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Abstract

Background. Fibroblast Growth Factor-23 (FGF23) and cofactor Klotho are key regulators of mineral
metabolism in chronic kidney disease (CKD), but little is known about the mechanisms that requ-
late their production. This study evaluates longitudinal changes of FGF23 and Klotho levels and
their regulatory factors in children on chronic peritoneal dialysis (PD).

Methods. FGF23, Klotho, 25(0H) vitamin D, 1,25-dihydroxyvitamin D and parathyroid hormone
(PTH) plasma concentrations were measured during 1 year of follow-up in PD children. Anthropo-
metric and dialytical parameters were evaluated in addition to mineral metabolism variables.
Results. Thirty-one patients under chronic PD were followed for 12 months. FGF23 mean plasma
levels at Month 1 were significantly increased compared with controls, 215.1+303.6 versus
9.4 +5.7 pg/mL, respectively (P<0.001). Baseline Klotho levels were 41% lower in patients com-
pared with controls, 132.1 + 58 versus 320 + 119.4 pg/mL, respectively (P <0.001), and did not cor-
relate with FGF23 and phosphorus levels. At Month 12, FGF23 (195 * 300 pg/mL) and Klotho levels
(130+ 34 pg/mL) remained similar to baseline values. Log-FGF23 correlated significantly with
height/age Z score (r=-0.38) and residual renal function (r=—0.44), but no correlation was found
with serum phosphorus, phosphate intake, PTH and vitamin D levels. The log-FGF23 strongly corre-
lated with calcium levels at Months 1, 6 and 12, however, this relationship was blunted if serum
phosphorus was >6 mg/dL. By multiple regression analysis, calcium was the strongest variable de-
termining FGF23 levels.

Conclusions. In this longitudinal study, FGF23 levels are markedly increased, and Klotho levels are
reduced in PD children compared with controls. FGF23 levels appeared to be regulated primarily by
serum calcium, showing a significant correlation at each time of measurement. This relationship
was lost in patients with phosphorus >6 mg/dL. These observations may have important conse-
quences to the therapeutic management of phosphate homeostasis in CKD patients.
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Introduction

The identification of the fibroblast growth factor-23
(FGF23)-Klotho axis has changed our understanding of
mineral metabolism in chronic kidney disease (CKD) [1-5].

FGF23 is a phosphaturic hormone secreted by osteo-
cytes and osteoblasts and collectively reduces circulating
phosphate and 1,25-dihydroxyvitamin D [1,25(0OH),D]
levels. FGF23 functions as an endocrine hormone, reach-
ing its cellular targets in the kidney and parathyroid
glands where it binds to the co-receptor Klotho, and con-
verts the FGF receptor 1c into a specific FGF23 receptor [6].
In CKD, plasma FGF23 levels increase as CKD progresses to

maintain normal phosphate balance attaining markedly
elevated concentrations in patients receiving dialysis
[7-9].

Klotho, originally identified as an anti-aging factor, is a
transmembrane protein predominantly expressed in the
kidney, parathyroid gland and choroid plexus [8]. Klotho
binds to several FGF receptors, acting as an obligatory
co-receptor for FGF23 [10, 11]. Klotho expression and cir-
culating levels are decreased in CKD patients, probably
secondary to reduced renal mass [9-12], and Klotho defi-
ciency may contribute to vascular calcification in CKD. It
has been suggested that Klotho protects these patients
against vascular calcification promoting phosphaturia,
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preserving renal function, and through a direct effect on
vascular smooth muscle cells [13-15]

The regulation of FGF23 synthesis remains incompletely
understood. This is of special relevance in CKD, where in-
creased FGF23 levels have been linked to adverse out-
comes [16]. Dietary phosphorus, serum 1,25(0H),D and
serum phosphorus have been identified as the main regu-
lators of FGF23 synthesis [17-19]. The tight relationship
between calcium and phosphorus homeostasis raises the
possibility of FGF23 regulation by calcium in some set-
tings. Animals on high-calcium diets and increased serum
calcium, display elevated FGF23 levels [20], while when
fed a low-calcium diet, with resulting hypocalcemia,
display low FGF23 despite high PTH and calcitriol levels.
Hypocalcemia attenuated the association between FGF23
and phosphorus, and serum calcium was the only inde-
pendent variable significantly associated with FGF23 [21].
Targeted inactivation of PTH and the Ca-sensing receptor
have further delineated the existence of calcium-stimulated
FGF23 production independent of other variables, and
demonstrated that calcium-mediated increases in FGF23
levels required a given threshold level of serum phos-
phorus concentration [22]. The effects of calcium-sensing
receptor agonists on serum FGF23 levels have further
added evidence to the regulation of FGF23 by serum
calcium [23, 24]. Most studies reporting elevated FGF23
levels in children are cross-sectional [7, 9, 25-27], and
little is known about their longitudinal changes while on
maintenance peritoneal dialysis (PD). In one study, FGF23
levels sustained an important increase after 8 months of
observation, but the patients were on escalating doses of
vitamin D receptor activators which contributes to elevate
FGF23 concentrations, and the potential regulating effects
of the changing serum calcium concentrations on FGF23
levels were not specifically studied [28]. Thus, the objec-
tives of the present study were to evaluate longitudinal
changes of circulating FGF23 and Klotho levels and to
study their interactions with serum calcium, phosphorus,
PTH and vitamin D metabolites as potential regulating
factors of their levels in PD children.

Materials and Methods

A 12-month, prospective, observational study in children
treated with chronic PD was performed at the Division of
Pediatric Nephrology, Luis Calvo Mackenna Children’s Hos-
pital, University of Chile. Inclusion criteria: >3 months on
stable PD. Exclusion criteria: 25(0OH) vitamin D (25(0OH)D)
levels <20 ng/mL, active nephrotic syndrome, non-renal
bone disease, peritonitis within 2 months prior to inclu-
sion, steroid treatment and noncompliance. Anthropo-
metric and nutritional parameters and routine blood
determinations were obtained monthly. Blood FGF23,
Klotho, 25(0OH)D and 1,25(0OH),D were measured at
Months 1, 6 and 12. Height, weight and body mass index
measurements were expressed as Z-score values. Caloric
and protein intake were supervised by a renal dietitian fol-
lowing Recommended Dietary Allowances (RDA) and
KDOQI guidelines [29]. The percentage of age-recom-
mended intake (adequacy of intake) for protein, calcium
and phosphorus were calculated monthly. The protein
equivalent of urea nitrogen appearance (nPNA) was calcu-
lated monthly as previously published [29, 30]. Dialysis ad-
equacy was adjusted according to standard guidelines
[31]. The minimal target total dialysis dose (Kt/V) was 2.1.
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A peritoneal equilibration test (PET) was performed at the
start and at the end of the observation period as previous-
ly reported [31]. All patients were prescribed phosphate
binders as calcium carbonate, and most were treated with
calcitriol and erythropoietin as clinically indicated.

Biochemical determinations: routine chemistries were
measured using the Vitros® 4600 Chemistry System.
Serum parathyroid hormone (PTH, normal range 10-65
pg/mL) was measured by a first-generation immuno-
metric assay (Immutopics, San Clemente, CA). 25(OH)D
was measured by radioimmunoassay (RIA) (DiaSorin®,
Ita@;/ ) and 1,25(0OH),D by RIA (DIAsource Immunoassays

Belg|um) Plasma FGF23 levels (pg/mL) were deter-
mlned by a second-generation enzyme-linked immuno-
sorbent assay (ELISA), recognizing the intact molecule
(Immutopics, San Clemente, CA). Klotho levels were mea-
sured by a solid-phase sandwich assay (ELISA, Cusabio,
China). Normal values for serum FGF23 and Klotho levels
were obtained from 45 pediatric patients with normal
kidney function undergoing elective surgery.

The study was approved by the Ethical Committee,
Faculty of Medicine, University of Chile, and informed
consent/assent was obtained from parents, patients and
controls.

Statistical Analysis

At least 14 case subjects and 20 controls were estimated
to provide a power of 90%, to detect a standardized differ-
ence of 0.9 in mean FGF-23 levels, assuming a two-sided
type I error of 5%. Controls were a reference group with
only one basal time point to estimate the normal value of
circulating FGF23 and Klotho in healthy children, as well as
to calculate the size of the sample. Mean * standard devi-
ation (SD), median/ranges and log-transformed values
were used when appropriate. Pearson correlation coeffi-
cient and t-test were used for bivariate analysis. Multiple
linear regression with log-transformed FGF23 levels as the
dependent variable was used to examine the association
with potential clinical and biochemical parameters based
on clinical judgment. A P<0.05 was considered signifi-
cant. All analyses were performed using SPSS 19.0 (SPSS
Inc., Chicago, IL, USA).

Results

The mean age was 8.3 £ 4.6 years in the 34 patients (18
males) and 6.5 +3.0 years in 45 (24 males) control chil-
dren. Causes of CKD were kidney dysplasia (n=11),
obstructive or reflux nephropathy (n=6), nephrotic syn-
drome (n=4), glomerulopathies (n=2), hereditary ne-
phropaties (n =4), hemolytic uremic syndrome (n=3), and
unknown etiology (n =4).

Vitamin D metabolites, FGF23, and Klotho measure-
ments were obtained at entry (n=31), and at Months 6
(n=25) and 12 (n = 15); biochemical, nutritional and dialy-
sis parameters were obtained monthly. The number of pa-
tients decreased during the observation period because of
transplantation (n=11), death due to sepsis (n=2), and
noncompliance (3).

Biochemical levels at 6 and 12 months remained similar
to baseline values (Table 1). Isolated hypercalcemic epi-
sodes resolved promptly by adjusting the dose of calcium
carbonate or calcitriol. Serum phosphorus was maintained
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within age-adjusted ranges with the use of calcium car-
bonate [32]. Circulating 1,25(0H),D levels were markedly
lower compared with reference control values. Although
the levels of 25(0H)D at Months 6 and 12 were not signifi-
cantly different from baseline, the values tended to dimin-
ish throughout the study period, but remained above the
cut-off inclusion level of 20 ng/mL (Table 1).

At entry, FGF23 levels were 215.1+303.6 versus
9.4+ 5.7 pg/mL in the control group (P <0.001). Compared
with controls, FGF23 levels were elevated >20-fold normal
controls at all measured time-points (P <0.001) (Table 1).
Baseline Klotho levels were 41% lower in patients com-
pared with controls, 132.1 + 58 versus 320+ 119.4 pg/mL,
respectively (P <0.001), and remained virtually unchanged
throughout the observation period (Table 1). Baseline and
final average height (Table 2) and weight Z scores (not
shown) did not show significant differences along the
follow-up. The adequacy intake for calcium, phosphorus,
protein and the estimated PNA at Months 1, 6 and 12 are
displayed in Table 2. Calcium intake tended to decline
after 1 year of observation, but the differences from base-
line and Month 6 were not significant. Intake of phos-
phorus and protein remained virtually unchanged. In 21
patients that were treated with calcitriol (Rocaltrol®), the
average dose of 1,25(0H),D administered was 0.05 + 0.07
mcg/kg/week.

Table 1. Biochemical parameters of mineral metabolism in children
treated with chronic peritoneal dialysis

Month 1 Month 6 Month 12

(n:31) (n:25) (n:15)
Calcium (mg/dL) 9.4-10.3° 99+1.1 9.8+0.8 9.4+0.9
Phosphorus (mg/dL) 3.6-5.8" 54+1.2 57+1.6 53+13
1,25 (OH)D (pg/mL) 43+2°  26.7£22.2  27.5%214 NA
25(0H)D (ng/mL) >30° 33.7+6.8 249+8.2 241%5.6
Parathyroid hormone 330.8+273.4 349.9+283.3 320.8+205.1
(pg/mL) 200-300°
FGF23 (pg/mL) 9.4 +5.7° 215.1+303.6 229.8+252.6 194.8+300.9
FGF23 log 1.98+0.6 2.01+0.6 1.77+0.7
Klotho (pg/mL) 320+119.4° 132.1%58  133.3229.2 130.3+344

“Recommended normal values for children 6-12 years old. From [29].
SFrom [33].

“From [29].

4Values obtained from control patients, mean * SD.

NA: not available

Table 2. Nutritional and dialytical parameters in children under chronic
peritoneal dialysis at 12 months of follow-up®

Month 1 Month 6 Month 12
Variable (n:31) (n:25) (n:15)
Height/age SDS -1.88+1.18 -1.65+1.07 -1.78+1.15
nPNA 1.03+0.3 0.97+0.3 1.01+0.3
Adequacy of calcium 99.1+44.5 90.7+25.9 69.4+27.7
intake (%)
Adequacy of 100.7 £70.9 91.4+35.1 87+34.2
phosphorus intake (%)
Adequacy of protein 117.8+31.9 132.1+50.2 139.2+36.7
intake (%)
Total KtV 2914 29+1.7 28+1.7
Residual KtV 1.27+1,5 1.02+1.4 1.2+1.8

°Analysis of variance for repeated measures. All comparisons are non-
significant

Values are expressed as mean + SD.

nPNA: normalized protein equivalent of urea nitrogen appearance; Kt/V:
weekly dialysis dose
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Mean residual Kt/V at Months 1 and 12 represented 43
and 42% of the total Kt/V, respectively (Table 2). At base-
line, 2-h creatinine D/P and Glucose D,/D,y values were
0.33 and 0.67, respectively.

Bi-variate analysis: Baseline PTH levels correlated with
serum calcium (r=-0.39, P<0.05) and with phosphorus
(r=0.42, P<0.05), while log FGF23 correlated with
height/age Z score (r=-0.38, P<0.05) and residual Kt/V
(r=-0.44,P<0.05).

The log-FGF23 values correlated with the prevalent
plasma calcium levels at all sequential measurements
during Months 1, 6 and 12 (Figure 1a-c). FGF23 did not
correlate with serum phosphorus, adequacy of phos-
phorus intake, adequacy of calcium intake, 250HD, 1,25
(OH),D or Klotho levels at any time.

Serum Klotho levels did not show a significant correl-
ation with serum calcium, phosphorus, vitamin D and
FGF23 at any time of measurement.

The calcium-phosphorus product showed a significant
correlation with log FGF23 values at Months 1, 6 and 12
(all P<0.05). To evaluate the potential interactions of
calcium and phosphorus as possible determinants of
FGF23, the correlation of calcium with log-FGF23 was ree-
valuated employing a cut-off plasma phosphorus concen-
tration of 6 mg/dL (Figure 2). As shown, the significant
associations were maintained at all three time-points
when phosphorus was <6 mg/dL but were consistently
lost with phosphorus concentrations >6 mg/dL (P<0.05
for all comparisons).

In the multiple regression analysis, calcium was the
strongest variable determining FGF23 levels at Months 1, 6
and 12 (Table 3). Although plasma phosphorus did correl-
ate significantly with FGF23 at Month 12, its significance
was lost when calcium was removed from the model. In-
cluding residual KtV in the multivariate analysis did not
change the correlation of Ca with FGF23.

Discussion

In the present study, we confirm that elevated levels of
FGF23 do not correlate with plasma phosphorus in chil-
dren on dialysis. We herein demonstrate a significant rela-
tionship between FGF23 levels and the prevailing calcium
concentrations, independent of PTH and phosphorus con-
centrations, yet modifiable by the prevailing phosphorus
concentrations. These findings suggest important regulat-
ing effects of circulating calcium on FGF23 levels.

Studies in adults demonstrated that FGF23 plasma
levels increase earlier than phosphorus or PTH in CKD
stages 2-4 [34]. Similar findings have been reported in
children, with the highest levels observed in patients on
dialysis [7, 9].

As predicted, we also observed high FGF23 levels in our
dialysis patients. Throughout 12 months of observation,
average levels were 20-fold higher than age-matched
controls. These values are similar to those reported by
other investigators employing different assays [7, 9, 35-371.
While these assays are not identical, those recognizing pre-
dominantly the full-length intact molecule such as the one
we employed are used extensively by researchers in the
clinical field [16, 27, 37, 38]. Specifically, the Immutopics
intact assay used in our study has been shown to have a
strong linear correlation with the C-terminal Immutopics
assay, and both measure reliably the bioactive hormone
[16,37].
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Fig. 1. Linear correlation between serum calcium and serum FGF23 at
Months 1 (a, n:31), 6 (b, n:25) and 12 (c, n:15) in children under chronic
peritoneal dialysis.

Residual renal function (RRF) is another factor to con-
sider when interpreting FGF23 levels [36], and could be a
variable explaining the higher FGF23 levels reported by
Seeherunvong et al. [35]. We observed an inverse correl-
ation between residual Kt/V and FGF23, similar to adults
on dialysis [36]. Anuric patients showed higher FGF23
levels despite higher peritoneal phosphate removal, lower
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phosphorus intake and higher doses of phosphate
binders, suggesting a preeminent role of RRF on FGF23
levels [36]. We observed stable and significantly un-
changed levels of FGF23 on sequential measurements
after 12 months of prospective follow-up, while others
have reported progressively increasing levels in patients
on peritoneal dialysis [7, 9, 28]. These differences could be
explained in part by the escalating and higher doses of
the vitamin D receptor activators given to those patients
compared with the rather low and stable dose of calcitriol
received by our patients [28]. These contrasting findings
may have relevant therapeutic implications on the use of
calcitriol or vitamin D analogs, since higher FGF23 concen-
trations may contribute to higher rates of ventricular
hypertrophy and cardiovascular morbidity and mortality in
patients with CKD [16, 19, 35].

We also observed an inverse relationship between
FGF23 levels and height Z scores, a finding not previously
reported in children under PD. Previous investigators have
reported a positive relationship between FGF23 and sta-
tural growth in CKD children [38], but those and our
studies are not comparable. The study of Wesseling-Perry
et al. [38] included only CKD stage 2-5 patients, not yet on
dialysis, while our patients were all receiving maintenance
dialysis, and most were treated with calcium carbonate
and activated vitamin D which may have divergent effects
on bone histology (including variable degrees of adynamic
bone disease) and FGF23 levels, and thus have different
consequences on the patient’s growth rates. A relation-
ship between FGF23 and IGF1 was reported by Bachetta
et al. [27], however, only children with a GFR > 30 mL/min/
1.73 m? were included, none of them under dialysis
therapy.

Klotho levels in our patients were reduced on average
2.5-fold compared with healthy controls. This finding sug-
gests that CKD is a state of Klotho deficiency [9, 12-15]. In
addition to its role in phosphorus homeostasis, Klotho ex-
hibits beneficial effects on the cardiovascular system in-
cluding protection against oxidative stress, renal fibrosis
and vascular calcification [14, 39, 40]. The latter is of par-
ticular relevance to young CKD patients, where cardiovas-
cular mortality rates are 100 times greater than healthy
controls [41] probably in part due to early coronary calcifi-
cation [42]. The association of reduced plasma Klotho
levels with markers of arterial stiffness and coronary calci-
fication suggest that maintaining higher Klotho levels
could improve the vascular abnormalities in CKD [43].

In this longitudinal study, sequential measurements re-
vealed stable Klotho levels up to 12 months of follow-up.
Reduced Klotho levels may involve upregulation of the
renal renin-angiotensin system (RAS) pathway, since
angiotensin II negatively regulates the renal expression of
Klotho in CKD [44-46]. Activated vitamin D or its analogs
suppress the renal RAS [47, 48] and may help upregulate
Klotho expression and maintain its secretion [49]. Since
most patients were treated with calcitriol, this interven-
tion may have contributed to maintain levels of Klotho
particularly in patients with preserved RRF. Our study was
not designed to evaluate the effects of Klotho on the vas-
cular system; therefore future studies are needed to evalu-
ate the potential effects of stratified Klotho levels on
noninvasive surrogate markers of cardiovascular disease.

As shown by others [9], we also did not find a correlation
between phosphorus and FGF23 levels, except for the bi-
variate analysis at Month 12. While previous studies in
hemodialysis children did not find FGF-23 levels to correl-
ate with those of phosphorus, nor with calcium, PTH, 25
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Fig. 2. The direct correlation between serum calcium and serum FGF23 at Months 1 (a, n:31), 6 (b, n:25) and 12 (c, n:15) was evaluated according plasma
phosphorus, at a cut-off level of 6 mg/dL. It could be observed that the significant association was mantained in patients with a plasma phosphorus <6

mg/dL, but it was consistently lost in patients with phosphemia >6 mg/dL.

Table 3. Multiple regression analysis between log-FGF23 level versus serum calcium, phosphorus, PTH and 25(0OH)vitamin D at Months 1, 6 and 12 of

follow-up

Dependent variable  Independent variables  Regression coefficient  SEM t-test value HO#£0 Pvalue IC95% lower limit  IC 95% upper limit

Log FGF23 Month 1 Intercept -2.259 1.003 -2.251 0.033 -4.325 -0.192
Calcium 0.372 0.093 3.996 0.001 0.180 0.564
Phosphorus -0.021 0.099 -0.210 0.835 -0.225 0.183
Parathyroid Hormone 0.001 0.000 1.290 0.209 0.000 0.001
25 (OH) D 0.015 0.014 1.100 0.282 -0.013 0.044

Log FGF23 Month 6 Intercept —6.476 3309 -1.957 0.086 —14.105 1.154
Calcium 0.884 0.340 2.603 0.031 0.101 1.667
Phosphorus —-0.132 0.162 -0.817 0.438 —-0.506 0.241
Parathyroid Hormone 0.001 0.001 1.808 0.108 0.000 0.003
25 (OH)vit D —-0.005 0.027 -0.189 0.855 -0.068 0.057

Log FGF23 Month 12 Intercept -5.257 1.504 -3.495 0.005 -8.567 -1.946
Calcium 0.566 0.161 3.514 0.005 0.212 0.921
Phosphorus 0.322 0.101 3.194 0.009 0.100 0.544
Parathyroid Hormone -0.001 0.001 -1.457 0.173 -0.002 0.001
25 (OH)vitD 0.005 0.017 0.295 0.774 —-0.032 0.042

Calcemia was found to be the strongest variable determining FGF23 plasma levels during the observation period. At Month 12, phosphemia showed a
statistical significance, however, it was lost when serum calcium was removed from the model.

(OH)D and 1,25(0H),D concentrations [35], others have
observed phosphorus and FGF23 correlations in pre-dialy-
sis [7] and in hemodialysis patients [50, 51].

Average plasma phosphate concentrations during one
year of follow-up reflected a satisfactory control of hyper-
phosphatemia [32], and the adequacy of phosphorus
intake [29] indicated appropriate nutritional compliance.
Since dietary phosphorus intake, rather than blood phos-
phorus levels, is the primary stimulus for FGF23 secretion
[17, 18], it could explain in part the lack of association
between plasma phosphorus and FGF23 levels in our
patients.

We observed a significant association of calcium with
FGF23 levels at all time points. As shown in Table 3, this
direct correlation remained the strongest independent
variable associated with FGF23 plasma levels in the mul-
tiple regression model. In a recent study in children with
CKD, serum Ca correlated with log FGF23 in the univariate
analysis, but the analysis included patients with all stages
of CKD and the correlation did not persist on the multiple
regression analysis [9]. The regulation of FGF23 by calcium
or vice versa is still poorly understood, and has only re-
cently been studied in animal models. Stimulation of the
1,25(0OH),D-VDR pathway induces the expression of
FGF23, as evidenced by increased FGF23 levels after 1,25

(OH),D administration [52], and VDR-null mice showed un-
detectable FGF23 levels. In addition, normalization of
plasma calcium and phosphate levels by dietary means
increased FGF23 levels in VDR-null mice, indicating that
FGF23 expression is also regulated by a VDR-independent
pathway [52]. Double knock-out mice for PTH and
calcium-sensing receptor (CaSR) showed little FGF23 re-
sponse to the increase in plasma phosphorus during
phosphate loading, probably secondary to the severe
hypocalcemia, suggesting that the latter prevents a
normal FGF23 secretion by the bone [22]. Our observations
of the lack of correlation between phosphorus and FGF23
on the bivariate analysis, coupled to the extinguished cor-
relation of phosphorus and FGF23 at Month 12 by extract-
ing plasma Ca from the regression model (Table 3),
suggest a possible calcium-dependent effect. Experimen-
tal observations demonstrate that plasma calcium levels
regulate the production of FGFG23 in low- or high-calcium
conditions [21, 22], in agreement with the clinical findings
outlined in the present study. Besides the isolated roles of
calcium and phosphorus on FGF23 production, an appar-
ent reciprocal relationship between both ions and FGF23
was also observed experimentally whereby FGF23 levels
increased sharply when phosphorus was >5 mg/dL if
plasma calcium was >8 mg/dL, but this relationship was
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lost when calcium was <8 mg/dL [22]. These observations
suggest that plasma phosphorus does not regulate FGF23
under hypocalcemic conditions.

Similarly, while calcium and FGF23 correlated directly
at a calcium concentration >8 mg/dL and phosphorus
>5 mg/dL, this association was lost when phosphorus
was <5 mg/dL, suggesting the existence of a threshold
for both ions which reciprocally limits the effect on FGF23
by each one of them [22]. We observed the loss of the
linear relationship between calcium and FGF23 when the
phosphorus was >6 mg/dL, a finding consistently ob-
served at all three study-points. While plasma calcium
clearly correlates with, and presumably increases pro-
duction of FGF23, the optimal range of plasma phos-
phorus at which this effect is consistent needs further
testing [7, 21, 22, 36, 38].

The precise molecular mechanisms regulating FGF23
secretion remain elusive. Although it appears that
neither the full-length CaS receptor nor PTH, 1,25(0H)2D
or serum phosphorus appear to be exclusively and inde-
pendently involved in the regulation of serum FGF23 [22],
other possibilities to consider include the existence of yet
unidentified cell surface receptors for serum calcium and
phosphorus on osteoblasts and osteocytes capable of
modulating FGF23 secretion, or that alterations in bone
cell activity and mineralization coupled with changes in
serum Ca and phosphorus concentration may result in
changes of FGF23 secretion by other sensing mechan-
isms. Further studies will be required to unravel these
possibilities.

In summary, this is the first study evaluating simultan-
eously longitudinal changes of circulating FGF23 and
Klotho concentrations, and their relationships to concurrent
concentrations of calcium, phosphorus and various calcio-
tropic hormones in children on dialysis. Plasma calcium
emerged as the strongest regulating factor determining
FGF23 levels, particularly when the prevailing concentra-
tions of phosphorus remain <6 mg/dL. This may have
important clinical implications for the use of calcium-
containing phosphate binders which remain widely used
for the management of hyperphosphatemia. Stable blood
Klotho levels even after 1 year of dialysis therapy, possibly
in part as a result of treatment with activated vitamin D,
may antagonize the otherwise deleterious effects of CKD
on the cardiovascular system. Future studies are needed to
further delineate the intricate interactions between
calcium and phosphorus in the regulation of FGF23 and
Klotho in CKD patients.
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