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Abstract
Along with serum phosphate and parathyroid hormone (PTH), fibroblast growth factor 23
(FGF23) and Klotho play key roles in disordered mineral metabolism in chronic kidney disease
(CKD). Through independent and combined effects on renal phosphorus and vitamin D
metabolism, alterations in FGF23 and Klotho expression are essential for maintaining mineral
homeostasis in kidney disease. However, increasing evidence showing that disturbances in FGF23
and Klotho expression have direct cardiovascular and renal toxicity have accelerated interest in
therapies that directly target these hormones in the interest of improving outcomes in CKD.
Importantly, recent studies showing that reversing CKD-induced elevations in FGF23 may have
adverse cardiovascular effects have shed new light on the potential unintended consequences
linked with developing therapeutic targets in this arena, ultimately supporting the notion that
addressing root causes of disturbances of FGF23 and Klotho such as phosphorus excess should
remain the main focus in managing mineral metabolism in CKD.

INTRODUCTION
The relatively recent emergence of fibroblast growth factor 23 (FGF23) and Klotho has
illuminated much of our understanding of phosphorus and vitamin D metabolism in chronic
kidney disease (CKD). Prior to the discovery and characterization of these two hormones,
parathyroid hormone (PTH) was considered the primary hormonal regulator of phosphorus
and vitamin D metabolism and thus, the main target of intervention in the management of
bone and mineral metabolism in CKD patients. However, with the recognition that FGF23
and Klotho regulate renal phosphorus handling and vitamin D metabolism and are among
the earliest (if not the earliest) detectable biochemical manifestations of disturbed
phosphorus homeostasis in CKD, the focus in treating disturbances in phosphorus and
vitamin D homeostasis in CKD has extended beyond serum phosphate and PTH to
encompass FGF23 and Klotho in a rapidly unfolding tapestry of endocrine feedback
pathways. These developments have been accelerated by the growing body of evidence
suggesting that altered expression of these hormones may have direct cardiovascular and
renal toxicity, supporting the concept that FGF23 and Klotho may be ideal therapeutic

© 2013 The National Kidney Foundation, Inc. Published by Elsevier Inc. All rights reserved.

Corresponding Author: Orlando M. Gutiérrez, MD, MMSc, University of Alabama at Birmingham, ZRB 614, 1720 2nd AVE S,
Birmingham, AL 35294-0006, phone: 205-996-2736 fax: 205-996-6465 ogutierr@uab.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Ren Nutr. Author manuscript; available in PMC 2014 May 01.

Published in final edited form as:
J Ren Nutr. 2013 May ; 23(3): 250–254. doi:10.1053/j.jrn.2013.01.024.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



targets for improving outcomes in CKD. However, more recent experimental data showing
that reversing alterations in FGF23 and Klotho expression in CKD may also have adverse
effects provide a measure of caution in thinking about how to design therapies that target
these hormones. Collectively, these data underscore the central struggle of the classical
“trade-off” hypothesis—namely, how to reverse the long-term harmful effects of
physiological adaptions to kidney injury in response to disturbances in mineral homeostasis
without mitigating their shorter-term beneficial effects in terms of maintaining phosphorus
balance.

Overview of the role of FGF23 and Klotho in mineral homeostasis in CKD
FGF23

FGF23 is a 251 amino acid protein that is most highly expressed in osteocytes and
osteoblasts.1 FGF23 belongs to a subfamily of FGFs (known as the FGF19 subfamily) that
lack several amino acid residues in their C-terminal domain allowing them to be more
soluble in circulation due to their low binding affinity to heparin.1 Thus, unlike most other
FGFs, FGF23 is able to exert systemic actions with its two main sites of action being the
kidneys and parathyroid glands (Figure 1).

In the kidneys, FGF23 stimulates urinary phosphate excretion by inducing the endocytosis
of sodium-phosphate co-transporters (NPT2a and NPT2c) from the apical membrane of
renal proximal tubular cells.2 In addition, FGF23 regulates vitamin D synthesis via two
pathways.3,4 First, FGF23 inhibits the synthesis of CYP27B1, the enzyme required to
convert 25-hydroxyvitamin D (25(OH)D) to its more active metabolite, 1,25-
dihydroxyvitamin D (1,25 (OH)2D). Second, FGF23 up-regulates the activity of CYP24A1,
the enzyme that represents the major catabolic pathway for both 25(OH)D and 1,25(OH)2D.
In the parathyroid glands, FGF23 directly inhibits the synthesis and secretion of PTH,
perhaps representing a secondary mechanism for inhibiting 1,25(OH)2D synthesis.5

Collectively, these actions appear to be critical for maintaining phosphorus homeostasis in
CKD by enhancing urinary phosphate excretion and diminishing intestinal phosphorus
absorption by reducing the stimulatory effect of 1,25(OH)2D on gut phosphorus absorption.

In support of FGF23’s key role in maintaining phosphorus homeostasis in CKD are two
studies which examined the impact of lowering FGF23 activity in animal models of CKD. In
the first study, Hasegawa et al. lowered circulating FGF23 concentrations by injecting anti-
FGF23 antibody in rats with experimentally-induced kidney disease.6 Importantly, the fall in
circulating FGF23 in treated animals resulted in a decrease in urinary fractional excretion of
phosphate, an increase in 1,25(OH)2D concentrations and as a consequence, a significant
rise in serum phosphate concentrations despite concurrently elevated PTH concentrations.
Similarly, Shalhoub and colleagues injected FGF23-neutralizing antibodies or control
antibodies in 5/6th nephrectomized rats placed on a high phosphorus diet for three weeks.7

While mean PTH concentrations were lower in animals injected with FGF23-neutralizing
antibody than in those injected with control antibody—most likely due to higher
1,25(OH)2D concentrations in treated as compared to control animals—mean serum
phosphate concentrations were higher in treated as compared to control animals, in large
part due to diminished urinary phosphate excretion. Together, these data indicate that
increased FGF23 concentrations are essential for maintaining phosphorus balance in CKD.
Consistent with this, studies have shown that restriction of dietary phosphorus absorption
(whether through lower dietary intake or therapy with oral phosphorus binders) decreased
and in some cases normalized circulating FGF23 concentrations in individuals with
CKD_ENREF_30.8-10
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Klotho
Klotho is a 1,012 amino acid long peptide with a single transmembrane domain and an
extracellular domain with two internal repeats (KL1 and KL2) that exhibit β-glucosidase
activity.11 The transmembrane form serves as the critical co-factor required for FGF23 to
bind to its cognate receptor with high enough affinity to effect signal transduction. Klotho
also has a circulating form that is derived either from alternative RNA splicing or cleavage
of the extra-cellular domain.11 Secreted forms of Klotho have a variety of systemic effects,
including regulation of phosphorus and calcium metabolism.12,13

Like FGF23, disturbances in Klotho expression play an important role in mineral
homeostasis in CKD. Renal klotho expression has been shown to be down-regulated in
animals with experimentally induced kidney injury.14-16 Further, Klotho expression was
shown to be lower in nephrectomy specimens and arteries from individuals with CKD as
compared to individuals without CKD.17,18 Since transmembrane Klotho is needed for
FGF23 to bind to FGFR with high affinity, the decrease in Klotho expression in CKD
observed in these studies may contribute to lower FGF23 binding to FGFR, with attendant
consequences such as lower urinary phosphate excretion and/or lower inhibition of PTH
secretion. In support of this possibility is a study showing that over-expression of Klotho
increased urinary phosphate excretion, lowered serum phosphate concentrations and lowered
circulating PTH concentrations in animals with moderate CKD.19 Unfortunately, it was
unclear whether these findings were due to an improved ability of FGF23 to bind to its
receptor, a direct effect of circulating Klotho, or a combination of both. If future studies
more definitively show that these findings were even partly due to enhanced FGF23 signal
transduction via increased Klotho expression, it would support the concept that higher
FGF23 concentrations in CKD may be due, in part, to end-organ resistance at the level of
the kidney and parathyroid glands.

FGF23, Klotho and Adverse Cardiovascular Outcomes in CKD
Beyond their central roles in regulating mineral metabolism, FGF23 and Klotho have also
been implicated in cardiovascular disease and mortality in CKD. Higher FGF23
concentrations were independently associated with higher risk of kidney disease
progression, cardiovascular disease events, and death in patients across the spectrum of
CKD.20-25 Though the mechanisms for these associations remain unclear, higher FGF23
concentrations have been independently associated with higher left ventricular mass,26-28

and higher prevalence of left ventricular hypertrophy, endothelial dysfunction and vascular
calcification.26-31 In addition, FGF23 has been shown to directly induce hypertrophy of
cardiomyocytes in vitro and in vivo.26 Interestingly, a recent study showed that FGF23 has
anti-calcific effects on human aortic smooth muscle cells,18 suggesting that excess FGF23
concentrations may also have beneficial effects on vascular calcification. Importantly,
however, this latter study showed that the anti-calcific effects of FGF23 were abrogated in
the setting of decreased Klotho expression in vascular smooth muscle cells, suggesting that
in states of diminished Klotho expression such as CKD, the adverse effects of FGF23 on
myocardial hypertrophy may outweigh any beneficial effects related to diminished vascular
calcification.

Klotho also has an important role in cardiovascular health. Circulating Klotho increases
nitric oxide (NO) synthesis in endothelial cells.32,33 The importance of this was shown in
Klotho-deficient mice which had impaired vasodilation in response to acetylcholine
challenge as compared to wild-type controls,32 a finding that was reversed following
parabiosis between wild-type and Klotho-deficient animals.32 In addition, over-expression
of Klotho in an animal model of accelerated atherogenesis improved vascular endothelial
dysfunction, increased nitric oxide production, and reduced elevated blood pressure.34
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Further, Klotho knockdown accelerated vascular calcification whereas over-expression of
Klotho inhibited vascular calcification in an animal model of CKD,18 in part by inhibiting
phosphate-induced osteogenic changes in vascular smooth muscle cells. In the aggregate,
these data suggest that diminished Klotho expression contributes to excess cardiovascular
disease in CKD.

“Treating” disturbances in FGF23 and Klotho expression in CKD:
assessing the landscape

As emphasized by the above discussion, disturbances in FGF23 and Klotho expression are
early and nearly universal manifestations of disordered mineral metabolism in CKD which
contribute to excess skeletal fragility, cardiovascular disease, and death in individuals with
CKD. A natural conclusion of these findings is that reversing alterations in FGF23 and
Klotho in CKD would have a wide spectrum of beneficial effects in CKD. However, the
findings of several recent studies suggest that the development of any such therapeutic
intervention should proceed with due consideration of potential unintended consequences.

In a particularly illuminating study referenced above, Shaloub and colleagues showed that
injection of anti-FGF23 antibodies in rats with experimentally-induced CKD consuming a
high phosphorus diet partially reversed CKD-induced decreases in 1,25(OH)2D and calcium
concentrations and associated secondary hyperparathyroidism, and improved
histomorphometric parameters of bone health.7 However, this came at the cost of higher
serum phosphate concentrations, accelerated aortic calcification, and most importantly,
higher mortality in animals treated with anti-FGF23 antibodies as compared to animals
treated with control antibody. While the accelerated aortic calcification observed in animals
treated with anti-FGF23 antibodies may have been due to higher serum phosphate
concentrations, it is interesting to speculate whether the anti-calcific effects of FGF23 on
vascular smooth muscle cells may also have played a role. In another interesting study, over-
expression of Klotho in mice with normal kidney function was shown to stimulate the
secretion of FGF23 through an FGF receptor-dependent mechanism.35 When coupled with a
recent study showing that FGF23 may inhibit Klotho expression,36 this suggests a novel
endocrine regulatory pathway in which Klotho stimulates FGF23 which then negatively
feeds back to inhibit Klotho expression. Though entirely speculative, this may partly explain
the finding of decreased Klotho expression in CKD—namely, lower Klotho expression may
occur via direct FGF23 inhibition as an adaptive mechanism to avoid further Klotho-induced
increases in FGF23.

Together, these studies have important implications of therapies aimed at reversing
alterations in FGF23 and Klotho that occur in the course of kidney disease. As demonstrated
in animal models of CKD, directly targeting FGF23 with biologic interventions such as anti-
FGF23 antibodies in CKD patients would likely improve some biochemical indices of
mineral metabolism (1,25(OH)2D, PTH, calcium) while worsening others (phosphate,
vascular calcification), without any clear net benefit and the possibility of real harm.6,7 In
addition, while investigators have shown that restoring Klotho expression has beneficial
effects on vascular calcification and kidney disease progression in animal models of
CKD,18,19 the finding that Klotho stimulates FGF23 suggests that any such therapy may also
exacerbate FGF23 excess with attendant potential side effects such as myocardial
hypertrophy. Future studies will need to study the effects of Klotho over-expression on
FGF23 concentrations in CKD.

Given the potential for unintended consequences in therapies that directly target FGF23 or
Klotho, a better strategy may be to focus on interventions that treat the root causes of
disturbances in FGF23 and Klotho in CKD (i.e., phosphorus overload) such as oral
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phosphorus binders, which have already shown some efficacy in reducing FGF23
concentrations. While avoidance of activated vitamin D analogs may also be important in
this vein, a recent study showing a beneficial effect of activated vitamin D on vascular
calcification in part through restoration of Klotho expression in endothelial cells18 suggests
that further study is needed to determine the risk/benefit ratio of vitamin D therapy vis-à-vis
its effect on phosphorus balance, Klotho expression and FGF23 in CKD. As the design of
studies that directly target FGF23 and Klotho lurch forward, these considerations will need
to be addressed carefully to ensure that targeting mineral metabolism can become a viable
strategy in the long-term management of CKD patients.
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Figure 1. Regulation and action of fibroblast growth factor 23 (FGF23)
Bone cells are the primary cells that synthesize and secrete FGF23. There are a number of
systemic stimuli of FGF23 secretion—increased dietary phosphorus absorption, increased
1,25-dihydroxyvitamin D concentrations, and circulating Klotho. The effects of parathyroid
hormone on FGF23 are more controversial, with some studies suggesting that parathyroid
hormone directly stimulates FGF23 while others do not. FGF23 acts primarily in the kidneys
and parathyroid glands. In the kidneys, FGF23 augments urinary phosphate excretion by
down-regulating sodium-phosphate co-transporters in renal proximal tubular cells. In
addition, FGF23 inhibits the synthesis of CYP27B1 and up-regulates CYP24A1, both of
which serve to decrease circulating 1,25-dihydroxyvitamin D concentrations. In the
parathyroid glands, FGF23 inhibits both the synthesis and secretion of parathyroid hormone.
Transmembrane Klotho is needed for FGF23 to bind to its receptor in the kidney and
parathyroid glands with high-enough affinity to effect signal transduction (dashed lines in
the figure). The actions of FGF23 on the kidney and parathyroid glands appear to serve the
primary purpose of maintaining phosphorus homeostasis in kidney disease by enhancing
urinary phosphate excretion and decreasing intestinal phosphorus absorption via lower 1,25-
dihydroxyvitamin D concentrations.
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