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Figure 3 | The cardiac Fgfr4/calcineurin/nuclear factor of activated T cell signaling is activated in kl/kl mice. (A) Quantitative real-time PCR analysis reveals no 
significant differences in Fgfr1 mRNA expression in cardiac tissue from both mouse lines compared to their respective wild-type controls. (B) Fgfr4 mRNA 
expression is elevated in hearts from kl/kl mice as well as Hyp mice; however, the differences are statistically significant only for the kl/kl animals.  
(C) Representative immunoblot and quantification indicate an upregulation of cardiac calcineurin protein expression only for kl/kl mice (Gapdh served as loading 
control). (D) Representative immunoblot and quantification of Nfat activation show reduced Nfat phosphorylation in cardiac tissue from kl/kl mice. Values are 
presented as mean ± SEM; numbers in each bar graph represent the n-values used for the respective measurement; *P < 0.05, **P < 0.01.
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(Figure 3C). Moreover, the transcription factor Nfat was clearly 
de-phosphorylated (0.41  ±  0.16-fold; P  =  0.027) and thereby 
activated in heart tissue only from kl/kl mice compared to WT 
littermates (Figure  3D). Taken together, the pro-hypertrophic 
Fgfr4/calcineurin/NFAT signaling pathway is induced in kl/kl, 
but not in Hyp mice.

Pro-Hypertrophic NFAT Target Markers 
Are Upregulated in kl/kl but Not  
in Hyp Mice
In order to evaluate pro-hypertrophic genes targeted by activated 
calcineurin/NFAT pathway, we analyzed the expression of regu­
lator of calcineurin 1 (Rcan1), brain natriuretic peptide (BNP), 
atrial natriuretic peptide (ANP), and both alpha- and beta-myosin 
heavy chain (aMHC, bMHC) in myocardial tissue of these two 
mouse models. In kl/kl mice, cardiac Rcan1 expression was 2.1-
fold upregulated on both mRNA and protein level when compared  
to WT controls but not in Hyp mice (Figures 4A,B). The switch to 
a fetal cardiac gene expression pattern was only detected in kl/kl 
mice demonstrated by an enhanced bMHC to aMHC ratio when 
compared to respective WT littermates (Figure 4C). Moreover, 
the mRNA expression of the pro-hypertrophic factors ANP and 
BNP was clearly induced in kl/kl mice (5.3 ± 1.1-fold, P = 0.0035; 
2.0  ±  0.3-fold, P  =  0.0094) (Figures  4D,E). Interestingly, BNP 
levels were even 0.6-fold lower in Hyp mice in comparison to 
their WT controls (P = 0.010).

Only klotho Hypomorphic Mice Display 
Enhanced Cardiac Fibrosis
One major characteristic of pathologic cardiac hypertrophy is the 
concomitant development of myocardial fibrosis (3, 41). Therefore, 
we next investigated collagen synthesis and remodeling as well 
as the expression levels of fibrosis-related molecules involved in 
the transforming growth factor-beta (Tgf-β) signaling cascade. 
Demonstrated by picrosirius red staining of myocardial tissue sec­
tions, the accumulation of fibrillar collagens was clearly increased 
in kl/kl mice but not in Hyp mice (Figure 5A). This was confirmed 
by a 2.0-fold enhanced mRNA expression of both collagen 1 (Col1) 
and matrix metallopeptidase 2 (Mmp2) only in kl/kl mice com­
pared to WT littermates (Figures 5B,C). One major pro-fibrotic 
pathway in cardiomyopathy among others is the induction of con­
nective tissue growth factor (Ctgf) via Tgf-β1-mediated activation 
of extracellular signal-regulated kinases (ERK)1/2 (41–43). Only in 
kl/kl mice, Tgfb1 mRNA levels were 3.0-fold upregulated compared 
to respective WT controls (Figure 5D). The enhanced pro-fibrotic 
gene expressions in kl/kl mice were confirmed by higher Col1, 
Mmp2, and Tgf-β1 protein expressions in myocardial tissue of  
kl/kl mice but not in Hyp mice (Figures 5E–G). Moreover, ERK1/2 
was activated in kl/kl mice demonstrated by a 2.6-fold enhanced 
phosphorylation in total heart tissue lysates (Figures 5H,I). Finally, 
Ctgf protein expression was 1.5-fold induced in kl/kl mice but 
not in Hyp mice (Figures 5H,J). In summary, interstitial cardiac 
fibrosis was only present in kl/kl mice.
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Figure 4 | Kl/kl mice show an upregulation of cardiac pro-hypertrophic nuclear factor of activated T cell target genes. (A,B) Rcan1 expression is increased only 
in cardiac tissue from kl/kl mice demonstrated by quantification of mRNA levels by real-time PCR and protein levels by western blotting. (C) Quantification of 
bMHC and aMHC mRNA expression shows the induction of fetal gene program in heart tissue from kl/kl mice but not from Hyp mice. (D) ANP mRNA expression 
is induced in the myocardium of kl/kl mice in relation to respective wild-type animals. (E) Cardiac BNP mRNA expression is reduced in Hyp mice, but upregulated 
in kl/kl mice. Values are presented as mean ± SEM; numbers in each bar graph represent the n-values used for the respective measurement; *P < 0.05, 
**P < 0.01.
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Mineral Metabolism Differs Between  
Hyp and kl/kl Mice
As we presented in this study, circulating Fgf23 levels and cardiac 
Fgf23 synthesis were significantly enhanced in both Hyp and  
kl/kl mice. However, only kl/kl mice developed cardiac hypertro­
phy and fibrosis. To identify additional causes mediating patho­
logic cardiac remodeling in kl/kl mice and to evaluate why Hyp 
mice might be protected from cardiovascular disease, we next 
investigated parameters of mineral metabolism. Serum calcium 
levels were normal to slightly reduced in Hyp mice (8.7  ±  0.8 
versus 9.6 ±  0.5  mg/dL; P =  0.327) but significantly enhanced 
in kl/kl mice compared to WT littermates (11.3  ±  0.5 versus 
9.5 ± 0.3 mg/dL; P = 0.007) (Figure 6A). In addition, Hyp mice 
displayed hypophosphatemia (5.6 ± 0.5 versus 8.7 ± 0.3 mg/dL; 
P <  0.0001) while kl/kl mice were hyperphosphatemic (9.9 ±  0.6 
versus 7.4 ± 0.2 mg/dL; P = 0.0012) (Figure 6B). Furthermore, 
Hyp mice showed 6.5-fold enhanced serum PTH concentra­
tions compared to WT animals (Figure 6C), whereas previous 
reports describe suppressed PTH levels in kl/kl mice (44, 45). 
Others and we showed previously that Hyp mice are deficient 
for 1,25D, whereas kl/kl mice have significantly higher serum 
1,25D levels (37, 44–46). Finally, Hyp mice showed markedly 
reduced renal Klotho mRNA expression levels (0.6 ± 0.07-fold; 
P = 0.0012), which were barely detectable in renal tissue of kl/kl 
mice (Figure 6D). Taken together, despite enhanced circulating 
Fgf23 levels in both mouse models, serum calcium, phosphate, 
and 1,25D levels were increased in kl/kl mice. In Hyp mice, serum 

calcium was unchanged and serum phosphate and 1,25D levels 
were decreased compared to their WT littermates. In contrast, 
serum PTH levels were increased in Hyp mice, but suppressed 
in kl/kl mice.

Calcium and Phosphate Stimulate 
Hypertrophic Cell Growth and Induce 
Pro-Hypertrophic Genes in Isolated 
Cardiac Myocytes
Since both animal models significantly differ with respect to 
serum calcium, phosphate, PTH, and 1,25D levels but only kl/kl 
mice developed cardiac remodeling processes (Table 2), we next 
investigated whether each single parameter was able to affect the 
endogenous Fgf23 expression and to promote cardiac hyper­
trophy in vitro. Therefore, we stimulated NRVM, which do not 
express klotho, with calcium, phosphate, PTH, and 1,25D and 
evaluated hypertrophic growth of individual cardiac myocytes, 
changes of endogenous Fgf23 expression, and finally induc­
tion of pro-hypertrophic markers. Treatment of NRVM with 
calcium, phosphate, and PTH but not with 1,25D significantly 
enhanced cardiac myocytes cross-sectional area demonstrated 
by immunocytochemical staining with anti-α-actinin antibody 
followed by quantification of the cell size (Figures  7A,B). 
Interestingly, Fgf23 mRNA levels of NRVM were significantly 
induced by calcium and phosphate treatment but neither by 
PTH nor by 1,25D (Figure  7C), which is in contrast to their 
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Figure 5 | Development of cardiac fibrosis in kl/kl mice but not in Hyp mice. (A) Representative images of murine myocardial sections stained for fibrillar collagens 
by picrosirius red demonstrate increased accumulation of fibrillar collagens in kl/kl mice but not in Hyp mice (magnification, 20×; scale bar, 50 µm). (B) The mRNA 
levels of Col1 are higher in heart tissue of kl/kl mice and unchanged in Hyp animals. (C) Likewise, kl/kl mice show an enhanced Mmp2 mRNA expression. (D) The 
mRNA expression of Tgfb1 is significantly different between both mouse lines whereby it is upregulated in kl/kl animals. The protein expression of (E) Col1,  
(F) Mmp2, and (G) Tgf-β1 in heart tissue lysates is markedly enhanced in kl/kl mice but not in Hyp mice. (H) ERK1/2 is only activated in kl/kl mice demonstrated by 
increased phosphorylated protein levels in immunoblot analysis followed by (I) densitometric quantification. (J) The levels of Ctgf protein are increased in kl/kl mice 
but not in Hyp mice. Values are presented as mean ± SEM; numbers in each bar graph represent the n-values used for the respective measurement; *P < 0.05, 
**P < 0.01.
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Fgf23-stimulating properties reported for bone (9, 47). Rcan1 
mRNA expression was significantly induced by treatment of 
NRVM with phosphate and tended to be increased by calcium 
treatment, a difference, however, not reaching statistical sig­
nificance (Figure  7D). Moreover, the mRNA levels of bMHC, 
BNP, and ANP were significantly induced by both calcium and 
phosphate but not significantly modified after stimulation with 

PTH or 1,25D (Figures  7E–G). Taken together, among the 
altered parameters of mineral metabolism differing between 
Hyp and kl/kl mice, only calcium and phosphate clearly induced 
cardiac Fgf23 expression and promoted myocytes hypertrophy 
in vitro, suggesting that elevated phosphate and calcium levels 
may promote Fgf23-mediated cardiac hypertrophy in states of 
klotho deficiency.
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A corrigendum on

FGF23 in Cardiovascular Disease: Innocent Bystander or Active Mediator?

by Stöhr, R., Schuh, A., Heine, G. H., and Brandenburg, V. (2018). Front. Endocrinol. 9:351. doi: 10.
3389/fendo.2018.00351

In the original article, there was an error. The last paragraph contained several mistakes carried on
from a previous version.

A correction has been made to the section Cardiac FGF23 Research: The Next Level, paragraph
2 and should read:

“Prior to any therapeutic intervention with the aim to minimize potentially negative FGF23
effects upon cardiac structure and function, research needs to focus on and clarify relevant
unsolved issues. Just to name a few, the community needs to prove how cardiac disease induces
(rather than follows) FGF-23 secretion, to what degree cardiomyocytes may themselves produce
FGF-23 in health and disease, whether such locally produced FGF-23 has a physiological role in
(acute) myocardial damage; and whether or not (systemic) FGF23 excess itself directly drives the
development of myocardial damage. Only when these questions have been answered, can we try to
discuss whether and how to intervene on serum FGF-23 level.”

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way.

The original article has been updated.
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Vascular Calcification—Lessons 
From Klotho-Hypomorphic Mice  
and Beyond
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Ioana Alesutan4,5,6 and Jakob Voelkl4,6
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Medial vascular calcification, a major pathophysiological process associated with 
cardiovascular disease and mortality, involves osteo-/chondrogenic transdifferentiation 
of vascular smooth muscle cells (VSMCs). In chronic kidney disease (CKD), osteo-/
chondrogenic transdifferentiation of VSMCs and, thus, vascular calcification is mainly 
driven by hyperphosphatemia, resulting from impaired elimination of phosphate by 
the diseased kidneys. Hyperphosphatemia with subsequent vascular calcification is a 
hallmark of klotho-hypomorphic mice, which are characterized by rapid development 
of multiple age-related disorders and early death. In those animals, hyperphosphatemia 
results from unrestrained formation of 1,25(OH)2D3 with subsequent retention of calcium 
and phosphate. Analysis of klotho-hypomorphic mice and mice with vitamin D3 overload 
uncovered several pathophysiological mechanisms participating in the orchestration of 
vascular calcification and several therapeutic opportunities to delay or even halt vascular 
calcification. The present brief review addresses the beneficial effects of bicarbonate, 
carbonic anhydrase inhibition, magnesium supplementation, mineralocorticoid receptor 
(MR) blockage, and ammonium salts. The case is made that bicarbonate is mainly effec-
tive by decreasing intestinal phosphate absorption, and that carbonic anhydrase inhibi-
tion leads to metabolic acidosis, which counteracts calcium-phosphate precipitation and 
VSMC transdifferentiation. Magnesium supplementation, MR blockage and ammonium 
salts are mainly effective by interference with osteo-/chondrogenic signaling in VSMCs. 
It should be pointed out that the, by far, most efficient substances are ammonium salts, 
which may virtually prevent vascular calcification. Future research will probably uncover 
further therapeutic options and, most importantly, reveal whether these observations in 
mice can be translated into treatment of patients suffering from vascular calcification, 
such as patients with CKD.

Keywords: vascular calcification, bicarbonate, carbonic anhydrase inhibitors, magnesium, mineralocorticoid 
receptor, ammonium salts, osteogenic signaling, phosphate
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INTRODUCTION

Medial vascular calcification is a key pathophysiological process 
associated with the risk of cardiovascular events in a variety of 
clinical conditions such as aging, diabetes, and chronic kidney 
disease (CKD) (1, 2). Accordingly, vascular calcification is a pow-
erful predictor of cardiovascular and all-cause mortality (3–5). 
Vascular calcification in CKD results mainly from impaired renal 
phosphate elimination with subsequent hyperphosphatemia and 
precipitation of calcium-phosphate (6). Accordingly, plasma 
phosphate concentrations are correlated with the incidence of 
cardiovascular events, heart failure, and death (7, 8).

Vascular calcification results, at least in part, from an active 
process in vascular smooth muscle cells (VSMCs) (6). Exposure 
of VSMCs to enhanced extracellular phosphate concentrations is 
followed by osteo-/chondrogenic transdifferentiation via complex 
intracellular signaling pathways (9). Phosphate complexes with 
calcium to form pro-inflammatory calcium-phosphate nanopar-
ticles (10, 11). Calcium-phosphate crystals are further involved 
in the formation of protein–mineral complexes, the calciprotein 
particles (CPPs) (12). These can transform into more toxic second-
ary CPPs containing crystalline calcium-phosphate (13). Osteo-/
chondrogenic signaling cascades in VSMCs can be triggered by 
calcium-phosphate nanoparticles and/or secondary CPPs (14–20).

Osteo-/chondrogenic signaling involves upregulation of the 
type III sodium-dependent phosphate transporter PIT1 (also 
known as SLC20A1) (21, 22). The transdifferentiated VSMCs 
express osteogenic transcription factors, such as MSH homeobox 
2 (MSX2) and core-binding factor alpha 1 (CBFA1, also known as 
runt-related transcription factor 2, RUNX2) as well as chondro-
genic transcription factors such as SRY-Box 9 (SOX9) (23–25) to 
facilitate, via various complex mechanisms, vascular tissue miner-
alization (1). Vascular calcification can be prevented by inhibition 
of CBFA1 (26). The transcription factor NFAT5 (nuclear factor 
of activated T-cells 5) upregulates CBFA1 expression, an effect 
mediated by the transcription factor SOX9 (27). Osteo-/chon-
drogenic reprogramming ultimately upregulates the expression 
and activity of tissue non-specific alkaline phosphatase (ALPL), 
an enzyme hydrolyzing the calcification inhibitor pyrophosphate 
(28). Transdifferentiated VSMCs are also able to secrete matrix 
vesicles to actively promote tissue mineralization (29). Vascular 
osteo-/chondrogenic transdifferentiation precedes vascular 
calcification (30) and has been observed in vasculature of CKD 
patients (31). Accordingly, osteo-/chondrogenic transdifferen-
tiation predisposes vascular tissue in CKD patients to vascular 
calcification (32). The orchestration of vascular calcification is, 
however, still incompletely understood (33).

Valuable insight into mechanisms of vascular calcification was 
gained by analysis of the klotho-hypomorphic mice (34). Klotho 
is a transmembrane protein with highest expression in kidney, 
but also found in parathyroid glands and choroid plexus (34). 
The extracellular domain of klotho is cleaved off and released 
into blood (35). Soluble klotho confers protection of kidneys 
(36) and cardiovascular system (37). Klotho counteracts tissue 
fibrosis (38, 39), progression of CKD (38), cardiomyopathy (38), 
vascular calcification (38), and tumor growth (39). Klotho is in 
part effective by interference with TGFβ1 signaling (39).

Klotho is required for the negative regulation of 25-hydroxy-
vitamin D3 1-α-hydroxylase (1-α-hydroxylase) by FGF23 and 
thus for inhibition of 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) 
production (35, 40). Contrary to CKD patients, production of 
1,25(OH)2D3 is excessive in klotho-hypomorphic mice, resulting 
in elevated phosphate levels (35). Therefore, the mice suffer from 
severe tissue calcification, mimicking the findings in mice with 
renal failure (41). These mice further display a wide variety of 
age-related disorders and early death (34, 35). Conversely, overex-
pression of klotho increases the life span of mice (42). Apparently, 
klotho may similarly influence the life span of humans (43). 
Although 1,25(OH)2D3 may exhibit protective effects during calci-
fication (44), its excessive formation in klotho-hypomorphic mice 
increases intestinal calcium and phosphate uptake and renal phos-
phate retention, thus driving the phenotype and tissue calcification 
(35, 45). The life span of klotho-hypomorphic mice is substantially 
increased by vitamin D3-deficient diet (45). Moreover, klotho 
stimulates Na+/K+-ATPase activity (46) and lack of klotho leads to 
extracellular volume depletion with secondary increase of ADH 
and aldosterone release (40). Dehydration, in turn, downregulates 
klotho expression (47). Although the origin of hyperphosphatemia 
differs between CKD and klotho-hypomorphic mice, both lead to 
comparable sequelae of vascular calcification (Figure 1).

The present brief review addresses attempts to interfere 
with vascular calcification, premature aging and early death of 
klotho-hypomorphic mice and similar models. We anticipate that 
insights from maneuvers successful in klotho-hypomorphic mice 
may improve our understanding of the mechanisms underlying 
calcifications in patients with CKD.

BICARBONATE

Most CKD patients and klotho-hypomorphic mice suffer from 
acidosis (50, 51), which may further enhance plasma phosphate 
concentrations (52) and aggravate CKD (53–57). Conversely, 
alkali administration may slow the progression of CKD (53–56). 
In contrast to rats, in which metabolic acidosis has been shown 
to slow the progression of renal disease (58–60), in CKD patients, 
the deterioration of renal function is accelerated by acidosis and 
slowed by bicarbonate treatment (56, 61, 62).

Bicarbonate treatment of klotho-hypomorphic mice decreased 
tissue calcification and increased the average life span of those 
mice (63). Bicarbonate treatment did not significantly modify 
plasma concentrations of 1,25(OH)2D3 and calcium, but signifi-
cantly decreased plasma phosphate concentrations and plasma 
aldosterone concentrations (63). Bicarbonate treatment was 
presumably primarily effective by decreasing intestinal phosphate 
absorption and renal phosphate reabsorption (63). Alkalinization 
of the intestinal lumen is expected to compromise phosphate 
solubility and absorption.

CARBONIC ANHYDRASE INHIBITION

Extracellular pH can be modified by treatment with carbonic 
anhydrase inhibitors, such as acetazolamide (64). The diuretic 
interferes with proximal tubular bicarbonate reabsorption and, 
thus, leads to renal bicarbonate loss and acidosis (64). Extracellular 

109

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive


Figure 1 | Comparison of hyperphosphatemia due to chronic kidney disease (CKD) (left) and klotho deficiency (right). In CKD, renal failure leads to impaired 
phosphate elimination and reduced formation of calcitriol [1,25(OH)2D3]. Phosphate overload and formation of secondary calciprotein particles (CPPs) (48) induce an 
osteogenic remodeling of vascular smooth muscle cells (VSMCs), causing matrix-vesicle release and a pro-calcific environment and subsequent vascular 
mineralization. In klotho-hypomorphic mice, klotho deficiency causes an unrestrained calcitriol formation. This causes increased intestinal and renal phosphate 
reabsorption, increasing phosphate levels. Therefore, despite the potential anti-calcific effects of calcitriol (49), this phosphate overload exceeds the capabilities of 
anti-calcific mechanisms in the body and may induce a comparable osteo-/chondrogenic transdifferentiation of VSMCs. Although the origin of hyperphosphatemia 
differs between CKD and kl/kl mice, both presumably suffer from excessive phosphate concentrations and increased formation of secondary CPPs to induce a 
similar VSMC-mediated calcification.
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pH has a profound effect on calcium and phosphate solubility, 
which is enhanced by acidification and decreased by alkaliniza-
tion (65). Moreover, acidosis counteracts vascular calcification by 
downregulation of PIT1 expression (58, 65, 66) and inhibition 
of renal tubular phosphate reabsorption with increase of renal 
phosphate elimination (67).

Acetazolamide treatment of klotho-hypomorphic mice blunted 
the calcifications in trachea, lung, kidney, stomach, intestine, and 
vascular tissues, reversed the excessive aortic Alpl transcript lev-
els as a marker of aortic osteo-/chondrogenic signaling, increased 
the plasma concentrations of the calcification counteracting 
proteins osteoprotegerin, osteopontin as well as fetuin-A (68–70) 
and, thus, tripled the life span despite unaltered plasma concen-
trations of FGF23, 1,25(OH)2D3, calcium and phosphate (64).  
In vitro, acidic medium prevented the phosphate-induced 
upregulation of ALPL mRNA expression in primary human 
aortic smooth muscle cells, indicating that extracellular acidosis 
interferes with osteo-/chondrogenic transdifferentiation of 
VSMCs (64). Acidic conditions may impair the formation of small 
calcium-phosphate complexes during hyperphosphatemia and, 
thus, hinder VSMC osteo-/chondrogenic transdifferentiation.

It should be kept in mind that the bicarbonaturia and, thus, 
systemic acidosis following carboanhydrase inhibitor treatment 
depends on renal function and may, thus, be lacking in CKD patients.

MAGNESIUM

In CKD patients, lower serum magnesium levels are associ-
ated with vascular calcification (71) and are predictive for 

increased arterial stiffness and mortality (72). Previous in vitro 
studies have shown that magnesium treatment is able inhibit 
phosphate-induced VSMCs calcification (73–75). Magnesium 
is able to interfere with hydroxyapatite formation (76). Also, 
magnesium interferes with osteo-/chondrogenic reprogram-
ming of VSMCs.

Experiments in mice treated with excessive levels of vitamin 
D3, mimicking excessive vitamin D receptor activation dur-
ing klotho deficiency, revealed magnesium supplementation 
as a further potential treatment to reduce the progression of 
vascular calcification (77). Vitamin D3 overload was followed 
by extensive vascular calcification and upregulation of aortic 
osteoinduction as shown by expression of the osteogenic mark-
ers Msx2, Cbfa1, and Alpl (77). Those effects were blunted by 
additional treatment with MgCl2. Vitamin D3 overload upregu-
lated the aortic expression of calcium-sensing receptor (CASR), 
an effect augmented by additional MgCl2 supplementation (77). 
Magnesium can activate CASR (78) and CASR activation in 
VSMCs inhibits osteo-/chondrogenic remodeling and calcifica-
tion (79).

Those in vivo observations were supported by in vitro experi-
ments using primary human aortic VSMCs. Addition of MgCl2 
to the VSMCs cell culture medium reversed the phosphate-
induced calcification and osteo-/chondrogenic signaling, effects 
paralleled by upregulation of CASR expression. The protective 
effects of MgCl2 were virtually abrogated by the CASR antagonist 
NPS-2143 or by silencing of the CASR gene (77). Thus, magne-
sium supplementation may reduce the progression of vascular 
calcification at least in part by activating CASR. Magnesium 
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supplementation may thus be beneficial in CKD patients (80). 
Recently, a first pilot trial indicated that magnesium supple-
mentation is safe in CKD patients and is able to reduce serum 
calcification propensity (81).

MINERALOCORTICOID RECEPTOR (MR) 
INHIBITION

Vascular smooth muscle cells express the MR (82) and MR 
stimulation by aldosterone triggers the osteo-/chondrogenic 
signaling (82–87) by upregulation of PIT1 expression (87, 88),  
leading to expression of osteogenic transcription factors 
and enzymes and subsequent mineralization (87). Klotho-
hypomorphic mice develop renal sodium loss and hyperaldo-
steronism (89). Hyperaldosteronism presumably contributes to 
the stimulation of vascular calcification in klotho-hypomorphic 
mice (40, 87, 90) and CKD patients (91). Accordingly, treatment 
with the MR antagonist spironolactone reduces the extent of 
vascular calcification in klotho-hypomorphic mice and rats with 
adenine-induced renal failure (88) and reduces cardio-/cer-
ebrovascular mortality in dialysis patients (92). Spironolactone 
treatment of klotho-hypomorphic mice reduced aortic PIT1-
dependent osteoinductive signaling, but increased cystatin-C 
levels (87). MR blockade with spironolactone may particularly 
suppress the progression of vascular calcification in patients 
with hyperaldosteronism.

Spironolactone may be effective even at normal levels of 
circulating aldosterone (93, 94). Aldosterone is produced not 
only in adrenal glands, but in diverse tissues (95–98) includ-
ing the vasculature (99). Aldosterone synthase (also known as 
CYP11B2) is expressed during calcifying conditions and, thus, 
aldosterone may be produced in VSMCs (99, 100). Vascular 
aldosterone production is particularly important under 
pathological conditions (97). Vascular aldosterone may foster 
development of hypertension (101). CYP11B2 is upregulated 
in atheroma-plaques (102) and contributes to oxidative stress 
(103). In accordance, high-phosphate treatment increased 
aldosterone synthase expression in VSMCs (90) and silencing of 
aldosterone synthase attenuated the phosphate-induced osteo-/
chondrogenic transdifferentiation and calcification in  vitro. 
Similarly, aldosterone synthase expression is higher in coronary 
arteries from patients with impaired renal function and corre-
lated with CBFA1 expression. Aldosterone synthase expression 
in VSMCs is upregulated by disruption of APEX1-dependent 
gene suppression (90). Accordingly, APEX1 is protective against 
VSMC calcification (90, 104).

Aldosterone synthase expression is similarly enhanced in 
klotho-hypomorphic mice (90). In those mice, aortic osteo-/
chondrogenic signaling is decreased by spironolactone, but not 
by adrenalectomy and in adrenalectomized klotho-hypomorphic 
mice, spironolactone treatment still significantly blunts aortic 
osteoinductive reprogramming (90).

Mineralocorticoid receptor antagonism may, thus, be a 
therapeutic option for hyperphosphatemic patients even in the 
absence of hyperaldosteronism (86). Spironolactone may further 
protect VSMCs in diabetes (105), which may lead to upregulation 
of vascular aldosterone synthase (100).

The effects of spironolactone in CKD patients are under 
study (106, 107). Clinical trials indicate that spironolactone 
treatment reduces morbidity and mortality in hemodialysis 
patients (92). MR inhibition may cause a transient reduction of 
renal function and promote hyperkalemia, but has been shown 
to be relatively safe in CKD patients (92, 108).

AMMONIUM SALTS

Besides its acidifying effect on extracellular pH (109, 110), NH4
+ 

may dissociate to H+ and NH3 which easily crosses membranes, 
thus entering cells and cellular compartments (111). In acidic 
intracellular compartments NH3 binds H+ and is trapped as NH4

+ 
(112). The binding of H+ alkalinizes acidic cellular compartments 
(113) and the intracellular/intra-compartimental accumula-
tion of NH4

+ swells cells and acidic intracellular compartments 
(114–116). Cell swelling may downregulate the cell volume 
sensitive transcription factor NFAT5 (117, 118). Moreover, 
alkalinization of acidic cellular compartments may interfere 
with the maturation of several proteins including TGFβ1 (119), a 
key factor in the regulation of osteo-/chondrogenic signaling of 
VSMCs (120–122).

Treatment of klotho-hypomorphic mice with NH4Cl contain-
ing drinking water prevented soft tissue and vascular calcifica-
tions and increased their life span more than 12- (♂) or 4-fold 
(♀) without significantly affecting extracellular pH or plasma 
concentrations of 1,25(OH)2D3, calcium, and phosphate (123). 
Tissue calcification and aging were further delayed in klotho-
hypomorphic mice by NH4NO3 (124).

NH4Cl prevents vascular calcification apparently not by induc-
ing acidosis. Untreated klotho-hypomorphic mice suffer from 
respiratory acidosis resulting from severe lung emphysema (123). 
NH4Cl treatment prevents the development of lung emphysema 
and, thus, respiratory acidosis (123). Instead, NH4Cl induces a 
metabolic acidosis of similar extracellular pH as in untreated 
mice (123).

NH4Cl treatment prevents development of extracellular 
volume depletion, thus normalizing ADH release and plasma 
aldosterone levels (40). The decrease of plasma aldosterone con-
centrations following NH4Cl treatment presumably contributes 
to the decrease of vascular calcification. However, the effect of 
NH4Cl on survival and calcification (123) is, by far, larger than 
that of aldosterone receptor blockade (87).

NH4Cl treatment is presumably mainly effective by interference 
with osteo-/chondrogenic transdifferentiation of VSMCs (123). 
In aortic tissue of klotho-hypomorphic mice and in phosphate 
treated VSMCs in vitro, NH4Cl disrupted the increased expression 
of osteogenic and chondrogenic markers CBFA1 and SOX9 and 
of ALPL (123). Osteo-/chondrogenic reprogramming is paralleled 
by VSMCs senescence (125), and thus vascular aging (126). NH4Cl 
treatment reversed the upregulation of PAI-1, p21, and GLB1, key 
elements in the orchestration of senescence (127). TGFβ1 expres-
sion was upregulated in aortic tissue of klotho-hypomorphic mice 
and in phosphate treated VSMCs, which in turn triggers cellular 
senescence, osteo-/chondrogenic reprogramming and aging (128) 
and is decreased by NH4Cl treatment (123). NH4Cl further impairs 
maturation of TGFβ1 (119). TGFβ1 is a stimulator of NFAT5 
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Figure 2 | Hypothetical mechanisms involved in the discussed treatments 
preventing vascular calcification. During hyperphosphatemia, phosphate 
complexes with calcium and forms secondary calciprotein particles, inducing 
osteo-/chondrogenic transdifferentiation of vascular smooth muscle cells 
(VSMCs), which in turn generates a pro-calcific environment and subsequent 
active tissue mineralization. Oral bicarbonate treatment may impair intestinal 
phosphate reabsorption, ameliorating hyperhosphatemia. Renal 
carboanhydrase inhibition causes proton retention, which may reduce the 
formation of calcium-phosphate nanoparticles. Magnesium may similarly 
directly prevent calcium-phosphate complexation and stimulates the calcium 
sensing receptor in VSMCs, blunting osteo-chondrogenic transdifferentiation. 
This transdifferentiation is also directly stimulated by aldosterone, which may 
be blunted by spironolactone (spiro). Ammoniumchloride leads to lysosomal 
(lys) alkalinization which appears to dissipate the osteo-chondrogenic 
transdifferentiation of VSMCs. These mechanisms may provide the basis to 
develop a therapeutic approach to reduce the burden of vascular 
calcification.
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expression (129). NH4Cl treatment reverses the enhanced expres-
sion of NFAT5 in klotho-hypomorphic mice and in phosphate 
treated VSMCs (123). Addition of exogenous TGFβ1 protein or 
NFAT5 overexpression triggers osteo-/chondrogenic reprogram-
ming of VSMCs in  vitro, which cannot be reversed by NH4Cl, 
indicating that NH4Cl is effective upstream of mature TGFβ1 
(123). NH4Cl treatment is, at least in part, effective by disrupting 
TGFβ1-dependent osteo-/chondrogenic signaling (123) and, thus, 
vascular calcification (130).

Further in  vitro experiments revealed that inhibition of the 
vacuolar H+ ATPase with bafilomycin A1 or following dis-
sipation of the pH gradient across the membranes of acidic 
cellular compartments with methylamine similarly disrupted 

phosphate-induced TGFβ1-dependent osteo-/chondrogenic 
signaling in VSMCs (131), supporting the hypothesis that vas-
cular acidic cellular compartments are necessary for promoting 
vascular calcification.

A concern of NH4Cl treatment is the cerebral ammonia 
toxicity (114–116). However, the employed NH4Cl dosage does 
apparently not lead to toxic ammonia concentrations as NH4Cl 
treated male klotho-hypomorphic mice reached a life span close 
to that of untreated wild-type mice, and behavioral studies did 
not reveal any defect in NH4Cl treated wild-type mice (123). 
Needless to say, NH4Cl treatment may be hazardous in patients 
with hepatic failure.

CONCLUSION

Klotho-hypomorphic mice and mice with vitamin D3 overload 
suffer from severe vascular calcification. Experiments in those 
animals shed novel light on the mechanisms orchestrating vas-
cular calcification and led to the discovery of several powerful 
therapeutic opportunities (Figure  2). The most effective treat-
ment turned out to be NH4Cl, but also acetazolamide, spironol-
actone, bicarbonate, or magnesium supplementation were able to 
reduce the progression of vascular calcification in vivo. Further 
studies are required to fully define advantages and disadvantages 
of those treatments, to possibly uncover additional therapeutic 
options and—most importantly—to clarify whether the suc-
cessful treatments in mice can be translated into avoidance of 
vascular calcification in human disease, such as CKD, diabetes, 
and (premature) aging.
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Fibroblast growth factor-23 (FGF-23) is a bone-derived hormone that activates FGFR/α-
Klotho binary complexes in the kidney renal tubules to regulate phosphate reabsorption 
and vitamin D metabolism. The objective of this review is to discuss the emerging data 
that show that FGF-23 has functions beyond regulation of mineral metabolism, including 
roles in innate immune and hemodynamic responses. Excess FGF-23 is associated 
with inflammation and adverse infectious outcomes, as well as increased morbidity and 
mortality, particularly in patients with chronic kidney disease. Enhancer elements in the 
FGF-23 promoter have been identified that mediate the effects of inflammatory cytokines 
to stimulate FGF-23 gene transcription in bone. In addition, inflammation induces ectopic 
expression of FGF-23 and α-Klotho in macrophages that do not normally express FGF-
23 or its binary receptor complexes. These observations suggest that FGF-23 may play 
an important role in regulating innate immunity through multiple potential mechanisms. 
Circulating FGF-23 acts as a counter-regulatory hormone to suppress 1,25D production 
in the proximal tubule of the kidney. Since vitamin D deficiency may predispose infectious 
and cardiovascular diseases, FGF-23 effects on innate immune responses may be due 
to suppression of 1,25D production. Alternatively, systemic and locally produced FGF-23 
may modulate immune functions through direct interactions with myeloid cells, includ-
ing macrophages and polymorphonuclear leukocytes to impair immune cell functions. 
Short-acting small molecules that reversibly inhibit FGF-23 offer the potential to block 
pro-inflammatory and cardiotoxic effects of FGF-23 with less side effects compared with 
FGF-23 blocking antibodies that have the potential to cause hyperphosphatemia and 
soft tissue calcifications in animal models. In conclusion, there are several mechanisms 
by which FGF-23 impacts the innate immune system and further investigation is critical 
for the development of therapies to treat diseases associated with elevated FGF-23.

Keywords: fibroblast growth factor-23, innate immunity, klotho, macrophage activation, PMNs, LPS stimulation, 
infection risk

Fibroblast growth factor-23 (FGF-23) is a bone-derived hormone that participates in a bone–kidney 
endocrine network regulating mineral metabolism. FGF-23 is produced by osteoblasts and osteo-
cytes in bone and enters the circulation to inhibit phosphate reabsorption and reduce serum 1,25D 
levels through the activation of canonical FGFR/α-Klotho receptor complexes in renal tubules (1–3). 
The major physiological functions of FGF-23 are to (1) coordinate bone mineralization with renal 
handling of phosphate (1, 4) and (2) act as a counter-regulatory hormone for 1,25D (Figure 1A). 
Elevated levels of FGF-23 are associated with several hereditary and acquired hypophosphatemic 
disorders including X-linked hypophosphatemic rickets (Hyp mice homolog)—caused by inac-
tivating mutations of Phex (5–7)—autosomal recessive hypophosphatemic rickets 1—caused by 
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Figure 1 | Mechanisms of fibroblast growth factor-23 (FGF-23) effects to impair innate immune responses. (A) FGF-23 bone–kidney–cardiac–immune axis. 
FGF-23 is produced by osteoblasts/osteocytes in bone in response to local and systemic factors and targets the kidney to create multiple endocrine networks 
(4, 13) in bone, including (1) an FGF-23 vitamin D counter-regulatory loop (4, 14); (2) a calcium-FGF-23 endocrine loop, where calcium stimulates FGF-23 in bone 
and FGF-23 stimulates calcium reabsorption in the DT (15, 16); (3) a bone–kidney axis, where FGF-23 is regulated by factors involved in extracellular matrix 
mineralization to coordinate renal phosphate handling (1). In addition, there is a bone–renal–cardiac axis that augments hemodynamic responses through a feed 
forward bone–cardio–renal loop, where angiotensin II (Ang II) stimulates FGF-23 production in bone (17) and FGF-23 suppresses Ace2 in the kidney (18), a volume 
regulatory loop where diuretics and aldosterone stimulate FGF-23 production by bone and FGF-23 targets the distal tubule to increase sodium reabsorption,  
and a FGF-23 soluble Klotho (sKl) regulatory axis, where FGF-23 suppresses α-Kl expression in the distal tubule leading to reduction in sKl and loss of the  
hormonal effects of this antiaging hormone. In this schema, FGF-23 regulates innate immune response through suppression of 1,25(OH)D2 production by the 
kidney. (B) Paracrine effects of FGF-23 on innate immune responses. Macrophages do not normally express FGF-23 or α-Klotho, but in the setting of infection,  
LPS/IFNγ induces the ectopic expression of both FGF-23 and its co-receptor α-Klotho that reconstitutes paracrine FGF-23 signaling in macrophages. FGF-23 
stimulates pro-inflammatory responses in M1 macrophages and blocks the transition to M2 macrophages (3). In addition, FGF-23 is proposed to directly activate 
FGFR2 in PMNs to decrease recruitment (19).
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inactivating mutations of Dmp1 (5, 7)—ARHR2—caused by 
inactivating mutations in Enpp1 (6–10)—and Raine syndrome—
caused by inactivating mutations in FAM20C (11, 12). Increased 
FGF-23 is the result of either increased gene transcription or 
diminished cleavage of FGF-23 in these disorders.

ROLE OF FGF-23 IN INFLAMMATION

There are emerging data that FGF-23 may have effects on immune 
responses. Vitamin D, which is regulated by FGF-23, has well-
described effects on both innate and adaptive immunity (20–22). 
Vitamin D has an overall effect to enhance innate immune 
responses and exert anti-inflammatory effects through local 
and systemic effects. Evidence that FGF-23 may have an overall 
impact on immunity comes from the association between elevated 
FGF-23 levels and inflammation. FGF-23 is increased in inflam-
matory bowel disease (23) and chronic kidney disease (CKD) 
(4). In CKD, elevated FGF-23 initially functions to maintain 
mineral homeostasis, but persistent elevations are maladaptive 
and associated with increased morbidity and mortality (24–26), 
cardiovascular disease (26–30), inflammation, and infections 
(31, 32). Infections, most commonly caused by infected catheters 

and pneumonia (33), are second to cardiovascular disease in 
causing death in CKD (34) and are >100-fold higher than the 
general population. Recent clinical association studies suggest 
that elevated FGF-23 contributes to an increase in susceptibility 
or severity of infections in CKD. Moreover, elevated FGF-23 
levels correlated with increased IL-6, TNFα, CRP, fibrinogen, and 
severe inflammation in CKD patients (31, 35). In a CKD mouse 
model of bacterial pneumonia, FGF-23 administration exac-
erbated disease severity and its inhibition improved outcomes 
(19). Although these studies suggest that FGF-23 interacts with 
the immune system, they do not reveal whether FGF-23 directly 
regulates immune cell functions or indirectly affects immune 
responses through FGF-23 regulation of 1,25D.

INFLAMMATORY STIMULI INDUCE FGF-
23 EXPRESSION IN OSTEOBLASTS/
OSTEOCYTES AND IMMUNE CELLS

Inflammatory stimuli upregulate FGF-23 expression in bone, 
where FGF-23 is usually expressed, but also in immune cells 
and tissues that do not normally express FGF-23. Inflammatory 
cytokines have been shown to induce FGF-23 expression in vivo 
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and in vitro. Inflammation increases circulating FGF-23 levels in 
both animal models and humans in response to infection, inflam-
mation, and oxidative stress (36–38). For example, mouse serum 
FGF-23 levels are significantly increased following inoculation 
with Gram-negative (E. coli) or Gram-positive (S. aureus) bacte-
ria, or LPS administration in mice (37). Numerous studies have 
demonstrated that FGF-23 transcription in osteoblasts/osteocytes 
is regulated by LPS, IL-1β, and TNFα (39). An enhancer residing 
in the −16  kb region of FGF-23 was identified and following 
deletion using CRISPR/Cas9 technology was demonstrated to be 
responsible for the stimulation of FGF-23 transcription by inflam-
matory stimuli (40). Bacterial components stimulate immune cells 
through toll-like receptors (TLRs) and stimulation of TLRs 2, and 4 
on bone marrow-derived dendritic cells increased FGF-23 mRNA 
expression. TLR4 recognizes the bacterial cell wall component LPS, 
and TLR2 recognizes lipotechoic acids present in bacterial mem-
branes leading to the activation of NF-κB pathway. Inhibition of 
NF-κB activation prevented the upregulation of FGF-23 mRNA in 
response to LPS stimulation. Hif1α is another transcription factor 
that stimulates FGF-23 in osteoblasts (41), indicating that oxidative 
stress/inflammation stress may induce expression of FGF-23.

Macrophages may be central to FGF-23 regulation and func-
tion. Resting RAW264.7 macrophages, which do not normally 
express FGF-23, when stimulated with LPS/IFN-γ to induce M1 
polarization express significant increases in FGF-23. The increase 
is also mediated by NF-κB-dependent activation of the FGF-23 
promoter (3). In addition, the M1 macrophages upregulate Klotho 
transcription, including the full-length α-Kl message and the alter-
natively spliced s-Kl message and protein levels. By contrast, IL-4 
induction of M2 macrophages results in only modest increases in 
FGF-23 expression and no upregulation of α-Klotho transcription. 
Not only do macrophages make FGF-23 and respond to FGF-23 
(see below), but make other cytokines, such as OSM, that induce 
tissue expression of FGF-23, such as in cardiomyocytes (42). In 
contrast to M1 macrophages, Masuda et al. (37) did not observe 
upregulation of FGF-23 mRNA in T cells stimulated with the poly-
clonal stimulators PMA and ionomycin. Lymphocytes also express 
TLRs 2 and 4, and it is not known whether stimulation through 
these receptors will upregulate FGF-23 mRNA in these cells.

These observations suggest that inflammatory mediators 
stimulate FGF-23 gene transcription in osteoblasts/osteocytes 
that normally express FGF-23 and in macrophages and tissues 
that do not normally express FGF-23. The resulting local and sys-
temic production of FGF-23 may play a critical role in the ensuing 
immune responses through targeting FGFR/α-Klotho receptor 
complexes in the kidney or reconstituted receptor complexes in 
the local inflammatory tissue environment.

POTENTIAL MECHANISMS FOR FGF-23 
IMPAIRMENT OF HOST RESPONSES

Indirect Effects Mediated by FGF-23 
Suppression of 1,25D
Under physiological conditions, changes in FGF-23 results in recip-
rocal changes in 1,25D, and vice versa. FGF-23 may affect immune 
responses through activation of FGFR/α-Klotho complexes in 

the proximal renal tubule leading to suppression of 1,25D by the 
kidney (3, 19, 43–46). The association between low vitamin D and 
high FGF-23 serum levels with infectious and cardiac deaths in a 
large cohort of patients with end-stage renal disease (47, 48) may 
be due to the loss of the anti-inflammatory effects of 1,25D (49, 50). 
The loss of 1,25D may result in the amplification of inflammatory 
response and subsequently increased tissue pathology.

Direct Effects of FGF-23 on Macrophages 
and PMNs
Another mechanism is direct pro-inflammatory actions of FGF-
23 on immune cells. There is emerging evidence that FGF-23 
directly interacts with immune cells, such as PMNs and/or mac-
rophages through binding of FGFR/α-Kl receptors (Figure 1B).

Rossaint et al. (19) used a murine model of CKD, induced by 
5/6 nephrectomy, to measure the effect of excess FGF23 on E. coli 
pneumonia. The authors demonstrate that mice with CKD had 
decreased recruitment of PMNs into the lungs and increased dis-
ease severity. Neutralization of FGF23 with anti-FGF23 antibody 
restored PMN recruitment and the host response in these mice. 
The authors proposed that elevated circulating levels of FGF-23 
directly activated FGFR2 in PMNs to impair the host response 
to infection.

Direct effects of FGF-23 on PMNs are controversial for sev-
eral reasons. First, PMNs lack the obligate FGF-23 co-receptor 
α-Klotho. To deal with this inconsistency, this hypothesis proposes 
that FGF-23 targets PMNs through the non-canonical FGFR2 
pathway (2). Second, FGFR2, which is the only FGFR expressed 
in PMNs, is not a target for FGF-23 in multiple functional stud-
ies and target engagement assays (2, 51–53). Third, experimental 
designs in existing studies are not sufficient to establish the role 
of FGFR2 or PMNs in mediating FGF-23’s adverse effects on host 
responses. In this regard, a single intravenous injection of 200 ng 
of rFGF-23 to mice was the only in vivo evidence that elevated 
FGF-23 impairs PMN responses to sepsis. Essential studies to 
ablate FGFR2 in PMNs or to test the effects of chronic elevations 
of FGF-23 in the absence of confounding effects of CKD (19, 54) 
have not been performed. Finally, effects of FGF-23 inhibition to 
improve outcomes with a blocking antibody have not controlled 
for confounding effects of reciprocal increases in 1,25D produc-
tion in response to FGF-23 inhibition.

There is compelling data that FGF-23 targets macrophages. 
Several studies have demonstrated that macrophages and DCs 
express FGFR1 and inflammatory stimuli upregulates α-Klotho 
expression in macrophages to reconstitute FGFR–α-Klotho 
signaling (3, 37). Stimulation of these cells with FGF-23 resulted 
in induction of TNF-α mRNA and protein expression in primary 
macrophages as well as macrophage cell lines through activation 
of binary FGFR/α-Klotho complexes (3, 37). In addition, the abil-
ity of FGFR inhibitors to block FGF-23 signaling in macrophages 
confirms that the canonical FGFR/Kl signaling pathway is active 
in macrophages (3).

If FGF-23 is directly affecting innate immune responses, ani-
mal models with elevated FGF-23 should exhibit abnormal host 
responses even in the absence of CKD. Indeed, a sterile inflam-
mation model to induce the infiltration of peritoneal macrophages 
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with thioglycolate shows that Hyp mice have increased FGF-23 
expression in macrophages (3). Macrophages isolated from Hyp 
mice expressed higher levels of FGF-23 and Klotho compared 
with WT controls. Hyp macrophages also had increased basal 
ERK activation and increased TNF-α mRNA, consistent with 
activation of FGFR/αKl signaling. Serum levels of TNF-α were 
increased consistent with the pro-inflammatory phenotype [i.e., 
kidney inflammation (18) and cardiovascular abnormalities in 
Hyp mice (55)]. These data support the hypothesis that locally 
produced and circulating FGF-23 activate immune cells in the 
inflammatory milieu (3, 43), leading to adverse outcomes (56). In 
this scenario, infection with bacteria stimulates the production of 
FGF-23 locally in M1 activated macrophages which also upregulate 
FGFR/α-Kl complexes (3). Autocrine stimulation of the M1 cells 
with FGF23 amplifies TNF production and inhibits the transition 
to a wound healing M2 phenotype, resulting in excess tissue dam-
age and increased morbidity and mortality (Figure 1B).

Based on these findings, a new hypothesis proposes that FGF-23 
actions on innate immunity are mediated by activation of recon-
stituted canonical FGFR/α-Kl receptors in tissue macrophages 
during infections by both systemic and local production of FGF-23 
(Figure  1B) (3, 19, 37, 43). Although the full effects of FGF-23 
on immune cell function remain to be defined, in this schema, 
FGF-23 is proposed to have pro-inflammatory effects mediated by 
activated macrophages. Additional studies are needed to charac-
terize the impact of FGF-23 on immune responses. In particular, 
experiments that conditional delete FGF-23, FGFRs, and α-Klotho 
in different myeloid cells are needed to define the role of FGF-23/
FGFR/α-Klotho signaling in mediating immune responses.

ROLE OF α-KLOTHO AND SOLUBLE 
KLOTHO (sKl) IN INFLAMMATION

α-Klotho gene has two transcripts that encode a long type I trans-
membrane (TM) protein containing KL1 and KL2 domains and 
a short secreted protein containing only a single KL domain (57). 
The ~130-kDa TM protein is an obligate co-receptor for binding 
of FGF-23 to FGFRs (2, 58). Ectodomain shedding by ADAM10 
and ADAM17 generates a circulating α-Klotho isoform that lacks 
the TM domain (59). The short secreted ~60-kDa isoform (s-KL) 
is generated by the alternative spliced transcript. Similar sized as 
soluble KL1 and KL2 fragments are also generated by additional 
post-translational cleavage of the shed isoform (57,  60). The 
~60-kDa s-KL gene product emerged during evolution before 
FGF-23 and likely has FGF-23 independent functions, includ-
ing antiaging, anti-inflammatory, and anti-fibrotic effects due 
to actions of secreted forms of KL to inhibit Wnt, IGF-1, and 
TGF-β signaling (61–65). Since excess FGF-23 is associated with 
decreased expression of α-Klotho in the kidney and circulating 
Kl, it is difficult to determine if the adverse effects attributed to 
excess FGF-23 are actually caused by Klotho deficiency. Indeed, 
Klotho depletion is associated with increased inflammation in 
multiple experimental models.

A recent study showed that renal Klotho mRNA and protein 
were significantly decreased leading to increased inflammation in 
kidney of the db/db mouse model of diabetes (66). Addition of sKl 
or overexpression of α-Klotho suppressed NF-κB activation and 

subsequent production of inflammatory cytokines in response to 
TNF-α stimulation in vitro. Klotho serves as an anti-inflammatory 
modulator, which negatively regulates the production of NF-κB-
linked inflammatory proteins via a mechanism that involves phos-
phorylation of Ser536 in the transactivation domain of RelA (66). 
Thus, distinguishing between FGF-23 and α-Klotho-dependent 
effects are important, because Klotho administration would cor-
rect abnormalities caused by FGF-23 suppression of Klotho.

FGF-23 REGULATES HEMODYNAMIC 
RESPONSES TO COUNTER THE 
HYPOTENSIVE EFFECTS OF 
INFLAMMATION

Could FGF-23 effects regulate renal process that have cardio-
vascular effects, be linked to inflammatory responses (53, 67)? 
For example, FGF-23 upregulates NCC in the DT leading to 
hypertension and suppression of aldosterone levels (15, 16, 55). 
FGF-23 administration suppresses ACE2 and αKl expression in 
the kidney, which could potentially cause left ventricular hyper-
trophy by enhancing the response to Ang II and/or decreasing 
circulating sKl (68). From a teleological perspective, FGF-23 
control of blood pressure may serve to attenuate the hypotensive 
effects of inflammation, or alternatively account for the link 
between inflammation and hypertension (69).

THERAPEUTIC POTENTIAL OF FGF-23 
ANTAGONIST

If elevations of FGF-23 are causally linked to adverse outcomes, as 
emerging data are suggesting, then efforts to inhibit the end-organ 
effects of excess FGF-23 may improve outcomes in clinical condi-
tions of FGF-23 excess. Advancements in pharmacological tools 
to block FGF-23 have been made, including blocking antibodies, 
which show efficacy and safety in treating hypophosphatemic 
rickets in hereditary disorders of FGF-23 excess (70). Blocking 
antibodies, however, have a narrow safety window and long 
half-life (16, 70), which may limit their use in CKD. Indeed, 
FGF-23-blocking antibody has not been shown to safely reduce 
FGF-23 in CKD without worsening hyperphosphatemia. Use of 
an FGF-23-blocking antibody also induced aortic calcification 
associated with increased risk of mortality in a rodent model of 
CKD (16). A novel FGF-23 antagonist, Zinc13407541, has been 
developed, which is short-acting and effectively antagonizes FGF-
23 actions in vitro and in vivo without elevating serum phosphate 
(71). Unlike FGF-23-blocking antibodies, this small molecule 
compound can specifically block FGF-23/FGFR/Klotho signal-
ing and increase serum 1,25(OH)2D levels (71) and suppresses 
TNF-α expression in activated macrophages. With further lead 
optimization, derivatives of Zinc13407541 could potentially be a 
titratable pharmacological tool to block FGF-23-related mortality 
in CKD.

In conclusion, a new understanding of FGF-23 functions 
proposes functions beyond mineral metabolism that includes 
indirect and direct effects on components of the myeloid lineage 
that may account for the association between elevated FGF-23 
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and impaired host responses to infections. Distinguishing 
between the proposed mechanisms, namely, FGF-23 suppres-
sion of 1,25D, activation of FGFR2 in PMNs in the absence 
of α-Klotho, and FGF-23 activation of canonical FGFR/α-Kl 
signaling in macrophages, is important, if we are to make 
progress in preventing and treating complications of excess 
FGF-23. Additional studies are needed to determine the relative 
importance of FGF-23 direct effect on different components of 
the myeloid lineage in regulating innate immune function and 
the clinical significance of FGF-23 actions to counteract the 
systemic and local immune effects of Vitamin D. Distinguishing 
between these direct and indirect effects will help establish 
whether pharmacological inhibition of FGF-23 or administra-
tion of 1,25D or sKl can prevent the adverse outcomes associ-
ated with FGF-23 excess.
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Fibroblast growth factor 23 (FGF23) is a phosphotropic hormone mainly produced by 
bone. FGF23 reduces serum phosphate by suppressing intestinal phosphate absorption 
through reducing 1,25-dihydroxyvitamin D and proximal tubular phosphate reabsorp-
tion. Excessive actions of FG23 result in several kinds of hypophosphatemic rickets/
osteomalacia including X-linked hypophosphatemic rickets (XLH) and tumor-induced 
osteomalacia. While neutral phosphate and active vitamin D are standard therapies for 
child patients with XLH, these medications have several limitations both in their effects 
and adverse events. Several approaches that inhibit FGF23 actions including anti-FGF23 
antibodies and inhibitors of FGF signaling have been shown to improve phenotypes of 
model mice for FG23-related hypophosphatemic diseases. In addition, clinical trials indi-
cated that a humanized anti-FGF23 antibody increased serum phosphate and improved 
quality of life in patients with XLH. Furthermore, circulatory FGF23 is high in patients with 
chronic kidney disease (CKD). Many epidemiological studies indicated the association 
between high FGF23 levels and various adverse events especially in patients with CKD. 
However, it is not known whether the inhibition of FGF23 activities in patients with CKD 
is beneficial for these patients. In this review, recent findings concerning the modulation 
of FGF23 activities are discussed.

Keywords: hypophosphatemia, rickets, osteomalacia, antibody, chronic kidney disease-mineral and bone 
disorder (CKD-MBD)

INTRODUCTION

Fibroblast growth factor 23 (FGF23) was identified as a responsible gene for autosomal dominant 
hypophosphatemic rickets (ADHR) in 2000 by positional cloning (1). FGF23 was also cloned as a 
responsible humoral factor for tumor-induced osteomalacia (TIO), a rare paraneoplastic syndrome 
(2). ADHR and TIO are diseases characterized by hypophosphatemia associated with impaired renal 
tubular phosphate reabsorption. Subsequent studies established that FGF23 is a hormone mainly 
produced by bone and regulates phosphate and vitamin D metabolism by binding to Klotho–FGF 
receptor complex (3–7). Klotho is a single membrane spanning protein. While there is also soluble 
Klotho, its role in FGF23 signaling is not clear (8). FGF23 was shown to transduce signals only in 
tissues which express membrane form Klotho (6). FGF23 reduces serum phosphate by inhibiting 
intestinal phosphate absorption through decreasing serum 1,25-dihydroxyvitamin D [1,25(OH)2D] 
level and proximal tubular phosphate reabsorption (3). Therefore, ADHR and TIO have been con-
sidered to be caused by excessive actions of FGF23. These results lead to develop a concept that the 
inhibition of FGF23 activities may be beneficial for hypophosphatemic patients caused by excessive 
actions of FGF23. Furthermore, it has been shown that FGF23 is high in patients with chronic kidney 
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Table 1 | FGF23-related hypophosphatemic diseases.

Responsible 
gene

Mutations Reference

X-linked hypophosphatemic rickets: 
XLH

PHEX Inactivating (20)

Autosomal dominant 
hypophosphatemic rickets: ADHR

FGF23 Activating (1)

Autosomal recessive 
hypophosphatemic rickets 1: ARHR1

DMP1 Inactivating (21, 22)

Autosomal recessive 
hypophosphatemic rickets 2: ARHR2

ENPP1 Inactivating (23, 24)

Osteoglophonic dysplasia FGFR1 Activating (25)

Jansen-type metaphyseal 
chondrodysplasia

PTH1R Activating (26)

Hypophosphatemia with dental 
abnormality and ectopic calcification

FAM20C Inactivating (27)

McCune-Albright syndrome GNAS1 Activating (28)

Epidermal nevus syndrome: ENS HRAS, KRAS, 
NRAS

Activating (29)

Tumor-induced osteomalacia: TIO FN-FGF1, 
FN-FGFR1

Activating (30)

Hypophosphatemia after infusion of saccharated ferric oxide, iron polymaltose, 
or ferric carboxymaltose

Biliary atresia

PHEX, phosphate-regulating gene with homologies to endopeptidases on the 
X chromosome; FGF23, fibroblast growth factor 23; DMP1, dentin matrix protein 1; 
ENPP1, ectonucleotide pyrophosphatase/phosphodiesterase 1; FGFR1, fibroblast 
growth factor receptor 1; PTH1R, parathyroid hormone 1 receptor; FAM20C, family 
with sequence similarity 20, member C; GNAS1, guanine nucleotide binding protein, 
alpha-stimulating activity polypeptide 1; HRAS, Harvey rat sarcoma viral oncogene 
homolog; KRAS, Kirsten rat sarcoma rival oncogene homolog: NRAS, neuroblastoma 
RAS viral oncogene homolog; FN, fibronectin; FGFR, FGF receptor.
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disease (CKD) and can be extremely high in some subjects with 
end-stage renal disease (ESRD) (9, 10). Circulatory FGF23 levels 
have been shown to be associated with various adverse events 
such as higher mortality, cardiovascular events, and left ven-
tricular hypertrophy, especially in subjects with CKD. However, 
it is not known whether these events are direct consequences of 
FGF23 activities (11). In this review, the significance of inhibiting 
FGF23 activities in various diseases is discussed.

FGF23-RELATED HYPOPHOSPHATEMIC 
DISEASES

Chronic hypophosphatemia is an important cause for rickets and 
osteomalacia characterized by impaired mineralization of bone 
matrix. Rickets develops in children before the closure of epiphy-
seal plate and results in growth retardation and bone deformities. 
In contrast, osteomalacia in adults can cause severe muscle 
weakness and bone pain. Serum phosphate level is maintained 
by intestinal phosphate absorption, renal tubular phosphate 
handling and equilibrium between extracellular phosphate and 
phosphate in bone or intracellular fluid. Of these, renal phosphate 
handling is the main determinant of chronic serum phosphate 
level. Most phosphate filtered through glomeruli is reabsorbed 
in proximal tubules by type 2a and 2c sodium-phosphate 
cotransporters. FGF23 reduces the expression of these sodium-
phosphate cotransporters and suppresses phosphate reabsorption 
(3). At the same time, FGF23 reduces serum 1,25(OH)2D by 
modulating the expression of vitamin D-metabolizing enzymes 
(3). FGF23 suppresses the expression of CYP27B1 that encodes 
a protein responsible for the production of 1,25(OH)2D. FGF23 
also enhances CYP24A1 expression that encodes an enzyme that 
works to reduce 1,25(OH)2D level.

After the identification of FGF23, several kinds of enzyme-
linked immunosorbent assay for FGF23 have been established 
(12, 13). A part of FGF23 protein is proteolytically cleaved into 
inactive N-terminal and C-terminal fragments before or during 
the process of secretion. FGF23 level can be regulated by both 
FGF23 transcription and this posttranslational processing of 
FGF23 protein. For example, iron deficiency seems to enhance 
FGF23 production and also the processing of FGF23 protein 
(14). Therefore, FGF23 level does not always reflect the amount 
of FGF23 transcription. Intact assay using two kinds of antibodies 
that recognize N-terminal and C-terminal portions of the pro-
cessing site of FGF23 detects only full-length biologically active 
FGF23 (12). In contrast, C-terminal assay using antibodies against 
the C-terminal part of FGF23 measures both full-length and 
processed inactive C-terminal fragment of FGF23 (13). FGF23 
level measured by C-terminal assay seems to correlate with the 
amount of FGF23 transcription. Intravenous iron preparations 
inhibit gene expression of FGF23. While iron dextrane does not 
affect the cleavage of FGF23, several iron preparations such as 
iron polymaltose and iron carboxymaltose may block the cleav-
age, resulting in paradoxical hypophosphatemia (14). This two 
step regulation of FGF23 needs to be kept in mind when inter-
preting results of FGF23 levels by intact and C-terminal FGF23 
assays. Measurement of FGF23 levels in patients with chronic 
hypophosphatemia indicated that FGF23 levels are high in 

hypophosphatemic patients with ADHR and TIO by both assays 
(12, 13, 15). In contrast, FGF23 levels are low in patients with 
chronic hypophosphatemia from other causes such as vitamin 
D deficiency and Fanconi syndrome indicating that circulatory 
FGF23 level is suppressed in these patients by hypophosphatemia 
or other accompanying metabolic changes (16). From these 
results, high FGF23 in patients with chronic hypophosphatemia 
seemed to indicate that this hypophosphatemia is caused by 
excessive actions of FGF23.

In addition to patients with ADHR and TIO, FGF23 levels 
have been shown to be high in several kinds of hypophosphatemic 
diseases (Table 1). Of these, X-linked hypophosphatemic rickets 
(XLH) caused by inactivating mutations of phosphate-regulating 
gene with homologies to endopeptidases on the X chromosome 
(PHEX) is the most prevalent cause of genetic hypophosphatemic 
disease. More than three hundred kinds of mutations in PHEX 
have been assembled in a database.1 PHEX is a single membrane 
spanning protein mainly expressed in bone and teeth (17). There 
is a murine model of XLH called Hyp. Hyp mice show similar bio-
chemical features to those of patients with XLH. Genetic analysis 
indicated that there is a deletion in 3′ region of Phex gene in Hyp 
mice (18). It has been shown that Fgf23 is overexpressed in bone 
and circulatory Fgf23 is high in Hyp mice (19). Therefore, it is 

1 http://www.phexdb.mcgill.ca/.
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believed that inactivating mutations in PHEX somehow induce 
enhanced expression of FGF23 in bone and cause excessive actions 
of FGF23 in patients with XLH. Signals from FGF receptor was 
reported to be involved in the overproduction of FGF23 produc-
tion in Hyp mice (7). However, the precise detailed role of PHEX 
in the regulation of FGF23 expression needs to be established.

Mutations in dentin matrix protein 1 (DMP1) and ectonucleo-
tide pyrophosphatase/phosphodiesterase 1 (ENPP1) results in auto-
somal recessive hypophosphatemic rickets 1 and 2, respectively 
(21–24). Furthermore, mutations in several other genes have been 
shown to cause hypophosphatemic diseases with high FGF23 lev-
els (31). Inactivating mutations in FAM20C was reported in Raine 
syndrome, a usually lethal osteosclerotic disease (32). However, 
hypophosphatemia with high FGF23 was later reported in some 
surviving patients (27). Osteoglophonic dysplasia is caused acti-
vating mutations in FGF receptor 1. Hypophosphatemia with high 
FGF23 in this disease again suggests the involvement of signals 
from FGF receptor in FGF23 production (25). Epidermal nevus 
syndrome is caused by somatic mutations in RAS oncogenes 
and is characterized by sebaceous nevi and skeletal defects (29). 
These oncogene products can transduce signals from receptor 
tyrosine kinases including FGF receptor. Jansen-type metaphy-
seal chodrodysplasia and McCune-Albright syndrome are caused 
by activating mutations in parathyroid hormone (PTH) 1 receptor 
and GNAS1, respectively (26, 28). These results suggest that cyclic 
AMP pathway is involved in FGF23 production. In some patients 
with TIO, FN (fibronectin)-FGF receptor 1 or FN-FGF1 fusion 
gene was reported in responsible tumors (30). It is likely that these 
genes activate some intracellular signaling pathway to enhance 
FGF23 production.

In addition to diseases with known genetic causes, hypophos-
phatemia with high FGF23 has been reported in patients 
receiving some intravenous iron preparations (33, 34). Recently, 
it has been reported that biliary atresia can be associated with 
hypophosphatemia with high FGF23 (35). In most of these 
FGF23-related hypophosphatemic diseases, FGF23 is considered 
to be overexpressed in bone while the detailed mechanism of this 
overproduction is not clear. On the contrary, in patients with TIO, 
the responsible tumors produce FGF23 and FGF23 is shown to 
be expressed in liver in a patient with biliary atresia. Collectively, 
these results indicate that excessive production and actions of 
FGF23 can cause several kinds of hypophosphatemic diseases.

THE INHIBITION OF FGF23 ACTIVITY AS A 
NEW THERAPEUTIC MANEUVER FOR 
FGF23-RELATED HYPOPHOSPHATEMIC 
DISEASES

Direct FGF23 Targeting
Tumor-induced osteomalacia is a paraneoplastic syndrome and 
can be cured by complete resection of the responsible tumors. 
However, it is sometimes difficult to find the responsible tumors 
in patients with TIO. Even when the responsible tumors can 
be found, it is not always possible to completely remove the 
lesions. For those patients with TIO whose responsible tumors 
cannot be removed, neutral phosphate and active vitamin D are 

usually prescribed. For patients with most other FGF23-related 
hypophosphatemic diseases including XLH, the same drugs are 
also used. However, these medications are not drugs based on the 
pathophysiology of these diseases. In addition, these medications 
may not able to correct impaired growth completely in patients 
with hypophosphatemic rickets (36). Furthermore, administra-
tion of phosphate and active vitamin D can be associated with 
several adverse events such as hypercalcemia, hypercalciuria, 
nephrocalcinosis, and gastrointestinal symptoms (37).

It has been shown that excessive activities of FGF23 underlie 
the pathogenesis of FGF23-related hypophosphatemic diseases as 
mentioned above. Therefore, the suppression of FGF23 activities 
has been considered as a novel therapy for patients with these 
diseases. Murine monoclonal antibodies against N-terminal 
and C-terminal portions of human FGF23 were obtained. These 
antibodies inhibited in  vitro FGF23 activity and synergistically 
increased serum phosphate and 1,25(OH)2D levels in normal mice 
(38). These results as well as phenotypes of hyperphosphatemia 
and high 1,25(OH)2D in Fgf23 null mice confirmed that FGF23 is 
a physiological regulator of phosphate and vitamin D metabolism 
(4, 38). Then, these antibodies were tested in Hyp mice and were 
shown to increase serum phosphate and 1,25(OH)2D (39). In 
addition, repeated administration of these antibodies enhanced 
longitudinal growth of long bones, increased bone mineral 
density and corrected impaired mineralization of Hyp mice 
(39). Furthermore, these antibodies increased grip power and 
spontaneous movement of Hyp mice (40). These results suggested 
that the inhibition of FGF23 activities by FGF23 antibodies can 
ameliorate biochemical, morphological, histological and clinical 
abnormalities of patients with FGF23-related hypophosphatemic 
rickets/osteomalacia.

Based on the results of these preclinical studies, humanized 
anti-FGF23 monoclonal antibody (burosumab) was developed 
and tested in several clinical trials. The initial phase I study 
involving 38 adult patients with XLH showed that burosumab 
increased serum phosphate, 1,25(OH)2D and tubular maximum 
transport of phosphate per glomerular filtration rate (TmP/GFR), 
an index of proximal tubular phosphate reabsorption, in a dose-
dependent manner (41). Subsequent study with 28 adult patients 
with XLH showed that subcutaneous injections of burosumab 
every 4 weeks increased serum phosphate, 1,25(OH)2D and TmP/
GFR after each administration (42). Furthermore, burosumab 
was shown to significantly improve patient perception of physical 
functioning and stiffness (43). These results indicated that buro-
sumab can improve biochemical abnormalities of adult patients 
with XLH and improve quality of life. However, it was unclear 
from these studies whether burosumab can also work in children 
and ameliorate rickets/osteomalacia.

While the results have not yet been published as articles so 
far, several clinical trials with burosumab are ongoing. Results 
presented in several scientific meetings and available on the web 
suggest that burosumab can improve biochemical abnormalities 
in child patients with XLH and also in patients with TIO.2,3 In 
addition, burosumab seems to improve roentgenological signs of 

2 http://www.ultragenyx.com/pipeline/krn23-xlh/.
3 http://www.ultragenyx.com/pipeline/krn23-tio/.
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rickets in children. Based on these results, the US Food and Drug 
Administration granted a Breakthrough Therapy Designation for 
burosumab in 2016 (see footnote 2). However, there are several 
questions to be answered in the future studies. Long-term safety 
should be carefully monitored. In addition, it has not yet been 
shown whether burosumab can heal rickets/osteomalacia and 
normalize height in child patients with XLH. Furthermore, it has 
not been established how long burosumab should be used for 
child patients with XLH. Theoretically, burosumab seems to be 
effective in patients with other FGF23-related hypophosphatemic 
diseases than XLH and TIO. This also needs to be proved in the 
future trials. Collectively, burosumab has been shown to inhibit 
FGF23 actions in human and seems to be promising as a novel 
therapy for patients with FGF23-related hypophosphatemic 
diseases.

In addition to anti-FGF23 antibody, a computationally identi-
fied compound binding to FGF23 was also shown to increase 
serum phosphate and 1,25(OH)2D in a model mouse of FGF23-
related hypophosphatemic diseases (44). These compounds can 
be cost-effective compared to the antibody. However, this small 
molecule has not been used in clinical trials.

Klotho–FGF Receptor Complex Targeting
Another approach is to inhibit the binding of FGF23 to Klotho–
FGF receptor complex. Purified C-terminal fragment of FGF23 
protein was shown to compete with full-length FGF23 for the 
binding to Klotho–FGF receptor complex (45). Administration 
of this C-terminal fragment of FGF23 temporally increased 
serum phosphate of Hyp mice (45). The C-terminal portion of 
FGF23 protein was fused to Fc portion of IgG1 to increase the 
stability of the C-terminal fragment (46). This FGF23 c-tail-Fc 
fusion molecule also increased serum phosphate and improved 
mineralization of Hyp mice when repeatedly injected (46). In 
addition to this C-terminal fragment of FGF23, several small 
compounds were shown to impair the interaction between FGF23 
and Klotho–FGF receptor complex (47).

Targeting FGF Receptor
In addition, the inhibition of FGF receptor was shown to inhibit 
FGF23 activities (48, 49). Several reports suggest that signals 
from FGF receptor stimulate FGF23 production in bone (7, 
48). Therefore, it is possible that the inhibition of FGF recep-
tor suppresses both the production and the actions of FGF23. 
NVP-BGJ398, a pan FGF receptor inhibitor, increased serum 
phosphate, enhanced bone growth, increased mineralization, and 
corrected the disturbed growth plate structure in Hyp mice (49).

Targeting of Downstream Signals from 
FGF Receptor
The inhibition of mitogen-activated protein kinase (MAPK) path-
way was also shown to impair FGF23 actions while FGF receptor 
can activate several signal transduction pathways. PD0325901, 
an inhibitor of MAPK pathway, was shown to increase serum 
phosphate and 1,25(OH)2D, and correct impaired mineralization 
in Hyp mice (50). These preclinical studies indicated that there are 
several ways to inhibit excessive FGF23 activities causing FGF23-
related hypophosphatemic diseases.

However, FGF receptor-MAPK pathway is involved in numer-
ous biological processes in addition to mediating FGF23 actions 
suggesting that the inhibition of this pathway can be associated 
with various adverse events. NVP-BGJ398 and PD0325901 
have been tested in several clinical trials mainly for patients 
with solid cancers.4 NVP-BGJ398 was shown to inhibit FGF23 
secretion in patients with TIO caused by malignant tumors 
(51). However, these inhibitors have not yet tested for patients 
with genetic FGF23-related hypophosphatemic diseases or TIO 
caused by benign tumors. FGF23 c-tail-Fc fusion molecule and 
other small compounds that impair the binding of FGF23 to 
Klotho–FGF receptor complex have not been tested in clinical 
trials, either.

FGF23 AND CKD-MBD

Circulatory FGF23 level is high in patients with CKD. Several 
studies indicated that FGF23 starts to increase in the early phase 
of CKD (10, 52). This increase of FGF23 precedes those of PTH 
and phosphate. While the detailed regulatory mechanisms of 
FGF23 production and circulatory FGF23 levels remain to be 
clarified, 1,25(OH)2D and high phosphate diet were shown to 
enhance FGF23 levels (53). However, in patients with early CKD 
with high FGF23 level, 1,25(OH)2D and phosphate are not high. 
Recent studies suggest that inflammation and iron deficiency are 
involved in this high FGF23 in patients with CKD (54).

In a model rat of early CKD, the inhibition of Fgf23 activ-
ity by anti-FGF23 antibodies were shown to enhance proximal 
tubular phosphate reabsorption and increase serum phosphate 
and 1,25(OH)2D (55). These results suggest that high FGF23 in 
patients with early CKD suppresses phosphate reabsorption and 
works to prevent the development of hyperphosphatemia. The 
inhibition of Fgf23 activities by anti-FGF23 antibody in a model 
rat of CKD was also shown to cause higher mortality by increas-
ing serum phosphate and promoting ectopic calcification (56). 
Therefore, this increase of FGF23 in patients with early CKD is 
considered to be one of adaptive responses to maintain mineral 
homeostasis.

In contrast, there are now many epidemiological studies that 
indicate the association between high FGF23 levels and various 
adverse events especially in patients with CKD or ESRD (11). For 
example, high FGF23 levels in patients who were beginning hemo-
dialysis were shown to be associated with higher mortality during 
the first year of hemodialysis (57). Adverse events associated with 
high FGF23 are quite diverse including cardiovascular events, left 
ventricular hypertrophy, progression of CKD, fractures, higher 
mortality, frailty, insulin resistance, and so on. These associations 
suggest that the inhibition of FGF23 activity may be beneficial in 
patients with CKD under certain conditions. Actually, secondary 
analysis of Evaluation Of Cinacalcet Hydrochloride Therapy to 
Lower CardioVascular Events indicated that cinacalcet-induced 
reductions in serum FGF23 were associated with lower rates 
of cardiovascular death and major cardiovascular events (58). 
However, there has been no study that examined effects of 

4 https://clinicaltrials.gov/ct2/home.
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inhibiting FGF23 activities by anti-FGF23 antibody or inhibitors 
in patients with ESRD. In addition, the reason for the associa-
tion between high FGF23 levels and various adverse events are 
not clear enough. While it was reported that FGF23 signals in 
a Klotho-independent fashion through FGFR4/nuclear factor of 
activated T  cells/calcineurin, which may cause left ventricular 
hypertrophy (59, 60), it has not been shown how FGF23 can 
activate FGF receptor without Klotho. In addition, it is not clear 
either whether FGF23 induces various adverse events directly 
working on several tissues like heart, bone and kidney. Further 
studies are necessary to establish the usefulness of inhibiting 
FGF23 activities in patients with CKD.

CONCLUSION

Fibroblast growth factor 23 is a hormone that reduces serum 
phosphate and 1,25(OH)2D levels. For patients with excessive 
hormone actions, therapeutic measures to suppress the activities 
of that hormone are used. Therefore, it is reasonable to develop 
methods to inhibit FGF23 actions for patients with FGF23-related 
hypophosphatemic diseases. Patients with hypophosphatemic 

disorders by FGF23 excess may benefit from FGF23 blocking 
antibodies or inhibitors of FGF23 signaling. However, these 
therapies need careful monitoring because deficient actions of 
FGF23 result in hyperphosphatemic disease. On the contrary, 
FGF23 seems to be high in response to changes of mineral 
homeostasis or other metabolic process in patients with CKD. 
Patients with CKD may benefit from these novel therapies to the 
extent that FGF23 secretion is excessively stimulated and beyond 
what’s needed in compensation. However, there is not enough 
evidence that indicates the inhibition of FGF23 activities is useful 
for patients with CKD.
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