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Early research has suggested a rather straightforward relation between phosphate exposure, increased serum FGF23
(Fibroblast Growth Factor 23) concentrations and clinical endpoints.
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| 1. Introduction

FGF23 is a hormone, secreted by osteocytes, and has a central physiological role in phosphate homeostasis. It promotes
phosphaturia and inhibits the activation of vitamin D, thereby limiting vitamin-D mediated phosphate absorption from the
diet by the transcellular uptake route of enterocytes in the gastro-intestinal tract. There are several principal ways in which
FGF23 concentrations can be regulated, and all of these appear to play a role. These modes of regulation are production
and secretion by the cells of origin, ectopic production, and cleavage or breakdown at cells of origin or after release into
the circulation. The currently available immunoassays measure either the full-length and biologically active hormone,
termed intact FGF23 (iIFGF23), or both iIFGF23 and its c-terminal fragment, termed cFGF23. It should be noted that the
term cFGF23 for this assay is a confusing term, because it does not only measure the c-terminal fragment, the latter
originating after cleavage of the full-length polypeptide. This cleavage obviously also generates an N-terminal fragment,
but no commercially available assay detects this fraction.

| 2. The Role of Minerals as Regulators of FGF23
2.1. Phosphate

Given the key role of FGF23 to protect the organism against hyperphosphatemia, it can be expected that phosphate
increases FGF23 concentrations. Indeed, several studies have shown that an increase in dietary intake of phosphate by
both healthy volunteers and people with CKD increased its concentrations, albeit with some delay of around 24 h 23] o
restore phosphate balance. In turn, phosphate restriction has the ability to lower FGF23, but, different from PTH secretion
from healthy parathyroid glands in a setting of hypercalcemia, FGF23 has never been described to be fully suppressed
following hypophosphatemia, for instance when induced by mutations in the renal phosphate transporter NaPi2c which
gives rise to hereditary hypophosphatemic rickets with hypercalciuria (HHRH) &, Until recently, the underlying molecular
mechanism by which phosphate modulates FGF23 levels has been elusive. It has been shown that phosphate transport
into bone cells across the inorganic phosphate transporter 1 (PiT-1) may be involved €. A recent study revealed an
additional remarkable mechanism 4. Bone cells that produce FGF23 express its receptor FGFR1 as well. It is now shown
that phosphate itself can bind to this unliganded receptor, leading to the upregulation of the Galnt3 gene, the protein-
product of which leads to O-glycosylation of full-length FGF23, as will be discussed below. The consequence of this post-
translational modification of the FGF23 molecule is that it escapes intracellular cleavage, increasing the proportion of
biologically active FGF23. This mechanism does not suggest that phosphate induces FGF23 expression, even though a
previous study suggested it can in a cell line &, but rather stabilises the hormone. This mode of action of phosphate on
FGF23 concentrations is in line with clinical studies in patients with CKD that addressed the question of whether dietary
phosphate restriction can lower FGF23. A recent meta-analysis of these studies found more pronounced reduction of
iFGF23 than of cFGF23, the latter also measuring FGF23 fragments . In normophosphatemic CKD patients, short-term
treatment with non-calcium containing phosphate binders did not change FGF23 UL while prolonged treatment
induced a substantial decline 2. The use of calcium-containing binders did increase FGF23 121,

2.2. Calcium

Interestingly, there appears to be a minimal concentration of calcium required for phosphate to be able to increase FGF23
levels. In an animal model testing varying serum concentration of calcium, it was shown that an increment of FGF23 by
PTH was completely abolished when ionized calcium concentrations were below 4 mg/dL 24, The physiological



functionality of this phenomenon might be that this prevents the catabolism of vitamin D by FGF23 in a setting of
hypocalcemia. Moreover, in an animal model, calcium itself was shown to be able to directly increase FGF23 transcription
by acting on the promotor of the Fgf23 gene (151118, These findings from experimental research are in line with most, but
not all, clinical observations. In a clinical trial among 30 early CKD patients, studying the effects of adding calcium
carbonate to calcitriol, it was shown that this induced an increase of FGF23, which was paralleled by an increase in serum
calcium concentration 4. In more advanced CKD, the non-calcium containing phosphate binder lanthanum carbonate
was able to lower FGF23 levels, while a calcium-containing binder could not (131 However, in a short-term study, acute
increments or decrements of serum calcium concentrations had no effect on FGF23 [18],

2.3. Calciprotein Particles

Apart from the synergistic effects of combined higher levels of calcium and phosphate on increasing FGF23, it is possible
that this is mediated by the formation of calciprotein particles (CPP) 920, Even at physiological concentrations, human
plasma is supersaturated for calcium and phosphate, which would induce spontaneous hydroxyapatite crystal formation
(21 These potentially damaging crystals, however, are prevented from being formed and freely floating in the circulation
by being scavenged into soluble amorphous primary calciprotein particles CPP (CPP1), which are nanoparticles
containing the serum protein Fetuin-A as the main protein constituent. In a setting of increased availability of these
minerals, as is the case for phosphate in CKD, or suppressed hepatic production of Fetuin A in a setting of chronic
inflammation, the stage is set to overwhelm the capacity of this defence system, leading to the formation of more toxic
larger crystalline secondary CPPs (CPP2) [2223]l24] | jke high exposure to phosphate, exposure to high calcium levels
also increases the amount of CPP, as was shown in a patient with renal sarcoidosis, and this was paralleled by an
increase in FGF23 [, The role of calcium on the formation of CPP was also shown in a clinical study comparing
calciumcarbonate with lanthanumcarbonate 28, After switching to lanthanumcarbonate, the total amount of CPP declined
substantially, without major differences in serum concentration of calcium and phosphate between the two phosphate
binders.

A recent clinical observational study demonstrated an association between the amount of CPPs and FGF23, suggesting
an induction in the phosphaturic hormone by CPP’s [24. Indeed, a recent in vitro study found that CPPs are capable of
increasing FGF23 expression in osteoblast-like cells (28], Remarkably, this effect was restricted to the smaller sized CPP1.
It is therefore conceivable that an increased amount of CPP’s formed triggers FGF23, which in turn induces phosphaturia
and declines levels of active vitamin D. FGF23 thereby slows the formation of CPP’s by lowering the concentrations of the
minerals that form its mineral content. This concept is supported by the ability of CPP to exit the circulation, enter the bone
marrow and reach FGF23-producing bone cells [28],

2.4. Magnesium

Given its resemblance to calcium as a bivalent cation, and its beneficial effects on the formation of CPP 223331 it js
likely that magnesium is also involved in the regulation of FGF23. Data, however, are scarce. In an animal study of cats
with chronic kidney disease, a negative association between serum magnesium concentration and FGF23 was found,
which was independent of calcium, phosphate, and PTH B2, In an observational study among young healthy men, it was
shown that a lower dietary intake of magnesium was associated with higher FGF23 3], When rats were exposed to a
short-term (7 day) magnesium deficient diet, FGF23 levels were higher compared to a normal diet at all time points
following the interventions which reached statistical significance after one week B4, However, clinical trials demonstrating
a beneficial effect on clinically relevant endpoints of magnesium supplements are lacking 2,

The role of minerals and calciprotein particles are summarized in Figure 1.
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Figure 1. Effects of minerals on FGF23.

| 3. Hormonal Regulation of FGF23
3.1. Parathyroid Hormone

PTH was shown to be a relevant regulator of FGF23 by directly increasing its expression in bone in an experimental
model of CKD 28, Moreover, in that same study, parathyroidectomy before the onset of CKD completely abolished the
FGF23 increment, even in a subsequent setting of hyperphosphatemia. This is probably mediated by the receptor PTH1R
for PTH on bone cells, the same receptor that is involved in regulating bone turnover, and with Nuclear Receptor Related-
1 protein (Nurrl) an intermediate intracellular molecule BZ. Another established action of PTH on bone cells is the
suppression of the gene encoding for sclerostin (Sost). Sclerostin acts as local inhibitor of the Wnt pathway by sclerostin,
thereby suppressing FGF23 [28l39140]  pTH therefore unleashes FGF23 by suppressing sclerostin. Clinical studies
suggest a biphasic response to PTH. In a short term (3 h) 1-34 PTH infusion in healthy young persons, FGF23 declined,
most likely driven by PTH-induced renal phosphate loss . During this period 1,25 dihydroxyvitamin D3 (1,25D) started
to rise, which expectedly would induce increased dietary phosphate uptake. This, and the potential direct effects of PTH
on bone cells may be the dominating effect following more prolonged exposure, giving rise to FGF23 increments. This
indeed was suggested by a two days PTH infusion study that led to increased cFGF23 in healthy persons and people
treated by dialysis regardless of bone turnover status 2. Like for many other aspects, however, the role of PTH is
complex, because if endogenous levels rise as a consequence of a decline of serum calcium by sodium citrate infusion,
FGF23 did not increase 8. Obviously, the stimulating effects of PTH on FGF23 may have been nullified by the low levels
of calcium. There seems to be a logical physiological basis for the induction of FGF23 by PTH. The key purpose of PTH is
to restore hypocalcemia and it does so in part by liberating calcium form bone. This is paralleled by release of phosphate,
which is, besides by phosphaturic effects of PTH itself, excreted by the kidneys under the influence of FGF23.

Observations of persons with dialysis-dependent end-stage kidney disease treated with calcimimetics appear to be in line
with the notion that lowering PTH is accompanied by declining FGF23 4344 Remarkably, however, in both of these
clinical studies, using the oral cinacalcet or the intravenous etelcalcetide, the decline of FGF23 followed reductions of
phosphate and calcium, instead of PTH reductions.

3.2. Vitamin D

There is strong evidence that 1,25D directly induces Fgf23 gene transcription. Mice injected with the active form of vitamin
D had increased levels of FGF23 mRNA, exclusively in bone, which was accompanied by a rise in serum FGF23 levels
43 |n that same study, rat-derived UMR-106 osteoblast-like cells had a 1000-fold increase of FGF23 mRNA 4 h after
exposure to 1,25D. In another study with a focus on exploring the Fgf23 gene promotor region, this role of 1,25D was
confirmed @& Collins and co-workers observed three patients that received a high dose of calcitriol after
parathyroidectomy after surgery and observed steep increments of FGF23 42, Many clinical trials have been performed in
which either active or nutritional vitamin D was the key intervention. In several of these trials, FGF23 levels were part of
the follow-up parameters. The results of these observations have been summarized in two meta-analyses. In the first of
these it was found that in patients that were deficient in vitamin D at baseline, the intervention induced a statistically
significant increase of iFGF23 48], There was also an increase of cFGF23, but this did not reach statistical significance. A
very recent meta-analysis could not confirm this effect of vitamin D, but in this meta-analysis, trials were included where
participants did not have vitamin D deficiency at baseline, which may explain the discrepancy with the previous analysis
49 |n a study among children treated by dialysis, active vitamin D compounds (calcitriol or doxercalciferol) induced a



substantial increase in FGF23 B, Collectively, these studies strongly suggest that vitamin D, especially active vitamin D,
induces FGF23.

A summary of the roles of PTH and vitamin D is provided in Figure 2.
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Figure 2. Endocrine control of FGF23.
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