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Control of renal phosphate excretion

• Parathyroid hormone

• Other hormone(s) ?



Control of renal phosphate excretion

• Parathyroid hormone

• Phosphatonins ?



Fibroblast Growth Factor 23 (FGF23)



Fukumoto & Yamashita, Bone 2007;40:1190-95

Structure of FGF23 protein (251 amino acids)

* * R–X–X–R cleavage 
motif, 
cleavage by a yet 
unknown enzyme



Bone microscopy picture from Wikipedia

FGF23 production sites in bone

FGF23
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Osteoblasts



Fukumoto & Yamashita, Bone 2007;40:1190-95

Circulating FGF23 and measurement assays



Correlation between plasma cFGF-23 and 
intact FGF23 in ESRD patients (CAPD pts)

Shimada T et al, JCEM 2010;95:578-85 



Correlation of plasma iFGF23 (A) and cFGF23 (B)
with bioactive FGF23 (CAPD pts)

Shimada T et al, JCEM 2010;95:578-85 



FGF receptor 1 activation by FGF23 and Klotho
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Kuro-o M et al, Nature 1997;390:45-51
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Huang CL, KI 2010

Domain structure and topology 
of Klotho ( αααα-Klotho)

SS, signal sequence
KL1 &  KL2, 1st & 2nd Klotho repeat
TM, transmembrane domain
Cleavage by ADAM10 or ADAM117

Functions of secreted Klotho :
- Interaction with FGF23
- Regulation of ion channels
- Regulation of transporters
- Regulation of insulin & IGF1



Mutation of klotho gene in theMutation of klotho gene in the mousemouse

• reduced life expectancy

• decrease of spontaneous activity 

• infertility

• skin thinning and atrophy

Mean survival 

Control     :  600 days

Klotho -/- :  380 days

Kuro-o M et al, Nature 1997;390:45-51

• high serum phosphorus, calcitriol

• soft tissue calcifications

• osteopenia (low bone turnover)

• atherosclerosis/arteriosclerosis



Two phenotypes

Osteopetrosis
Elongation of bone trabeculae in epiphyses 

of long bones and vertebrae

Osteoporosis
Cortical thinning of diaphyses of long bones 

Possible mechanism
Site-specific changes of osteoclast activity 

with increase in OPG expression

Skeletal phenotypes of klothoSkeletal phenotypes of klotho mutant mousemutant mouse

Femur Tibia

Kuro-o M et al, Nature 1997;390:45-51



Vascular phenotypes in klotho mutant miceVascular phenotypes in klotho mutant mice

Aorta calcification

Arteriolosclerosis (kidney)Atherosclerosis (muscle)

Kuro-o M et al, Nature 1997;390:45-51





Klotho & fibroblast growth factor-23 (FGF23)

FGF-23 gene deletion : klotho-like phenotype



Stubbs JR et al, JASN 2007;18:2116-24

FGF23-/- mice : similar phenotype as kl-/- mice
Aorta calcification in FGF23-/- vs wild-type mice on regular diet

A, Alizarin Red-S stain
C, von Kossa stain



Stubbs JR et al, JASN 2007;18:2116-24

FGF23-/- mice : similar phenotype as kl-/- mice
Nephrocalcinosis in FGF23-/- vs wild-type mice on regular diet

B, Alizarin Red-S stain



Physiological roles of FGF23 and Klotho

• FGF23 + Klotho : obligatory partners

• Main target organs, actions and interactions



Endocrine regulation of Pi homeostasis

Bergwitz & Jüppner, Annu Rev Med 2010;61:91-104



Quarles LD, Nature Med 2011;17:428-29



John GB et al, AJKD 2011;58:127-34

Endocrine regulation of Pi homeostasis

calcitriol

calcitriol



Klotho & fibroblast growth factor 23 (FGF23)

• Klotho, an obligatory partner of FGF23 ?

• Does Klotho exert FGF23 independent actions ?



Hu MC et al, FASEB J 2010;24:3438-50

Direct regulation of Pi homeostasis by Klotho
independent of FGF23

E, effect of recombinant mouse klotho vs vehicle on renal NaPi-2a in vitro
F, effect of klotho vs vehicle on plasma and urinary Pi in FGF23-/- mice



Hu MC et al, FASEB J 2010;24:3438-50

Direct Klotho effect on proximal tubule NaPi-2a
1) Klotho enzyme deglycosylates NaPi-2a protein in BBM
2) NaPi-2a protein is degraded by resident proteases in BBM
3) NaPi-2a protein is internalized from BBM to intracellular pool



FGF23 and Klotho : roles in disease states

• States of FGF23 dysregulation

• Increase in FGF23 and decrease in Klotho in CKD



Razzaque M, Nat Rev Endocrinol 2009;5:611-619

FGF23 dysregulation and disease states



Increase in serum FGF-23 
with reduction of kidney function

Gutierrez et al, JASN 2005;16:2205-15 

GFR 
(ml/min)



Cubic spline functions of the associations 
of eGFR with log FGF23 and log PTH

Isakova T et al, KI 2011;79:1370-8



Hu MC et al, JASN 2011;22:124-136

Decrease in urinary Klotho excretion 
with reduction of kidney function



Downregulation of Klotho mRNA expression in 
parathyroid tissue of patients with CKD

(hyperplastic parathyroid glands ; CKD stages 2-5)

Krajisnik T et al, KI 2010;78:1024-32

*



Komaba H et al, Kidney Int 2010; 77: 232-8

Depressed expression of klotho and FGFR1 
in parathyroid tissue of hemodialysis patients



Komaba and Fukagawa. Kidney Int 2010;77:292–298 (slightly modified)

FGF23 and Klotho interaction 
with Ca, Pi, calcitriol and PTH in CKD-MBD



Gutierrez OM et al, NEJM 
2008; 359: 584-92

Independent 
association of 
high FGF-23 
with mortality 
in HD patients
(FGF-23 level 
quartiles)



Jean G et al, NDT 2009; 24: 2792-6

Survival of chronic hemodialysis patients 
according to serum FGF-23 quartiles



Plasma FGF23 is an independent factor of 
relative mortality risk  (CRIC study; 3879 CKD patients)

Isakova T et al, JAMA 2011; 305:2432-9



After Razzaque MS, 2008, modified

Normal and pathologic responses to FGFNormal and pathologic responses to FGF --23 23 
as a function of klotho as a function of klotho –– a simplified schemea simplified scheme

FGF-23

Klotho sufficiency Klotho deficiency

Tissue-specific function Nonspecific function

Physiologic response Pathologic response

Urinary Pi excretion Organ dysfunction

Regulation of mineral balance Influence on survival



Klotho, FGF23 and life span

• Role on longevity in humans ?



Arking DE et al, Circ Res 2005;96:412-8

Association of functional variant KL-VS of Klotho
gene with longevity in general population 





Adam and EveAdam and Eve

Lucas Cranach the ElderLucas Cranach the Elder

Galleria degli Uffizi, FlorenceGalleria degli Uffizi, Florence
15281528

(http://www.abcgallery.com/C/cranach/crana(http://www.abcgallery.com/C/cranach/crana
ch66.html)ch66.html)

Eternal life



Bai X et al, AJP-Endocr Metab 2009;296:E79-88

Klotho ablation converts FGFKlotho ablation converts FGF --23 transgenic phenotype 23 transgenic phenotype 
to Klothoto Klotho --deficient phenotype in micedeficient phenotype in mice



Bai X et al, AJP-Endocr Metab 2009;296:E79-88

Klotho ablation converts FGFKlotho ablation converts FGF --23 transgenic phenotype 23 transgenic phenotype 
to Klothoto Klotho --deficient phenotype in micedeficient phenotype in mice



Absence of association between serum FGF23 and Absence of association between serum FGF23 and 
bone mineral density in chronic HD patientsbone mineral density in chronic HD patients

Ureña P et al, KI 2008;73:102-7



Absence of association between serum FGF23 and Absence of association between serum FGF23 and 
crosscross --laps or bone alk. Plaps or bone alk. P ’’ tase in chronic HD patientstase in chronic HD patients

Ureña et al, KI 2008;73:102-7



The future ?

• Prolonged survival

• Long survival with high quality of life



Klotho gene variant rs577912 is associated with inc reased Klotho gene variant rs577912 is associated with inc reased 
RR of mortality in chronic hemodialysis patientsRR of mortality in chronic hemodialysis patients

A) All subjects, 
additive model

B)   All subjects,
dominant model

C)  Patients on calcitriol 
therapy

D)  Patients not on 
calcitriol therapy

Friedman DJ et al, JBMR 2009;24:1847-55



Increase in serum FGF23 after a single IV iron dose  
(918 mg) in medical outpatients (GFR > 60 ml/min)

Schouten BJ et al, JCEM 2009:94:2332-7



Decrease in serum calcitriol after a single IV iron  
dose (918 mg) in medical outpatients (GFR > 60 ml/min)

Schouten BJ et al, JCEM 2009:94:2332-7



Serum cFGF-23 as a function of eGFR in 
patients with early CKD (MDRD 4-variable formula)

Ix JH et al, NDT 2010;25:993-7 



Correlation between serum phosphorus and Correlation between serum phosphorus and 
FGFFGF--23  in chronic hemodialysis patients23  in chronic hemodialysis patients

Jean G et al, 
NDT 2009;24:2792-6



Farrow EG et al, JASN 2009;20:955-60

FGFFGF--23 induces p23 induces p --ERK1/2 signalling in distal tubular cells ERK1/2 signalling in distal tubular cells 
at sites of positive Klotho stainingat sites of positive Klotho staining



Association between elevated serum FGF23 and 
calcium-mediated PTH suppression in HD patients

Wetmore JB et al, JCEM 2011;96:E57-64



Tissue calcification in Klotho-/- mice and in CKD mi ce
in association with reduced humoral and tissue klot ho 

Hu MC et al, JASN 2011;22:124-136



Hu MC et al, JASN 2011;22:124-136

Rat VSMC calcification depending on phosphate 
and klotho concentration in vitro


