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Abstract
Fibroblast growth factor-23 (FGF23) is a bone-derived hor-
mone that regulates phosphate and 1,25-hydroxyvitamin D
[1,25(0OH),D] metabolism. FGF23 binds to FGF receptor 1
with its coreceptor Klotho and maintains serum phosphate
levels within the normal range by increasing renal phos-
phate excretion. In addition, FGF23 reduces the synthesis
and accelerates the degradation of 1,25(0OH),D to reduce in-
testinal phosphate absorption. Moreover, FGF23 acts at the
parathyroid gland to decrease parathyroid hormone synthe-
sis and secretion. In chronic kidney disease (CKD), serum
FGF23 levels rise exponentially as renal function declines
long before a significant increase in serum phosphate con-
centration occurs. Although there is room for argument,
FGF23 and Klotho are recently reported contributors to vas-
cular calcification. Finally, prospective observational studies
have shown that serum FGF23 concentrations predict mor-
tality not only among dialysis patients but among predialysis
CKD patients. In addition to being a coreceptor for FGF23,
Klotho circulates as an endocrine substance and exerts a
multitude of effects. This review describes recent advances
in research on the FGF23-Klotho axis in CKD.

© 2014 S. Karger AG, Basel

Introduction

Chronic kidney disease (CKD) is the leading risk factor
for cardiovascular disease, which is a great threat to health
and an economic burden [1]. The growing burden of CKD
reflects the impact of the rapidly increasing prevalence of
diabetes and hypertension. Moreover, cardiovascular dis-
ease is a leading cause of death in CKD [2]. A large cohort
study has shown that sustained decrease in estimated glo-
merular filtration rate (eGFR) is associated with increased
rates of coronary heart disease, and death from cardiovas-
cular causes as well as increase in hospitalization [3].

CKD is accompanied by an inevitable progressive de-
rangement of mineral homeostasis, an imbalance be-
tween blood and tissue concentrations of phosphate (P)
and calcium (Ca), and changes in circulating levels of
phosphotropic hormones. The term CKD-mineral and
bone disorder (CKD-MBD) refers to a constellation of
features that are exclusively attributable to renal dysfunc-
tion, and it is used to describe (a) a broad clinical syn-
drome that encompasses altered serum levels of P, Ca,
parathyroid hormone (PTH), and vitamin D; (b) im-
paired bone modeling and remodeling and the associated
occurrence of fractures, and (c) extraskeletal calcification
in soft tissues and arteries [4].

This review summarizes recent advances in research
on the roles of fibroblast growth factor-23 (FGF23) and
a-Klotho in regulating the mineral metabolism of CKD
patients.
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Fig. 1. Molecular structure of FGF23. The
FGF23 protein has the sequence of first 24
amino acid residues that is deduced to be
the signal peptide. It has a unique sequence
following the FGF-like sequence at the C-
terminal. Since the N-terminal amino acid
is Ser'®® Jocated after the consensus se-
quence (Arg'7®-His!”’-Thr'78-Arg!”) rec-
ognized by some proprotein convertases,
this 10-kDa protein is a likely product of
the internal proteolytic cleavage of the ma-

Active fragment

FGF-like sequence Unique sequence

251

R176HTR1795180

)

Cleavage site (inactivation)

—

N-terminal fragment C-terminal fragment

ture FGF23 protein.

Function of FGF23

FGF23 is a recently identified hormone that regulates
Caand P metabolism [5]. FGF23 isa 251-amino-acid pro-
tein (molecular weight: 26 kDa) that was found to be syn-
thesized and secreted by osteoblasts [6]. However, a re-
cent study has shown that FGF23 is mainly produced by
osteocytes [7]. As shown in figure 1, FGF23 is composed
of an amino-terminal signal peptide (residues 1-24), an
‘FGF-like sequence’ (residues 25-179), and a carboxyl-
terminal extended sequence (residues 180-251), which is
unique among members of the FGF family [8]. Since
FGF23 has low affinity for heparin, it is distributed
throughout the body by the blood, and mediates its sys-
temic function [9].

The biological activity and physiological role of FGF23
in P and vitamin D metabolism in vivo have recently been
clarified. FGF23 directly increases urinary fractional ex-
cretion of P (FePi) by reducing the expression of sodium-
P cotransporter type II (NaPi-II) and indirectly reduces P
absorption in the gut by suppressing 25-hydroxyvitamin
D-la-hydroxylase (la-hydroxylase) activity [10-13].
FGF23 has been found to downregulate the expression of
both NaPi-IIa and NaPi-IIc on the apical surface of renal
proximal tubular epithelial cells in vivo [14]. Indeed, the
injection of recombinant human FGF23 protein decreas-
es serum P levels by means of its phosphaturic effect that
is attributable to reduced renal P reabsorption in normal
mice and parathyroidectomized rats [15]. In addition,
FGF23 appears to impair the synthesis and accelerate the
degradation of 1,25(OH),D, because expression of renal
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mRNA levels of 1a-hydroxylase was reduced and that of
25-hydroxyvitamin D-24 hydroxylase was increased
within 1 h after injection of recombinant human FGF23
protein in normal mice [15]. Therefore, Fgf23”'~ mice are
characterized by increased renal P reabsorption and an
elevated serum 1,25(OH),D concentration [16, 17].

Measurement of Serum FGF23 Levels

Intact FGF23 in the circulation of healthy individuals
has been estimated to have a half-life of 58 min [18]. Two
assays for measurement of human FGF23 are commer-
cially available. One is a sandwich enzyme-linked immu-
nosorbent assay designed to measure full-length FGF23
in which different monoclonal antibodies are used to de-
tect the simultaneous presence of both the N-terminal
and C-terminal portions of FGF23 [19]. The other assay
is a C-terminal assay that recognizes both full-length and
processed (presumably inactive) C-terminal fragments of
FGF23 [20]. The intra-assay variability of the C-terminal
FGF23 assay is 5% at 52.7 RU/ml and 7.2% at 140.0 RU/
ml, and its inter-assay variability is 5% at 50.9 RU/ml and
7.3% at 153.0 RU/ml, and its lower limit of detection is 3.0
RU/ml. The intra-assay variability of the intact FGF23 as-
say is 4.4% at 14.6 pg/ml and 2.6% at 148.0 pg/ml, and its
inter-assay variability is 6.1% at 15.6 pg/ml and 6.5% at
166.0 pg/ml; its lower limit of detection is 1.0 pg/ml (ac-
cording to the manufacturer’s specifications). Plasma
FGF23 levels have been found to be negatively correlated
with eGFR (fig. 2) [21]. Plasma FGF23 concentrations
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Fig. 2. Plasma FGF23 levels in the four CKD stage groups. Boxes
represent the interquartile range with the upper and lower edges
representing the 75th and 25th percentiles, respectively. There is a
statistically significant linear increase in plasma FGF23 levels
across the four CKD groups divided by eGFR [reprinted with per-
mission from 21].

have been found to predict mortality not only among di-
alysis patients but among predialysis CKD patients as well
[22].

Interaction between FGF23 and Klotho

Klotho is a 130-kDa transmembrane [-glucuronidase
that catalyzes the hydrolysis of steroid p-glucuronides,
and it was discovered by Kuro-o et al. [23] in 1997 (fig. 3).
The Klotho gene is expressed in a limited number of or-
gans, mainly in the kidney, and mutations cause multiple
aging-related disorders in nearly all organs and tissues
[24]. Fgf23”/- mice and Klotho”~ mice exhibit almost
identical phenotypes that include abnormal mineral me-
tabolism that is characterized by increased blood P, Ca,
and vitamin D levels [25]. Klotho is required for FGF23
to activate FGF receptors (FGFRs) and their downstream
signaling molecules (fig. 4), including FGFR substrate-2a
and mitogen-activated protein kinases, such as extracel-
lular signal-regulated kinases [26]. Because a Klotho/
FGFR complex binds to FGF23 with higher affinity than
either FGFR or Klotho alone, FGF23 exerts its biological
effects through activation of FGFRs in a Klotho-depen-
dent manner [25, 26].

FGF23 has rather low affinity for its widely distributed
receptors, and the presence of circulating Klotho is essen-

FGF23 and Klotho in CKD

Fig. 3. Klotho family showing the three members identified in
the mammalian genome. Homologous motifs termed KL1 do-
mains are conserved. Soluble forms of Klotho can be generated
by alternative splicing of its transcript or by proteolytic cleavage
of the transmembrane form by p-secretases into body fluids.

tial to facilitate the binding of FGF23 to FGFRs [25, 26].
The potential role of soluble Klotho in FGF23 signaling
in vivo remains unknown at this time, but appears to be
less plausible mechanism for phosphaturia [27], as in vi-
tro assays have shown that the affinity of FGFRI for the
Klotho ectodomain is log-fold lower than their affinity for
tull-length transmembrane Klotho [25, 26]. Thus, activa-
tion of FGFRs requires not only the presence of circulat-
ing FGF23 as their ligand, but the presence of Klotho as a
specific promoter whose affinity dictates its selectivity for
its targets. Klotho is mainly expressed in the kidneys,
whereas FGF23 is expressed by bone cells, and this func-
tional bone-kidney axis is of physiological and patholog-
ical relevance. Based on available knowledge, the bone-
kidney axis seems to exert a prevailing regulation of Ca
balance with Klotho and to exert a more specific and di-
rect effect on P homeostasis through FGF23. Although
the actions of FGF23 seem to occur in the proximal tu-
bules, Klotho expression is higher in the distal tubules
[23,28]. Because the proximal tubules also express Klotho,
although in smaller quantities [29], FGF23 signal may ap-
pear in proximal tubules to regulate their function with a
small number of Klotho/FGFR complexes. Another pos-
sibility is that FGF23 acts on the distal convoluted tu-
bules, where Klotho is most abundantly expressed [28],
and triggers the release of paracrine factors that act on
adjacent proximal tubules.

Nephron Clin Pract 2014;128:1-10
DOI: 10.1159/000365787

Color version available online


http://dx.doi.org/10.1159%2F000365787

Ig-like domain

Fig. 4. Interactions between FGF23, FGF
receptor, and Klotho. FGF23 signal trans-
duction is established when FGF receptor
1(FGFR1) and Klotho colocalize. The
FGFRI1 has three immunoglobulin (Ig)-like
domains. Klotho forms complex with
FGFR1 and serves as the high-affinity re-
ceptor for FGF23. Klotho has a negligible
intracellular region, whereas the FGFRI1
has two kinase domains that sustain signal
transduction [reprinted with permission
from 26].
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Both Klotho and FGEFR are expressed in the parathy-
roid glands, suggesting the possibility that FGF23 regu-
lates PTH secretion. In support of this possibility, data
obtained in vitro suggest that FGF23 decreases PTH
mRNA transcription and protein secretion in a dose-de-
pendent manner [30]. Conversely, because rodents with
primary hyperparathyroidism have increased FGF23 lev-
els that are reduced by parathyroidectomy, PTH may
stimulate FGF23 secretion by osteoblasts [31]. In physi-
ological settings in which there is normal Klotho and
FGEFR expression, FGF23 decreases PTH production, in-
creases expression of both the parathyroid Ca-sensing re-
ceptor and the vitamin D receptor, and decreases cell pro-
liferation [32].

Function of Soluble Klotho

Alternative splicing is not the only mechanism by
which soluble Klotho is produced, because Klotho is sub-
jected to ectodomain shedding and its entire extracellular
domain is secreted into blood, urine, and cerebrospinal
fluid [33], thereby enabling it to function as a humoral
factor independently of FGF23 [34]. Klotho is cleaved on
the cell surface by membrane-anchored proteases, in-
cluding by a desintegrin and metalloproteinase (ADAM)-
10,and by ADAM-17 [35]. Thus far, only Klotho has been
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shown to be released from the cells into plasma [29], ce-
rebrospinal fluid [33], and urine [36]. The plasma con-
centration of a-Klotho is approximately 10-50 nM, and
its urine concentrations are higher [36].

Secreted Klotho has a putative sialidase activity that
removes the terminal sialic acids from the N-linked gly-
cans of several glycoproteins on the cell surface [37]. Se-
creted Klotho prevents endocytosis of transient receptor
potential cation channel, subfamily V, member 5
(TRPV5) [37, 38] and renal outer medullary potassium
channel 1 (ROMK1) by modifying their N-linked gly-
cans on the cell surface, thereby resulting in an increase
in Ca currents. By contrast, secreted Klotho promotes
endocytosis and inactivation of NaPi-Ila by modifying
its glycans [29]. Secreted Klotho also suppresses the ac-
tivity of insulin, insulin-like growth factor-1 [34], Wnt
[39], and transforming growth factor-{3, [40] by interact-
ing with them or with their receptors. The physiological
significance of these pleiotropic activities of secreted
Klotho remains to be determined.

Role of FGF23 in Mineral Metabolism in CKD

Patients with stages 4-5 CKD and dialysis patients of-
ten develop hyperphosphatemia due to impaired renal P
excretion. The impaired renal P excretion is the result of
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the decrease in number of intact nephrons. In addition to
the reduced kidney function, the increase in FGF23 level
contribute to the decrease in serum 1,25(OH),D concen-
tration in CKD and a subsequent increase in PTH secre-
tion to maintain normal serum Ca levels, but it also in-
duces a high turnover bone [41]. An increased produc-
tion of FGF23 by bone may not be responsible for early
increase in FGF23 in CKD but does appear to contribute
to FGF23 levels in late stage of CKD [42]. Elevation in
FGF23 and PTH coincide with an increase in FePi that
likely prevents the early onset of hyperphosphatemia in
the face of increased bone turnover and a progressive de-
cline in functional renal mass.

Since it has been reported that serum FGF23 levels in-
crease as renal function declines [43, 44] and that the cir-
culating FGF23 levels of CKD patients gradually increase
with declining renal function [21], it has been hypothe-
sized that the increased serum FGF23 levels in CKD are
primarily the result of decreased renal clearance. Larsson
et al. [45] showed that FGF23 levels did not change after
P deprivation or P loading in healthy subjects during
6-day observation. By contrast, no associations between
serum FGF23 levels and GFR have been found in the ear-
lier stages of CKD, when patients are normophospha-
temic [45]. The hyperphosphatemia associated with CKD
most likely triggers FGF23 production, which promotes
renal P excretion, reflected by the greatly elevated FGF23
levels in CKD conditions [43]. It has recently been recog-
nized that serum FGF23 levels increase before the eleva-
tion in serum levels of P and PTH in CKD patients [46].

The cause of the increased FGF23 levels in CKD pa-
tients is still under investigation. Instead of decreased re-
nal clearance in CKD patients, there may be end-organ
resistance to the phosphaturic action of FGF23 because of
a deficiency of Klotho, the required cofactor. Koh et al.
[47] detected significantly reduced Klotho mRNA ex-
pression in kidney biopsy specimens from CKD patients.
The higher FGF23 levels in CKD patients may reflect the
operation of a physiological compensatory mechanism
that stabilizes serum P levels as the number of intact
nephrons declines. FGF23 induces phosphaturia and
lowers serum P level through reduction and internaliza-
tion of the NaPi-IIa and NaPi-IIc in the proximal tubules
[48]. Furthermore, FGF23 directly suppresses renal
la-hydroxylase expression, leading to decreased conver-
sion of 25-hydroxyvitamin D to its active metabolite
1,25(0H),D [48].

FGF23 has been found to decrease serum PTH and
parathyroid PTH mRNA levels in vivo in short-term ex-
periments [32]. The experiments showed that FGF23

FGF23 and Klotho in CKD

suppressed both PTH secretion and PTH gene expression
directly, because Klotho is present on parathyroid cells in
addition to FGFR. There are in vivo animal models of
FGF23 overexpression, and all of them are characterized
by parathyroid hyperplasia and increased PTH levels
[49]. Because the suppressed 1,25(OH),D levels would
lead to persistent hypocalcemia, a more likely explanation
of the increase in PTH levels and parathyroid hyperplasia
observed in these animals is that they are mediated by the
Ca-sensing receptor, again protecting systemic Ca levels.
Indeed, mice expressing high systemic levels of FGF23
(R176Q) exhibit hypocalcemia and subsequently develop
secondary hyperparathyroidism, even though their ele-
vated PTH levels are likely to aggravate the prevailing hy-
pophosphatemia [50].

Role of Klotho Deficiency in CKD

If the organ that is the source of an endocrine sub-
stance is diseased, it is logical to suspect that an endocrine
deficiency of that substance will ensue. There are many
similarities between the clinical manifestations of CKD
and the phenotype of Klotho”~ mice. Experimental data
from in vivo and in vitro studies and clinical findings have
by and large supported this view [46, 51-55].

Measurements of renal Klotho mRNA and protein in
human CKD have been limited. Renal expression of the
Klotho gene is markedly decreased in patients with CKD
of different etiologies [46, 56]. Data on the plasma Klotho
levels of CKD patients have begun to emerge as a result
of the use of a recently developed ELISA [57]. The initial
data showed that the plasma Klotho levels of CKD pa-
tients inversely correlated with their serum creatinine,
blood urea nitrogen, and FGF23 levels, suggesting that
plasma Klotho levels may be affected by renal function,
even though that this study did not enroll any CKD pa-
tients [57]. More recent studies have shown that soluble
plasma Klotho levels were found to be decreased in CKD
patients than the levels of healthy volunteers [58-60].
However, controversial data were reported that the solu-
ble Klotho levels were significantly associated with age,
but not GFR or other parameters of Ca-P metabolism in
patients with stage 2-4 CKD [61]. Moreover, while pa-
tients with higher plasma FGF23 levels but not soluble
Klotho levels faced event-free survival even after adjust-
ment for confounders [61]. Further studies are needed to
determine whether plasma levels of soluble Klotho may
be a significant predictor for adverse outcomes in CKD
patients.
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The urinary Klotho levels of CKD patients have been
shown to decrease in the very early stages of CKD and to
remain low as CKD progresses [36]. In a rodent CKD
model, Klotho levels in plasma, urine, and kidney were
shown to decrease in parallel [36], but the relationship
between their levels in CKD patients remains to be deter-
mined. Furthermore, almost all models of CKD, includ-
ing models that have been created by renal tissue ablation,
glomerulonephritis, nephrotoxin, diabetic nephropathy,
and hypertensive kidney damage, are characterized by
considerable downregulation of Klotho mRNA and pro-
tein in the kidney and by low plasma or urine-soluble
Klotho levels [62]. Plasma soluble Klotho levels are also
decreased in the early stages of CKD [58]. Pavik et al. [63]
havereported finding thatsoluble Klothoand 1,25(OH),D
levels decrease and FGF23 levels increase in the early
stages of CKD, and that PTH levels increase in the more
advanced stages. Akimoto et al. [64] have recently shown
that the urinary Klotho levels of CKD patients, rather
than their serum Klotho levels, are linked to their number
of functioning nephrons. Sakan et al. [65] recently report-
ed that although renal a-Klotho levels were significantly
reduced and serum FGF23 levels were significantly ele-
vated in early and intermediate CKD, serum P levels re-
mained within the normal range. Despite falling renal
a-Klotho levels, the increase in FGF23 enhanced urinary
FePi and reduced serum 1,25(OH)2D levels in early and
intermediate CKD, though not in advanced CKD. In ad-
dition, serum-soluble Klotho levels fell significantly over
the course of CKD, and renal a-Klotho expression was a
significant independent determinant of soluble Klotho.
These results indicate that FGF23 levels rise to compen-
sate for renal failure-related P retention in early and in-
termediate CKD. This enables FGF23-Klotho signaling
and a neutral P balance to be maintained despite the re-
duction in a-Klotho expression. The presumed changes
in plasma FGF23, Klotho, PTH, active vitamin D, and P
levels in the course of CKD stage progression have been
advocated in figure 5 [62]. However, there is a possibility
that the time-course change of plasma Klotho in this fig-
ure would rather reflect the change of renal Klotho ex-
pression.

Role of FGF23 and Klotho in Vascular Calcification

Cardiovascular disease is a leading cause of mortality
in CKD, and cardiovascular calcification is common in
the cardiovascular disease of CKD patients [66, 67]. Car-
diovascular calcification is a heterogeneous disorder with
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Fig. 5. Time profile of changes in plasma FGF23, Klotho, active vi-
tamin D, and phosphate levels as CKD progresses. The decrease in
Klotho protein in the blood is an early event in CKD and is progres-
sively reduced along with the decline of renal function. Low Klotho
partially induces FGF23 resistance, causing an initial compensatory
increase in blood FGF23 to maintain P homeostasis. The increase
in FGF23 decreases active vitamin D levels and is followed by eleva-
tion of PTH. Hyperphosphatemia is relatively late event in ad-
vanced CKD [reprinted with permission from 60].

overlapping distinct mechanisms of initiation and pro-
gression [68, 69]. Vascular calcification is a dynamic pro-
cess that results from an imbalance between promoters
and inhibitors [67, 70]. FGF23 and Klotho are recently
recognized contributors to ectopic calcification in soft tis-
sues, including in cardiac valves and the aorta [23, 36, 71].
Severe bone loss has been found to be associated with me-
dial calcifications in the aorta of rats with CKD induced
by adenine and a high protein diet [72]. The discovery of
astronger correlation between cortical bone loss than tra-
becular bone loss and the severity of vascular calcification
in CKD rats is an intriguing finding [72]. It has been pro-
posed that Ca release from disturbed bone tissue in ac-
cordance with low 1,25(OH),D, high FGF23, and low sol-
uble Klotho may trigger or accelerate vascular calcifica-
tion [72].

Vascular calcification is a prominent finding in mice
with a Klotho gene deletion, the same as in CKD patients.
The vascular calcification observed in Klotho™~ mice is
reversed by the Klotho overexpression that results from
adenoviral delivery of the Klotho gene [73]. Recombinant
Klotho protein suppresses the NaPi-III transporter Pitl
expression and P uptake induced by a high-P medium in
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rat vascular smooth cells [36]. The mechanism of the sup-
pressive influence of Klotho on vascular calcification is
multifactorial and includes the indirect effect of phospha-
turia, and Klotho has direct effects on the vasculature that
are independent of its systemic effects. High P uptake in-
duces vascular smooth muscle cell reprogramming to os-
teoblasts/osteochondrocytes through the Pit-1 and/or
Pit-2, and Klotho inhibits the reprogramming [74].
Klotho also prevents the cell senescence, apoptosis, and
death of vascular endothelial cells and smooth muscle
cells that are induced by a variety of insults, including P
overload [75, 76]. Finally, Klotho is an anti-inflammatory
modulator and restricts the inflammatory process in a
way that protects the vasculature [54]. All of these exper-
iments in which Klotho was directly added in vitro were
performed in the absence of FGF23.

There is controversy regarding whether FGF23 is a
contributor to vascular calcification. Lim et al. [77] have
proposed that CKD is a state of vascular Klotho deficien-
cy that potentiates the development of accelerated calci-
fication via a Runx2- and myocardin-serum response fac-
tor-dependent pathway. Since Klotho knockdown has
been shown to abrogate FGF23-mediated cell signaling
and proliferative effects, vascular cells may be a Klotho-
dependent target tissue for FGF23. Restoration of Klotho
and FGFRs by vitamin D receptor activators renders hu-
man vascular smooth muscle cells FGF23-responsive,
and that may be the mechanism of the anticalcific effects
[77]. Scialla et al. [78] have recently reported finding that
the baseline plasma FGF23 level is not associated with the
prevalence or severity of coronary artery Ca content after
multivariable adjustment among 1,501 patients in the
Chronic Renal Insufficiency Cohort (CRIC) study, sug-
gesting that FGF23 is not associated with arterial calcifi-
cation and does not promote arterial calcification. In ad-
dition, the results of in vitro study clearly showed that
FGF23 does not induce vascular calcification. Finally,
Lindberg et al. [79] did not support Klotho-mediated
FGF23 effects in the vasculature because of absence of
FGF23-Klotho signaling in mouse arteries. Further stud-
ies are needed to investigate the precise role of Klotho-
FGF23 interaction in vascular calcification.

Future Prospects

There are still two remaining issues in terms of patho-
logical conditions in CKD: high FGF23 and low Klotho.
Pharmacological or peptide blockade of FGF23 is being
assessed as treatments for CKD-MBD in the preclinical

FGF23 and Klotho in CKD

stage [80, 81]. The use of anti-FGF23 monoclonal anti-
bodies as a treatment for CKD-MBD is based on the hy-
pothesis that high FGF23 levels are detrimental in CKD.
The short-term neutralization of FGF23 increases serum
P, Ca, and 1,25(OH),D levels and decreases PTH levels in
CKD rats [82]. On the contrary, the long-term neutraliza-
tion of FGF23 in CKD rats improves high turnover bone
histology but accelerates vascular calcification and in-
creases mortality, indicating that while high serum FGF23
levels may be harmful, complete removal of FGF23 for
prolonged period does not solve the problem [83]. Even
though high serum FGF23 levels are associated with car-
diovascular events and all-cause mortality, it is unknown
whether these associations differ by the degree of phos-
phaturia. Dominquez et al. [84] have recently reported
that the associations of FGF23 with cardiovascular events
and mortality are stronger in normal to moderate CKD
patients with lower FePi independent of PTH and GFR.
Concurrent measurement of FGF23 and FePi may pro-
vide a noninvasive index of kidney tubule resistance to
FGF23 phosphaturic effect (i.e. renal Klotho expression
levels).

Treatment CKD patients with exogenous recombi-
nant Klotho protein is a simple and effective means of
correcting Klotho deficiency, similar to the replacement
of erythropoietin and active vitamin D. Klotho adminis-
tration has proved to be protective against acute kidney
injury in animal studies, which is a state of acute Klotho
deficiency induced by ischemia-reperfusion injury [85,
86] and by unilateral ureteral ligation [40], and also in
CKD in mice with systemic and renal Klotho deficiency
induced by unilateral nephrectomy and contralateral
ischemia-reperfusion [36]. Klotho may also reverse or re-
tard the progression of CKD. Even in the advanced stages
of CKD, Klotho supplementation may alleviate the extra-
renal complications of CKD. Stimulation or reversal of
suppression of endogenous Klotho production may be an
alternative means of increasing Klotho replacement in
the kidney. Finally, possible future strategies to increase
the extrarenal Klotho production are of interest as a
means of treating end-stage renal disease patients. Thus,
possible strategies that can be used to increase endoge-
nous Klotho include control of hyperphosphatemia [87],
vitamin D repletion [24], and angiotensin II blockade
(88].
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