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The incidence of Type 2 diabetes mellitus (T2DM) results from a combination of genetic, environmental, and behavioral
risk-factors that include sedentary lifestyle and diet. Related to diet, small elevations in the levels of Pi in blood also
constitute a risk factor for the appearance of prediabetes situations, particularly, impaired glucose tolerance and IR, as
well as for the development of T2DM. Pi serum range is maintained by diverse hormones that regulate the intestinal
uptake, its mobilization from bone, and the renal excretion. Importantly, the pathophysiological repercussions of Pi
imbalances also involve to these regulatory factors. Disbalances in phosphataemic regulatory-factors traditionally related
to an increase in morbidity are the decrease in calcitriol (the active form of vitamin D) and the increase in parathyroid
hormone (PTH) levels. Fibroblast growth factor 23 (FGF23) is considered the main regulator of phosphorus and vitamin D
metabolism. FGF23 is secreted from bones, especially by osteoblasts and osteocytes, after phosphate intake and acts
primarily on the kidneys to inhibit phosphate reabsorption in urine. FGF23 also inhibits calcitriol renal synthesis and the
secretion of PTH in the parathyroid glands.
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| 1. FGF23 Signaling Pathway

FGF23 belongs to the FGF superfamily, which in humans consists of 22 signaling peptides that participate in a broad
diversity of biological processes. FGF23, together with FGF19 and FGF21, form the particular group of endocrine
(hormone-like) FGFs segregated from the wide FGF ligand superfamily by phylogenetic and sequence analysis L2,
Since both FGF19 and FGF21 are implied in the regulation of lipid and glucose metabolism BIAIEIEIZ it is plausible that
FGF23 may also be involved in some metabolic processes, especially in the metabolism of glucose.

The lack of active heparan—sulfate (HS) binding domains in endocrine FGFs prevents the formation of hydrogen bindings
with the HS-rich extracellular matrix [ and allows entry to the bloodstream. However, this feature of endocrine FGFs also
determines a low affinity for their cell surface tyrosine kinase receptors, termed FGF receptors (FGFRs). There are four
FGFRs (FGFR1-4) that present a similar structure and a high degree of amino acid sequence homology & and that are
practically ubiquitous, being expressed in multiple organs and tissues 19. A new FGFR called FGFR5 has recently been
added to this group of receptors, which lacks the tyrosine-kinase domain and which is believed to regulate FGFR1
responses L. The alternative splicing of the codifying genes produces several FGFR subtypes, including b and ¢
subtypes of FGFR1 to FGFR3 12, To enhance the affinity for FGFRs in their target organs, endocrine FGFs use Klotho
proteins as cofactors. Since FGFRs are expressed in a wide range of tissues, tissue-specific expression of Klotho proteins
is considered to be the determinant for an organ to be targeted by endocrine FGFs. Furthermore, it has been reported that
the soluble form of aKlotho, generated by proteolytic cleavage of the membrane-anchored form, may also function as a
coreceptor for FGFR1c A3 although the significance of soluble aKlotho in the transmission of FGF23 signaling is
unknown.

The components of the canonical receptor complex for FGF23 are FGFR1c and the membrane-anchored protein aKlotho,
which is expressed in several restricted tissues, including the kidneys and the parathyroid glands 4. Recently, the crystal
structure of the FGFR1c/aKlotho complex has been described, demonstrating that aKlotho is a honenzymatic molecular
scaffold for FGF23 signaling 12l. In addition to kidneys and parathyroid glands, the expression of aKlotho has also been
detected in the choroid plexus, vascular tissue, peripheral blood cells (PBCs), and recently in pancreatic R cells [Z4I15][16]
(L7J18I19[20] The presence of aKlotho in R cells suggests that this protein may play a role related to the synthesis and/or
release of insulin through its role as a coreceptor for FGF23. Furthermore, it is also plausible that circulating FGF23
directly mediates off-target effects independently of aKlotho, and it has been proposed that, at high concentrations,
FGF23 is capable of establishing independent low-affinity aKlotho binding to FGFRs other than FGFR1c, thus causing
deleterious effects on multiple organs and tissues.



FGF23 regulates circulating Pi levels by decreasing blood Pi and calcitriol levels [21[221[23] | the kidneys, FGF23 reduces
reabsorption of phosphate from the urine by reducing the abundance of type lla and lic sodium—phosphate cotransporters
(NaPis) in the apical membrane of epithelial cells in the proximal renal tubule 24231 Additionally, FGF23 also reduces
renal calcitriol synthesis by reducing the transcription of renal lo-hydroxylase (CYP27B1), the key enzyme for 1.25
(OH),D3 synthesis [21[2223] These actions are mediated by FGFRs that can activate several intracellular signal
transduction pathways, including the extracellular signal-regulated kinase (ERK), protein kinase B (Akt) and
phospholipase C-y (PLCy) pathways 251, The canonical aKlotho-dependent signal transduction that FGF23 is believed to
employ to regulate phosphate and vitamin D metabolism is the Ras/MAPK/ERK 19 The transduction is initiated by
activation through autophosphorylation of tyrosine kinase enzymes in the cytoplasmic tail of FGFR1c, which induces the
activation of the Ras/MAPK/ERK pathway and, posteriorly, the expression of the early growth response 1 (EGR1) protein,
which acts as a differential transcription factor.

| 2. Potential Diabetogenic Actions of FGF23

Most of the studies that relate FGF23 to the appearance of imbalances in glucose and insulin metabolism are merely
descriptive, and currently, there are no mechanisms explaining these relationships. One of the possible explanations may
be the combined effects of high levels of FGF23 and reduced expression of its specific cofactor aKlotho.

In conditions characterized by the presence of supraphysiological levels of FGF23, the unspecific binding of this hormone
could mediate off-target effects in tissues and organs not previously considered to be targets, explaining part of these
effects. Several data support the existence of this complementary mechanism of action of FGF23 that can be activated in
certain circumstances. A few alternatives to canonical FGF23 signal transduction have been proposed. aKlotho can be
found in blood and cerebrospinal fluid as a soluble protein, and as mentioned above, it has been proposed that this
soluble form may act as a widely available cofactor for the FGFR1c receptor 13, A second possibility is that the new onset
or the stimulation of the expression of aKlotho in tissues where it is not generated or is in a very low proportion could
generate a functional receptor complex when it is colocalized with the ubiquitously expressed FGFR1c. Finally, signal
transduction in response to FGF23 may occur independently of aKlotho by binding to receptors FGFR2, 3, and 4 since
only FGFR1c requires the presence of aKlotho to bind FGF23 with sufficient affinity 28, This possibility has been
demonstrated in a small group of cells and tissues including myocardial tissue, hepatocytes, and neutrophils, which only
express FGFR2 and FGFR4 [27[28][29],

The existence of this multiplicity of bindings for FGF23, even in the same target organ if it co-expresses different FGFRs,
has important repercussions on the potential activation of different intracellular signals and, consequently, on the effects
elicited by this hormone. The PLCy/calcineurin (CN)/nuclear factor of activated T cells (NFAT) signaling pathway is a
noncanonical pathway activated by non-aKlotho-dependent FGF23 binding. The overactivation of this pathway results in
hypertrophic effects in cardiac myocytes that, at the clinical level, is associated with the appearance of left ventricular
hypertrophy (LVH), and in the induction of an inflammatory response in hepatocytes BU27(28] Similarly, the suppression of
PTH expression in the parathyroid glands, which is canonically mediated by the binding of FGF23 to the FGFR1c/aKlotho
receptor complex, can also occur through the activation of the PLCy/CN/NFAT pathway independently of aKlotho B4,
However, the chronic activation of this pathway derived from an excess of FGF23 generates maladaptive effects leading
to hyperplasia of parathyroid cells and an increase in the secretion of PTH B2, To date, the potential diabetogenic effects
of the activation of this pathway by noncanonical binding of FGF23 remain unexplored. Although these effects can be at
very different levels, there are two possibilities that we consider to deserve attention.

2.1. Effects on Pancreatic B Cell

FGF signaling plays an important role in the maintenance of R-cell physiology and glucose homeostasis, with disorders in
the intracellular signaling response being associated with the onset and progression of diabetes 3334, FGF1 and 2
specifically stimulate insulin secretion in rodent pancreatic B cells 3l38] Conversely, the impairment of FGFR1 signaling
leads to the appearance of the diabetic phenotype in mice, indicating that this receptor, but not FGFR2, has a crucial role
in the control of glucose homeostasis .

The binding of FGF23 to the pancreatic 3 cell would allow the existence of a mechanism of cellular regulation which is not
yet known. This possibility has been reinforced by demonstration of the expression of coreceptor aKlotho, together with
FGFR1c and FGFR2b, in the pancreatic B cell BUBE7 Moreover, the recently identified FGFR5 is also expressed in adult
pancreas 2829 and exerts modulatory effects on FGFR1 activity, enhancing tyrosine phosphorylation of the
Ras/MAPK/ERK signaling pathway 49,



Thus, FGF23 could act in the B cell through this canonical signaling pathway and exert modulatory actions on the
production and/or release of insulin in this cell. Furthermore, the feedback could be closed by an inhibition of the
production of FGF23 by insulin: both insulin and insulin-like growth factor 1 (IGF1) are capable of suppressing FGF23
production through activation of phosphatidyl inositol triphosphate kinase (PI3K)/Akt/forkhead box protein O1 (FOXO1)
signaling 441,

The PLCy/CN/NFAT pathway is an important regulator of multiple biological functions, including the regulation of R-cell
growth and function as well as the biosynthesis and secretion of insulin. Administration of the CN inhibitors CsA and
FK506 to rodents or humans induces hyperglycemia and hypoinsulinemia derived from a reduction in insulin biosynthesis
and secretion 42, However, sustained activation of the PLCY/CN/NFAT pathway provokes similar deleterious effects on R-
cell proliferation, growth, and function 3!, Therefore, the activation of noncanonical pathways by FGF23-intracellular-
signal transmission under certain conditions in which FGF23 is overexpressed and/or in which aKlotho, the membrane
and/or the systemic soluble form, is absent or poorly expressed could generate a harmful effect by causing an
overactivation of the CN pathway, resulting in a malfunction of the pancreatic 3 cell. In this sense, aKlotho has been
recently shown to play a role in glucose metabolism. Transgenic, aKlotho-deficient mice exhibit pancreatic islet atrophy
with reduced pancreatic insulin mRNA and protein levels and serum insulin concentrations 4. By contrast, aKlotho
overexpression in mice resulted in increased plasma membrane retention of the CaZ*-permeable, transient receptor
potential cation channel V2 (TRPV2), enhanced calcium entry and glucose-induced intracellular calcium response, and
insulin secretion, whereas knockdown of aKlotho attenuated these effects 23],

2.2. Effects on Inflammation

Chronic low-grade inflammation and activation of the innate immune system constitute key factors in the pathogenesis of
diabetes mellitus 481471481 Dpjverse inflammatory parameters are elevated in diabetic patients and constitute strong
predictors of the development of this disease BABABL, Given the prevalence of inflammation in T2DM and its role in the
development of the disease, the potential effects of increased levels of FGF23 on the immune system may be of clinical
relevance.

Similar to Pi, elevated FGF23 plasma levels have been independently associated with higher levels of inflammatory
markers in patients with CKD or other inflammatory diseases. Results of the Chronic Renal Insufficiency Cohort (CRIC)
showed that higher FGF23 levels are associated with higher levels of the inflammatory markers CRP, IL6, TNFa, and
fibrinogen and with a higher odds ratio for severe inflammation independent of mineral metabolism and renal function 2,
This association is not limited to CKD, and the levels of FGF23 have been positively correlated with TNFa 2] and with IL6
B3] jn general populations, and with CRP levels in the elderly B3B4l Fyurthermore, inflammation is a major trigger of
FGF23 production [BIESIENEE]  jndicating the potential existence of a feedback mechanism between FGF23 and

inflammatory markers.

In human PBCs, which express aKlotho and the receptors FGFR1c, 2, and 4, FGF23 is able to inhibit calcitriol production,
a well-known immune system modulator, through the activation of the Ras/MAPK/ERK signaling pathway 59, Although
this inhibition mediated by FGF23 may contribute to the suppression of innate immunity, indirectly explaining the effects of
FGF23 on the inflammatory status, experimental data indicate that FGF23 can directly promote the synthesis of
inflammatory factors. Although the effects of FGF23 in the immune system are unknown, mice models of FGF23 excess
have revealed an overactivation of genes regulating inflammation such as TGFB1, TNF, IL1B3, and NF-kB 1691,
Experimental studies show that hepatocytes treated with FGF23 increase CRP and IL6 expression, and that this effect is
blocked by anti-FGFR4 or Cyclosporin A (CsA), pointing to the activation of the PLCy/CN/NFAT signaling pathway as a
mechanism responsible for these actions [Z4. Similarly, the injection of the carboxi-tail peptide of FGF23, which prevents
iIFGF23 signaling, in a diabetic nephropathy mouse model reduced the renal expression as well as the serum levels of
inflammatory cytokines IL6 and TNFa without affecting serum FGF23 and Pi levels 61, These taken together, there is
evidence of a role of FGF23 in the modulation of the inflammatory response, although the regulatory mechanism as well
as its physiological function are barely understood.

The activation of noncanonical pathways could be involved in the association between FGF23 and inflammation. The pro-
inflammatory effect promoted by FGF23 in hepatocytes described above is mediated by an aKlotho-independent
activation of FGFR4 20, On the other hand, FGF23 has been reported to affect macrophages and stimulate TNFa
expression via the Ras/MAPK/ERK signaling pathway, also through an aKlotho-independent mechanism 2. The
macrophage cell line RAW264.7 in nonpolarized MO and anti-inflammatory M2 stages expresses FGFR1c and low levels
of aKlotho. However, pro-inflammatory M1 macrophages, polarized with LPS and IFNy, upregulated aKlotho gene
expression and produced TNFa through the activation of ERK1/2 following exposure to FGF23 82, This finding suggests
that high serum FGF23 levels might amplify the inflammatory response induced by primed macrophages, but to date, the



contribution of FGF23 to a pro-inflammatory status derived from the activation of the PLCy/CN/NFAT pathway in

macrophages, and also other immune cells such as lymphocytes, is unknown. oKlotho has been previously detected in

CD4+ lymphocytes, and marked reductions in its expression have been related to aging 28, but currently, there are no

data on the involvement in the function of either murine or human T lymphocytes.
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