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Life-expectancy in USA-population (2002)
compared with dialysis patients (2003) by age,
race, sex

6.p Expected remaining lifetimes (years) of the general U.S. population general U.S. population, 2002, & prevalent
: & dialysis & transplant patients, by age, gender, & race dialysis & transplant patients, 2003

General U.5. population, 2002 ESRD patients, 2003
All races White Black Dialysis Transplant
Age All M F All M B All M F Age All M F All M F
0-14 70.9 68.2 73.4 71.3 687 73.7 66.4 629 69.7 0-14 18.3 19.2 17.3 50.0 50.2 49.9
15-19 61.1 58.4 63.6 61.4 589 639 567 533 59.9 15-19 16.0 16.9 15.1 39.7 39.6 39.8
20-24 56.3 53.8 587 56.7 54.2 59.0 52.0 48.7 55.0 20-24 13.9 14.8 12.9 36.2 361 364
25-290 51.6 49.1 53.9 51.9 49.5 542 47.4 44.3 50.2 25-29 12.0 12.7 11.3 32.3 32.1 32.6
30-34 468 44.4 49.0 47.1 448 49.3 428 39.8 45.5 30-34 10.5 108 10.0 28,5 283 289
35-39 421 398 44.2 42.4 400 44.5 38.3 35.4 40.8 i5-39 9.0 9.2 8.7 25.2 248 258
sm es a=e 353 395 377 3£ —=a=  a3g 311 36.3 40-44 7.8 B=—=° 1.9 215 22.7
45_49 30.8 349 33.2 31 35.1 5.7 26.9 32.0 45-49 6.8 7 6 7 9.0 18.5 19.8
26.6 30.4 2 5.7 231 27.8 50-54 5.9 6.3 157 17.2
55-59 225 260 24 QQ.] B1 220 196 239 55-50 5.0 5_0 b 13.8 132 14.7
18.7 21.9 2 .9 18.5 16.4 20.1 60-64 4.3 — A4 115 110 125
65-60 16.8 152 18.0 16.8 152 180 153 135 16.7 65-69 3.7 3.6 3.7 9.6 9.1 10.6
70-74 13.4 12.0 14.4 13.4 12.0 144 124 108 13.5 70-74 3.1 3.1 3.1 7.9 7.4 8.9
75-79 104 9.3 11.1 10.3 9.2 111 9.9 8.6 10.7 75-79 2.6 2.6 2.7 6.7 6.2 7.7
80-84 7.8 6.9 8.3 7.7 6.9 8.2 7.8 6.8 8.3 80-84 2.2 2.2 2.2
85+ 4.3 3.8 4.5 4.2 3.7 4.3 4.6 4.2 4.8 85+ 1.8 1.7 1.8
overall* 25.2 23.4 26.6 25.3 23.5 267 230 208 24.7 overall* 5.5 56 5.4 15.1 14.6 15.9

Most common cancers: colon, breast, prostate

United States Renal Data System (USRDS) 2005 Annual Data Report: Atlas of End-Stage Renal
Disease in the United States, NIH, NIDDKD, Bethesda, MD, 2005
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SHPT Is Undertreated
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CKD-MBD: Systemic “syndrome”

CHrONIC KIDNEY DISEASE—

MINERAL AND BONE DISORDER
Beyond laboratory

abnormalities
Bone—kidney axis
Bone—vascular axis

18%

Attributable risk
of mortality in dialysis

CKD-MBD



CKD-MBD: Systemic “syndrome”

CHrONIC KIDNEY DISEASE—
MINERAL AND BONE DISORDER

FRACTU Rgs Bone-vascular axis
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THERE IS NOT AN UNDISPUTABLE “1A”
EVIDENCE IN GUIDELINES
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FGF23 neutralization improves chronic kidney
disease—associated hyperparathyroidism
yet increases mortality
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FGF-23 is a phosphatonin that Increases urinary
phosphorus excretion and also suppresses synthesis of
1,25-vitamin D, the active form of vitamin D.

It has been associated with all kinds of euvil
consequences associated with:

chronic kidney disease (CKD),

iIncluding more rapid progression of CKD,
cardiovascular events,

mortality,

development of end-stage renal disease (ESRD),
secondary hyperparathyroidism, and

left ventricular hypertrophy.



. QUite 4 IOt Of attention haS . -ilﬁlhmmation
been paid to FGF-23 C"D\ iy

recently, including interest in UKlotho

looking at ways to potentially \
suppress levels of FGF-23 -- [

with the hope of reversing FoR3
some of the adverse W
consequences that have 7_\ \
been associated with i

clevated FGF-23  levels, tosouness oot o

disease

reported in various clinical \.V

epidemiologic studies.
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* In this study, investigators used a rat model of CKD and
administered monoclonal antibodies at 2 different dose
levels to rats for 6 weeks. (A control group of rats
received an isotype control antibody.)

» The rats had what looked like CKD with metabolic bone
disease: low vitamin D, high phosphorus, and high
parathyroid hormone (PTH) levels, and so forth.

* They administered these antibodies to the rats and
found some good effects resulting from this. Vitamin D
levels came up and PTH levels went down, and they
saw histologic improvement in metabolic bone disease
that was associated with this CKD model.



 They found no
benefit,
however, on loss
of glomerular
filtration rate
(GFR) in these
animals, and no
change in gene
expression  for
various genes
associated with
left  ventricular
hypertrophy
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 But here's the big problem: The

mortality rate in the animals that
received the antibodies to FGF-
23 was also substantially higher
compared with the control group.

Levels of serum phosphorus were
elevated, as you might imagine
would happen when you neutralize
the effect of a phosphatonin.

In addition, the animals that
received the FGF-23 had much
more extensive calcification of the
aorta that was dose-dependent,
related to how much antibody they
got.
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* This was quite a surprise to the investigators noting that
there Is a danger in leaping from epidemiologic studies
that associate elevated or abnormal hormone levels,
such as FGF-23, with adverse consequences to
thinking that if we reduce these levels, we will improve
all the consequences.

« This study shows that it does not necessarily happen
that way.



There is much more to
this story.

It may be that the
elevated serum
phosphorus level,
which  occurred in
response to the
antibodies to FGF-23,
was "the evil humor," if
you will, rather than the
FGF-23.

There may be dose
effects.

You may need some
FGF-23, and
oversuppression may
be bad.
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* Need to take another look at this whole axis and to try to
better understand what is causing the ill consequences
of low vitamin D, high phosphate, high PTH, and high
FGF-23 levels.

 High phosphorus in the setting of some PTH
suppression compared with CKD and higher vitamin D
levels may be bad.

« Suppression of FGF-23 increases 1,25-vitamin D levels,
which increases gastrointestinal tract absorption of
phosphorus.



PTH Action

The overall action of PTH is to increase plasma
Ca**and decrease plasmaP

PTH acts on bone (directly) to stimulate
Ca™ resorption

kKidney to stimulate Ca** reabsorption (distal tubule)

"€ andinhibit reabsorption of P (thereby stimulating
its excretion)

intestine (indirectly) by stimulating VitD
synthesis, leading to 1Ca uptake

—J A A

18



TRP (%)

20

D BN SN N RN NN NN R B NN SR BN NN | I:r L L L L L L L L |

120 100 80 60 40 20 0
GFR (ml'min)

Slatopolsky E, Caglar S, Gradowska L et al. On the prevention of
secondarny by perparathyroidism in experimental chronic renal disease

using "'proportional redouction’ of dietary phosphorus intake. Kidmeyw it
1972; 2 147 1A51.



@ 2011 Intermnational Society of Nephrology

Open

The intact nephron hypothesis: the concept
and its implications for phosphate management

in CKD-related mineral and bone disorder
Eduardo Slatopolsky’

"Renal Division, Department of Internal Medicine, Washington University School of Medicine, 5t Louis, Missouri, USA
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FGF23: A Candidate for Phosphatonin?

® FGF23 is a ~32 kDa (251 amino

acids) protein with an N-terminal
region containing the FGF
homology domain and a novel 71
aa C-terminus that has RXXR

Phex-Dependent Cleavage And Inactivation Of
The Phosphaturic Hormone FGF23 Hypothesis

phosphaturic aCtiVity in vivo. Active FGF23 N+ FGF-like domain -C

« FGF23 is overproduced by tumors s 179 251
causing tumor-induced — phox
osteomalacia (TIO). ¢

- Autosomal dominant  yoriaa N FoFikedoman c
hypophosphatemic rickets (ADHR) Fragments 1 179 251

is caused by missense mutations
of the 176-RXXR-179 motif in FGF-
23 preventing its processing into
inactive N- and C-terminal
fragments.

 FGF23 is proposed to be a
substrate for PHEX



Physiol Rev 92: 131-155, 2012
doi: 10.1152,/physrev.00002.2011

REGULATION AND FUNCTION
OF THE FGF23/KLOTHO ENDOCRINE PATHWAYS

Aline Martin, Valentin David, and L. Darryl Quarles

University of Tennessee Health Science Center, Memphis, Tennessee

Table |. Comparative analysis of gene mutations leading to increased FGF23 expression in bone

Factor for
Comparison
Hereditary ARHR2 ARHR1 XLH 0GD None MAS ADHR
hypophosphatemic
disorders
OMIM no. 613312 241520 307800 166250 Mone 174800 193100
Mutated gene Enpp1 Dmp1 Phex Fgfr1 Fgf2-HWW Gnas2 Fgf23
Type of mutation Loss of Loss of function Loss of function Gain of function Gain of function Gan of function Gain of function
function
Mouse homolog Enpp1-/- Dmp1-/- Hyp Mone Tgrgf2HMW  MNone Tg-Fgf23

ARHR, autosomal recessive hypophosphatemic rickets; XLH, Xinked hypophosphatemic rickets; OGD, osteo-
glophonic dysplasia; MAS, McCune-Albright syndrome; ADHR, autosomal dominant hypophosphatemic rick-
Bis.



Physiol Rev 92: 131-185, 2012
doi:10.1152,/physrev.00002.2011

REGULATION AND FUNCTION
OF THE FGF23/KLOTHO ENDOCRINE PATHWAYS

Aline Martin, Valentin David, and L. Darryl Quarles

University of Tennessee Health Science Center, Memphis, Tennessee

In contrast, the FGF23-bone-kidney axis is part of newly
discovered biological systems linking bone to other organ
functions through a complex endocrine network that is in-
tegrated with the PTH/vitamin D axis and which plays an
equally important role in health and disease. The discovery
that osteoblasts and osteocytes are the principal site for
FGF23 production and secretion identified bone, not only
as the major reservoir for calcium and phosphate, but as an
endocrine organ that communicates with other organs in-
volved in mineral homeostasis. FGF23 secreted by bone
targets the kidney to regulate renal phosphate handing and
vitamin D metabolism (225). The FGF23 bone/kidney axis
has at least two physiological functions: 1) to provide a
phosphaturic signal emanating from bone to coordinate
bone phosphate flux due to alterations in bone turnover and
mineralization with renal conservation of phosphate and 2)
to provide a counterregulatory hormone to protect the or-
ganism from adverse effects of excessive vitamin D expo-
sure by FGF23-mediated suppression of 1,25(OH),D pro-
duction and increased catabolism by the kidney. FGF23
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The emerging role of Klotho in clinical nephrology
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- The Klotho gene encodes
— Single-pass transmembrane protein

* Belongs to a family 1 glycosidase

« Expressed primarily in renal tubules (distal
tubules)

— Present in the circulation and urine

Blood Cells,
Molecules
Diseases

Blood Cells Mol Dis 1998:; 24: 83—-100
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Fig. 1. Schema for Klotho gene, transcripts and proteins. Rodent and
human Klotho spans 50kb and consists of five exons. Two transcripts,
secreted and membrane fomms of Klotho, are generated through
altemative RNA splicing. The internal splice donor site 1s in exon 3. The
resultant alternatively spliced transcript after exon 3 (zrey) with an in-
frame translation stop codon is infroduced. The short protein product,
secreted Klotho, contains only KII and is released from the cell. The

longer Klotho encoded by the membrane form of the Klotho transcript is
a single-pass transmembrane protein anchored in the cell surface. The
extracellular domain of membrane Klotho containing K11 and KI2
epeats 18 shed and cleaved by ADAMIO/T, and released into
bloodstream. Thus, the circulation harbors two foms of Klotho—one is
the ectodomain derived from cleavage of the extracellular domain of
membrane Klotho and another is the secreted protein derived from an
altematively spliced Klotho transcript. Transmembrane Klotho works
with FGFRs as co-receptor for FGF23 signal transduction.
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Fig. 2. The generation of secreted form klotho, The klotho protein can enter the circulation via three pathways: (1) Aleernative RNA splicing: the klotho gene can directly
generate secreted form klotho protein by an alternative RNA splicing. The secreted klotho proteinis liberated into the extracellular space and subsequently the circulation, (2)
Proteolytic deavage: klotho protein could be cleaved and released to the circulation system. (3 ) Na®, K*-ATPase; klotho can bind to Na™, K*-ATPase, the complex of Kotho and
MNa*, K™-ATPase could be going up to the cell surface where klotho is cleaved and secreted into extracellular space and hence the circulation system.

Ageing Research Reviews 2009;8:43-51
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The emerging role of Klotho in clinical nephrology
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Fig. 2. Proposed model of beneficial roles of Klotho in AKI: after acute exposure to insults such as ischemia, nephrotoxin or obstruction, Klotho is
reduced in the kidney, plasma and urine. Oxidative stress and cytokine production also directly suppress renal Klotho expression. The low Klotho
level may be a pathological intermediate for exacerbation of kidney damage. If kidney damage is mild, the kidney undergoes normal tissue
regeneration to restore normal kidney mormphology. In more serious injury, reparative regeneration is replaced by fibrosis, which further worsens renal
Klotho deficiency. Administrations of exogenous Klotho protein can effectively prevent and limit kidney injury, promote nommal healing and prevent-

fibrosis.



Klotho in AKI

« Patients with AKI were found to have drastic reductions
In urinary Klotho.

* AKIl is a state of acute reversible Klotho deficiency, low
Klotho exacerbates kidney injury and its restoration
attenuates renal damage and promotes recovery from
AKI.

Kidney Int. 2010 Dec;78(12):1240-51.



Why is Klotho of particular interest
for nephrology?

 Klotho is involved in the
— Renal control of calcium, phosphate and vitamin D metabolism.

— Suppresses phosphate re-absorption in renal proximal tubule,
by directly binding to FGF receptors.

— Regulates Ca?* re-absorption in the distal convoluted tubule by
« Stabilizing the TRPV5 Ca?* channel in the plasma membrane

Nephrol Dial Transplant 2007; 22: 1524-1526
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Fig. 3 Klotho mhibits mtemalization of cell-surface calcium channel
TRPV5. The number of TRPVS5 on the plasma membrane is
determined by counterbalance between msertion by forward traffick-
mg from Golgi and removal by endocytosis to endosomes. Terminals
of sugar chains of many cell-surface glycoprotemns are capped with
sialic acids (red). Secreted Klotho protein removes these sialic acids
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through 1ts putative a2—6 sialidase activity and exposes underlying
galactose residues (green) 1in the glycans. The exposed galactose then
bmds to galectin-1 (blue) in the extracellular matrix. Galectin-1 traps
TRPVS on the cell surface and prevents its endocytosis, leading to
accumulation of TRPVS on the plasma membrane and mercase in
caleium influx

Pflugers Arch - Eur J Physiol 2010; 459:333—-343



Why is Klotho of particular interest
for nephrology?

« Klotho

— Inhibits renal 1-alpha 25 hydroxylase activity and thereby
« Decreases circulating calcitriol levels.
— Therefore appears to

* Synergize with the renal tubular effects of parathyroid hormone
(PTH) on Ca?* and phosphate transport, whereas

* Antagonizes the stimulatory effect of PTH on calcitriol synthesis by
the kidney.

Nephrol Dial Transplant 2007; 22: 1524-1526



Why is Klotho of particular interest
for nephrology?

« Klotho-deficient mice and FGF23-deficient mice have
an identical phenotype including

— Hyperphosphataemia, hypercalcaemia, elevated plasma
calcitriol and vascular calcification, in addition to premature
ageing

* In contrast, over-expression of the Klotho gene

— Extends the lifespan and increases resistance to oxidative
stress

Nephrol Dial Transplant 2007; 22: 1524-1526



Why is Klotho of particular interest
for nephrology?

* These observations were highly suggestive of a close
cooperation between Klotho and FGF23 and/or its
receptor(s).

Nephrol Dial Transplant 2007; 22: 1524-1526



1,25(0OH)2D being a major

stimulus, which is feedback

Regulation and effects of klotho regulated by klotho via an
inhibition of the 1-hydroxylase
§25(0H)D tpTH tp activity.
\‘ —" dru£ . "'/ —» Stimulates Klotho has a significant impact
\—_ yeroxy —{ Inhibits on the Ca 2* reabsorption via the
l A High epithelial Ca %* channel, TRPVS5,
1,25(0H),D } Low in the distal convoluted and
l connecting tubules
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/ kidneys and is reduced in
TRPV5 chronic uraemia
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Arterlosclerosls related to the process of ageing,

osteoporosis, arteriosclerosis,

ectopic calcifications and skin
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Nephrol Dial Transplant 2006; 21: 1770-1772
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The role of Fibroblast Grovwwth Factor 23
in chronic kidney disease-mineral and bone
disorder
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Klotho and FGF23 in CKD

- Epidemiological studies have identified high
serum levels of phosphate and FGF23 as
independent mortality risks in CKD patients

* Importantly, serum FGF23 levels increase
before serum phosphate levels increase during
the progression of CKD suggesting that

— Resistance to FGF23 may be one of the earliest
changes in phosphate metabolism in CKD

+ Although the mechanism of FGF23 resistance is yet to be
determined, it can be caused by a decrease in renal Klotho

expression

Nephrol Dial Transplant 2009;24: 1705-1708
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Klotho: Early decrease in CKD
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Vascular Klotho Deficiency Potentiates the Development of

Human Artery Calcification and Mediates Resistance to
Fibroblast Growth Factor 23

Kenneth Lim, MD; Tzong-Shi Lu, PhD; Guerman Molostvov, MD, PhD; Christina Lee, BS;
E.T. Lam, MD: Daniel Zehnder, MD, PhD; Li-Li Hsiao, MD. PhD

Background—XKlotho is known to function as a cofactor for the phosphatonin, fibroblast growth factor (FGF)-23 at the kidney.
FGF-23 levels rise in chronic kidney disease (CKD) despite progression of accelerated vascular calcification. There are
currently conflicting data on whether FGF-23 may exhibit direct vasculoprotective effects in CKD.

Methods and Results—In this study, we describe for the first time endogenous Klotho expression in human arteries and
human aortic smooth muscle cells. We show that CKD is a state of vascular Klotho deficiency promoted by chronic
circulating stress factors, including proinflammatory, uremic, and disordered metabolic conditions. Mechanistic studies
demonstrated that Klotho knockdown potentiated the development of accelerated calcification through a Runx2 and
myocardin-serum response factor—dependent pathway. Klotho knockdown studies further revealed that vascular cells
are a Klotho-dependent target tissue for FGF-23. FGF-23 mediated cellular activation of p-ERK, p-AKT, and cellular
proliferative effects, which were abrogated following Klotho knockdown. We next showed that vascular Klotho
deficiency driven by procalcific stressors could be restored by vitamin D receptor activators, in vitro and further
confirmed using human arterial organ cultures from CKD patients, in vivo. Furthermore, restoration of suppressed
Klotho expression by vitamin D receptor activators conferred human aortic smooth muscle cells responsive to FGF-23
signaling and unmasked potential anticalcific effects.

Conclusions—Chronic metabolic stress factors found in CKD promote vascular Klotho deficiency. Mechanistic studies
revealed a bifunctional role for local vascular Klotho, first, as an endogenous inhibitor of vascular calcification and,
second, as a cofactor required for vascular FGF-23 signaling. Furthermore, vitamin D receptor activators can restore

Klotho cxgression and unmask FGF-23 anticalcific effects. (Circulation. 2012:125:2243-2255.)

Restoration of Klotho by VDR activation has been
recently described in experimental animals

Lim K, et al. Circulation 2012:125:2243-55



Physiol Rev 92: 131-155, 2012
doi: 10.1152,/physrev.00002.2011

REGULATION AND FUNCTION
OF THE FGF23/KLOTHO ENDOCRINE PATHWAYS

Aline Martin, Valentin David, and L. Darryl Quarles

University of Tennessee Health Science Center, Memphis, Tennessee

REGULATION AND FUNCTION OF FGF23
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Negative feedback loop for phosphate homeostasis

basal

Phosphate

Vitamin D

Bone

> @

Negative feedback loop for vitamin D homeostasis

Fig. 1 The bonekidney endocrine axis that regulates phosphate and
vitarmn [ homeostasis. High serum phosphate inereases FGF23
cxpression in the bone. FGF23 secreted from the bone binds to the
Klotho-FGFR complex expressed on the kidney and suppresses
phosphate reabsorption by inhibiting NaPi-2a (a negative feedback
loop for phosphate homeostasis). High serum vitamin D increases
FGF23 expression. Active vitamm D (1.25-dihydroxyvitamm Dy)

binds to vitamin D receptor (FDR) in osteocytes, which forms a
heterodimer with a nuclear receptor RXR and directly binds to a
promoter region of the FGF23 gene to ransactivate its expression.
FGF23 acts on the Klotho—FGFR complex in the kidney and
suppresses expression of Cyp27h! gene that encodes | a-hydroxylase
(a negative feedback loop for vitamin D homeostasis)

Pflugers Arch - Eur J Physiol 2010; 459:333-343



Regulation of FGF23 signaling by
Klotho

 Klotho functions as an obligatory coreceptor for FGF23

— Experimental studies have demonstrated convincingly that
FGF23, in the absence of klotho, cannot exert its bioactivities
 For instance, despite extremely high serum levels of FGF23 (about

2000-fold higher) in klotho ablated mice, FGF is unable to exert its
phosphaturic effects in these mice

Kidney Int. 2008 ; 74(5): 566-570.



Regulation of FGF23 signaling by
Klotho

« The fact that FGF23 requires Klotho as a co-receptor
explains

- Why Klotho-deficient mice develop phenotypes identical with
those observed in FGF23-deficient mice and

- Why Klotho-deficient mice had extremely high serum FGF23
levels

Nephrol Dial Transplant 2009;24: 1705-1708



Regulation of FGF23 signaling by
Klotho

+ Kidney-specific expression of Klotho explains why
FGF23 can identify the kidney as its target organ among
many other tissues that express multiple FGFR isoforms
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Klotho in Phosphate metabolism

* The bone—kidney endocrine axis mediated by
FGF23 and Klotho has emerged as an essential
component in the regulation of phosphate
homeostasis

— When phosphate is in excess, FGF23 is secreted
from bone and acts on the kidney where Klotho is
expressed

— As a phosphaturic hormone, FGF23 reduces the
amount of sodium phosphate co-transporter type-2a
(NaPi-2a) on the brush border membrane of proximal
tubules, thereby promoting renal phosphate
excretion

Nephrol Dial Transplant 2009;24: 1705-1708



Klotho in Phosphate metabolism

* As a counter-regulatory hormone for vitamin D, FGF23
suppresses synthesis and promotes inactivation of
1,25- dihydroxyvitamin D3 in proximal tubules.

Nephrol Dial Transplant 2009;24: 1705-1708
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REGULATION AND FUNCTION
OF THE FGF23/KLOTHO ENDOCRINE PATHWAYS

Aldine Miartin, Walentin Dawvid, and L. Darryl Quarles

University of Tennessee Health Science Center.




Regulation of FGF23 signaling by

Klotho

« Conversion by Klotho of canonical FGF receptor into

FGF23-specific receptor

FGFR1(llic) FGFR1(llic) FGFR1(llic)
+FGF23 +FGF23+Klotho

M N N
B FaFas
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—> >
I | Cell membrane
G C i
ERK phﬂsihn rylation

Egr-1 activation

Fig. 2. Schematic view of the interaction between FGF23, Klotho
and their receptor, FGFRI1({Ic).

Nephrol Dial Transplant 2007; 22

: 1524-1526



LMW-FGFs

/
@ 9 o

Stimulation of canonical
FGFR signaling

] FGFR

Tyrosine  Tyrosine
kinase kinase

Stimulation of
integrative

FGFR signaling
Fgl23 Fgf23 Golgi Impaired mineralization
of extracellular bone malrix

promoter @
% Osteoblast

PI3K/AKT
MAPK

Physicol Rev 92: 131-155, 2012
doi: 10.1 152/ physrewv. oOo0o02.20171

REGULATION AND FUNCTION
OF THE FGF23/KLOTHO ENDOCRINE PATHWAYS

Aldine Miartin, Walentin Dawvid, and L. Darryl Quarles

University of Tennessee Health Science Center. Memphis, Tennessee




There is growing evidence that another physiological func-
tion of FGF23 is to respond to changes in bone mineraliza-

tion and turnover to adjust renal phosphate handling and

balance the phosphate flux from bone. Bone is a buffer for
minerals and can release calcium and phosphate into the
circulation. Impaired mineralization would impair bone
buffering capacity, leading to adaptive changes to excrete
greater amounts of phosphate. Consistent with this possi-

bility, there 1s an inverse relationship between FGF23 pro-
duction by osteocytes and impaired mineralization.

B) BONE TURNOVER CAN REGULATE FGFL3 PRODUCTION. Low
turnover bone disease, such as adynamic bone, leads to
decreased phosphate buffering by bone, which could lead to
increased production of FGF23, similar to defective miner-
alization. Consistent with this possibility, antiresorptive

i i

tree P for mineralization of cortical bone (6. These findings
suggest that primary physiochemical-mediated impairment
of mineralization can somehow stimulate FGF23 expres-
sion in bone. Alternatively, the finding of hypophos-

Altogether, the concept that bone mineralization and turn-
over might regulate the local production of FGF23 is an
interesting hypothesis that explains the existing observa-
tions but requires experimental validation.
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Effect of FGF23 plus Klotho on renal tubular re-absorption of
inorganic phosphate (iP) and synthesis of 1,25 dihydroxy vitamin D
(calcitriol).

»FGF23 + Klotho act synergistically with PTH to reduce tubular iP
reabsorption. However, FGF23 + Klotho inhibit tubular calcitriol synthesis, in
contrast to PTH which stimulates it

»>In end-stage renal disease (ESRD), the physiological inhibition of tubular iP
re-absorption by both PTH and FGF23 + Klotho becomes ineffective. The
concomitant increase in PTH secretion leads to excessive iP release from
bone into the extracellular space. The clinical consequence is

hyperphosphataemia. _
Nephrol Dial Transplant 2007; 22: 1524-1526



Fibroblast Growth Factor 23

Is a phosphatonin, i.e. hormone regulating P excretion

*FGF-23 produced exclusively in osteocytes and bone-lining
cells

*Synthesis 1 by P, PTH and calcitriol

*Most rapid inducer of expression is calcitriol, with the factor
going up within 3-4 hrs of IV administration

*The physiologic stimulus is thought to be high dietary
phoshorus intake but it is not clear whether the serum P level or
the net intake (?intestinal sensor) provides the proximal signal

*FGF-23 receptor in the kidney requires the coreceptor klotho
(also found in the parathyroids), which | in aging and CKD

Ebbyibrtyetas2ddriglycle Meeting 54
@052y Ab2E12



Actions of FGF-23

*Downregulates luminal sodium/phosphate cotransporters in the
proximal tubule, decreasing phosphorus reabsorption and
therefore increasing its excretion

Inhibits 1a-hydroxylase (CYP27B1), decreasing the conversion
of 25-hydroxyvitamin D (25[OH]D) to 1,25-dihydoxyvitamin D
(1,25[OH],D,; calcitriol).

°It is thought that FGF-23 rather than decreased renal mass
is the major factor downregulating calcitriol in CKD

-Stimulates 24-hydroxylase (CYP24), leading to vitamin D
degradation

*Inhibits PTH secretion in the short term but probably not in the
long term (| VDRA signaling leading to parathyroid resistance)

Ebbyibrtyetas2ddriglycle Meeting 55
@052y Ab2E12



Klotho and FGF23 in CKD

It remains to be determined whether renal Klotho
expression levels reflect functional nephron mass that
can respond to FGF23
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Fig. 1 - Role of FGF23 in patients with early-stage chronic kid-
ney disease (CKD). In patients with early-stage CKD, FGF23
secretion is increased to maintain a neutral phosphate bal-
ance, but this results in suppression of renal 1,25(0H),D
production and thereby triggers the early development of
secondary hyperparathyroidism. 1,25(0H).D = 1,25-dihy-
droxyvitamin D; FGF23 = fibroblast growth factor 23.

J Nephrol 2010; 23(06): 619-625
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Fig. 2 - Role of FGF23 in dialysis patients. In dialysis patients
without functioning kidneys, FGF23 secretion is markedly el-
evated in response to chronic phosphate retention and active
vitamin D therapy. In this setting, increased FGF23 should act
on the parathyroid as a negative regulator, but fails to sup-
press PTH secretion. This parathyroid resistance to FGF23
may be due to down-regulation of the Klotho-FGFR1e com-
plex. CaSR = calcium-sensing receptor; FGF23 = fibroblast
growth factor 23; FGFR1c = fibroblast growth factor receptor
1c; PTH = parathyroid hormone; VDR = vitamin D receptor.
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Fig. 3 - Role of FGF23 in renal transplant patients. In patients
undergoing kidney transplantation, elevated FGF23 due to
chronic phosphate retention in the pretransplant period
acts on the allograft to promote phosphaturia and suppress
1,25(0H),D production. This results in post-transplant hypo-
phosphatemia and persistent secondary hyperparathyroid-
ism. 1,25(0H),D = 1,25-dihydroxy vitamin D; FGF23 = fibro-
blast growth factor 23.

J Nephrol 2010; 23(06): 619-625
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Conclusions

regulation and function. We have advanced the hypothesis
that the principal physiological functions of FGF23 and the
reason for its predominant expression in bone i1s that this
hormone functions to protect the organism from the toxic
effects of excess phosphate and 1,25(0OH),D. We propose
that 1,25(OH),D directly regulates FGF23 transcription in
osteoblastsf/osteocytes, but that phosphate, rather than di-
rectly modulating FGF23, has indirect effects that are me-
diated through the effects of phosphate on extracellular
matrix mineralization. We also propose that bone forma-
tion and the bone buffering capacity of bone provides the
mechanistic link between phosphate and regulation of
FGF23 through the regulation of extracellular matrix fac-
tors involving the endopeptidase PHEX and the SIBLIING
protein dentin matrix protein 1 (DMP1). Finally, regulation
of FGF23 is integrated with mineral and energy metabolism
through cross-talk between PTH, 1,25(0OH),D, leptin, and
secreted Klotho.



Klotho in CKD

* Klotho is an early biomarker for CKD.

* Replacement of Klotho may have therapeutic potential
for CKD.

J Am Soc Nephrol. 2011 Jan;22(1):124-36.



Conclusions

It has become increasingly clear that phosphate
metabolism plays a critical role in the pathophysiology
In CKD and that

» Hyperphosphataemia should be aggressively treated to
Improve life expectancy of CKD patients

- In this context, the bone—kidney—parathyroid endocrine axis
mediated by Klotho and FGF23 is expected to be a novel target
of therapeutic intervention



Conclusions

* FGF23 - Klotho plays a central role in the
pathogenesis of altered mineral metabolism and
secondary hyperparathyroidism in CKD patients

* FGF23 - Klotho can be used not only as a
biomarker for assessing phosphate retention
but also as a predictor of mortality and future
development of refractory hyperparathyroidism

— Further elucidation of FGF23 function and regulation
will help to establish a more rational approach for the
management of the mineral and bone disorders that
are associated with high burden of morbidity and
mortality in CKD patients



Fibroblast growth factor 23:
friend or foe In uremia®?

Orson W. Moe

Department of Internal Medicine, Department of Physiology, and Charles and Jane Pak Center of Mineral Metabolism,
University of Texas Southwestern Medical Center, Dallas, Texas, USA.

therapeutics in CKD. Instead, it should
alert the tield of the need to abandon the
overly simplistic FGF23 toxicity model.
Efforts should be directed toward defining
the roles of FGF23 in physiology and CKD.
Whart is acrually driving up the FGF23 lev-
els in CKD? What are the optimal levels in
various stages of CKD for its different roles?
What are the ways to enhance endogenous
on-target signaling as adaptive reactions

The Journal of
Clinical Investigation

X

and decrease the off-target eftects? Instead

T e L T 1 3 T T

The Journal of Clinical Investigation  hitp://wwwjciorg  Volume 122 Number7 = July 2012



Effects on the
myocardium

Antihypertrophic effects

Modulation of calcium flux
and contractility

Renin suppression

Modulation of extracellular
matrix turnover

Vitamin D effects on
the cardiovascular
system

Effects on the
vessels

Antiatherosclerotic effects

Inhibition of vascular
calcification

Improvement of
endothelial function

Effects on
cardiovascular
risk factors

Renoprotective effects
Antihypertensive effects
Antidiabetic effects
PTH suppression
Antiinflammatory effects
Antioxidative effects

Pilz et al, Kidney Int Suppl 2011
Mizobuchi M et al J Steroid BMBiol 2010




Figure 3 Schematic outline of FGF23-FGFR interactions. Signaling of FGF23-FGFR
imvolves klotho as a cofactor to induce such downstream signaling molecules as Erk1/2,
which could influence the activation of Egr-1. FGF23 also induces Nab-2 (Fukuda et al.
2007), ific corepressor of Egr-1 that could suppress the transcriptional activity of Egr-
1, andt establish a negative feedback loop to regulate physiological activities of
FGF23.
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Parathyroid Kidney

Active vitaminD(1,25-dihydroxyvitaminD3) binds to the vitamin Dreceptor (VDR) in osteocytes. The ligand-boundVDRforms
a heterodimerwith a nuclear receptor RXRand transactivates the FGF23 gene expression.

FGF23 secreted from bone acts on the Klotho—FGFR complex in kidney (the bone—kidney axis) and parathyroid gland (the
bone—parathyroid axis).

In kidney, FGF23 suppresses synthesis of active vitamin D by down-regulating expression of the Cyp27b1 gene and
promotes its inactivation by up-regulating expression of the Cyp24 gene, thereby closing a negative feedback loop for
vitamin D homeostasis. In the parathyroid gland, FGF23 suppresses production and secretion of PTH. Since PTH is a
potent inducer of Cyp27b1 gene expression, suppression of PTH by FGF23 reduces expression of the Cyp27b1l gene as
well as serum levels of 1,25-dihydroxyvitamin D3, which closes another long negative feedback loop for vitamin D
homeostasis. Klotho and FGF23 are indispensable for the regulation of vitamin D metabolism because defects in either

Klotho or FGF23 cause hypervitaminosis D.
Nephrol Dial Transplant 2009;24: 1705-1708
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The first arrow starts from the intestine, where a reduced dietary phosphate intake diminishes serum phosphate concentration and
leads to a decrease in PTH secretion, which physiologically reduces urinary phosphate excretion. In addition, to save phosphate,
the renal action of FGF23 will decrease facilitating tubular phosphate reabsorption by the stimulation of sodium-dependent
phosphate cotransporters (NPT2a and NPT2c). It will also facilitate the synthesis of 1,25(0OH)2D3 in spite of low PTH levels. The
increase in calcitriol levels stimulates sodium-dependent phosphate cotransporter type Ilb expression and intestinal phosphate
absorption. Then, to counteract the activation of these three phosphate-saving mechanisms and to avoid hyperphosphatemia, the
renal synthesis of klotho is increased. This increase in renal klotho will facilitate the phosphaturic action of FGF23. Klotho binds to
FGFR1(lllc) and forms the specific FGF23 receptor. Furthermore, klotho negatively regulates the synthesis of 1,25(0OH)2D3 by
enabling FGF23 binding to its receptor and thereby its inhibitory effect on 1--hydroxylase activity. At the bone level, klotho could
stimulate bone resorption and phosphate release by acting on TRPV5, which is a recently identified osteoclast function modulator.
The increased levels of 1,25(0OH)2D3 could also stimulate osteoclast differentiation and bone resorption and thereby phosphate
release. It could also stimulate skeletal FGF23 synthesis to control further, at the renal level, any excessive increase in serum
phosphate resulting from the activation of the prophosphatemic mechanisms. Abbreviations: PTH, parathyroid hormone; FGF23,
fibroblast growth factor-23; TRPVS5, epithelial calcium channel TRPV5 (transient receptor potential vallinoid-5).

Kidney Int. 2007 Apr:71(8):730-7.
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Reduced VDR Activation in SHPT
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VDRAS on Survival

Association Between Different VDRAS in HD

Oral Calcitriol
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Tentori F, et al. Nephrol Dial Transplant. 2009;24:963-972.

[

* Prospective cohort study

* 1996-2004 (n=29,696)
at 627 facilities

 Adjusted for comorbidities and lab
results

» Results of time-dependent
analysis:

— Paricalcitol’s relative risk (RR) for
all-cause time-adjusted mortality
was 0.85 compared to 0.91 for IV
calcitriol (p<0.05) and 0.95 for oral
calcitriol

— Paricalcitol associated with a 15%
lower mortality rate compared with
no VDR activator therapy
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Link between phosphate and PTH control:

In patients with high iIPTH levels uncontrolled
P levels are more common

80 - % patients with Pi>5.5 mg/dL by iPTH range — FMS
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