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Abstract

Background—rFibroblast growth factor 23 (FGF23) is a phosphaturic hormone and a suppressor
of renal 1a hydroxylase. Although circulating values of FGF23 are increased in early chronic
kidney disease (CKD), the interplay between FGF23 levels, growth and nutritional biomarkers has
not been evaluated in children with normal renal function.

Methods—We performed a secondary analysis of the cross-sectional observational INU23 study
in 98 children (51 boys, mean age 10.5 + 3.9 years) with preserved renal function (glomerular
filtration rate (GFR) 114 + 14 ml/min/1.73 m?2).

Results—In bivariate analyses, C-terminal FGF23 levels were positively related to phosphorus
and uric acid levels. Intact FGF23 levels were positively associated with uric acid and insulin
growth factor 1 (IGF1) levels, with similar results for age, body mass index (BMI), and 250H
vitamin D (25(OH) D). By multivariable analyses, 25(OH)D, uric acid, and phosphorus were
independent predictors of C-terminal FGF23, while 25(OH)D, uric acid, and IGF1 were
independent predictors of intact FGF23.

Conclusions—In children with preserved kidney function, the association between FGF23, uric
acid, and IGF1 suggests that FGF23 could be an early nutritional indicator of high protein and
phosphate intake. The association between FGF23 and IGF1 also suggests a relationship between
FGF23 and growth, and warrants further investigation.
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Introduction

Fibroblast growth factor 23 (FGF23) is a protein synthesized by osteocytes that has been
described to have a key role in the “bone-kidney-parathyroid” axis and the regulation of
phosphate/calcium/parathyroid hormone (PTH) and 1,25dihydroxyvitamin D (calcitriol,
1,25(0OH),D) metabolism [1-3]. Its role in mineral metabolism has been described in
patients and animals with primary excesses in FGF23 in whom it acts as a phosphaturic
factor by inhibiting the expression of type Ila and llc sodium-phosphate cotransporters on
the apical membrane of proximal tubular cells, leading to an inhibition of phosphate
reabsorption [4]. FGF23 also suppresses renal calcitriol production by inhibiting 1a
hydroxylase and stimulating 24 hydroxylase activity [5] and has been shown to play a role in
suppressing PTH synthesis [6].

Over the past decade, numerous studies have documented that FGF23 levels are increased in
patients with chronic kidney disease (CKD) and that this hormone is related to alterations in
mineral metabolism and to the development of secondary hyperparathyroidism [5, 7-9]. The
increase in FGF23 levels in patients with CKD may be due in part to decreased renal FGF23
clearance, but increased synthesis of FGF23 by osteocytes also occurs as early as CKD stage
2, perhaps in an attempt to maintain renal phosphate excretion in the context of declining
renal mass [5, 9, 10]. In addition to its contribution to mineral metabolism, FGF23 appears
to have important off-target effects and has been shown to be an independent predictor of
both CKD progression, the development of left ventricular hypertrophy, and mortality in
adults with pre-dialysis CKD [11]; it is a risk factor for cardiovascular morbidity and
mortality in the adult general and dialysis populations [12-16] and has been associated with
cardiovascular calcification in dialyzed children [17]. Some data have also suggested that
FGF23 levels may be a marker of growth in children with CKD [18, 19]; moreover, FGF23
values appear to be elevated in early CKD, prior to any detectable abnormalities in calcium,
phosphorus, PTH, or vitamin D metabolism [20]. However, the mechanisms underlying the
initial rise in FGF23 as CKD develops and the role that FGF23 might play as a marker of
growth marker in children before the development of CKD remain unknown. Thus, the aims
of the current study were to evaluate the relationship between FGF23 levels and parameters
of nutrition/growth in a cohort of pediatric patients with preserved renal function.

Patients and methods

The current study was a secondary analysis of the cross-sectional observational INU23 study
aimed at evaluating the influence of glomerular filtration rate (GFR), gender, and age on
FGF23 levels in pediatric CKD [18]. As previously reported, a total of 227 French children
with a history of renal injury (91 CKD stages 1-4 and 136 with a GFR above 90 ml/min per
1.73 m?) were recruited for a cross-sectional analysis of mineral metabolism. The study was
approved by a local independent ethics committee (Comité de Protection des Personnes
Lyon Sud Est 11). In the current analysis, only children with preserved renal function (i.e.,
GFR between 90 and 150 ml/min per 1.73 m2) with normal circulating values of calcium,
phosphorus, and PTH were included. Since the results of the initial INU23 study showed a
likely impact of corticosteroids and solid organ transplantation on FGF23 circulating levels
[18], patients receiving corticosteroids or growth hormone therapy, as well as those with a
history of solid organ transplantation, nephrotic syndrome and/or a metabolic bone disease,
were excluded.
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Anthropometric parameters were evaluated according to French charts and expressed in
standard deviation scores (for body weight and height) or centiles (for body mass index,
BMI) according to age and gender [21]. The reason for evaluation of renal function and
medications were recorded.

As previously described, tubular assessment included tubular phosphate metabolism (tubular
reabsorption of phosphorus TRP and TmP/GFR), electrolyte reabsorption rate (sodium,
calcium, and magnesium) and urine calcium-to-creatinine ratio. GFR was measured by the
clearance of inulin (polyfructosan infusion, Inutest®, Fresenius Kagi, Graz, Austria) [18].
Normal ranges were obtained from local normal values and Matos’ values for tubular
parameters [22].

Serum PTH (Roche Elecsys, Roche Diagnosis, Mannheim, Germany), 25 (OH)vitamin D
(25(OH)D, Diasorin-RIA, Diasorin Diagnosis, Saluggia, Italy), 1-25 (OH), vitamin D
(Diasorin-RIA, Diasorin Diagnosis, Saluggia, Italy), C-terminal FGF23 (Immutopics®, San
Clemente, California, USA), intact FGF23 (Kainos, Japan), uric acid (enzymatic method,
Hitachi Modular, Roche, Meylan, Switzerland) and insulin growth factor type 1 (IGF1)
(IGF1-RIACT, CIS-BIO International, Saclay, France) levels were measured. All biological
samples were obtained at 8:00 a.m. after an overnight fast.

Normal local values for calcium, PTH and uric acid are as follows: 2.15 to 2.55 mmol/I, 15
to 65 pg/ml, and 120 to 400 pmol/l, respectively. 25(OH)D deficiency was defined as
circulating levels of 25(OH)D below 20 ng/ml while 25 (OH)D insufficiency was defined as
levels between 20 and 29 ng/ml [23]. The reference ranges for serum phosphorus were
defined by serum phosphorus below the 97.5th percentile according to age [24].

Statistical analysis was performed with SPSS software® 18.0 for Windows. For bivariate
analysis, the Pearson correlation test was used after log-transformation or inverse-
transformation of non-parametric variables as assessed by the Kolmogorov—Smirnov test.
Multiple linear regression analyses using backward stepwise procedures were performed,
after log-transformation or inverse-transformation of non-parametric variables. Statistical
tests for bivariate and multivariate analysis were performed at the two-sided 0.05 level of
significance while an alpha of 0.10 was considered significant in multiple regression
analyses. Data are presented as mean + SD for variables with normal distributions and as
median (range) for variables with skewed distributions.

The 98 children (51 boys/47 girls) with preserved kidney function who were recruited for
the study were followed in the nephrology clinic for the following reasons: tubulopathy (/7=
2, renal tubular acidosis, and undetermined tubulopathy), polycystic kidney disease (7= 2),
Alport nephropathy (1= 6), IgA nephropathy (7= 3), glomerular disease (/7= 2), congenital
anomalies of the kidney and urinary tract (CAKUT) (7= 39: 8 multicystic dysplasia, 17
single kidney, 14 uropathies), follow-up of acute kidney injury (7= 1), hemolytic and
uremic syndrome (/7= 8), Henoch-Schédnlein purpura (77 = 3), nephrotoxicity from
chemotherapy, 7= 10), or hematological disease (n= 13) and miscellaneous indications (n7=
9). The mean age was 10.5 £ 3.9 years (range 4.4-19.9) and GFR, as determined by inulin
clearance, was 114 + 14 ml/min per 1.73 m2. The average height was 138 + 20 cm (Z-score:
0.2 £ 1.5) with five children below -2 SD and 12 above +2 SD); the average BMI was 17.4
+ 3.6 kg/m? (range 12.4 to 40.4 kg/m?2), with four children below the third pexsrcentile and
11 above the 97th percentile. Table 1 summarizes these clinical data.
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Serum biochemistry values

Biochemical values are displayed in Table 1. In brief, serum calcium and phosphorus levels
were within the reference interval for age and circulating PTH levels were within the normal
range in all subjects. Of the subjects, 33% were 25 (OH)D-deficient, as defined by a
25(0OH)D level below 20 ng/ml [25], and 44% were 25(0OH)D-insufficient. C-terminal
FGF23 levels ranged from 4 to 150 RU/ml except for one elevated level (376 RU/ml) in a 9-
year-old girl with a corresponding normal intact FGF23 value (36 pg/ml). Uric acid levels
were in the normal range in all but three children, one of whom had a value below and two
with values slightly above the upper range of normal.

FGF23 and parameters of phosphate/calcium metabolism

Table 2 displays the bivariate results for the two different FGF23 assays and Table 3
displays the multivariable analysis between FGF23 and nutritional and/or mineral
metabolism parameters. Multiple linear regression analyses used backward stepwise
procedures and included general parameters (i.e., age, GFR, BMI) as well as different
parameters of mineral metabolism (i.e., serum calcium, serum phosphorus, PTH, 25(0H)D,
1-25 OH, and either C-terminal FGF23 or intact FGF23), as well as uric acid and IGF1.
Briefly, age and 25(0OH)D concentrations were both independent, negative, predictors of
serum PTH values, while uric acid was the only positive predictor of PTH. FGF23 levels by
both assays and serum calcium were independent positive predictors of 25(OH)D levels
whereas age, serum phosphorus and PTH were negative predictors of this variable. Levels of
1,25(0OH),D could not be predicted by any traditional parameter. In addition to 25(OH)D
and serum phosphorus, uric acid was an independent positive predictor of C-terminal
FGF23, while 25(OH)vitamin D, uric acid, and IGF1 were independent predictors of intact
FGF23 levels. Interestingly, although uric acid levels were higher in boys than in girls (268
+ 78 vs. 223 + 44 uymol/l, p=0.001), only BMI, age, and PTH were independent predictors
of uric acid levels while IGF1 levels were explained primarily by age and serum calcium
concentrations. The relationships between intact FGF23 and uric acid, and between IGF1
and intact FGF23 are illustrated in Figs. 1 and 2, respectively; notably, there was also a
positive association between IGF1 and uric acid (r= p=0.007).

Discussion

This study is the first description of an association between FGF23 (measured by two
different assays) and markers of nutrition and growth in children with preserved renal
function. Although the results obtained by both assays were similar, they were not identical.
Indeed, C-terminal FGF23 (Immutopics) values were associated with serum phosphorus,
25(0OH)vitamin D and uric acid values, while intact FGF23 (Kainos) values were associated
with 25(OH)vitamin D, uric acid, and IGF1 levels.

Elevated circulating levels of uric acid have been shown to be an independent risk factor for
cardiovascular disease, diabetes, insulin resistance, metabolic syndrome, gout, and uric acid
renal stone formation [26], and many studies have demonstrated a strong association
between hyperuricemia and excessive purine consumption [27]. Since phosphate, protein,
and purine intakes are closely linked, the association between uric acid (which, in the
current study, were measured as fasting levels, limiting any potential variation due to
hydration status) and markers of both urine phosphate excretion and serum FGF23 suggests
that circulating levels of FGF23 and uric acid may be an early nutritional indicator of high
protein and phosphate intake. Although the literature on uric acid and growth is limited,
some data suggest that uric acid values increase with age during childhood [28]. In our
current study, uric acid levels were directly associated with FGF23 values, independently of
age, suggesting that the association is not merely due to renal maturational changes but due
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to some association between nutrition, growth, uric acid, and FGF23. Consistent with the
hypothesis that FGF23 may reflect nutritional intake, FGF23 values, as determined by both
C-terminal and intact assays, were associated with 25(OH)vitamin D, but not with 1,25
(OH),vitamin D values. Indeed, although the conversion of 25(OH)vitamin D to
1,25(0OH),vitamin D is a substrate-dependent process in patients with moderate to advanced
CKD, it is substrate independent, except in the context of severe 25(OH)vitamin D
deficiency, in individuals with normal renal function [23, 29]. Thus, it is possible that,
although a relationship between FGF23 and 1,25(0OH),vitamin D levels has been described
both in states of primary FGF23 excess and in patients with CKD, a similar relationship is
not found in individuals with normal kidney function and normal regulatory mechanisms for
FGF23.

Our results confirm the recently published results of the Health Professional follow-up
study, enrolling 1,261 adults, and showing a positive association between FGF23 and uric
acid [30]. Since this study was performed in children not receiving immunosuppressive
therapies, confounding factors such as calcineurin toxicity, diabetes, obesity, arterial
hypertension and/or metabolic syndrome for interpreting circulating uric acid levels were
minimized. It is also interesting to note that, similar to the results obtained with both FGF-23
assays, uric acid was also correlated with circulating PTH levels. Indeed, previous studies
have repeatedly demonstrated a relationship between PTH and uric acid levels; patients and
animals with primary hyperparathyroidism usually present with high levels of FGF23 and
uric acid before surgery, both of these parameters decreasing after surgery [31-33]. By
contrast, values are low in patients with pseudo-hypoparathyroidism [34]. Although some
data suggest that PTH itself stimulates FGF23 production [35], in the current study, the
relationship between FGF23 and uric acid persisted in multivariable analysis, in which PTH
was considered a confounding variable. This finding suggests a direct relationship between
uric acid and FGF23, independent of the effect of uric acid on PTH. In the future, the study
of FGF23 levels in genetic uric acid disorders could more thoroughly evaluate this
hypothesis.

It is interesting to note that, in the current cohort of children with normal kidney function,
both bivariate and multivariable analyses revealed a correlation between serum phosphate
concentrations and C-terminal FGF23, but not between phosphate and intact FGF23 values.
The inconsistency of the relationship between phosphate and FGF23 in this population is
interesting, since circulating values of FGF23 have been consistently correlated with
circulating phosphate concentrations in patients with advanced CKD and in those treated
with maintenance dialysis [7, 36]. Moreover, Antoniucci et al. have demonstrated that
circulating levels of FGF-23 increase in response to oral phosphate load in healthy
volunteers [37], while serum phosphate concentrations correlate with circulating FGF23
levels in dialysis patients [36], suggesting that FGF23 is stimulated by an increased
phosphate burden in both the CKD population and in patients with normal renal function.
However, similar to the findings by Antonuicci et al., the lack of direct correlation between
FGF23 values and serum phosphate concentration does not negate a relationship between
FGF23 and phosphate burden in the context of normal kidney function, but rather suggests
that the presence of excess of phosphate intake, as would occur in increased nutritional
intake of protein, stimulates an increase in FGF23 which, in turn, increases urinary
phosphate excretion. The net result of these changes is therefore to maintain serum
phosphate concentrations within a tightly regulated normal range while increasing urinary
phosphate excretion. This hypothesis is further reinforced by the negative associations found
between uric acid and both TmP/GFR and the phosphate reabsorption rate in our cohort;
therefore, an excess of phosphate intake will be more readily apparent in urinary phosphate
excretion than in circulating phosphorus concentrations.
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The association between IGF1 and intact FGF23 levels, combined with the prevalence of
persistent growth retardation and decreased final height in pediatric CKD, despite current
therapies for the treatment of growth hormone resistance and renal osteodystrophy [38],
suggests a role for FGF23 as a marker of growth in both the pediatric CKD population [18,
19], as well as in children with normal kidney function, a role that has been confirmed by
post-surgical changes in IGF1 and FGF23 values in adults with acromegaly [39]. Further
studies are warranted, however, to establish a direct link between IGF1 and FGF23, which
may rather be mediated through Klotho, FGF23's cofactor, since Klotho has been recently
shown to modulate the IGF pathways [40]. An association between FGF23 and IGF1, if
proven true, will have major impacts on the monitoring and treatment of pediatric renal
osteodystrophy. First, since high FGF23 levels are strongly associated with cardiovascular
morbidity and mortality in the adult and pediatric populations [15], future therapies will
likely target a decrease of FGF23 concentrations in early CKD. Recent studies have shown
that the two phosphate binders sevelamer and lanthanum carbonate were able to decrease
FGF23 serum levels in pre-dialysis CKD patients [41]; the effect of such a strategy on IGF1
and growth in children should be closely assessed. Second, growth hormone therapy that is
commonly used to treat growth failure in pediatric CKD, results in increased IGF1 levels
and thus may also increase circulating values of FGF23 with their potential adverse renal
and cardiovascular consequences. Thus, levels of serum FGF23, the effect of different
therapy on these levels, and the effect of these values on end-organ consequences such as
cardiovascular disease and progressive renal dysfunction should be carefully evaluated and
monitored in all pediatric CKD patients.

Although the prediction of C-terminal FGF23 and intact FGF23 levels by other parameters
of mineral and nutritional metabolism were similar, some differences were observed in the
prediction of FGF23 by the two assays. Indeed, serum phosphorus was an independent
predictor of C-terminal, but not intact, FGF23 values while IGF1 predicted intact, although
not C-terminal FGF23 concentrations. The reason behind these discrepancies in correlations
of the two FGF23 assays with mineral metabolism is unclear; however, although FGF-23
values as measured by the intact and C-terminal assays are highly correlated in patients
treated with maintenance dialysis [7, 15], in whom the vast majority of the molecule is
present in the full-length, intact form of the molecule, the potential presence of amino-
terminally truncated fragments may result in different values for the two assays in subjects
with normal kidney function. Further-more, the correlation coefficients of any metabolic
parameter for FGF-23 by either assay were relatively weak, with all included parameters
together explaining only 18% and 16% of the variation in C-terminal and intact FGF23
values, respectively. Thus, small variations in measurement may have obscured some of the
relatively weak associations between phosphate metabolism and FGF23 as measured by the
intact assay. At this time, it remains unknown which single assay is the most clinically
relevant and further studies are needed to address this issue.

Two limitations could have impacted this study: first, pubertal status was not available and
one may therefore hypothesize a confounding factor for the interpretation of the IGF1/
FGF23 relationship; however, this association remained significant in multivariable
analyses, as well as in the global cohort of the INU23 study. Second, although some second
generation assays for C-terminal FGF23 are currently available to measure plasma FGF23
levels, this study was performed with a first generation of FGF23 assays on serums: this
could have decreased the strength of our results for the C-terminal FGF23 because of the
more important variability of the first generation assay in comparison to the second one.
Indeed, serum is no longer recommended in 2011 as an appropriate sample for measuring
FGF23 because FGF23 determined from serum samples could be degraded. However, it is
still recommended to measure intact FGF23 levels with the Kainos assay on serum. Last, it
would have been interesting to have Klotho measurements but these assays were not
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available at the time of the study; even though some data have been recently published with
assays assessing soluble Klotho levels, the accuracy of such assays has not been completely
demonstrated and their relevance in clinical practice remains to be fully elucidated [42, 43].

Conclusions

This study describes, for the first time, a link between uric acid, IGF1, and FGF23 in a
pediatric cohort with preserved renal function and suggests that FGF23 may be an early
nutritional indicator of high protein and phosphate intake and may reflect longitudinal
growth. Future studies are warranted to confirm these associations in other populations and
to determine whether they could be useful in clinical practice to improve the management of
early CKD.
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Fig. 1.
Correlation between intact FGF23 and uric acid (Pearson bivariate coefficient, r= 0.277, p=
0.007) FGF23, fibroblast growth factor 23
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Fig. 2.
Correlation between intact FGF23 and IGF1 (Pearson bivariate coefficient, r=0.235, p=
0.025) FGF23, fibroblast growth factor 23; /GF1, insulin growth factor 1
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Table 1

Demographic characteristics and biochemical values for the entire cohort (/7= 98)

Clinical data

Blood

Urine

Age (years)

Gender (boys/girls)

Body weight (kg)

Height (cm)

BMI (kg/m?)

Calcium (mmol/l)

Phosphate (mmol/l)
Bicarbonate (mmol/l)
Magnesium (mmol/l)

PTH (pg/ml)

25(0OH)vitamin D (ng/ml)
1,25(0OH),vitamin D (pmol/l)
C-terminal FGF23 (RU/ml)
Intact FGF23 (pg/ml)

Uric acid (umol/l)

Blood urea nitrogen (mmol/l)
IGF1 (ug/l)

TmP/GFR (mmol/l)

Tubular reabsorption
of phosphate (%)

Calcium/creatinine ratio (mmol/mmol)

Albumin/creatinine ratio (mg/mmol)

10.5+3.9
51/47

35+ 16

138+ 20
17.4+3.6
2.43+0.09
1.44+0.21
24+3

0.88 +0.08

27 (7-66)

23 (7-69)

150 (28-423)
31 (4-376)

32 (2-73)

236 (95-452)
4.6 (2.1-8.8)
232 (66-897)
1.49(0.93-2.39)
92.5 (80.8-98.6)

0.2 (0.0-2.2)
1.7 (0.3-174.0)

Results reported as mean + SD for parametric variables and median (range) for those with a skewed distribution

Page 12

BMI, body mass index; PTH, parathyroid hormone; FG23, fibroblast growth factor; /GF1, insulin growth factor 1; GFR, glomerular filtration rate
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Table 2

Bivariate analyses showing the correlations between parameters of mineral metabolism and FGF23

C-terminal FGF23  Intact FGF23

(Immutopics) (Kainos)
Age 0.200"
Glomerular filtration rate
Body mass index 0.198
Calcium
Phosphorus 0.290
Blood urea nitrogen
Parathyroid hormone
25(OH)vitamin D 0.181%
1,25 (OH),vitamin D
C-terminal FGF23 0.255%
Intact FGF23 0.255 ™
TmP/GFR 0.355 "
Calcium/creatinine ~0.286™*
IGF1 0.235%
Uric acid 0205 02777

Results presented only when p< 0.05
FGF23, fibroblast growth factor 23; GFR, glomerular filtration rate; /GF1, insulin growth factor 1

*
Statistically significant to a values of p< 0.05

*Kk
Statistically significant to a value of p< 0.01
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Table 3

Predictors of FGF23 by multiple linear regression analyses

Predictor C-terminal FGF23  Intact FGF23
(Immutopics) (Kainos)

Age

GFR

BMI

PTH

25(0H) vitamin D 0.193** 0.185~

1,25(0OH), vitamin D

Calcium
Phosphorus 0.360 %%
Uric acid 0.266™" 0201
IGF1 0.246™"
Adjusted R? for the model  0.178 0.163

Results presented as the standardized  parameter after a backward stepwise procedure

FGF23, fibroblast growth factor 23; GFR, glomerular filtration rate; BM/, body mass index; PTH, parathyroid hormone; /GF1, insulin growth
factor 1

*
Statistically significant to a value of p< 0.1

Aok

Statistically significant to a value of p< 0.05
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