FUL

72. Saito I, Saruta T, Kondo K et al. Serum uric acid and the renin-
angiotensin system in hypertension. ] Am Geriatr Soc 1978; 26:
241-247

73. Perlstein TS, Gumieniak O, Hopkins PN et al. Uric acid and the
state of the intrarenal renin-angiotensin system in humans.
Kidney Int 2004; 66: 1465-1470

74. Talaat KM, El-Sheikh AR. The effect of mild hyperuricemia on
urinary transforming growth factor beta and the progression of
chronic kidney disease. Am J Nephrol 2007; 27: 435-440

75. Roncal CA, Reungjui S, Sanchez-Lozada LG et al. Combination
of captopril and allopurinol retards fructose-induced metabolic
syndrome. Am J Nephrol 2009; 30: 399-404

76. Miao Y, Ottenbros SA, Laverman GD et al. Effect of a reduction
in uric acid on renal outcomes during losartan treatment: a post
hoc analysis of the reduction of endpoints in non-insulin-depen-
dent diabetes mellitus with the Angiotensin II Antagonist Losar-
tan Trial. Hypertension 2011; 58: 2-7

77. Smink PA, Bakker SJ, Laverman GD et al. An initial reduction
in serum uric acid during angiotensin receptor blocker treat-
ment is associated with cardiovascular protection: a post hoc
analysis of the RENAAL and IDNT trials. ] Hypertens 2012; 30:
1022-1028

78. Jung JW, Song WJ, Kim YS et al. HLA-B58 can help the clinical
decision on starting allopurinol in patients with chronic renal in-
sufficiency. Nephrol Dial Transplant 2011; 26: 3567-3572

79. Naoyuki K, Shin F, Toshikazu H et al. An allopurinol-controlled,
multicenter, randomized, open-label, parallel between-group,
comparative study of febuxostat (TMX-67), a non-purine-selec-
tive inhibitor of xanthine oxidase, in patients with hyperuricemia
including those with gout in Japan: phase 2 exploratory clinical
study. J Clin Rheumatol 2011; 17: S44-S49

80. Schumacher HR, Jr., Becker MA, Wortmann RL ef al. Effects of
febuxostat versus allopurinol and placebo in reducing serum
urate in subjects with hyperuricemia and gout: a 28-week, phase
III, randomized, double-blind, parallel-group trial. Arthritis
Rheum 2008; 59: 1540-1548

81. Becker MA, Schumacher HR, Espinoza LR et al. The urate-lower-
ing efficacy and safety of febuxostat in the treatment of the hyper-
uricemia of gout: the CONFIRMS trial. Arthritis Res Ther 2010;
12: R63

82. Beck LH. Requiem for gouty nephropathy. Kidney Int 1986; 30:
280-287

Received for publication: 16.1.2013; Accepted in revised form: 17.1.2013

Nephrol Dial Transplant (2013) 28: 2228-2236
doi: 10.1093/ndt/gft065
Advance Access publication 25 April 2013

Csaba P. Kovesdy"**
and Leigh Darryl Quarles"’

Correspondence and offprint requests to: Csaba
P. Kovesdy; E-mail: csaba.kovesdy@va.gov

ABSTRACT

Traditional risk factors of cardiovascular morbidity and mor-
tality such as hypertension, hypercholesterolemia and obesity
are paradoxically associated with better outcomes in dialysis
patients, and the few trials of interventions targeting modifi-
able traditional risk factors have yielded disappointing results
in this patient population. Non-traditional risk factors such as
inflammation, anemia and abnormalities in bone and mineral
metabolism have been proposed as potential explanations for
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the excess mortality seen in patients with chronic kidney
disease (CKD) and end-stage renal disease (ESRD), but
without clear understanding of what the most important
pathophysiologic mechanisms of these risk factors are, which
ones might be ideal treatment targets and which therapeutic
interventions may be effective and safe in targeting them.
Among the novel risk factors, fibroblast growth factor-23
(FGF23) has recently emerged as one of the most powerful
predictors of adverse outcomes in patients with CKD and
ESRD. FGF23 is a hormone produced by osteoblasts/osteo-
cytes in bone that acts on the kidney to regulate phosphate
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and vitamin D metabolism through activation of FGF recep-
tor/o-Klotho co-receptor complexes. It is possible that elev-
ated FGF23 may exert its negative impact through distinct
mechanisms of action independent from its role as a regulator
of phosphorus homeostasis. Elevated circulating FGF23 con-
centrations have been associated with left ventricular hypertro-
phy (LVH), and it has been suggested that FGF23 exerts a
direct effect on the myocardium. While it is possible that ‘off
target’ effects of FGF23 present in very high concentrations
could induce LVH, this possibility is controversial, since o-
klotho is not expressed in the myocardium. Another possi-
bility is that FGF23’s effect on the heart is mediated indirectly,
via ‘on target’ activation of other humoral pathways. We will
review the physiology and pathophysiology of FGF23, the out-
comes associated with elevated FGF23 levels, and describe
putative mechanisms of action responsible for its negative
effects and potential therapeutic strategies to treat these.

secretion [17]. While hyperparathyroidism is a central adap-
tive response to loss of renal function, recent discoveries
suggest a significantly more complex pathophysiology, in
which fibroblast growth factor-23 (FGF23) plays a key role
[18]. FGF23 is a regulator of phosphorus and vitamin D
homeostasis, with its main bone and mineral-related physio-
logic actions being to increase renal phosphorus excretion and
to decrease lo-hydroxylation of 250H vitamin D [19, 20].
FGF23 levels increase early in the course of CKD [21] and
elevated FGF23 levels are associated with significantly worse
clinical outcomes in both pre-dialysis CKD and in ESRD [22-
26]. While it is possible that these associations are merely
another manifestation of CKD-MBD’s effect on various patho-
logic processes, there are reasons to believe that FGF23’s
physiologic roles and its involvement in disease processes may
extend beyond the realm of CKD-MBD.

PHYSIOLOGY OF FGF23

INTRODUCTION

Mortality is extremely high in patients with chronic kidney
disease (CKD) and end-stage renal disease (ESRD) [1], with a
5-year survival of only ~35%, largely due to an extremely high
rate of cardiovascular (CV) mortality [1]. The burden of CV
disease and death related to CKD is possibly even greater in
earlier CKD stages in part due to the much larger number of
these patients [2]. While the incidence and prevalence of tra-
ditional CV risk factors is high in patients with CKD and
ESRD [3], decreased kidney function in itself is a strong and
independent predictor of CV events and death [4]. Moreover,
some of the traditional risk factors of CV morbidity and mor-
tality such as African-American race, hypertension, hypercho-
lesterolemia and obesity are paradoxically associated with
better outcomes in CKD and ESRD patients [5-8], and the few
trials of interventions targeting modifiable traditional CV risk
factors have yielded disappointing results in this patient popu-
lation [9, 10]. These observations point to the presence of
novel CV risk factors in CKD. CKD and ESRD are character-
ized by a complex metabolic milieu that consists of multiple
biochemical and hormonal abnormalities. In particular, ab-
normalities in bone and mineral metabolism have been associ-
ated with worse CV outcomes and mortality independent of
traditional risk factors. These and yet to be defined risk factors
represent opportunities for interventions to improve outcomes
in a population in which traditional risk factors of CV morbid-
ity and mortality appear to be less relevant.

Abnormalities of bone and mineral metabolism associated
with increased mortality in CKD include hyperphosphatemia
[11, 12], hypo- and hypercalcemia [13], hypo- and hyperpar-
athyroidism [14] and hyperphosphatasemia [15]; these have
recently been grouped under the umbrella term of CKD-
related mineral and bone disorders (CKD-MBD) [16]. Tra-
ditional physiologic theories characterize CKD-MBD as a
system in which decreased glomerular filtration rate (GFR)
and subsequent pathologic changes linked to changes in
serum phosphorus, calcium and vitamin D metabolism lead to
maladaptive alterations in parathyroid hormone (PTH)

Fibroblast growth factors (FGFs) comprise a family of 22 mol-
ecules, which can be grouped into seven subfamilies [27]
which have in common the ability to bind to one of the four
FGF receptors (FGFR), typically in a paracrine manner [28].
The paracrine FGFs require the presence of heparin sulfate
glycoseaminoglycans to allow signal transduction, resulting in
a variety of effects including embryonic development, tumor
growth, angiogenesis and wound healing [29]. Secreted FGFs
belong to the FGF19 family and include FGF19, FGF21 and
FGF23. Secreted FGFs appear unique in that the topology of
their heparin-binding region diverges from the typical struc-
ture seen in the canonical FGFs, which reduces their affinity
for heparin sulfate [30], and enables them to avoid capturing
in the extracellular matrices and hence allows them to function
as endocrine factors [31]. The weak heparin-binding ability of
the FGF19 subfamily also reduces their affinity for FGFR [28],
which has been shown to be weak even at high concentrations
[32]. Rather, the activation of FGFRs by FGF19 family
members requires the presence of a different co-factor, namely
members of the Klotho family of membrane-bound
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glucosidases. The expression of a-klotho is limited to certain
tissues, most notably to the distal convoluted tubule, and to a
lower extent to the parathyroid and pituitary glands, the sinoa-
trial cells of the heart, placenta, skeletal muscle, urinary
bladder, aorta, pancreas, testis, ovary and colon [33, 34]. The
limited distribution of the full-length, trans-membrane o-
klotho molecule explains the tissue-restricted physiologic
actions of FGF23 (vide infra).

FGF23 is a 32 kDa protein expressed in the osteocytes and
osteoblasts, which primarily targets the FGF receptor-o-klotho
complex in the kidney. Excess FGF23 production results in hy-
pophosphatemia, suppressed 1,25(OH), vitamin D levels and
elevated PTH levels and impaired bone and cartilage mineral-
ization. FGF23 deficiency, on the other hand, results in hyper-
phosphatemia, elevated 1,25(OH), vitamin D level, suppressed
PTH and soft tissue calcification [35].

The regulation of FGF23 is complex and incompletely un-
derstood. PTH, 1,25(OH), vitamin D, secreted klotho, gluco-
corticoids, calcium and phosphate appear to regulate FGF23
production (Figure 1), but the response is context dependent
and the molecular mechanism underlying the transcriptional
regulation of FGF23 remain unclear. The principal regulator
of FGF23 appears to be 1,25(0OH), vitamin D, which stimu-
lates FGF23 production in the bone [36]. The role of other reg-
ulators of FGF23 remains controversial. Stimulation of FGF23
production by PTH was shown in some [37-40], but not all,
studies [36, 41]. Recent studies also suggest that bone mineral-
ization and remodeling may have a direct effect on FGF23 pro-
duction, and mutations in genes that regulate bone
mineralization, such as Phex, Dmpl, Enppl, as well as FGFR1
and HMW-FGF2 increase FGF23 gene transcription (reviewed
in [19]). These local regulators may allow FGF23 to control
renal phosphate metabolism according to the actual influx/
efflux of calcium and phosphate to and from the bone. In
addition, leptin, estrogen and glucocorticoids also regulate
FGF23 [42]. Interestingly, although phosphate correlates with
FGF23 levels in some settings, such as ESRD, changes in
serum phosphorus level do not appear to have an immediate
or consistent effect on FGF23 production. Studies that exam-
ined the effects of oral phosphate intake on FGF23 levels have
detected either no effect [43-45], or described changes in
FGF23 production in response to alterations in dietary phos-
phate intake after a lag time of up to 1 week [46-51]. This
suggests that phosphate may affect FGF23 indirectly, either
through vitamin D and/or through bone mineralization [36].

FGF23 undergoes cleavage into N- and C-terminal frag-
ments that do not activate FGFR/Klotho complexes. The
enzymes responsible for FGF23 cleavage have not been ident-
ified [52]. Cleavage of the intact FGF23 abrogates its effects
not only by removing the binding site to the FGFR-klotho
complex, but also by a direct inhibitory effect of the C-term-
inal peptide fragment [53]. Cleavage of the intact FGF23 mol-
ecule may occur in blood samples too and could affect the
accuracy of laboratory measurements, depending on the
length of time elapsed from obtaining the sample [54] and on
the type of laboratory assay (intact, which measures the whole
molecule, or C-terminal, which measures whole molecule and
C-terminal fragments) [55].

The primary physiologic actions of FGF23 involve regu-
lation of bone and mineral metabolism through bone-kidney
endocrine loops (Figure 1). FGF23 inhibits proximal tubular
phosphate reabsorption through its action on Na-dependent
phosphate transporters, even though its co-factor, a-klotho is
expressed in distal, but not in proximal tubular cells; the
mechanisms underlying a distal-to-proximal tubular feedback
loop regulating the effects of FGF23 are unclear. It is possible
that the effect is mediated via soluble klotho acting as a
humoral factor in inducing phosphaturia and multiple other
physiologic functions (vide infra) [56]. FGF23 also suppresses
circulating 1,25(0OH), vitamin D levels, in part by inhibiting
Cyp27bl (1-a hydroxylase) and in part by activating Cyp24
(24-hydroxylase) [19]. The physiologic effect of FGF23 on
PTH secretion remains controversial. In vivo and in vitro
studies have indicated that FGF23 suppresses PTH secretion
[34], but clinically even extremely elevated FGF23 levels have
not prevented the development of secondary hyperparathyr-
oidism in CKD and elevated FGF23 has been associated with
refractory secondary hyperparathyroidism [57]. This apparent
paradox may be explained by resistance to FGF23 effects in
uremia, perhaps due to downregulation of the FGFR in the
parathyroid gland and/or to downregulation of klotho [58].
Finally, FGF23 decreases klotho gene transcription in the
kidney [59]. Thus, the decreased expression of klotho in CKD
could result from both FGF23-mediated suppression as well as
loss of parenchyma due to the underlying kidney disease. In
addition to being an essential co-factor of FGF23, klotho is re-
leased into the circulation by ectodomain shedding of the
transmembrane protein or by alternative splicing of a protein
that lacks the transmembrane domain and has various para-
crine and endocrine functions. These include regulation of
tubular, cardiac and smooth muscle calcium, and tubular pot-
assium channels, inhibition of sodium-phosphate co-transpor-
ters and induction of FGF23-independent phosphaturia,
inhibition of insulin and insulin-like growth factor-1-signaling
pathways, increased endothelial nitric oxide production and
improved endothelium-dependent vasodilatation, resistance to
lipid peroxidation and anti-inflammatory and anti-cancer
effects [56]. It is thus possible that by decreasing klotho levels,
FGF23 has numerous indirect effects on other organ systems.

FGF23 IN CKD

Physiologic adaptation to loss of renal function

Elevations in FGF23 levels are one of the earliest manifes-
tations of disordered bone-mineral metabolism in CKD [21].
Human cross-sectional studies have indicated an association
of FGF23 levels with elevated serum PTH and phosphorus
levels and with lower serum 1,25(OH), vitamin D levels and
GFR [60]. Due to the complex and often still not fully under-
stood interactions between the various humoral components
of bone-kidney-parathyroid gland axis described above, there
is still debate about whether elevations in FGF23 or PTH rep-
resent the initiating step in the sequence of events resulting in
this typical constellation of biochemical abnormalities in CKD
and ESRD. According to one paradigm, FGF23 is the initial
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adaptive step after the early decline in GFR, FGF23-mediated
reductions in 1,25(OH), vitamin D leads to secondary hyper-
parathyroidism and the combined actions of FGF23 and PTH
inhibits phosphate reabsorption in the kidney to maintain
phosphate balance in the setting of declining glomerular fil-
tration. On the other hand, PTH stimulates FGF23 in CKD, as
evidenced by effects of parathyroidectomy to lower FGF23
levels in patients and animal models with CKD. Thus,
elevations in PTH, at least in established CKD, contribute to
increased FGF23. Finally, another hypothesis is that FGF23 is
increased secondary to primary reductions in o-klotho
expression in the diseased kidney leading to end-organ resist-
ance of FGF23 and secondary increments in this hormone.
Further work is needed to understand the mechanisms of
FGF23 regulation in CKD.

Regardless, FGF23 levels increase significantly with
advancing stages of CKD and can reach levels that are up to
1000-fold higher than normal in patients with ESRD. Some
studies in ESRD have found increased accumulation of
inactive C-terminal fragments [61], but others suggested that
most circulating FGF23 may be functionally intact [62], indi-
cating that impaired degradation may be a major contributor
to the high levels seen in CKD and ESRD. Furthermore, in-
creased production of FGF23 by the bone (via translational
and post-translational regulation) may also contribute to elev-
ated levels in CKD and ESRD [63].

Association of FGF23 with adverse outcomes

While physiologically FGF23 represents an adaptive mech-
anism meant to maintain normal bone-mineral homeostasis,
elevated FGF23 levels have been associated with a significant
increase in adverse outcomes, such as increased mortality in
patients with ESRD, with non-dialysis-dependent CKD and
with kidney transplantation [22-26, 64] and even in patients
with normal kidney function [65, 66]. Furthermore, elevated
FGF23 levels are associated with CV events [65], with in-
creased progression of CKD [22, 24, 25, 64], with vascular cal-
cification [67], with left ventricular hypertrophy (LVH) [68-
75], with arterial stiffness and endothelial dysfunction [76]

é 1FGF23 \
\_ _/

and with increased levels of inflammatory markers [77]. These
associations appeared to be robust and independent of other
concomitant bone-mineral abnormalities, and many have
been described in patients with normal kidney function in
whom the typical constellation of abnormal bone-mineral
metabolism seen in CKD and ESRD is not present.

Possible mechanisms underlying the association
of FGF23 with poor outcomes

The causality of the association between elevated circulating
levels of FGF23 and adverse outcomes remains to be estab-
lished. To this end, it is important to determine what mechan-
isms may underlie these associations, and to test interventions
that could reverse the responsible pathophysiologic processes
and their outcomes; otherwise, the association between FGF23
and adverse outcomes could represent an epiphenomenon of
the uremic state. Thus, at present, FGF23 may be a surrogate
marker for other concomitant bone-mineral abnormalities
such as hyperphosphatemia, hyperparathyroidism, hyperpho-
sphatasemia or abnormal calcium homeostasis that are causa-
tive of the adverse events. The association of FGF23 with
adverse outcomes in observational studies, however, has been
extremely robust and resistant to adjustment for other bio-
markers of bone mineral disorders, which suggests an inde-
pendent effect.

Figure 2 lists several possible explanations for FGF23
having adverse clinical outcomes. One mechanism could be
through FGF23 effects to suppress vitamin D metabolism
(Figure 2). As detailed above, FGF23 lowers circulating 1,25
(OH), vitamin D levels, and through its actions on Cyp24 it
may also contribute to the low 25(OH) vitamin D levels that
are very common in patients with CKD and ESRD. Low
vitamin D levels have shown a strong association with adverse
outcomes in the general population and in CKD and ESRD
[78-80], and treatment of patients with CKD and ESRD with
active vitamin D has also been associated with significantly
lower mortality [81]. It is thus possible that, by lowering
vitamin D levels, FGF23 could be instrumental in engendering
adverse consequences, which would under this paradigm be
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FIGURE 2: Putative mechanisms of action underlying the pathologic jffects of elevated FGF23 levels.
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related to the multiple and complex end-organ effects of low
vitamin D, which have themselves been linked to activation of
the renin-angiotensin-aldosterone system (RAAS) [82],
higher blood pressure, vascular calcification, inflammation
and infections and malignancies [83]. Most or all of the
studies supporting the argument that FGF23 exerts its negative
effects by affecting vitamin D metabolism is derived from ob-
servational studies; hence, further examination of this hypoth-
esis will be required.

Another possible explanation for the association of FGF23
with mortality and other adverse outcomes is an effect that is
independent of its main physiologic (bone-mineral related)
actions. As detailed above, FGF23 belongs to a larger family
of growth factors, which have multiple and complex physio-
logic roles. It is conceivable that FGF23 may be able to induce
deleterious effects on various organ systems that are unrelated
to phosphaturia or vitamin D metabolism, especially at very
high concentrations such as those seen in ESRD. Animal
experiments suggest that besides effects mediated indirectly
through vitamin D (vide supra), FGF23 also directly stimu-
lates the RAAS by suppressing angiotensin-converting
enzyme-2 (ACE2) expression in the kidneys, independent of
other abnormalities typical of bone-mineral disorders [59].
Activation of the RAAS has been linked to numerous adverse
consequences such as hypertension, baroreceptor dysfunction,
sympathetic activation, diabetic nephropathy, progression of
atherosclerosis, endothelial dysfunction, the inhibition of the
fibrinolytic system [84], and a reduction in renal klotho
expression [82], and hence an effect of FGF23 on the RAAS
could be a potential link explaining its association with unto-
ward outcomes. Activation of the RAAS by FGF23 could also
explain the association of the latter with LVH [68-70], since
activated RAAS is a known risk factor for pathologic myocar-
dial hypertrophy [85]. A potential effect of bone-mineral
metabolism on the RAAS was also suggested by a recent sec-
ondary analysis of the Ramipril Efficacy in Nephropathy
(REIN) trial, which showed that the renoprotective effects of
ACE-inhibitor therapy were only present in individuals with
lower serum phosphorus levels [86]. This study did not
examine FGF23 levels; hence it is unclear to what extent elev-
ated FGF23 levels might have played a role in the observed
effect modification by serum phosphorus.

A link between inflammation and FGF23 could also explain
many of the adverse effects associated with elevated FGF23
levels. Inflammation is common in CKD/ESRD and it is
associated with significantly worse outcomes [87, 88]. Exper-
imental data suggest that FGF23 increases the production of
inflammatory markers such as lipocalin-2, transforming
growth factor-beta and tumor necrosis factor-alpha [59]. Fur-
thermore, elevated FGF23 levels were associated with markers
of inflammation in a cross-sectional study [77]. The clinical
relevance of the effects of FGF23 on inflammation will need to
be tested in the future.

The limited tissue distribution of klotho (vide supra),
which is necessary for FGF23’s activation of the FGFR, theor-
etically limits the actions of FGF23 to organs expressing it.
However, the effects of FGF23 on organ systems that do not
express klotho could occur by virtue of its suppressing effects

on klotho production, and consequently its lowering of circu-
lating levels of klotho (Figure 2), which in itself has various
metabolic effects [19] and could thus act as a mediator of
FGF23’s effects on other organ systems. Another intriguing
hypothesis that has been promoted recently suggests that
FGF23 may in fact be able to exert direct effects on organs that
do not express o-klotho. In a series of experiments from a
single group of investigators, FGF23 was shown to induce
LVH in vitro and in experimental animals by inducing mol-
ecular mechanisms typical of pathological LVH [70]. Since the
myocardial cells do not express klotho, these experiments
challenge the prevailing paradigm that FGF23’s effects on the
FGFR are weak without the concomitant presence of klotho,
even at high concentrations of FGF23 [32]. Testing and confir-
mation of these unorthodox hypotheses by independent
groups are awaited.

Practical implications

Clarification of the pathomechanism underlying the associ-
ation of FGF23 with adverse outcomes is paramount in deter-
mining the best therapeutic strategies aimed at alleviating the
untoward effects of FGF23 excess. If FGF23’s main effects are
accounted for by the actions of abnormalities of bone-mineral
metabolism, then correcting abnormalities such as hyperpho-
sphatemia, hyperparathyroidism or especially hypovitaminosis
D should be sufficient to abrogate FGF23’s negative effects.
There are to date no clinical trials that examined the effects of
intervention aimed at correcting bone-mineral abnormalities
on hard clinical endpoints in CKD or ESRD, but it appears
that the administration of some of the standard medication
classes used to treat bone-mineral abnormalities may have sig-
nificant effects on serum FGF23 levels. As mentioned above,
changes in dietary phosphorus intake may or may not affect
serum FGF23 levels depending on the duration of the change.
Dietary habits may thus be important, given the large
amounts of rapidly absorbable inorganic phosphorus in
modern Western diets containing various food additives and
preservatives [89]. Conversely, dietary and pharmacologic in-
terventions could affect serum FGF23 levels, but their mech-
anisms may be unrelated to changes in serum phosphorus
levels. For example, prolonged administration of sevelamer, a
noncalcium-containing phosphate binder, to ESRD and to
CKD patients has been shown to result in lowering of FGF23
levels; interestingly, a similar effect was not present with
calcium-containing phosphate binders [90-92], suggesting
that the effects of binders may not be solely mediated by their
effects on serum phosphorus and that other effects (e.g. such
as bone turnover) may also play a role. Supporting this
hypothesis were studies showing that long term [93], but not
short term administration of lanthanum carbonate [45] sig-
nificantly decreased FGF23 levels, in spite of both strategies
equally decreasing urine phosphorus levels.

Administration of active vitamin D leads to stimulation of
FGF23 production and higher FGF23 levels [94]; such an
effect may seem undesirable, and would counter the apparent
benefit of active vitamin D therapy that was described in
numerous observational studies [95]. A potential explanation
for this apparent paradox could be that the main pathologic
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effects of FGF23 are mediated through the lowering of 1,25
(OH), vitamin D levels, in which case the pharmacologic cor-
rection of these levels could render the elevation in FGF23
levels irrelevant. Another agent used to treat secondary hyper-
parathyroidism in ESRD is cinacalcet hydrochloride, a calcium
receptor sensitizer agent. Administration of cinacalcet has
been shown to decrease FGF23 levels [94, 96, 97], suggesting
a possible additional biochemical benefit from cinacalcet
besides the lowering of PTH and phosphorus levels. Whether
or not such biochemical benefits translate to better clinical
outcomes in patients treated with cinacalcet versus active
vitamin D remains unclear, since a recent large, randomized,
controlled, clinical trial comparing the two regimens in
ESRD patients yielded inconclusive results [98]. The FGF23-
lowering effects of cinacalcet in CKD are also accompanied
by a concomitant rise in serum phosphorus levels [94], com-
plicating the prediction of downstream clinical outcomes.
Furthermore, clinical trials will be needed to clarify the
effects of the various therapeutic interventions on FGF23
levels, and to determine how these changes impact clinical
outcomes.

The discovery that FGF23 may have either direct and/or in-
direct effects outside of the realm of bone-mineral metabolism
suggests additional possibilities for the treatment of the
adverse effects associated with elevated FGF23 levels. If acti-
vation of the RAAS or the induction of inflammation are
indeed relevant pathomechanisms, then medications such as
ACE inhibitors, angiotensin-receptor blockers, aldosterone re-
ceptor antagonists or a variety of agents with anti-inflamma-
tory effects [99] could be tested towards this goal. The
advantage of such an approach would be the use of approved
medications with a known therapeutic profile, which would
obviate the need to develop novel agents, with obvious cost
benefits and with a lesser potential for adverse outcomes
associated with their use.

It is, however, possible that FGF23 may have a direct effect
on organs such as the myocardium (vide supra), which would
mean that in order to alleviate its adverse effects one would
have to either lower its production, or to directly block its end-
organ effects. The application of agents blocking the effects of
FGF23 are enticing, as such agents have been shown to reverse
the skeletal and biochemical abnormalities attributed to excess
FGF23 in experimental settings of
X-linked hypophosphatemic rickets [100, 101]. Furthermore,
the use of an FGF23 monoclonal antibody in rats with CKD
has effectively neutralized FGF23, and resulted in the correc-
tion of both secondary hyperparathyroidism and low vitamin
D level and also in the normalization of bone structure and
turnover rate [102]. However, this intervention also resulted in
the development of hyperphosphatemia, in a significant in-
crease in aortic calcification and in increased mortality [102],
suggesting that FGF23 may in fact represent an essential regu-
latory pathway and completely abolishing it may prove to be
deleterious. A potential solution to this dilemma could be the
development of agents that selectively block only certain sub-
types of the FGFR, in hopes of blocking the deleterious effects
of FGF23 while maintaining its essential physiological func-
tions.

Finally, elevated FGF23 is associated with reductions in o.-
klotho in CKD [59]. Since klotho is also a hormone whose
deficiency results in an accelerated aging phenotype, it is poss-
ible that klotho deficiency may contribute to the poor out-
comes associated with CKD and replacement of this hormone
might have salutary effects on morbidity and mortality in
CKD. Further research in all four of these areas is needed.

CONCLUSIONS

FGF23 has emerged as a novel risk factor for adverse outcomes
in patients with CKD and ESRD. While its physiologic role is
primarily the regulation of bone-mineral metabolism, FGF23
has been implicated in numerous other physiologic processes
that may explain its strong association with mortality and
other adverse outcomes independent of abnormalities of
bone-mineral metabolism. Clarification of FGF23’s physio-
logical pathways could lead to the development of new thera-
peutic paradigms aimed at improving outcomes in patients
with CKD and ESRD.
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