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Abstract

Patients affected by chronic kidney disease (CKD) exhibit a high risk of cardiovascular mortality
that is poorly explained by traditional risk factors. There is a growing awareness about the role of
derangement of mineral metabolism that is currently accepted as a trigger and sustainer of
cardiovascular disease (CVD) in CKD patients. The synthetic definition of CKD mineral and bone
disorder (CKD-MBD) split the concept that the indexes of mineral metabolism extend their effects
beyond the bone until the vascular wall and metabolic milieu of CKD patients through complex
pathways. A better understanding of the biomarkers and mechanisms of left ventricular
hypertrophy, CVD, inflammation, and chronic renal damage may help with the diagnosis and
treatment of the systemic impairment that occurs secondary to CKD-MBD, thus slowing the
progression of renal and CVD and improving patient survival. Recent insights into fibroblast
growth factor (FGF) 23 have led to marked advancement in interpreting data on CVD and CKD
progression ascribing to FGF23 a pivotal role in these pathologies independent of its co-receptor
klotho and well beyond mineral metabolism. This review article will discuss the current
experimental and clinical evidence regarding the role of FGF23 in physiology and
pathophysiology of CKD and its associated complications with an emphasis on CVD.
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Physiology and Pathophysiology of Fibroblast Growth Factor 23

Primarily secreted by osteocytes, fibroblast growth factor (FGF) 23 is a hormone mainly
involved in the regulation of mineral metabolism. In the kidney and the parathyroid glands,
FGF23 binds FGF receptor (FGFR)/klotho co-receptor complexes to reduce serum
phosphate levels (Fig. 1), inhibit parathyroid hormone (PTH) secretion, and decrease levels
of active vitamin D [1]. Specifically in the kidney, FGF23 induces urinary phosphate
excretion by decreasing the expression of sodium-phosphate co-transporters in the proximal
tubule apparatus [2]. A reduction in active vitamin D levels is achieved by inhibition of 1-a-
hydroxylase, which catalyzes the hydroxylation of 25-hydroxyvitamin D to 1,25-
dihydroxyvitamin D3 and by stimulation of 24-hydroxylase, which converts 1,25-
dihydroxyvitamin D3 to inactive metabolites in the proximal tubule [3]. In the distal tubule,
FGF23 has been shown to augment calcium and sodium reabsorption through increased
apical expression of epithelial calcium channel TRPV5 and the sodium-chloride co-
transporter [4]. Furthermore, FGF23 suppresses the expression of angiotensin converting
enzyme-2 in the kidney, thereby leading to an activation of the renin-angiotensin-
aldosterone-system (RAAS). Phosphate load, 1,25-dihydroxyvitamin D3, and PTH belong to
the main group of physiologic regulators of FGF23 synthesis. However, several additional
factors including calcium, the RAAS, oxidative stress, parameters of iron metabolism, and
inflammation have been shown to regulate FGF23 production and secretion from osteocytes
[5]. Nevertheless, the complete mechanisms behind the production and secretion of FGF23
from osteocytes remain poorly understood, are definitely complex, and also involve a
number of local factors such as dentin matrix protein 1 or phosphate regulating
endopeptidase homolog X-linked.

In patients with chronic kidney disease (CKD), serum levels of FGF23 rise progressively as
kidney function declines. This response is mainly a compensatory mechanism to maintain
neutral phosphate balance by promoting additional urinary phosphate elimination to
counteract the defect in renal excretory capacity. Several large epidemiological studies
demonstrated a powerful dose-dependent association between serum levels of FGF23 and
higher risk of mortality in end-stage renal disease (ESRD) patients. Moreover, higher FGF23
correlates with increased prevalence of cardiovascular disease (CVD) in general and left
ventricular hypertrophy (LVH) in particular among CKD patients. Several in vitro and in
vivo studies have been performed to identify a potential causative role of FGF23 in the
pathophysiology of abnormal cardiac remodeling in CKD, also known as uremic
cardiomyopathy. FGF23 induces hypertrophic growth of cardiac myocytes in vitro.
Moreover, rodent models with elevated serum FGF23 levels, either by injection of
recombinant FGF23, application of a high phosphate diet or induction of CKD using
surgical renal ablation, develop cardiac hypertrophy [6]. Detailed analyses of FGF23-
induced signaling events have identified cardiac FGFR4 as the isoform mediating klotho-
independent effects of FGF23 on the heart [7]. Subsequent downstream signaling involves
the stimulation of the phospholipase Cy (PLCvy)/calcineurin/nuclear factor of activated T
cells (NFAT) pathway, which acts as a potent inducer of cardiac hypertrophy in response to
other pathological stimuli. Global deletion of FGFR4 protects mice from the development of
high phosphate diet-mediated LVH, whereas systemic blockade of FGFR4 with an isoform-
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specific blocking antibody or inhibition of calcineurin prevents the development of cardiac
hypertrophy in the 5/6 nephrectomy rat model of CKD. Noteworthy, these treatment studies
in rats did not affect hypertension or ameliorate kidney function, indicating that high blood
pressure or other factors altered by reduced kidney function do not play a major role in the
development of LVVH at least in this particular animal model of CKD. Finally, knockin mice
bearing a gain-of-function mutation of FGFR4, characterized by a single amino acid
substitution at position 385 (glycine to arginine), spontaneously develop LVH at 6 months of
age [7]. Taken together, these data provide strong evidence of the deleterious effects of
FGF23-mediated activation of cardiac FGFR4. Nevertheless, further in vivo studies with
cell-type specific deletion of FGFR4 in the presence of elevated FGF23 are needed to
confirm whether FGFR4 in cardiac myocytes is required for the development of LVH.

Clinical studies have not only associated FGF23 with cardiovascular injury and LVH, but
also with inflammation and elevated serum levels of pro-inflammatory cytokines (Fig. 1).
Since the liver expresses high levels of FGFR4, lacks klotho, and plays a decisive role in the
acute-phase response and the expression of pro-inflammatory markers, it is intriguing to
speculate that FGF23 directly contributes to inflammation in CKD. In a variety of in vitro
experiments, Singh et al. [8] demonstrated that FGF23 also activates FGFR4 and subsequent
PLCry/calcineurin/NFAT signaling in hepatocytes, which leads to the production of pro-
inflammatory cytokines such as interleukin-6 (IL-6) and C-reactive protein (CRP). Elevated
serum FGF23 levels increase hepatic and circulating levels of IL-6 and CRP in wild-type but
not in FGFR4 knockout mice. Furthermore, in 5/6 nephrectomized rats, the administration of
a FGFR4-blocking antibody reduces the hepatic expression and circulating levels of CRP
and IL-6. These findings indicate a novel mechanism for chronic inflammation in CKD and
suggest that FGFR4 blockade might not only ameliorate the cardiovascular burden of CKD,
but also have therapeutic anti-inflammatory effects.

CKD is also associated with impaired host response and increased susceptibility to
infections. Recently, FGF23 has been identified to inhibit chemokine-activated leukocyte
arrest on the endothelium. Antibody-mediated neutralization of FGF23 restored leukocyte
recruitment and host defense in 5/6 nephrectomized mice with pneumonia, thereby
significantly improving the survival in this particular animal model [9]. Mechanistically,
FGF23 binds to FGFR2, activates protein kinase A, and inhibits the small GTPase Rap1,
thereby counteracting selectin and chemokine-triggered activation of B,-integrin in
neutrophil granulocytes [9]. Nevertheless, further mechanistic studies are needed to
elucidate the therapeutic potential of targeting FGF23 for the control of inflammatory
disorders, especially in the context of CKD (Fig. 1).

Systemic inflammation is not only associated with CKD, but also with a hallmark of other
diseases such as chronic obstructive pulmonary disease (COPD), which is associated with
increased oxidative stress and significantly increased circulating pro-inflammatory
cytokines. Therefore, the question was raised whether FGF23 could serve as a valid
biomarker to indicate the aging process in COPD. To date, only a few reports have shown
that serum FGF23 levels correlate with smoking [10], and direct effects of FGF23 on the
lung have not been described. However, it has been demonstrated that klotho is reduced in
COPD patients and protects the alveolar epithelium against oxidative damage [11].
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Furthermore, klotho-deficient mice develop widened alveolar spaces, consistent with
pulmonary emphysema in the presence of high plasma FGF23 levels [8]. Certainly, future
translational studies will assess further potential pathophysiologic roles of FGF23 in a
complex scenario such as CKD or COPD.

FGF23 and Clinical Outcomes in CKD and ESRD

In CKD patients, the first striking clinical observation of the potential pathophysiologic role
of FGF23 came from a study on incident dialysis patients showing that increased levels of
FGF23 associated with increased mortality, independently of the most accredited culprit,
serum levels of phosphate. In this study, involving 10,044 patients who were followed up for
1 year, the authors found an impressive monotonic increase in the rate of death, along with
increasing FGF23 quartiles, in a nested case—control sample of patients (200 cases per
group) [12]. Notably, in these patients, serum levels of FGF23 were up to a thousand times
higher than normal. Similar results were evident in the CRIC study involving 3,879 chronic
renal failure patients not on dialysis, who were followed for a median of 3.5 years [13]. In
this large cohort of patients, higher quartiles of FGF23 were associated with an increased
risk of mortality and also of entering renal replacement therapy. By comparison, in this
population the median value of FGF23 was only 3-fold higher than normal. Finally, in renal
transplantation, higher tertiles of FGF23 associated with increased mortality and worse renal
outcome, even though median serum levels of FGF23 were within the normal range [14].
Conceivably, the apparent toxicity associated with serum FGF23 seems to occur for any
degree of increment, a finding that raises the question of the underlying pathologic
mechanism. Indeed, further data from the CRIC study showed that higher values of FGF23
associated with echocardiographic evidence of LVH, which suggested a possible
cardiotoxicity [6].

Interestingly, a recent study evaluated the presence of FGF23 not in bone but in myocardial
autopsy samples of deceased chronic renal failure patients. Compared to subjects with
normal renal function, the expression of FGF23, FGFR4, and of the calcineurin pathway
(involved with myocardial remodeling and hypertrophy) was significantly increased in
dialysis patients [15]. Although obtained in a limited number of cases, these results clearly
support the link between FGF23 and myocardial uremic toxicity. Furthermore, observational
data in conservative chronic renal failure (CRF) analyzing the correlation of serum
phosphate and of FGF23 with vascular or cardiac events, clearly suggested that
hyperphosphatemia mainly contributes to vascular calcification while FGF23 mainly
contributes to myocardial hypertrophy [16].

However, in recent years, a number of other possible links are emerging between FGF23 and
its burden of morbidity and mortality through several pathways [17]. In particular,
experimental and clinical evidences point to a specific link between FGF23 and
inflammation (Fig. 2). Mechanistic studies have demonstrated that FGF23-mediated
activation of FGFR4 is capable of enhancing liver synthesis of inflammatory cytokines [8].
These experimental data are in agreement with the observation that, in CKD patients, serum
levels of FGF23 and inflammatory markers (IL-6, TNF, CRP, fibrinogen) are positively
correlated [18]. Furthermore, a very recent clinical observation in conservative CKD
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confirmed the association of serum levels of inflammatory biomarkers and FGF23 with the
risk of death, but evidenced that their role is independent and additive [19].

Another biologic effect experimentally acknowledged to FGF23 is the capacity of impairing
immune response [9]. In agreement, a re-evaluation of the HEMO study (originally designed
to compare clinical outcomes with different hemodialysis techniques), which included 1,340
hemodialysis patients followed up with repeated biochemical yearly measurements for a
median of 3 years, indicate that patients in the highest quartile of FGF23 experienced a
higher risk of infectious events, cardiac events, and all-cause mortality [20]. FGF23 has also
been shown to associate with atrial fibrillation in CKD. Mehta et al. [21] performed a
prospective cohort study on 3,876 individuals demonstrating an independent association of
FGF23 with the incidence and prevalence of atrial fibrillation. Mechanistic studies
investigating a direct involvement of FGF23 in cardiac arrhythmias however, to date have
not been performed. Yet it is likely that the pro-hypertrophic effects of FGF23 promote atrial
fibrillation. Fliser et al. [22] assessed FGF23 levels in 227 non-diabetic patients with CKD
and followed 177 of the patients prospectively for a median of 53 months to assess the
progression of renal disease. In this cohort study, FGF23 independently predicted the
progression of CKD after adjustment for covariates such as age, gender, GFR, proteinuria,
phosphate, and PTH.

Despite FGF23's powerful correlation with CVD, to date no association has been found
between FGF23 and atherosclerosis and arterial calcification. In a study with 1,501 patients,
FGF23 did not correlate with coronary artery and thoracic aorta calcium content quantified
by computed tomography (CT) [23]. Experimental studies using vascular smooth muscle
cells support this hypothesis, since FGF23 also did not induce vascular calcification in vitro
[23]. Anemia, a frequent complication seen in patient with CKD and ESRD has also been
shown to associate with FGF23. In a cross-sectional observational study of stable CKD
patients at stages 3 and 4, high levels of serum FGF23 correlated with low levels of
hemoglobin [24]. Certainly, translational studies are needed to elucidate a potential cross-
talk between FGF23 and the regulation of iron metabolism and/or the synthesis of
erythropoietin.

Due to the growing evidence that FGF23 associates with mortality and morbidity, several
studies aimed to reduce FGF23 levels to improve the outcome of CKD patients. Indeed, in a
secondary analysis of the EVOLVE ftrial, the calcimimetic cinacalcet significantly lowered
serum FGF23 levels in hemodialysis patients, thereby significantly reducing the rates of
cardiovascular events and death. Besides, a novel intravenously administered calcimimetic
significantly lowered FGF23 in hemodialysis patients [25]. This study, however, was
designed as a non-inferiority trial to target secondary hyperparathyroidism and did not assess
clinic outcomes. On the contrary, in a randomized, double blinded, placebo controlled trial,
the phosphate binder sevelamer significantly reduced FGF23 in CKD without improving the
cardiovascular-related outcomes of interest [26]. Hence, future clinical studies are definitely
needed with an intention to reduce FGF23 to clarify if lowering FGF23 improves CVD and
overall survival in patients with CKD or ESRD.
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FGF23 in Kidney Transplantation

Successful kidney transplantation has been thought to solve the problem of CKD-mineral
and bone disorder (CKD-MBD) to a large extent; however, abnormalities in serum calcium,
phosphorus, PTH, FGF23, and vitamin D levels are still common in kidney transplant
recipients. These conditions are presumably caused by previous bone damage, reduced graft
function, CKD-MBD persisting after transplantation or de novo CKD-MBD associated with
immunosuppressive therapy.

High levels of PTH, hypophosphatemia, vitamin D deficiency, and hypercalcemia are
frequently found in kidney transplant recipients [27, 28]. Interestingly, FGF23 levels decline
3 months after transplantation but remain higher than in CKD patients matched for estimated
glomerular filtration rate. Further reductions in FGF23 levels were then repeatedly observed
over a longer follow-up period, approximating normal levels 1-3 years after transplantation
[28, 29]. In contrast, in a cross-sectional observational study of 279 maintenance kidney
recipients with CKD (stages 1-4), Sanchez Fructuoso et al. [30] found that FGF23 levels
increased in long-term kidney graft recipients, even in the early stages of CKD, maybe as a
result of previous chronic phosphate retention stimulating the secretion of FGF23. These
findings support the notion of a persistent (or tertiary) hyperphosphatoninism that in the
early post-transplant period mainly reflects previous MBD while in the long-term mirrors a
reduction in graft function that is the major determinant of FGF23 serum levels, similar to
what is observed in CKD patients.

Nevertheless, only few studies exist investigating the parallel changes of PTH, FGF23
calcium, and phosphate levels in deceased-donor kidney transplantation with a follow-up of
>1 year. It is a matter of fact, however, that hyperphosphatoninism, as well as other
components of MBD disclose a relapse with the progressive impairment of graft function
that follows the progression of chronic allograft deterioration [31, 32].

The impairment of the negative feedback loop between PTH and FGF23, pre-existent in
ESRD patients, persists after kidney transplantation. While PTH stimulates FGF23
production, at the same time FGF23 suppresses PTH synthesis acting via the klotho-FGFR1
complex in the parathyroid gland or in the absence of klotho through the NFAT pathway
[33].

A decreased expression of the klotho-FGFR1 complex in the parathyroid glands causes this
parathyroid resistance to FGF23. Speculatively, the clinical use of calcineurin inhibitors that
block calcineurin signaling (NFAT pathway) may further increase the susceptibility to
develop, or worsen preexisting hyperparathyroidism (HPTH) in patients with reduced klotho
expression such as in kidney transplant recipients (KTRs) [33]. At any rate, decreased
FGF23 levels within 1 year after transplantation associated with FGF23 resistance and
hyperparathyroidism may account for the restored 1,25-dihydroxyvitamin D3 levels within
3-6 months after transplantation [27].

In kidney transplant recipients, FGF23 has emerged as an important mediator of early
hypophosphatemia, and its phosphaturic effect is enforced by persistent hyperparathyroidism
and 1,25-dihydroxyvitamin D 3 deficiency. In the long-term, hypophosphatemia and renal
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phosphate loss are mainly related to persistent hyperparathyroidism. In the first year after
transplantation, the faster normalization of FGF23 levels, compared with PTH levels,
suggests that FGF23-producing cells may experience a quick reset of their activities in
response to the recovery of renal function, all despite persistently elevated PTH levels which
stimulate FGF23 production [34]. The long-lasting PTH-related renal phosphate wasting in
kidney transplant recipients induces a negative phosphate balance that is appropriately
sensed by osteocytes, thus decreasing the FGF23 production in an effort to conserve
phosphate, despite the stimulatory effects of high PTH levels (Fig. 3).

Few studies have analyzed the changes in FGF23, PTH, and phosphate levels in living-donor
kidney transplants. These studies agree in describing a faster normalization of FGF23 and
hypophosphatemia within 1 year after transplantation and a reduced prevalence of
hyperparathyroidism [28]. Two factors are held accountable for these findings: the shorter
vintage dialysis prior to transplantation, associated with a less severe degree of CKD-MBD
and the faster normalization of renal function in living-donor kidney recipients.

Chronically elevated FGF23 levels may be considered ultimately as a maladaptive process in
patients with CKD, given the strong associations between higher FGF23 levels and
increased risk of L\VVH, congestive heart failure, CKD progression, and death. To date,
clinical studies analyzing the role of FGF23 in transplant patients, however, are still missing.

In a prospective study of stable kidney transplant recipients, elevated FGF23 levels were
independently associated with an increased risk of cardiovascular and all-cause mortality
and allograft loss [14, 35].

There are several possible mechanisms that may explain this finding. In vitro and in vivo
studies have shown that 1,25-dihydroxyvitamin D3 decreases T cell activation and
proliferation and inhibits dendritic cell differentiation and maturation, while its
supplementation may have beneficial effects on chronic allograft nephropathy [27, 36].
FGF23-mediated suppression of 1,25-dihydroxyvitamin D3 is one possible mechanism
through which high FGF23 levels could contribute to allograft loss. In kidney transplant
recipients, phosphate depletion, in conjunction with high PTH levels, vitamin D deficiency
and chronic steroid use, might worsen skeletal demineralization and contribute directly to
fractures, which in turn could increase the risk of mortality. High levels of FGF23 may
impair neutrophil recruitment, which additionally could jeopardize antibacterial defense in
an already immunocompromised setting [9]. FGF23 has also been shown to cause
inflammation and this particular effect may significantly contribute to the inflammatory
burden of renal transplant patients [37]. Moreover, chronic elevated FGF23 levels could
mimic the known effects of FGF2 inducing glomerulosclerosis and thereby directly
contribute to chronic allograft nephropathy and death [7, 28].

Of note, in a retroactive study on deceased pediatric CKD patients, kidney transplantation
has been shown to lower cardiac expression of FGF23 and FGFR4 and to normalize klotho
protein levels [15].

Finally, an underestimated issue is the effect of immunosuppressive drugs on FGF23 levels,
considering their links with vitamin D metabolism and PTH synthesis [27].
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Taken together, clearly clinical and mechanistic studies are needed to further elucidate the
role of FGF23 in the setting of renal transplantation.

Future Perspectives

FGF23 seems to function as a circulating factor that can directly contribute to cardiac
hypertrophy, inflammation, and impaired host response in CKD. Further detailed
mechanistic studies are needed to identify a potential causative involvement of FGF23 in
further common CKD-related pathophysiologic alterations such as anemia, progression of
renal disease, endothelial dysfunction, and atherosclerosis as well other end organ-specific
diseases associated with systemic inflammation. Besides, future clinical studies could
emphasize the potential differences in gender, ethnicity, and genetic characteristics. Finally,
novel laboratory methods have to be developed to reliably assess klotho levels in patients as
well as klotho and FGF23 activity in vitro and in experimental in vivo settings. Extending
our knowledge of FGF23-FGFR biology in the context of CKD and systemic inflammation
will eventually lead to the identification of novel drug targets and the development of
pharmacological interventions that ultimately might reduce the burden of cardiovascular
injury, decrease systemic inflammation, prevent infections, prolong kidney transplant
survival, and ultimately decrease mortality among the millions of CKD patients worldwide.
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Fig. 1.
Renal and extrarenal effects of FGF23. In a physiologic state, FGF23 mainly targets the

kidney and the parathyroid glands to maintain phosphate homeostasis. In CKD, elevated
FGF23 levels might contribute to endothelial dysfunction, cause left ventricular hypertrophy,
and promote a chronic inflammatory state. Moreover, FGF23 interferes with the immune
system by impairing neutrophil granulocytes. Finally, FGF23 might also account for
systemic inflammation observed in COPD. Prolonged chronic inflammation then further
accelerates cardiovascular disease.
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Fig. 2.

Sygstemic and local factors regulating osteocyte production of FGF23. Local: DMP1-
ASARM binds PHEX and suppresses FGF23 expression; free ASARM-peptide binds PHEX
preventing the binding to DMP1 and increased expression of FGF23. Systemic: 1,25D,
phosphate, calcium, PTH, and inflammation are positive modulator of FGF23; iron (Fe **) is
a negative modulator of FGF23. ASARM, Acidic Serine Aspartate Rich MEPE-Associated
Motif; DMP1, dentin matrix protein 1; PHEX, phosphate regulating endopeptidase homo-
log X-linked; 1,25D, 1,25-dihydroxyvitamin Ds; P, phosphate; Ca, calcium; PTH,
parathyroid hormone; Fe **, iron.
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Fig. 3.
Trends of PTH, FGF23, and phosphate (P) levels at 1 year after renal transplantation and in

late period (follow-up). Hyperphosphatoninism in the early post-transplant period mainly
reflects previous mineral and bone disorders while in the long-term mirrors graft function
and is the main mediator of early hypophosphatemia. In the long term, along with
deterioration of graft function, hyperphosphatoninism, and hyperparathyroidism relapse to
maintain normophosphatemia and normocalcemia (a). “Persistent” hyperparathyroidism
results from pre-existing CKD-MBD with secondary hyperparathyroidism likely
complicating post-transplant follow-up with hypophosphatemia and hypercalcemia without
affecting the normalization of FGF23. At any rate, hyperphosphatoninism relapses along
with the progressive impairment of graft function (b).
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