
osteoblasts, osteocytes and stromal cells, but 
not in bone marrow haematopoietic cells or 
osteoclasts, the stimulation of bone resorption 
is probably indirect and mediated by 
osteoblast production of osteoclastogenic 
factors.29 

Vitamin D: kidney-derived hormone that acts 
on bone 
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Vitamin D is a fat-soluble secosteroid that acts 
as a hormone, interacting with a specific 
cytosolic receptor. It is involved in the 
regulation of nearly 3% of the human 
genome.30 Vitamin D was first identified for its 
central role in calcium and phosphate 
metabolism. Indeed, it regulates mineral 
homeostasis and skeletal health, modulating 
intestinal absorption of calcium and 
phosphate, renal calcium reabsorption and co-
ordinating with parathyroid functions. 
Regarding the direct effects on bone cells, van 
Driel and van Leeuwen described the complex 
interaction between vitamin D and 
osteoblasts.31 Indeed, osteoblasts express 
vitamin D receptor (VDR). However, the effects 
of vitamin D on osteoblasts remain unclear 
because both osteoblast-specific deletion and 
overexpression of VDR lead to increased bone 
mass.32-34 

Moreover, vitamin D promotes bone 
resorption, stimulating osteoclast 
differentiation and activity. Even if osteoclasts 
and their precursors express VDR,35,36 vitamin 
D regulates osteoclast formation and function 
via osteoblast production of osteoclastogenic 
macrophage colony-stimulating factor and 
RANKL (receptor activator of nuclear factor 
kappa-Β ligand).37 Interestingly, osteoclast 
precursors from VDR-knockout mice can be 
induced by vitamin D to differentiate in the 
presence of wild type osteoblasts.38 Moreover, 
further studies revealed non-classical actions 
of vitamin D, since its deficiency has been 
correlated with other conditions including 
autoimmune, cardiovascular, renal and 
neurodegenerative diseases, depression and 
cancer.39 

The biologically active form of vitamin D is 
1,25(OH)2 vitamin D (also known as calcitriol), 
obtained by metabolic conversion of its 
precursors: vitamin D2 and vitamin D3 (often 
called ergocalciferol and cholecalciferol 
respectively). The major source of vitamin D3 
in humans is via the skin, which synthesises it 
from 7-dehydrocholesterol through sunlight 
exposure. Vitamin D2 and D3 are also 
introduced through the diet from vegetable- 
and animal-derived food sources 

respectively.40 These precursors are then 
transported to the liver, where they are 
hydroxylated by vitamin D 25-hydroxylase, 
encoded by the CYP2R1 gene, to generate 25-
hydroxyvitamin D (25(OH) vitamin D). This is 
the most abundant circulating form of vitamin 
D.41,42  

Because of their lipophilic nature, all the 
circulating metabolites of vitamin D are carried 
bound to vitamin D-binding protein (DBP). 
25(OH) vitamin D-DBP complex is filtered 
through the glomerulus and internalised by 
proximal tubular cells via megalin-mediated 
endocytosis. Herein, 25(OH) vitamin D is 
released from DBP and it is either converted by 
25-hydroxyvitamin D 1α-hydroxylase to 1,25-
dihydroxyvitamin D (1,25(OH)2 vitamin D) or it 
can be recycled into the circulation.43 Normal 
serum levels of 25(OH) vitamin D are also 
maintained, ensuring extrarenal calcitriol 
synthesis.44 Indeed, 1α-hydroxylase is also 
expressed in other tissues, such as bone.45 

Serum phosphorus, calcium, FGF23 and other 
factors can affect the renal production of 
1,25(OH)2 vitamin D. The pleiotropic actions of 
1,25(OH)2 vitamin D are mediated by its 
binding to the VDR.44 VDR is a nuclear receptor 
belonging to subfamily 1, and its binding to 
vitamin D ligand leads to genomic and non-
genomic responses in target cells. To mediate 
genomic effects, the VDR-ligand complex 
forms a heterodimer with the retinoid X 
receptor (RXR) in the cytoplasm. This complex 
then translocates to the nucleus, where it 
binds to vitamin D-responsive elements in the 
promoter of VDR-responsive genes. Here, VDR-
RXR recruits basal transcriptional factors, co-
activators and co-repressors to induce/repress 
the transcription of target genes by RNA 
polymerase II.46 

In addition, the VDR also contains an 
alternative 1,25(OH)2 vitamin D-binding A 
pocket that, after the binding to its ligand, can 
induce rapid non-genomic responses at the 
membrane level, independently from the VDR-
RXR signalling. Furthermore, some form of 
vitamin D can also act on the retinoic acid-
related orphan receptors.47,48 
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1,25(OH)2 vitamin D renal synthesis and 
catabolism are tightly co-ordinated with the 
calcium/PTH axis and the phosphate/FGF23 
axis. 

Calcium/vitamin D/PTH axis 

In hypocalcaemia, PTH secretion is rapidly 
enhanced to restore calcium balance. High 
levels of serum PTH induce both calcium 
release from bone, activating its resorption, 
and 1α-hydroxylase expression and activity in 
the kidney. In turn, calcitriol synthesis is 
stimulated and intestinal calcium absorption is 
induced in the small intestine by enhancing 
expression of transient receptor potential 
cation channel (TRPV6) and calcium-binding 
protein. Moreover, 1,25(OH)2 vitamin D 
enhances calcium reabsorption by the 
kidney.42 Upon calcium level normalisation, 
calcium and calcitriols inhibit PTH secretion 
and renal 1α-hydroxylase by negative 
feedback.44 

FGF23: bone-derived hormone that acts on 
kidney 

FGF23 is an endocrine hormone produced in 
the bone by osteocytes and osteoblasts. It 
targets several organs, mainly through FGF 
receptor 1c (FGFR1c)/α-klotho. 

FGF23 is the most recently discovered member 
of the FGF superfamily; it was identified by 
three different groups around 2000. Yamashita 
and colleagues identified FGF23 preferentially 
expressed in the ventrolateral thalamic 
nucleus,49 whereas the ADHR Consortium 
associated FGF23 with autosomal dominant 
hypophosphataemic rickets (ADHR).50 At the 
same time, Shimada et al. discovered the 
effects of FGF23 on tumour-induced 
osteomalacia.51 

The FGF superfamily constitutes 22 FGF 
members, classified in seven subfamilies.52 
Fifteen are paracrine-acting, four have an 
intracellular activity and do not interact with 
FGF receptors, and three have endocrine 
functions. The endocrine hormones are FGF19, 
FGF21 and FGF23. In contrast to other FGF 
members, their structure lacks a heparin-
binding domain, allowing them to enter the 

circulation and execute their endocrine 
function.53 Eighteen FGF ligands bind to FGF 
tyrosine kinase receptors (FGFRs), 
characterised by three extracellular 
immunoglobulin-like domains and a long 
cytoplasmic C tail. The FGF-FGFR interaction 
leads to the activation of multiple downstream 
effectors, such as PLCγ-PKC, JAK-STAT, PI3K-
Akt-mTor and Grb2-Ras-Raf-MAPK.54 

There are many germline and somatic 
mutations of FGFRs. While the somatic 
alterations are particularly frequent in human 
cancer, the germline mutations cause 
musculoskeletal phenotypes. Activating 
mutations of FGFR1 cause craniofacial 
dysmorphy, synostosis of skull and humerus, 
and dwarfism, whereas inactivating genetic 
alterations lead to syndactyly. Activating 
mutations of FGFR2 induce craniosynostosis, 
syndactyly and digitopalmar fusion. 
Achondroplasia and hypochondroplasia are 
associated with gain-of-function mutations of 
FGFR3. Genetic lesions of FGFR4 and FGFR5 
and their effects on the human skeleton are 
not known.55 

For the endocrine function of FGFs, a co-
receptor is required, and this is provided by the 
klotho family.56 Endocrine FGFs and klotho 
gene families are a complex system that co-
evolved with the endoskeleton.55 

The klotho family features three members: α, 
β and γ. They share a similar structure but α-
klotho is the only one found in the 
circulation.57 Indeed, membrane-bound α-
klotho can be cleaved by ADAM10 and 
ADAM17 metalloproteinases, resulting in the 
secretion of a soluble molecule.58 

α-Klotho is an obligate co-receptor for FGF23, 
and it was identified serendipitously when a 
transgenic experiment accidentally disrupted 
the α-klotho promoter.59 

α-Klotho coupling with FGFR1 confers high 
affinity to circulating FGF23 and specificity to 
its target organs.55 Indeed, even if FGF23 
receptors are largely expressed, the FGF23 
downstream signalling has been detected only 
in those tissues characterised by high 
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expression of α-klotho, including the kidney, 
parathyroid glands and brain.16,60 

FGF23 directly inhibits renal phosphate 
reabsorption by suppressing NaPi2a activity in 
proximal tubular cells, leading to 
phosphaturia. Moreover, it inhibits 1α-
hydroxylase and PTH release from parathyroid 
glands. Thus, FGF23 indirectly reduces 
intestinal absorption of dietary phosphorus, by 
the reduction of circulating 1,25(OH)2 vitamin 
D.16,61 Furthermore, it has been recently shown 
that FGF23 also regulates calcium handling 
through TRPV5 in renal distal tubules.62 

Physiologically, FGF23 is regulated by 
stimulating and inhibiting factors. Saito et al. 
demonstrated a positive correlation between 
1,25(OH)2 vitamin D, phosphate, PTH and 
FGF23 levels in vivo,61 whereas negative 
regulation of FGF23 from PHEX (phosphate-
regulating gene with homologies to 
endopeptidases on the X chromosome) and 
DMP1 (dentin matrix acid phosphoprotein 1) in 
bone is also known.63,64 

Quarles proposed a model to explain DMP1 
and PHEX regulation of FGF23 in osteocytes.65 
DMP1 is subjected to cleavage by 
metalloproteinases to create an N and a C 
terminus. The C terminus interacts with PHEX 
via the ASARM (acidic, serine- and aspartic 
acid-rich motif) and in turn, FGF23 promoter is 
inhibited. Moreover, both PHEX and DMP1 
regulate the mineralisation of extracellular 
matrix, thus co-ordinating bone phosphate 
accretion with renal phosphate conservation.65 

Mutations of FGF23 and α-klotho can cause 
low FGF23 levels with hyperphosphataemia 
due to renal phosphate retention and high 
levels of 1,25(OH)2 vitamin D, leading to 
familial tumoural calcinosis. On the other 
hand, gene mutations of PHEX and DMP1 
result in increased FGF23, renal phosphate 
wasting, low levels of 1,25(OH)2 vitamin D and 
hypophosphatemia.55 

Phosphate/vitamin D/FGF23 axis 

FGF23 function in the regulation of phosphate 
homeostasis is co-ordinated with vitamin D 
and PTH. Indeed, calcitriol increases 

phosphate serum levels directly by inducing 
intestinal absorption and indirectly by 
stimulating its tubular reabsorption through 
the suppression of PTH.16 Even if calcitriol 
enhances NaPi2b protein expression in the gut, 
it has been demonstrated that its upregulation 
also occurs in vitamin D-null mice. This result 
confirms that other factors, such as FGF23, also 
affect intestinal phosphate transporters.66 

Both high phosphate serum levels and 
circulating calcitriol induce FGF23 synthesis in 
bone. 

The interaction between vitamin D, PTH and 
FGF23 in phosphate homeostasis is not 
completely understood. Indeed, it remains to 
be clarified if PTH directly affects FGF23 
production.16 

Chronic kidney disease 

Mineral homeostasis is preserved by an 
orchestra of endocrine hormones, as described 
above. Just as in physiological conditions, 
kidney and bone also influence each other in 
pathological conditions. 

Chronic kidney disease (CKD) is an 
international public health problem affecting 
5-10% of the world’s population.67 Chronicity is 
conventionally defined as renal impairment 
lasting for at least 3 months; to assess staging 
and severity of the disease, estimated or 
measured glomerular filtration rate is used.68 
For adults, the condition is considered to be 
CKD when the glomerular filtration rate is 
≤60ml/min/1.73m2, because herein alteration 
of calcium, phosphorous, PTH and vitamin D is 
detectable. For children, the glomerular 
filtration rate at which CKD is determined is 
higher (<89ml/min/1.73m2).69 Changes in 
mineral parameters play an essential role in 
CKD pathophysiology. Indeed, in CKD, kidney 
function declines, leading to a progressive 
deterioration of mineral homeostasis, with 
increased FGF23, phosphate and PTH plasma 
levels, and a reduction of klotho and 1,25(OH)2 

vitamin D.55 

Specifically, the decrease in vitamin D has been 
related to the high levels of FGF23 produced by 
osteocytes to compensate for phosphate 
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retention.30 FGF23-mediated inhibition of 1α-
hydroxylase and concurrent 24α-hydroxylase 
stimulation lead to calcitriol degradation and 
reduction. Moreover, the decrease in 
glomerular filtration rate and reduced megalin 
expression by proximal tubular epithelial cells 
impair 25(OH) vitamin D uptake.44 Thus, the 
decrease in kidney function with progressive 
decline in serum calcitriol levels leads to 
hypocalcemia, secondary 
hyperparathyroidism and its complications, 
such as secondary osteoporosis.30 

Since the increase in FGF23 precedes other 
changes in mineral metabolism in CKD, and it 
has been proposed as an early biomarker of 
acute kidney injury, it has been suggested that 
FGF23 could be involved in the transition from 
acute kidney injury to CKD. Moreover, it has 
been shown that FGF23 maintains a linear 
relationship with glomerular filtration rate in 
the transition from mild to moderate CKD 
whereas, in advanced stages, their relationship 
becomes exponential.70 In parallel, klotho can 
be considered a parameter as sensitive as 
FGF23. Indeed, the rise of FGF23 levels in CKD 
is associated with simultaneous klotho 
reduction.71,72 Furthermore, FGF23 
exacerbates klotho deficiency via its 
suppression, thus leading to a vicious cycle of 
FGF23 excess and klotho deficiency that may 
lead to CKD-related complications such as 
cardiovascular disease.70 

Kuro-o and Moe describe CKD progression as a 
process of adaptative response of the 
FGF23/α-klotho endocrine axis to the 
progressive loss of functional nephrons. While 
the number of nephrons reduces, it will be 
necessary for the remaining nephrons to 
compensate, in order to maintain phosphate 
balance.[Insert REF?] The increase in FGF23 
production represents a compensatory 
response; this can induce further nephron loss 
due to the increased phosphate excretion per 
nephron, thus injuring the kidney. Considering 
the theoretical threshold of 0.5µg/day of 
phosphate excretion per nephron in healthy 
individuals, the loss of 50% of nephrons in CKD 
is sufficient to attain kidney damage. This can 
induce an amplifying loop in which a reduced 

number of nephrons induces FGF23 
production that, in turn, enhances 
phosphotoxicity and further nephron loss.55 

Chronic kidney disease-mineral and bone 
disorder 

Since mineral metabolism is essential in bone 
tissue homeostasis, its alterations in CKD lead 
to bone abnormalities in patients. In the past 
decade, it has been suggested that the extra 
skeletal calcification that occurs in CKD may 
result from altered mineral and bone 
metabolism of CKD. Indeed, abnormal mineral 
metabolism, bone and extraskeletal 
calcification are closely related, and all 
together contribute to the morbidity and 
mortality of patients with CKD.73 Since the 
traditional definition of renal osteodystrophy 
did not accurately encompass the broader 
clinical syndrome, the acronym CKD-MBD was 
coined in 2006. In contrast to renal 
osteodystrophy, which considered only the 
alterations of bone morphology displayed by 
CKD patients, CKD-MBD is defined as ‘a 
systemic disorder of mineral and bone 
metabolism due to CKD manifested by either 
one or a combination of the following: 
abnormalities of calcium, phosphorus, PTH or 
vitamin D metabolism; abnormalities in bone 
turnover, mineralisation, volume, linear 
growth or strength; vascular or other soft-
tissue calcification’.73 

The alterations of bone morphology that occur 
in CKD-MBD can be assessed by 
histomorphometry and are classified according 
to turnover, mineralisation and volume (the 
TMV system).69 This scheme provides a 
clinically relevant description of underlying 
bone pathology and helps to define 
pathophysiology and therapeutic approaches. 
The TMV classification system precisely 
describes the pathologic abnormalities in CKD 
patients. 

• Osteomalacia is characterised by low bone 
turnover with abnormal mineralisation. 
Depending on severity and duration, the 
bone volume may be low to normal. 
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• Adynamic bone features a low bone 
turnover with normal mineralisation and 
bone volume from low to normal. 

• Mild hyperparathyroid-related bone 
disease (mild HPT) represents abnormality 
with medium turnover and a bone volume 
depending on the duration of the disease 
process. 

• Osteitis fibrosa, also known as advanced 
HPT, is characterised by abnormalities 
along a continuum with mild HPT, with high 
bone turnover. 

• Mixed uraemic osteodystrophy is described 
as high turnover, normal bone volume and 
abnormal mineralisation.69 

CKD-MBD represents a complex disorder 
characterised by alterations of interconnected 
organs that influence each other. The 
complexity of this system makes it difficult to 
understand the causes and effects of these 
dysfunctions. 

One molecular pathway emerging as crucial in 
CKD-MBD pathogenesis is the Wnt pathway. 
Several studies reported increased circulating 
levels of the Wnt inhibitor sclerostin in 
individuals with impaired renal function 
compared with those with normal kidney 
function.74,75 Moreover, sclerostin values 
progressively rise across the stages of CKD 
and are associated with cardiovascular events 
in a non-dialysed CKD population.76 Although 
the causes of this increase are debated, they 
are probably due to increased sclerostin 
production.  

So far, bone has been considered the major 
source of sclerostin. Sabbagh and colleagues 
reported that the repression of Wnt/β-catenin 
signalling within osteocytes and the increased 
bone expression of sclerostin occur early in a 
mouse model of CKD.77  

However, a new concept of Wnt pathway 
activation as a developmental programme 
reactivated during renal injury is emerging.78 
Early stage CKD is characterised by 
nephrogenesis programme reactivation in 
order to repair the kidney. The Wnt pathway 

co-ordinates tubular epithelial proliferation 
and polarity during nephrogenesis. When 
canonical Wnt signalling is activated, Wnt 
inhibitor expression increases in order to 
regulate the pathway in a negative loop. In 
contrast to Wnt glycoproteins that, once 
secreted, have autocrine/paracrine effects, 
during renal injury, the Wnt inhibitors also act 
as systemic factors entering the circulation and 
targeting extrarenal tissues.78 

Circulating sclerostin has been also associated 
with vascular disease and mortality in CKD-
MBD.74,76 All together, these studies implicate 
sclerostin in the cross talk between kidney, 
bone and vasculature and its involvement in 
renal-bone-vasculature disease pathogenesis. 
Thus, a deeper understanding of the Wnt 
pathway may open new avenues for CKD-MBD 
prevention and treatment.74 

Conclusion 

In conclusion, bone and kidney functions are 
closely related. They co-ordinate each other to 
maintain mineral homeostasis through the 
release of endocrine factors. Likewise, their 
connection results in pathologic conditions 
such as CKD-MBD. Moreover, bone and kidney 
share common molecular pathway alterations 
that need to be better investigated in order to 
improve our understanding of CKD-MBD 
pathogenesis and the translational 
implications. 

 

REFERENCES 

1. Mosialou I, Shikhel S, Liu JM, Maurizi A, Luo 
N, He Z, Huang Y, Zong H, Friedman RA, 
Barasch J, Lanzano P, Deng L, Leibel RL, 
Rubin M, Nickolas T, Chung W, Zeltser LM, 
Williams KW, Pessin JE & Kousteni S 2017 
MC4R-dependent suppression of appetite 
by bone-derived lipocalin 2. Nature 543 
385-390. 

2. Wei J & Karsenty G 2015 An overview of 
the metabolic functions of osteocalcin. 
Current Osteoporosis Reports 13 180-185. 



  
   

 
 
 
To cite this article: G. Battafarano, A. Del Fattore. Bone and Kidney Crosstalk. HubLE My Mentor & I. 4.  
DOI: 10.13140/RG.2.2.18024.72967 

 

 

3. Clarke B 2008 Normal bone anatomy and 
physiology. Clinical Journal of the American 
Society of Nephrology 3 Suppl 3 S131-S139. 

4. Yu E & Sharma S 2019 Physiology, calcium. 
Treasure Island, FL, USA: StatPearls 
Publishing 
www.ncbi.nlm.nih.gov/books/NBK482128. 

5. Moe SM 2016 Calcium homeostasis in 
health and in kidney disease. 
Comprehensive Physiology 6 1781-1800. 

6. Heaney RP & Skillman TG 1964 Secretion 
and excretion of calcium by the human 
gastrointestinal tract. Journal of 
Laboratory and Clinical Medicine 64 29-41. 

7. Ferre S, Hoenderop JG & Bindels RJ 2012 
Sensing mechanisms involved in Ca2+ and 
Mg2+ homeostasis. Kidney International 82 
1157-1166. 

8. Lee JJ, Plain A, Beggs MR, Dimke H & 
Alexander RT 2017 Effects of phospho- and 
calciotropic hormones on electrolyte 
transport in the proximal tubule F1000 
Research 6 1797. 

9. Suki WN 1979 Calcium transport in the 
nephron. American Journal of Physiology 
237 F1-F6. 

10. Felsenfeld A, Rodriguez M & Levine B 2013 
New insights in regulation of calcium 
homeostasis. Current Opinion in 
Nephrology and Hypertension 22 371-376. 

11. Shaker JL & Deftos L 2000 Calcium and 
phosphate homeostasis. In Endotext, eds 
De Groot LJ, Chrousos G, Dungan K, 
Feingold KR, Grossman A, Hershman JM, 
Koch C, Korbonits M, McLachlan R, New M, 
Purnell J, Rebar R, Singer F & Vinik A. South 
Dartmouth, MA, USA: MDText.com Inc. 

12. Berndt T & Kumar R 2009 Novel 
mechanisms in the regulation of 
phosphorus homeostasis. Physiology 24 
17-25. 

13. Bergwitz C & Juppner H 2010 Regulation of 
phosphate homeostasis by PTH, vitamin D, 
and FGF23. Annual Review of Medicine 61 
91-104. 

14. Disthabanchong S 2018 Phosphate and 
cardiovascular disease beyond chronic 
kidney disease and vascular calcification. 
International Journal of Nephrology 2018 
3162806. 

15. Sabbagh Y, Giral H, Caldas Y, Levi M & 
Schiavi SC 2011 Intestinal phosphate 
transport. Advances in Chronic Kidney 
Disease 18 85-90. 

16. Penido M & Alon US 2012 Phosphate 
homeostasis and its role in bone health. 
Pediatric Nephrology 27 2039-2048. 

17. Prasad N & Bhadauria D 2013 Renal 
phosphate handling: physiology. Indian 
Journal of Endocrinology and Metabolism 
17 620-627. 

18. Sommer S, Berndt T, Craig T & Kumar R 
2007 The phosphatonins and the 
regulation of phosphate transport and 
vitamin D metabolism. Journal of Steroid 
Biochemistry and Molecular Biology 103 
497-503. 

19. Khundmiri SJ, Murray RD & Lederer E 2016 
PTH and vitamin D. Comprehensive 
Physiology 6 561-601. 

20. Muresan Z & MacGregor RR 1994 The 
release of parathyroid hormone and the 
exocytosis of a proteoglycan are 
modulated by extracellular Ca2+ in a similar 
manner. Molecular Biology of the Cell 5 
725-737. 

21. Hannan FM, Babinsky VN & Thakker RV 
2016 Disorders of the calcium-sensing 
receptor and partner proteins: insights into 
the molecular basis of calcium 
homeostasis. Journal of Molecular 
Endocrinology 57 R127-R142. 

22. Cheloha RW, Gellman SH, Vilardaga JP & 
Gardella TJ 2015 PTH receptor-1 signalling 
- mechanistic insights and therapeutic 
prospects. Nature Reviews Endocrinology 
11 712-724. 

23. Orloff JJ, Soifer NE, Fodero JP, Dann P & 
Burtis WJ 1993 Accumulation of carboxy-
terminal fragments of parathyroid 



  
   

 
 
 
To cite this article: G. Battafarano, A. Del Fattore. Bone and Kidney Crosstalk. HubLE My Mentor & I. 4.  
DOI: 10.13140/RG.2.2.18024.72967 

 

 

hormone-related protein in renal failure. 
Kidney International 43 1371-1376. 

24. Saini V, Marengi DA, Barry KJ, Fulzele KS, 
Heiden E, Liu X, Dedic C, Maeda A, Lotinun 
S, Baron R & Pajevic PD 2013 Parathyroid 
hormone (PTH)/PTH-related peptide type 
1 receptor (PPR) signaling in osteocytes 
regulates anabolic and catabolic skeletal 
responses to PTH. Journal of Biological 
Chemistry 288 20122-20134. 

25. Bacic D, Wagner CA, Hernando N, Kaissling 
B, Biber J & Murer H 2004 Novel aspects in 
regulated expression of the renal type IIa 
Na/Pi-cotransporter. Kidney International 
Suppl S5-S12. 

26. Jilka RL 2007 Molecular and cellular 
mechanisms of the anabolic effect of 
intermittent PTH. Bone 40 1434-1446. 

27. Keusch I, Traebert M, Lotscher M, Kaissling 
B, Murer H & Biber J 1998 Parathyroid 
hormone and dietary phosphate provoke a 
lysosomal routing of the proximal tubular 
Na/Pi-cotransporter type II. Kidney 
International 54 1224-1232. 

28. Silva BC & Bilezikian JP 2015 Parathyroid 
hormone: anabolic and catabolic actions 
on the skeleton. Current Opinion in 
Pharmacology 22 41-50. 

29. Yavropoulou MP, Michopoulos A & Yovos 
JG 2017 PTH and PTHR1 in osteocytes. New 
insights into old partners. Hormones 16 
150-160. 

30. Jean G, Souberbielle JC & Chazot C 2017 
Vitamin D in chronic kidney disease and 
dialysis patients. Nutrients 9 328. 

31. van Driel M & van Leeuwen JP 2014 
Vitamin D endocrine system and 
osteoblasts. BoneKEy Reports 3 493. 

32. Amling M, Priemel M, Holzmann T, Chapin 
K, Rueger JM, Baron R & Demay MB 1999 
Rescue of the skeletal phenotype of 
vitamin D receptor-ablated mice in the 
setting of normal mineral ion homeostasis: 
formal histomorphometric and 
biomechanical analyses. Endocrinology 
140 4982-4987. 

33. Gardiner EM, Baldock PA, Thomas GP, Sims 
NA, Henderson NK, Hollis B, White CP, 
Sunn KL, Morrison NA, Walsh WR & Eisman 
JA 2000 Increased formation and 
decreased resorption of bone in mice with 
elevated vitamin D receptor in mature cells 
of the osteoblastic lineage. FASEB Journal 
14 1908-1916. 

34. Yamamoto Y, Yoshizawa T, Fukuda T, 
Shirode-Fukuda Y, Yu T, Sekine K, Sato T, 
Kawano H, Aihara K, Nakamichi Y, 
Watanabe T, Shindo M, Inoue K, Inoue E, 
Tsuji N, Hoshino M, Karsenty G, Metzger D, 
Chambon P, Kato S & Imai Y 2013 Vitamin 
D receptor in osteoblasts is a negative 
regulator of bone mass control. 
Endocrinology 154 1008-1020. 

35. Zarei A, Morovat A, Javaid K & Brown CP 
2016 Vitamin D receptor expression in 
human bone tissue and dose-dependent 
activation in resorbing osteoclasts. Bone 
Research 4 16030. 

36. Kido S, Inoue D, Hiura K, Javier W, Ito Y & 
Matsumoto T 2003 Expression of RANK is 
dependent upon differentiation into the 
macrophage/osteoclast lineage: induction 
by 1alpha,25-dihydroxyvitamin D3 and TPA 
in a human myelomonocytic cell line, HL60. 
Bone 32 621-629. 

37. Lee SK, Kalinowski J, Jastrzebski S & 
Lorenzo JA 2002 1,25(OH)2 vitamin D3-
stimulated osteoclast formation in spleen-
osteoblast cocultures is mediated in part 
by enhanced IL-1 alpha and receptor 
activator of NF-kappa B ligand production 
in osteoblasts. Journal of Immunology 169 
2374-2380. 

38. Takeda S, Yoshizawa T, Nagai Y, Yamato H, 
Fukumoto S, Sekine K, Kato S, Matsumoto 
T & Fujita T 1999 Stimulation of osteoclast 
formation by 1,25-dihydroxyvitamin D 
requires its binding to vitamin D receptor 
(VDR) in osteoblastic cells: studies using 
VDR knockout mice. Endocrinology 140 
1005-1008. 



  
   

 
 
 
To cite this article: G. Battafarano, A. Del Fattore. Bone and Kidney Crosstalk. HubLE My Mentor & I. 4.  
DOI: 10.13140/RG.2.2.18024.72967 

 

 

39. Plum LA & DeLuca HF 2010 Vitamin D, 
disease and therapeutic opportunities. 
Nature Reviews Drug Discovery 9 941-955. 

40. Parfitt AM, Gallagher JC, Heaney RP, 
Johnston CC, Neer R & Whedon GD 1982 
Vitamin D and bone health in the elderly. 
American Journal of Clinical Nutrition 36 
1014-1031. 

41. Jones G, Prosser DE & Kaufmann M 2014 
Cytochrome P450-mediated metabolism 
of vitamin D. Journal of Lipid Research 55 
13-31. 

42. Holick MF 2007 Vitamin D deficiency. New 
England Journal of Medicine 357 266-281. 

43. Chesney RW 2016 Interactions of vitamin D 
and the proximal tubule. Pediatric 
Nephrology 31 7-14. 

44. Dusso AS & Tokumoto M 2011 Defective 
renal maintenance of the vitamin D 
endocrine system impairs vitamin D 
renoprotection: a downward spiral in 
kidney disease. Kidney International 79 
715-729. 

45. Zehnder D, Bland R, Williams MC, McNinch 
RW, Howie AJ, Stewart PM & Hewison M 
2001 Extrarenal expression of 25-
hydroxyvitamin D3-1α-hydroxylase. 
Journal of Clinical Endocrinology and 
Metabolism 86 888-894. 

46. Bikle DD 2014 Vitamin D metabolism, 
mechanism of action, and clinical 
applications. Chemistry and Biology 21 
319-329. 

47. Slominski AT, Kim TK, Hobrath JV, Oak 
ASW, Tang EKY, Tieu EW, Li W, Tuckey RC 
& Jetten AM 2017 Endogenously produced 
nonclassical vitamin D hydroxy-
metabolites act as ‘biased’ agonists on VDR 
and inverse agonists on RORalpha and 
RORgamma. Journal of Steroid 
Biochemistry and Molecular Biology 173 
42-56. 

48. Slominski AT, Brozyna AA, Zmijewski MA, 
Jozwicki W, Jetten AM, Mason RS, Tuckey 
RC & Elmets CA 2017 Vitamin D signaling 
and melanoma: role of vitamin D and its 

receptors in melanoma progression and 
management. Laboratory Investigation 97 
706-724. 

49. Yamashita T, Yoshioka M & Itoh N 2000 
Identification of a novel fibroblast growth 
factor, FGF-23, preferentially expressed in 
the ventrolateral thalamic nucleus of the 
brain. Biochemical and Biophysical 
Research Communications 277 494-498. 

50. ADHR Consortium 2000 Autosomal 
dominant hypophosphataemic rickets is 
associated with mutations in FGF23. 
Nature Genetics 26 345-348. 

51. Shimada T, Mizutani S, Muto T, Yoneya T, 
Hino R, Takeda S, Takeuchi Y, Fujita T, 
Fukumoto S & Yamashita T 2001 Cloning 
and characterization of FGF23 as a 
causative factor of tumor-induced 
osteomalacia. Proceedings of the National 
Academy of Sciences of the USA 98 6500-
6505. 

52. Eswarakumar VP, Lax I & Schlessinger J 
2005 Cellular signaling by fibroblast growth 
factor receptors. Cytokine Growth Factor 
Reviews 16 139-149. 

53. Goetz R & Mohammadi M 2013 Exploring 
mechanisms of FGF signalling through the 
lens of structural biology. Nature Reviews 
Molecular and Cellular Biology 14 166-180. 

54. Ornitz DM & Itoh N 2015 The fibroblast 
growth factor signaling pathway. Wiley 
Interdisciplinary Reviews in Developmental 
Biology 4 215-266. 

55. Kuro OM & Moe OW 2017 FGF23-αKlotho 
as a paradigm for a kidney-bone network. 
Bone 100 4-18. 

56. Kuro-o M 2006 Klotho as a regulator of 
fibroblast growth factor signaling and 
phosphate/calcium metabolism. Current 
Opinion in Nephrology and Hypertension 
15 437-441. 

57. Kurosu H & Kuro-o M 2008 The Klotho gene 
family and the endocrine fibroblast growth 
factors. Current Opinion in Nephrology and 
Hypertension 17 368-372. 



  
   

 
 
 
To cite this article: G. Battafarano, A. Del Fattore. Bone and Kidney Crosstalk. HubLE My Mentor & I. 4.  
DOI: 10.13140/RG.2.2.18024.72967 

 

 

58. van Loon EP, Pulskens WP, van der Hagen 
EA, Lavrijsen M, Vervloet MG, van Goor H, 
Bindels RJ & Hoenderop JG 2015 Shedding 
of klotho by ADAMs in the kidney. 
American Journal of Physiology: Renal 
Physiology 309 F359-F368. 

59. Kuro-o M, Matsumura Y, Aizawa H, 
Kawaguchi H, Suga T, Utsugi T, Ohyama Y, 
Kurabayashi M, Kaname T, Kume E, Iwasaki 
H, Iida A, Shiraki-Iida T, Nishikawa S, Nagai 
R & Nabeshima YI 1997 Mutation of the 
mouse klotho gene leads to a syndrome 
resembling ageing. Nature 390 45-51. 

60. Hu MC, Shi M, Zhang J, Quinones H, Griffith 
C, Kuro-o M & Moe OW 2011 Klotho 
deficiency causes vascular calcification in 
chronic kidney disease. Journal of the 
American Society of Nephrology 22 124-
136. 

61. Saito H, Maeda A, Ohtomo S, Hirata M, 
Kusano K, Kato S, Ogata E, Segawa H, 
Miyamoto K & Fukushima N 2005 
Circulating FGF-23 is regulated by 1α,25-
dihydroxyvitamin D3 and phosphorus in 
vivo. Journal of Biological Chemistry 280 
2543-2549. 

62. Andrukhova O, Smorodchenko A, 
Egerbacher M, Streicher C, Zeitz U, Goetz 
R, Shalhoub V, Mohammadi M, Pohl EE, 
Lanske B & Erben RG 2014 FGF23 promotes 
renal calcium reabsorption through the 
TRPV5 channel. EMBO Journal 33 229-246. 

63. Feng JQ, Ward LM, Liu S, Lu Y, Xie Y, Yuan 
B, Yu X, Rauch F, Davis SI, Zhang S, Rios H, 
Drezner MK, Quarles LD, Bonewald LF & 
White KE 2006 Loss of DMP1 causes rickets 
and osteomalacia and identifies a role for 
osteocytes in mineral metabolism. Nature 
Genetics 38 1310-1315. 

64. Yuan B, Takaiwa M, Clemens TL, Feng JQ, 
Kumar R, Rowe PS, Xie Y & Drezner MK 
2008 Aberrant Phex function in osteoblasts 
and osteocytes alone underlies murine X-
linked hypophosphatemia. Journal of 
Clinical Investigation 118 722-734. 

65. Quarles LD 2008 Endocrine functions of 
bone in mineral metabolism regulation. 
Journal of Clinical Investigation 118 3820-
3828. 

66. Segawa H, Kaneko I, Yamanaka S, Ito M, 
Kuwahata M, Inoue Y, Kato S & Miyamoto 
K 2004 Intestinal Na-P(i) cotransporter 
adaptation to dietary P(i) content in 
vitamin D receptor null mice. American 
Journal of Physiology: Renal Physiology 287 
F39-F47. 

67. Eknoyan G, Lameire N, Barsoum R, Eckardt 
KU, Levin A, Levin N, Locatelli F, MacLeod 
A, Vanholder R, Walker R & Wang H 2004 
The burden of kidney disease: improving 
global outcomes. Kidney International 66 
1310-1314. 

68. National Kidney Foundation 2002 K/DOQI 
Clinical Practice Guidelines for Chronic 
Kidney Disease: Evaluation, Classification 
and Stratification. American Journal of 
Kidney Diseases 39 S1-S266 (Suppl 1). 

69. Moe S, Drueke T, Cunningham J, Goodman 
W, Martin K, Olgaard K, Ott S, Sprague S, 
Lameire N & Eknoyan G 2006 Definition, 
evaluation, and classification of renal 
osteodystrophy: a position statement from 
Kidney Disease: Improving Global 
Outcomes (KDIGO). Kidney International 
69 1945-1953. 

70. Olauson H, Vervloet MG, Cozzolino M, 
Massy ZA, Urena Torres P & Larsson TE 
2014 New insights into the FGF23-Klotho 
axis. Seminars in Nephrology 34 586-597. 

71. Sakan H, Nakatani K, Asai O, Imura A, 
Tanaka T, Yoshimoto S, Iwamoto N, 
Kurumatani N, Iwano M, Nabeshima Y, 
Konishi N & Saito Y 2014 Reduced renal 
alpha-Klotho expression in CKD patients 
and its effect on renal phosphate handling 
and vitamin D metabolism. PLoS One 9 
e86301. 

72. Shimamura Y, Hamada K, Inoue K, Ogata K, 
Ishihara M, Kagawa T, Inoue M, Fujimoto S, 
Ikebe M, Yuasa K, Yamanaka S, Sugiura T & 
Terada Y 2012 Serum levels of soluble 



  
   

 
 
 
To cite this article: G. Battafarano, A. Del Fattore. Bone and Kidney Crosstalk. HubLE My Mentor & I. 4.  
DOI: 10.13140/RG.2.2.18024.72967 

 

 

secreted alpha-Klotho are decreased in the 
early stages of chronic kidney disease, 
making it a probable novel biomarker for 
early diagnosis. Clinical and Experimental 
Nephrology 16 722-729. 

73. Uhlig K, Berns JS, Kestenbaum B, Kumar R, 
Leonard MB, Martin KJ, Sprague SM & 
Goldfarb S 2010 KDOQI US commentary on 
the 2009 KDIGO Clinical Practice Guideline 
for the Diagnosis, Evaluation, and 
Treatment of CKD-Mineral and Bone 
Disorder (CKD-MBD). American Journal of 
Kidney Diseases 55 773-799. 

74. Evenepoel P, D’Haese P, Brandenburg V 
2015 Sclerostin and DKK1: new players in 
renal bone and vascular disease. Kidney 
International 88 235-240. 

75. Pelletier S, Dubourg L, Carlier MC, Hadj-
Aissa A & Fouque D 2013 The relation 
between renal function and serum 
sclerostin in adult patients with CKD. 
Clinical Journal of the American Society of 
Nephrology 8 819-823. 

76. Kanbay M, Siriopol D, Saglam M, Kurt YG, 
Gok M, Cetinkaya H, Karaman M, Unal HU, 
Oguz Y, Sari S, Eyileten T, Goldsmith D, 
Vural A, Veisa G, Covic A & Yilmaz MI 2014 
Serum sclerostin and adverse outcomes in 
nondialyzed chronic kidney disease 
patients. Journal of Clinical Endocrinology 
and Metabolism 99 E1854-E1861. 

77. Sabbagh Y, Graciolli FG, O’Brien S, Tang W, 
dos Reis LM, Ryan S, Phillips L, Boulanger J, 
Song W, Bracken C, Liu S, Ledbetter S, 
Dechow P, Canziani ME, Carvalho AB, 
Jorgetti V, Moyses RM & Schiavi SC 2012 
Repression of osteocyte Wnt/beta-catenin 
signaling is an early event in the 
progression of renal osteodystrophy. 
Journal of Bone and Mineral Research 27 
1757-1772. 

78. Hruska KA, Sugatani T, Agapova O & Fang Y 
2017 The chronic kidney disease-mineral 
bone disorder (CKD-MBD): advances in 
pathophysiology. Bone 100 80-86. 

 


