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A B S T R A C T

Fibroblast growth factor 23 (FGF23) is a circulating hormone
derived from the bone whose release is controlled by many fac-
tors and exerts a multitude of systemic actions. There are con-
genital and acquired disorders of increased and decreased
FGF23 levels. In chronic kidney disease (CKD), elevations of
FGF23 levels can be 1000-fold above the upper physiological
limit. It is still debated whether this high FGF23 in CKD is a
biomarker or causally related to morbidity and mortality. Data
from human association studies support pathogenicity, while
experimental data are less robust. Knowledge of the biology and
pathobiology of FGF23 has generated a plethora of means to re-
duce FGF23 bioactivity at many levels that will be useful for
therapeutic translations. This article summarizes these
approaches and addresses several critical questions that still
need to be answered.
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I N T R O D U C T I O N

Fibroblast growth factor 23 (FGF23) is a circulating glycopro-
tein hormone produced by osteoblasts and osteocytes whose
physiological function was originally deemed to be dedicated to
phosphate (P) homeostasis. FGF23 decreases P reabsorption in
the renal proximal tubules [1] and suppresses vitamin D syn-
thesis, resulting in a decreased intestinal uptake of P [1]. In ad-
dition, FGF23 controls parathyroid hormone (PTH) secretion,
also resulting in lowering of P levels [1]. When P loads or levels
are high, FGF23 is upregulated to maintain normal P balance
and prevent P overload and toxicity. Many other factors can in-
crease FGF23 synthesis, including calcium levels, active vitamin
D, PTH, leptin, catecholamines, mineralocorticoids, volume de-
pletion, lithium, iron deficiency, high-fat diet, Klotho deficiency
and inflammation; these are summarized in detail in excellent
recent reviews [2–4]. Theoretically, manipulation of one or
more of these upstream regulators is a potential means of con-
trolling FGF23 levels.

D E R A N G E M E N T S O F F G F 2 3 L E V E L S

Disturbances of FGF23 levels disrupt P homeostasis, with dire
consequences. In conditions of primary FGF23 excess, hypo-
phosphataemia and total body P depletion occur, impairing
bone mineralization and resulting in growth retardation and
bone deformity in children and bone pain and muscle weakness
in adults [5]. Several congenital as well as acquired disturbances
cause a primary increase in FGF23 levels that lacks definitive
therapy (Table 1) [5].

Far more common than primary increases in FGF23 are sec-
ondary high FGF23 states, universally seen in chronic kidney
disease (CKD) in 11–15% of the world population [6]. In early
CKD, high FGF23 may be adaptive to maintain P balance. In
later stages of CKD, high FGF23 is conceivably maladaptive
and can contribute to extrarenal morbidities [7]. The pathologic
effects of FGF23 have been proposed to be mediated in part by
FGF receptor 1 (FGFR1)/Klotho-independent signalling via the
FGFR4–phospholipase C (PLC)c–calcineurin–nuclear factor of
activated T cells (NFAT) cascade [6]. This review will focus
mostly on treating the secondary high FGF23 states such as
CKD.

R A T I O N A L E F O R T R E A T I N G H I G H F G F 2 3
B I O A C T I V I T Y I N C K D

There is a strong epidemiologic association between FGF23
level and undesirable clinical events or mortality [1]. Although
the association of FGF23 with adverse outcomes in humans is
well documented, the experimental data supporting causality
are less robust. The critical question in CKD is whether FGF23
is a biomarker or causal of undesired sequelae.

In the heart, data implicating a pathologic effect are more
abundant. In CKD patients, FGF23 levels are associated with
left ventricular hypertrophy (LVH) [8]. In vitro cell culture and
in vivo animal experiments both suggest that FGF23 can induce
hypertrophy via direct FGFR4-mediated signalling on cardio-
myocytes [8, 9]. In contrast, data on LVH in X-linked hypo-
phosphataemia (XLH; an X-linked dominant form of rickets)
patients are inconsistent and sparse [10]. This has been
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attributed to the lower FGF23 levels, absence of uraemic toxins
and the fact that XLH patients are P-depleted rather than phos-
photoxic. Not all studies of XLH have shown a relationship be-
tween FGF23 and LVH [11, 12]. Interestingly, increased cardiac
afterload, myocardial infarction, cardiac hypertrophy and heart
failure in humans are also associated with high FGF23 [13, 14],
raising a possibility that FGF23 may be upregulated following
cardiovascular disease.

Associations between FGF23 with atherosclerosis and vascu-
lar dysfunction have been found in CKD patients [15, 16].
Preclinical data are not definitive. In a rat model of CKD and in
cultured vascular smooth muscle cells, FGF23 induced calcifica-
tion, but oddly only in the presence of Klotho [17]. There is also
a paradoxical protective effect of FGF23 on vascular calcifica-
tion after upregulation with active vitamin D [18].

FGF23 might affect the liver by increasing both interleukin-
6 (IL-6) and C-reactive protein production via FGFR4 [19].
Also, it is associated with the risk of inflammation-related mor-
tality in haemodialysis patients [20]. Activation of FGFR2 by
FGF23 may inhibit selectin and chemokine-triggered b2 integ-
rin activation in neutrophils [21], thus impairing the host im-
mune response [21]. An alternative view is that high FGF23 is a
consequence of inflammation rather than a cause, since FGF23
secretion in osteocytes is upregulated in inflammation [22].

If causality between FGF23 and adverse outcomes in CKD is
not yet established, why should one even consider anti-FGF23
therapy? There are reasons to devote effort to this front. First,
since the correlative clinical data and more definitive preclinical
data are both quite strong, devising strategies to block its action
is quite appropriate. Second, one should have an armamentar-
ium of therapies at one’s disposal when further data are eventu-
ally secured supporting causality. Not all modalities work, so
one should be equipped with multiple strategies. In addition,
there are likely opportunities for synergistic therapies. Third,
and most importantly, the only way to confirm causality in hu-
man CKD is by intervention trials, which mandates the avail-
ability of effective control of FGF23 bioactivity. The journey of
FGF23 from origin to target organ along with the multiple
locales of current strategies at our disposal to reduce its bioac-
tivity are summarized in Figure 1. Seldom has one encountered
an example of an endocrine disorder with such diverse
multilevel corrective measures.

L O W E R I N G F G F 2 3 P R O D U C T I O N

The first approach is to reduce FGF23 production from the
bone using physiologic and pharmacologic means. This ap-
proach is presumably the most beneficial way to reduce FGF23

levels in patients with early CKD, since it does not interfere
with the remaining renal phosphaturic activity of FGF23, thus
preventing phosphotoxicity.

Controlling P load and levels

Dietary manipulation. Since P is a physiologic stimulus for
increasing FGF23, a simple way to reduce FGF23 levels in
patients with CKD is by lowering their P load and body fluid
levels. Even for this, multiple approaches can be used—limiting
P or protein intake, modifying the type of P ingested, using P
binders or blocking intestinal transcellular and paracellular P
absorption (Figure 2).

After 1 week, patients with CKD receiving a very low-
protein diet (0.3 g/kg bodyweight per day) had 33% lower
FGF23 serum levels compared to patients on low-protein diet
(0.6 g/kg body weight/day) [23]. In a controlled trial, FGF23 is
responsive to a reduction in dietary P intake in CKD patients
[24].

Inorganic P is much more bioavailable than organic P, which
in turn is more bioavailable than plant-based P. A plant-based
phosphorus-equivalent diet led to marginally lower urinary P
and plasma FGF23 [25].

Luminal sequestration. P binders lower the luminal P avail-
able for absorption from the intestine (Figure 2) and have been
our mainstream therapy in P control in CKD. They are limited
by competition with the highly efficient P uptake mechanisms
in the intestinal lumen. No effect was observed using calcium-
based P binders, possibly because the absorbed calcium stimu-
lates FGF23 synthesis [26]. In contrast, non-calcium-based P
binders lower plasma FGF23 [26]. Ferric citrate is felt to be
most potent, with a 40% lowering of FGF23 levels [24]. For sev-
elamer, some studies found a large effect while others did not,
and lanthanum is only able to lower FGF23 levels in combina-
tion with dietary P restriction [24].

Transport inhibitors. Transcellular intestinal P absorption
is mediated by the sodium-dependent phosphate transport pro-
tein 2b (NaPi-2b). Many compounds are capable of inhibiting
NaPi-2b and some even NaPi-2a in the kidney, where reduced
intestinal absorption can be theoretically complemented by in-
creased phosphaturia. A catalogue of this approach and candi-
date compounds were summarized in Sorribas et al. [27].
Compounds harbouring P moieties such as phosphono-
formate, -acetate and -proprionate, phosphinylphosphonates
and phloretin-derivatives are potential inhibitors of NaPi-2b.
However, their actions are not specific to NaPi-2b, systemic
toxicity exists and thus have not explored for clinical use at this
juncture. The tubulotoxicity of phosphonoformic acid as an
antiviral agent is well known.

It has been known for a long time that nicotinamide, nico-
tinamide adenine dinucleotide and nicotinic acid can inhibit
NaPi-2b [28]. In a randomized clinical trial of nicotinamide in
patients with Stage 3 CKD, an 11% decrease in FGF23 concen-
tration was found after 24 weeks [29]. Contrary to these find-
ings, a recent and longer randomized trial in CKD patients did
not find an effect on FGF23 levels [30]. An ideal agent will be

Table 1. Diseases causing an increase in FGF23

Congenital Acquired

Autosomal dominant hypophosphataemic rickets

Autosomal recessive hypophosphataemic rickets
XLH
Fibrous dysplasia
McCune–Albright syndrome

Tumour-induced
osteomalacia
CKD
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direct, specific and a non-absorbable inhibitor of NaPi-2b,
which exists and is in the pharmaceutical pipeline.

Targeting the transcellular absorption of P is handicapped
by the significant amount of paracellular absorption. The
non-reabsorbable inhibitor of the luminal sodium–hydrogen
exchanger 3 (NHE3) is able to inhibit this paracellular P reab-
sorbtion [27]. Originally targeted to block sodium absorption
from the intestine, an unexpected/unintended side effect
turned out to be inhibition of paracellular P reabsorption,

presumably mediated by inside-out signalling from cell acidi-
fication [31]. After P-binder washout in haemodialysis
patients, serum FGF23 increased, but the NHE3 inhibitor
tenapanor significantly decreased serum FGF23 [32].

Calcimimetics

Calcimimetics are small organic molecules that allosterically
bind to the calcium-sensing receptor distinct from the
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FIGURE 1: Production and action of endocrine FGF23 and strategies to lower FGF23 bioactivity. 1. Reduce production. Achieved by reduction
of P intake and absorption (see Figure 2) and pharmacologically by calcimimetics. 2. Inhibit glycosylation of newly synthesized FGF23 by small
molecules. Glycosylation of FGF23 by GALNT3 (UDP-N-acetyl-alpha-D-galactosamine: polypeptide N-acetylgalactosaminyltransferase 3) pro-
tects FGF23 from cleavage by furin proprotein convertase (PPC). Inhibition of GALNT3 results in accelerated FGF23 cleavage and clearance.
3. Neutralizing antibodies to circulating FGF23 reduce circulating active FGF23 4. Exogenous C-term fragment of FGF23 competitively blocks
full-length FGF23 on-target action on the FGFR1–Klotho coreceptors (see Figure 3). 5. FGFR4 inhibitors block the off-target effects of FGF23
on FGFR4. 6. Pan-FGFR inhibitors block FGFR1–Klotho coreceptor complex and the other FGFRs.
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FIGURE 2: Lowering FGF23 by decreasing P load. P is ingested as organic or inorganic (additive to natural diet) forms. P is released by lumi-
nal phosphatases and absorbed via paracellular and transcellular routes. 1. Dietary restriction of total P intake or P modification, switching
from high to low bioavailable P (from inorganic to organic P). 2. Luminal P binders can be divalent metal (Ca2þ, Mg2þ and Fe2þ), trivalent
metal (Al3þ and La3þ) and anion exchange polymers. 3. Inhibition of transcellular transport by direct or indirect inhibition of NaPi-2b. 4.
Blocking paracellular transport is achieved by lumen-restricted inhibition of apical NHE3 with secondary effects on paracellular permeability.
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physiological ligand (calcium ion; Ca2þ) and increase sensitivity
to Ca2þ, thereby lowering the setpoint for calcium responsive-
ness [33]. By doing so, calcimimetics decrease serum PTH levels
[33]. These compounds are used to reduce secondary hyper-
parathyroidism in CKD.

Cinacalcet is approved for the treatment of secondary hyper-
parathyroidism. In a prospective randomized controlled trial, it
lowered FGF23 levels significantly compared with vitamin D
[34]. Still, it is unclear whether calcimimetics lower FGF23 via
its effects on serum P, calcium and PTH or it has an indepen-
dent direct effect on FGF23 synthesis.

Etelcalcetide is a second-generation calcimimetic with a
pharmacokinetic profile that renders intravenous administra-
tion possible after haemodialysis to improve adherence [31]. It
is more effective than cinacalcet in lowering PTH concentra-
tions, with similar safety and tolerability [35]. Interestingly, etel-
calcetide produces a more pronounced reduction in FGF23
levels compared with cinacalcet and can potentially be har-
nessed as an FGF23-lowering agent.

I N C R E A S I N G F G F 2 3 C L E A R A N C E

Polypeptide N-acetylgalactosaminyltransferase 3
(ppGalNAc-T3) inhibitor

There are physiologic conditions where increased FGF23
production is matched by contemporaneous FGF23 clearance,
leaving the bioactivity unchanged [1]. FGF23 undergoes O-gly-
cosylation at several sites (Figure 1, #2). O-glycosylation at
Thr178 is performed by the enzyme ppGalNAc-T3, which acts
specifically on FGF23 as a substrate. O-glycosylation protects
FGF23 from cleavage by the furin protease [36]. After this,
FGF23 is secreted to exert its systemic biologic effects.

However, if FGF23 is not O-glycosylated, it is readily inacti-
vated by cleavage into inactive fragments (Figure 1). In addi-
tion, the C-terminal tail is able to competitively block signalling
via the FGFR1–Klotho complex [37]. Proof-of-concept is pro-
vided by two experiments of nature—autosomal dominant
hypophosphataemic rickets and familial tumoural calcinosis,
where decreased and increased FGF23 clearance, respectively,
leads to P wasting or accumulation [2].

Song and Linstedt [38] identified a small molecule, T3Inh-1,
that inhibits the activity of ppGalNAc-T3 and O-glycosylation
of FGF23 at Thr178, increasing the ratio of cleaved to intact
FGF23 in the blood. Given the significant effect the inhibitor
was shown to have in vivo on this ratio in the blood, this might
be a potent approach for treating secondary high FGF23 in
CKD or primary FGF23 excess. In CKD, using this inhibitor
might only be beneficial for patients with end-stage renal dis-
ease (ESRD), since in early CKD it can interfere with the phos-
phaturic activity of FGF23 and possibly cause phosphotoxicity;
once again highlighting the importance of sorting out whether
FGF23 is a friend or foe in different CKD stages. Data on the
use of this inhibitor in CKD models are not yet available.

Dialysis

Epidemiological evidence shows that FGF23 levels are asso-
ciated with mortality in patients with CKD on haemodialysis
[1]. Longitudinal analysis of FGF23 levels in haemodialysis
patients shows that FGF23 levels remain stable [39]. In contrast,
haemodiafiltration is able to lower FGF23 levels, presumably
due to better middle molecule clearance [39]. Unexpectedly,
this lowering of FGF23 levels using haemodiafiltration does not
associate with reduced mortality [39].
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FIGURE 3: Structural basis of the antagonistic action of FGF23 C-terminus. FGF23 is naturally cleaved by the furin PPC (left). FGF23 engages
the FGFR1–Klotho coreceptor complex and activates signalling. The natural C-terminal tail of FGF23 (C-term) or shorter minimal binding
regions of the C-term binds to the Kl1 and Kl2 domains on Klotho but not FGFR1 and does not activate FGF23 signalling and bioactivity.
Molar excess of C-term functions as a specific blocker of FGF23 action on FGFR1–Klotho. Images derived from Chen et al. [42].
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One possible explanation is survival bias in prevalent dialysis
studies, where patients with a relatively good condition remain
and the effect of FGF23 on mortality is diminished. Studies in
patients initiating dialysis may show a larger effect of lowering
FGF23. Therefore longitudinal studies in both prevalent and in-
cident dialysis on the effect of reducing FGF23 levels on mortal-
ity should be performed.

N E U T R A L I Z I N G F G F 2 3

In addition to manipulating the generation and clearance of
FGF23, another approach is to directly neutralize it using an
anti-FGF23 antibody (Figure 1, #3). However, it is difficult to
control the degree of inhibition, which can result in either inad-
equate or too much neutralization of FGF23. In experimental
CKD, complete abrogation of FGF23 causes hyperphosphatae-
mia, diffuse vascular calcification and death [40].

While this approach is logical for primary FGF23 excess, as
it targets the underlying pathophysiology, secondary high
FGF23 such as in CKD is quite a different matter. In rats with
early-stage CKD, an anti-FGF23 antibody enhanced proximal
tubule reabsorption of P compatible with antagonism of the
phosphaturic effects of FGF23 [41]. In later stages of CKD, a
monoclonal antibody that completely neutralized FGF23 led to
high mortality, possibly due to P retention [40].

The use of FGF23-neutralizing antibodies in CKD is not uni-
formly beneficial and may even be harmful. The neutralization
in the aforementioned study was so powerful that serum FGF23
was undetectable. Therefore this study was not a model of
FGF23 ‘control’, but more like FGF23 ‘annihilation’ [42]. These
findings prompted important questions regarding the beneficial
versus harmful effects of neutralizing FGF23. The outcome may
be different in early CKD when high FGF23 is adaptive versus
late CKD when high FGF23 is maladaptive. In ESRD, the phos-
phaturic function of FGF23 may be severely restricted, so very
small changes in P levels occur when neutralizing antibodies
are used. Finally, there may be a discreet optimal degree of
FGF23 lowering, and it is not a situation of ‘the lower the
better’.

The monoclonal anti-FGF23 antibody burosumab increased
P reabsorption, normalized P levels, increased 1,25-dihydroxy
vitamin D levels in patients with XLH [43] and was safe over
24 weeks [43]. There are not yet any data on the use of burosu-
mab in human CKD.

I N H I B I T I N G F G F 2 3 S I G N A L L I N G

Pan-FGFR inhibitors

To date, there are no FGFR1/Klotho-specific inhibitory
small molecules, but pan-FGFR blockers are available. These
molecules target ATP binding sites of tyrosine kinase domains
from all FGFR subtypes. At first glance, this type of pan-
inhibition does not look enticing. None of these have been
tested in patients with CKD. In rodent CKD, however, these
inhibitors attenuated and even reversed FGF23-induced LVH
[8, 44]. It is unclear whether these inhibitors are beneficial or
harmful in early CKD, as they impair the phosphaturia of
FGF23. In ESRD, they have less impact on the phosphaturic

activity of FGF23 since renal function is exceedingly low. In ad-
dition, by blocking FGFR1, they can impair upregulation of
FGF23 expression in osteocytes as reported in a rat model of
CKD [45]. Lastly, by blocking FGFR4 (see below) they can at-
tenuate the pathologic signalling of FGF23 at these high levels.

In testimony to the ability to block FGF23 bioactivity, a
study in Hyp and Dmp1-null mice representing XLH and auto-
somal recessive hypophosphataemic rickets, respectively,
showed that administration of a pan-FGF23 inhibitor normal-
ized P levels [46]. Since these pan-FGFR inhibitors also target
FGFR2 and FGFR3, the critical studies should be directed at ex-
amining systemic off-target effects.

Specific FGFR1–Klotho blocking peptide

A more specific approach to lower the bioactivity of FGF23
is to use FGFR1–Klotho complex blockers. FGF23 is cleaved by
subtilisin-like pro-protein convertases, producing two different
fragments (Figure 1, #4) [32]. Interestingly, the C-terminal frag-
ment binds to where the C-terminus of full-length FGF23 binds
the FGFR1–Klotho complex but does not activate signalling,
and hence functions as a competitive inhibitor of FGF23 [37].
This binding site is on parts of both the KL1 and KL2 domains
of the Klotho protein (Figure 3) [47].

In cultured cells, the C-terminal tail of FGF23 specifically
inhibited the FGF23-induced tyrosine phosphorylation of
FRS2a in a dose-dependent fashion [37]. In renal proximal tu-
bule cells, it antagonized the inhibition of P uptake by FGF23
[37]. Lastly, in vivo experiments in hyp mice (model of XLH)
showed that the C-terminal tail of FGF23 reduces phosphaturia
and the downregulation of NaPi-2a and NaPi-2c cotransporters
[37]. Together, this suggests that by binding Klotho within the
FGFR1–Klotho complex, the FGF23 C-terminal tail can block
the action of intact FGF23. Interestingly, the half-life of the
FGF23 C-terminal tail was lengthened by generating an FGF23
C-tail-Fc fusion molecule and the chimera still inhibits FGF23-
induced tyrosine phosphorylation of FRS2a [48].

Although these inhibitors can be effective in treating patients
with primary FGF23 increases, they are likely not beneficial for
patients with CKD due to interference with the phosphaturic
effects of FGF23. Moreover, FGFR4-mediated signalling is not
inhibited, meaning that pathological extrarenal effects persist.

FGFR4 blockers

Klotho-independent effects of FGF23 are proposed to be
mediated by FGFR4 via the PLCc–calcineurin–NFAT cascade
[9, 19]. This pathway is possibly involved in LVH [9] and
hepatocyte-induced cytokine production [19]. Therefore inhibi-
tion of the FGFR4 receptor can potentially be a therapeutic
strategy at multiple levels. Importantly, by targeting FGFR4,
this inhibitor blocks pathologic activity of FGF23 while main-
taining the canonical phosphaturic activity of FGF23 via the
FGFR1–Klotho complex. Therefore this may be an effective ap-
proach for patients with early CKD. This inhibitor is not benefi-
cial for patients with primary FGF23 increase diseases, since
pathology via FGFR4 is less evident and they do not eliminate
hypophosphataemia.

D. Verbueken and O.W. Moe1804



In a 5/6 nephrectomy rat model of CKD, blocking FGFR4
with an anti-FGFR4 antibody attenuated FGF23-induced LVH
[9]. In addition, anti-FGFR4 antibody reduced the hepatic and
serum levels of IL-6 and CRP [19]. This effect may be beneficial
since inflammatory molecules are associated with a risk of mor-
bidity and mortality in patients with CKD [49]. Overall, this
suggests that FGFR4 blockade can potentially reduce FGF23-
related pathology in patients with CKD.

FGFRs have an important role in cancer by promoting pro-
liferation, metastasis and cell survival [50], which has driven the
development of FGFR4-specific blockade using neutralizing
antibodies, antisense oligonucleotides and small molecule
inhibitors [50]. The advances in this field and safety data can be
applied to the treatment of CKD patients with excess FGF23.

O T H E R F G F 2 3 – L O W E R I N G S T R A T E G I E S

Klotho

In haemodialysis patients, low circulating Klotho is associ-
ated with increased cardiovascular events [51]. In animal mod-
els of CKD and uraemic cardiomyopathy, FGF23 levels are
positively correlated with cardiac hypertrophy and fibrosis;
however, this relationship is only evident in animals with low
Klotho, suggesting that Klotho deficiency is a required
coconspirator for the negative actions of FGF23 [52]. There is
an interaction between FGF23-induced LVH and soluble
Klotho [53]. In vivo and in vitro co-administration of FGF23
and Klotho prevented FGF23-mediated FGF23/FGFR4/PLCc
signalling [53]. Thus Klotho may reduce FGF23-induced LVH
in patients with high FGF23 as well as other FGFR4-mediated
effects of FGF23, although its mechanism of action is not fully
elucidated.

Vitamin D

In a 5/6 nephrectomy CKD model, calcitriol suppressed car-
diac expression of FGFR4 and calcineurin/NFAT activation
[54]. Together with renin–angiotensin system inhibition, calci-
triol reduced LVH in cultured cardiomyocytes [54].
Paricalcitol, a vitamin D receptor (VDR) agonist, improves
LVH in rat and human CKD [55]. To prevent the upregulation
of FGF23 after administration of a VDR agonist, blocking
FGFR signalling could be beneficial. In line with this, co-
administration of PD173074, a pan-FGFR inhibitor, enhanced
the reduction of LVH in the rat [55]. Importantly, the effect of
paricalcitol on LVH was dependent on the levels of FGF23.
Higher levels of FGF23 require higher doses of paricalcitol to
counter hypertrophy. The clinical implication is that dosing of
paricalcitol should be adjusted to the patient’s baseline FGF23
level. The same study showed a non-significant trend towards
higher P levels in patients using PD173074, possibly due to its
anti-phosphaturic effects. Whether the beneficial effects of co-
administration of PD173074 and VDR agonists on LVH out-
weigh the possible comorbidities following the increased P lev-
els is yet to be determined.

Renin–angiotensin–aldosterone system (RAAS)

In experimental and clinical studies, angiotensin-converting
enzyme (ACE) inhibition increases Klotho [56]. Since Klotho
reduces FGF23-mediated FGF23/FGFR4/PLCc signalling,
RAAS blockade might prevent FGF23-induced pathologic
effects [49]. In a mouse model of progressive renal disease and
diabetes, ACE inhibition was able to lower systemic and renal
FGF23 expression [57]. However, human studies have found
no changes in FGF23 levels [56].

Local RAAS can have paracrine effects on cardiomyocytes.
A mouse CKD model showed that local RAAS activation asso-
ciates with cardiac fibrosis [58]. In vitro stimulation of cardiac
myocytes and fibroblasts with FGF23 upregulates RAAS-
associated genes along with fibrosis and LVH [58]. Another
study postulated that cardiac RAAS activation induces local
FGF23 production [59].

Thus cardiac RAAS and FGF23 may synergistically worsen
LVH and fibrosis. Inhibition of RAAS may attenuate the induc-
tion of LVH and cardiac fibrosis directly or indirectly via down-
regulation of FGF23. However, there are insufficient data thus
far to use RAAS inhibition as a way to lower FGF23 bioactivity.

C O N C L U S I O N S

In diseases with a primary FGF23 increase such as XLH, the sit-
uation is relatively simple. Lowering the bioactivity of FGF23
arrests P wasting, which, in conjunction with other potential
effects, ameliorates the phenotype. A more central question in a
much more common but complex disease is how to deal with
the very high FGF23 in CKD. In early CKD, lowering FGF23
bioactivity may be harmful by exacerbating phosphotoxicity.
Approaches in these patients should focus more on targeting
the P load and levels. In patients with ESRD, many more
approaches are available. No matter what agents in our arma-
mentarium are being contemplated to block FGF23 in CKD,
studies in XLH patients should be informative to help design
studies in CKD patients.

Many pivotal questions need to be posed and addressed in
the therapeutic reduction of FGF23 bioactivity in CKD:

(i) Do the very high levels of FGF23 in CKD have a patho-
biologic role or is it simply a biomarker for undesirable
outcomes? Can it be both?

(ii) If FGF23 is functionally important, is it adaptive or
maladaptive for CKD progression and extrarenal
complications?

(iii) Can this role be dynamic such that it is adaptive for
early CKD but maladaptive for late CKD? How does
one identify when does the role switch?

(iv) What should be the therapeutic goals? Are there target
FGF23 levels that one attempts to lower it to and how
can these be identified? Is there an ‘optimal’ FGF23
level or is it also a moving target depending on the
CKD stage and comorbidities? Could the optimal level
be different in individual patients so the target needs to
be tailored?
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(v) Should one monitor FGF23 levels during therapy or is
it better to track other parameters reflecting the down-
stream effects of FGF23?

(vi) If one tries to lower or block FGF23, what is the best
approach or approaches? Is there a role for a combina-
tion regimen using more than one method of reducing
FGF23 bioactivity—should one target FGF23 itself,
FGFR1–Klotho, FGFR4 or a combination?

(vii) Is there individual uniqueness to the need for combina-
tion therapy—should the ‘cocktail’ be customized?

Many of these questions need to be answered in human
CKD with intervention trials supplementing the preclinical
studies. The array of modalities to block FGF23 bioactivity will
enable the above questions to be answered, but it will take a lot
of preclinical studies and well-designed clinical interventional
trials.
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