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Abstract
Background—Excess fibroblast growth factor 23 (FGF23) causes hypophosphatemia in
autosomal dominant hypophosphatemic rickets (ADHR) and X-linked hypophosphatemia (XLH).
Iron status influences C-terminal FGF23 (incorporating fragments plus intact FGF23) in ADHR
and healthy subjects, and intact FGF23 in ADHR. We hypothesized that in XLH serum iron would
inversely correlate to C-terminal FGF23, but not to intact FGF23, mirroring the relationships in
normal controls.

Methods—Subjects included 25 untreated outpatients with XLH at a tertiary medical center and
158 healthy adult controls. Serum iron and plasma intact FGF23 and C-terminal FGF23 were
measured in stored samples.

Results—Intact FGF23 was greater than the control mean in 100% of XLH patients, and >2SD
above the control mean in 88%, compared to 71% and 21% respectively for C-terminal FGF23. In
XLH, iron correlated negatively to log-C-terminal FGF23 (r= −0.523, p<0.01), with a steeper
slope than in controls (p<0.001). Iron was not related to log-intact FGF23 in either group. The log-
ratio of intact FGF23 to C-terminal FGF23 was higher in XLH (0.00 ± 0.44) than controls (−0.28
± 0.21, p<0.01), and correlated positively to serum iron (controls r= 0.276, p<0.001; XLH r=
0.428, p<0.05), with a steeper slope in XLH (p<0.01).

Conclusion—Like controls, serum iron in XLH is inversely related to C-terminal FGF23 but not
intact FGF23. XLH patients are more likely to have elevated intact FGF23 than C-terminal
FGF23. The relationships of iron to FGF23 in XLH suggest altered regulation of FGF23 cleaving
may contribute to maintaining hypophosphatemia around an abnormal set-point.
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1. Background/Introduction
Under normal physiologic conditions, fibroblast growth factor 23 (FGF23) is produced by
osteocytes and osteoblasts, circulates as a hormone, and binds to fibroblast growth factor
receptors and the co-receptor klotho in the kidney. In the kidney, FGF23 down-regulates
surface expression of sodium phosphate cotransporters (NPT2a and NPT2c), and down-
regulates renal 1α-hydroxylase activity[1]. FGF23 excess is the cause of renal phosphate
wasting, hypophosphatemia, and inappropriately low or normal 1,25(OH)2D concentrations
in both autosomal dominant hypophosphatemic rickets (ADHR) and the more common
disorder, X-linked hypophosphatemia (XLH)[2–4].

Part of the FGF23 produced is normally cleaved into inactive fragments before secretion,
but mutations in FGF23 impair cleavage of intact FGF23 at an 176RXXR179/S180 cleavage
site, causing ADHR[2]. However ADHR has a variable age of onset of clinical features and
hypophosphatemia, and some patients resolve their clinical phenotype spontaneously with
normalized FGF23 concentrations. We previously demonstrated that the presence of
hypophosphatemia versus normophosphatemia in ADHR patients occurred due to varying
FGF23 concentrations[4]. In fact, high intact FGF23 concentrations in ADHR occurred in
the setting of low serum iron concentration, corresponding to periods of
hypophosphatemia[4, 5]. Farrow et al confirmed increased expression of FGF23 in an iron-
restricted mouse model of ADHR[6]. Furthermore, iron restriction of wild-type mice also
raised FGF23 expression and concentrations of FGF23 fragments, but maintained normal
intact FGF23 concentration and normophosphatemia. Likewise healthy adult humans also
demonstrated an inverse relationship between serum iron and C-terminal FGF23
measurements (which includes intact protein plus fragments), but no relationship of iron
with intact FGF23[5].

XLH is caused by PHEX mutations resulting in deficiency of the protein. PHEX mutations
result in increased FGF23 expression and both intact FGF23 and C-terminal FGF23 plasma
concentrations [3, 7, 8]. In contrast to ADHR, the phenotypic features of XLH do not vary in
timing or resolve spontaneously within an individual, though there is wide clinical
variability in biochemical and skeletal features between individuals with XLH. Instead, in
XLH the hypophosphatemia phenotype persists through the life of the individual. XLH
patients are not known to have any iron related phenotypes.

Despite inappropriate baseline elevations in FGF23 concentrations in XLH, standard
treatment with calcitriol and phosphate further increases FGF23 concentrations[9, 10]. In
addition, mouse models data suggests that an abnormality in phosphate sensing mechanisms
could be involved in the pathogenesis of elevated FGF23 concentrations in XLH[11], with
serum phosphate concentrations maintained at an abnormal set point. If this is true, FGF23
production may also increase with low iron status in XLH similar to healthy controls, but the
bioactive intact FGF23 would still not be influenced by serum iron concentrations. Thus, we
hypothesized that in XLH, serum iron concentrations would be inversely correlated to C-
terminal FGF23 measurement, but would not be correlated to intact FGF23 concentrations.

2. Methods
2.1 Study design

This was a cross-sectional analysis of samples obtained during an ongoing observational
study of patients with XLH. Control subjects were included from a previously published
cross-sectional sample of healthy adult subjects[5]. The purpose of this analysis was to
evaluate the relationship between iron status and plasma FGF23 in XLH patients. The study
was conducted in accordance with the Declaration of Helsinki and was approved by Indiana
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University Institutional Review Board. Written informed consent was provided by all
subjects or their parents, with assent by minors 7 years of age or older.

2.2 Subjects
All pediatric and adult XLH patients presenting to the practices of the investigators (at the
Indiana University Health Hospital and Riley Hospital for Children) are invited to
participate in an ongoing observational study of XLH. The diagnosis of XLH is based on
usual clinical criteria: hypophosphatemia, renal phosphate wasting, and physical or
radiographic evidence of current or past rickets. Family history of hypophosphatemic rickets
and personal or family history of PHEX mutation was supportive, but not required. Most
subjects had a family history of XLH and/or a confirmed PHEX mutation. Subjects were
excluded if there was clinical or genetic evidence of a separate acquired or inherited disorder
of phosphate metabolism (such as ADHR or Fanconi syndrome).

Since treating XLH with calcitriol and phosphate increases serum FGF23 concentrations [9],
which would confound the analysis of iron effects, only samples from subjects recruited
prior to initiating treatment with calcitriol or phosphate were included. All 25 subjects with
XLH (15 adults and 10 children) (Table 1) in this analysis were either treatment naïve or had
stopped calcitriol and phosphate at least one year before the included sample. For controls,
samples from 158 healthy adult controls were pulled from a study on genetics of peak bone
mass as controls for the previous study in iron and ADHR and are again used for controls in
this analysis[5].

2.3 Measurements
At the time of their routine clinical care (medical history, examination, diagnostic clinical
tests, and medication management), enrolled XLH patients are asked to provide fasting
serum and plasma samples for research purposes. Blood samples were stored at −80 °C prior
to research study measurements.

FGF23 was measured in EDTA-plasma, using two different ELISAs. The intact FGF23
ELISA (Kainos Laboratories, Tokyo, Japan) uses two monoclonal antibodies binding to
opposite sides of the FGF23 176RXXR179/S180 cleavage site with a CV of 4.4%. A separate
C-terminal FGF23 ELISA (Immutopics, San Clemente, CA) uses polyclonal antibodies
against two epitopes on the C-terminal side of the cleavage site, and thus measures the
combination of intact FGF23 and C-terminal fragments (CV of 4%). In order to compare the
results from the FGF23 assay kits, the standards from each manufacturer’s assay were also
measured on the other FGF23 assay. Thus, from the C-terminal FGF23 assay kit purified
FGF23 standards at six different concentrations, plus two supplied purified FGF23 controls,
were measured on the intact FGF23 ELISA. Likewise, purified FGF23 standards at seven
concentrations from the intact FGF23 kit were measured on the C-terminal FGF23 ELISA.

Serum biochemistries were measured with the Roche Cobas Mira S (Roche, Indianapolis,
IN) for phosphorus, creatinine and alkaline phosphatase, iron, and total iron binding capacity
(TIBC). Reagents for phosphorus, creatinine and alkaline phosphatase were from Thermo
Scientific (Waltham, MA). Iron and total iron binding capacity (TIBC) were measured from
serum using the Roche Cobas Mira S (Roche, Indianapolis, IN). Reagents for iron and TIBC
were purchased from Pointe Scientific, Inc. (Canton, Mi). Percent iron saturation was
calculated by serum iron concentration ÷ TIBC. Iron deficiency was defined as iron
concentration < 50 mcg/dl, or by percent iron saturation < 20%. Parathyroid hormone (PTH)
and 1,25(OH)2D were measured using radioimmunoassays from Diasorin (Stillwater, MN)
in controls. Due to sample limitations PTH and 1,25(OH)2D results are reported for XLH
from assays run in the hospital clinical lab (not reanalyzed). 129 controls and 18 XLH
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patients had measures of PTH, while 152 controls and 8 XLH patients had 1,25(OH)2D
measured.

2.4 Statistical analysis
The distribution of variables was examined and log-transformations were performed for C-
terminal FGF23 and intact FGF23. Equality of variances between groups for continuous
variables was tested with Levene test and differences between XLH and control groups were
tested with appropriate two-tailed T-tests for means and chi-square tests for proportions. For
intact FGF23 and C-terminal FGF23, median values are also provided and the differences in
distributions tested with Mann-Whitney test. Pair-wise relationships between variables were
examined within each group using scatter plots and Pearson correlation with two-tailed tests
for significance. To test whether a pair-wise relationship differed significantly between XLH
and control subjects, multiple regression analysis with an appropriate interaction term was
used. P-values less than 0.05 were considered statistically significant. Statistical analysis
was made using SPSS®, version 20.

3. Results
3.1 FGF23 assay standard comparisons

Assay standards from the intact FGF23 assay were measured on the C-terminal FGF23
assay, and vice versa. The measurements of assay standards from each kit on the other assay
provided similar numerical values for the standards in pg/ml and RU/ml (Figure 1). For most
assay standards, the ratio of intact FGF23/C-terminal FGF23 was relatively consistent
between 0.8 and 1.2 across most values of FGF23 (Figure 1C). Even using assay standards,
C-terminal FGF23 (intact plus fragments) was sometimes lower than intact FGF23,
indicating differences in measurement ability of the assays.

3.2 Biochemistries and FGF23 in XLH patients and controls
Biochemistries are listed in Table 1. We have previously reported the adult control
results[5]. The 158 adults controls were from a Caucasian population, with age range from
20 to 50 years. For adult controls, males had higher creatinine (1.0 ± 0.2 vs 0.9 ± 0.1,
p<0.001), calcium (9.5 ±0.3 vs 9.3 ± 0.4, p<0.001), alkaline phosphatase (62 ± 17 vs 55
±16, p<0.01), and iron saturation (32 ± 14 vs 26 ±11, p<0.01), and lower TIBC (307 ±50 vs
351 ±66, p<0.01) than adult female controls.

A total of 25 XLH subjects ranged from 1 to 53 years of age. Ten were children and 15 were
adults. The children were not on treatment prior to participation. The adults had a past
history of treatment with phosphate and vitamin D analogs with discontinuation at least 1
year prior to the analyzed sample. Two subjects were sporadic cases of hypophosphatemia,
but all others had family history consistent with X-linked dominant inheritance, including no
male-to-male transmission. PHEX mutations were confirmed in 13 subjects, and were not
detectable in four (3 of these 4 had strong family history for XLH). For 6 additional subjects
from 2 families, there was a strong family history consistent with X-linked dominant
inheritance and these were not gene tested. For two additional subjects who did not undergo
gene testing there was no family history, but diagnosis was based on clinical grounds
consistent with XLH, which is statistically the most common inherited rickets. Notably the
detection rate for mutations in PHEX in XLH kindreds has been reported to be about
65%[14]. Three children and 1 adult with XLH were African-American. Their FGF23
concentrations and clinical features were similar to the rest of the XLH population. For XLH
children, males did not differ from females in any variable, while for adult XLH subjects,
the males had higher alkaline phosphatase than females (197 ±47 vs 94 ±33, p<0.001).
However there were only 2 male children and 4 male adults with XLH. The numbers of
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male subjects and of African American subjects with XLH were too few to determine
whether there were race or sex differences in variables or correlations in XLH.

Mean serum phosphorus concentrations were lower in the XLH patients compared with
controls (p<0.001). Serum phosphorus was below age-normal reference ranges in 22/25
(88%) of XLH patients and the remaining 3 XLH patients had serum phosphorus near the
lower end of normal. Alkaline phosphatase concentrations were also higher in XLH patients
than in controls (p<0.001). PTH and 1,25(OH)2D concentration were similar between
children and adult subjects with XLH. PTH was also higher in XLH patients than controls
(p<0.01), but there was not a difference in 1,25(OH)2D concentration.

FGF23 was not normally distributed in XLH subjects, who had higher median intact and C-
terminal FGF23 concentrations than controls (p<0.001). However, intact and C-terminal
FGF23 concentrations were similar for adult and pediatric XLH subjects. For regression
analysis FGF23 concentrations were log-transformed, and XLH patients had higher mean
log-transformed intact FGF23 (p <0.001) compared to controls. Likewise XLH patients had
higher log-transformed C-terminal FGF23 concentrations compared to controls (p<0.05).
There was not a relationship of age to intact FGF23 or C-terminal FGF23 in the control
group, composed of healthy adults, nor in the group of adults and children with XLH.

XLH patients had wide variability in FGF23 concentrations as shown in Table 1 and Figure
2. However, patients with XLH were more likely to have intact FGF23 concentrations
elevated above the normal range than to have elevated C-terminal FGF23 concentrations.
Log-intact FGF23 concentrations were more than 2 SD above the normal control mean in
88% of patients with XLH (9/10 children and 13/15 adults). Log-C-terminal FGF23
concentrations were higher than 2SD above the normal control mean in only 21% of patients
with XLH (2/9 children and 3/15 adults). In addition, despite being hypophosphatemic,
100% of patients with XLH had intact FGF23 concentrations above the control mean of 40
pg/ml, while only 71% had C-terminal FGF23 concentrations above the control mean of 83
RU/ml.

3.3 Iron and FGF23
Mean serum iron concentration and percent iron saturation were lower in XLH patients than
controls (p<0.01). However the proportion of subjects with iron deficiency, defined by
serum iron <50 mcg/dl or percent iron saturation <20%, were not significantly different
(Table 1).

For healthy control adults, we previously reported the negative correlation between serum
iron concentration and log-C-terminal FGF23 (r= −0.276, p<0.001)[5]. There were no
differences in correlation for iron and log-C-terminal FGF23 between female and male
controls (r= −0.278 and −0.272 respectively). After adjustment for age, controls retained a
significant inverse relationship between iron and log-C-terminal FGF23 (p<0.01).

Similarly in XLH patients there was also a negative correlation between serum iron
concentration and log-C-terminal FGF23 (r= −0.523, p<0.01). This relationship did not
differ significantly between the adult and pediatric XLH subjects (adult XLH r= −0.689,
p<0.01, child XLH r= −0.410, p=0.27; p>0.5 for interaction), and these correlations were
similar after age adjustment. However, the C-terminal FGF23 concentrations were higher in
XLH, and the regression slope was steeper (p<0.001) compared to controls, suggesting that
iron had a greater magnitude of influence on C-terminal FGF23 concentrations in XLH than
in controls. Percent iron saturation was similarly related to log-C-terminal FGF23 in controls
with r= −0.296 (p<0.001) and in the XLH patients (combined r= −0.476, p <0.05; adults r=
−0.690, p<0.01; children r = −0.352, p=0.35). The regression slope of log-C-terminal FGF23
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for percent iron saturation was also steeper in XLH subjects (p<0.001). There were no
differences in relationships between male and female XLH subjects. However, the small
number of pediatric XLH subjects and also of male XLH subjects limited significance of
correlations when restricted to these groups. In addition, analysis was run excluding the 4
subjects for whom mutation detection was negative. This group similarly had an inverse
relationship between serum iron and log-C-terminal FGF23 concentration (r=−0.455,
p<0.05). Limiting analysis to the 13 XLH patients with confirmed mutations the negative
relationship was similar (r=−0.497, p<0.01).

We previously reported no relationship between serum iron concentration and log-intact
FGF23 in the healthy adult controls (r= 0.023, p>0.5) [5]. Correlations were similar for
control males and control females. Though XLH patients had higher log-intact FGF23 than
controls, there was no significant relationship between serum iron and log-intact FGF23
whether analyzed separately for adults (r=0.039) and children (r=−0.177) or as a combined
XLH group (r = −0.147, all with p>0.5). The regression slopes did not differ between XLH
and controls. Likewise, neither serum iron nor percent iron saturation were correlated to
serum phosphorus concentration in XLH or controls even when controlling for age.

The mean log-ratio of intact FGF23 to C-terminal FGF23 was higher in XLH compared to
controls (log ratio 0.00 ±0.44 versus −0.28 ± 0.21, p<0.01). Furthermore, XLH subjects
were more likely to have a log-ratio > 0, (62.5% versus 5.7%, p <0.001) indicating that XLH
subjects were more likely to have higher intact, biologically active FGF23 concentration
than C-terminal FGF23 concentration, despite their prevailing hypophosphatemia.

The log-ratio of intact FGF23 to C-terminal FGF23 was positively correlated to serum iron
concentrations in both controls (r= 0.276, p<0.001) and XLH subjects (r= 0.428, p<0.05),
indicating that at lower iron concentrations, more inactive FGF23 fragments are present in
both groups. The slope of the regression line between iron and the log-ratio of FGF23 was
steeper in XLH than in controls (p<0.01), consistent with the observed steeper relationship
between iron and C-terminal FGF23 in XLH. Percent iron saturation was similarly related to
the log-ratio of FGF23 in XLH (r= 0.418, p < 0.05) and controls (r= 0.276, p < 0.001), also
with a slope of greater magnitude in XLH subjects (p<0.01).

Neither iron nor percent iron saturation were correlated with 1,25(OH)2D concentration in
controls or XLH subjects. Furthermore, in controls, 1,25(OH)2D did not correlate with log-
C-terminal FGF23 or log-intact FGF23. However in 8 XLH subjects, 1,25(OH)2D was
positively correlated to log-C-terminal FGF23 (r= 0.725, p<0.05) but not to log-intact
FGF23.

4. Discussion
Recently, we demonstrated that low iron concentrations were inversely related to both intact
and C-terminal FGF23 concentrations in ADHR patients (with an FGF23 mutation that
impaired cleavage). This provided a potential explanation for the variable age of developing
the ADHR phenotype, as well as the waxing and waning of FGF23 concentrations,
hypophosphatemia, and clinical symptoms observed in patients with ADHR[5]. In an ADHR
mouse model FGF23 expression only became elevated during iron deprivation, consistent
with the cross-sectional findings in humans with ADHR[6]. Recently in vitro studies
implicated tissue hypoxia in the setting of iron deficiency as a possible mechanism leading
to increased FGF23 expression[15].

As opposed to ADHR, the biochemical phenotype of XLH does not fluctuate outside of the
effects of calcitriol and phosphate on serum phosphorus, calcium and FGF23 concentrations.
Neither does XLH spontaneously remit like ADHR. Here we demonstrate for the first time
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that FGF23 concentration in XLH is related to iron concentrations in a pattern that is more
similar to that of controls than that of ADHR. Iron is negatively correlated to serum C-
terminal FGF23 concentration in controls and in XLH, but with a greater magnitude of
effect in XLH, as demonstrated by a steeper regression slope.

Furthermore, we demonstrated that like controls, iron does not correlate to intact FGF23
concentrations in XLH. However, the log-ratio of intact to C-terminal FGF23 was positively
related to serum iron concentration in both groups, indicating that at lower iron
concentrations, a greater proportion of the FGF23 circulates as C-terminal fragments, in
both XLH and controls.

Limitations of the current study include small numbers of total subjects with XLH. The
sample size was limited by the decision to only include subjects who were not currently
receiving treatment with calcitriol and phosphate. This was done to avoid the confounding
effect of this treatment, which has been demonstrated to raise FGF23 concentrations in
XLH[9, 10]. Furthermore there were small numbers of XLH children and although the
direction of relationships was similar, these were sometimes nonsignificant when evaluating
children with XLH by themselves. There were too few males with XLH in the study to fully
assess whether there might be differences between the males and females in XLH. It is
possible that with small numbers of subjects with XLH that a significant relationship
between iron and intact FGF23 could have been missed. However, given the lack of
correlation, relatively flat slope of the associated regression line and p>0.5), it is more likely
that there is no relationship, though future studies in XLH should test to confirm these
findings.

Another limitation is that the available assays do not clearly indicate the molar amounts of
intact and C-terminal FGF23 in samples and the actual molar relationships of intact and C-
terminal FGF23 in circulation are uncertain. In fact, previous publications indicate the
relative proportion varies in certain disease states, or even in healthy controls[5, 12, 13]. In
addition, western blotting of the C-terminal FGF23 assay standards indicates both intact and
C-terminal fragments of FGF23 are present [17]. In a perfectly performing set of such
assays, the C-terminal FGF23 level (intact plus fragments) would always be higher than the
intact FGF23 in molar terms. Since measuring assay standards from one kit on the other kit
resulted in numerically similar values (i.e. 400 units on one assay approximated 400 units on
the other), the possible presence of C-terminal fragments in the assay standard did not
appear to influence the comparison of assay standards. However, the intact FGF23
concentration is frequently higher than the C-terminal FGF23 concentration in both controls
and XLH subjects. Patients with XLH were more likely to have elevated intact FGF23 levels
(defined as higher than either the normal mean or than 2SD above the mean) than to have
elevated C-terminal FGF23 levels and the ratio of intact to C-terminal FGF23 was higher in
XLH than controls.

The data relating iron to FGF23 concentrations in ADHR, XLH and healthy controls would
indicate another layer of FGF23 regulation through controlling cleavage of FGF23: that in
the setting of inappropriate (i.e., not driven by phosphate, 1,25(OH)2D or CKD) increased
FGF23 production, cleavage should normally occur to maintain appropriate intact FGF23
and phosphate concentrations. Unlike ADHR, XLH does not involve an intrinsic resistance
to proteolytic cleavage of FGF23, yet in XLH, FGF23 gene expression is generally
increased despite ongoing hypophosphatemia[7]. In addition, FGF23 concentration does
increase further in XLH [9, 10] and in mouse models of XLH [18, 19] in response to
calcitriol and phosphate, which are both usual factors stimulating FGF23 production.
Increased FGF23 concentration in XLH during treatment occurs even without normalization
of serum phosphate. However, our data suggests that XLH patients also increase production
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of FGF23 during low iron states similarly to controls, but maintain cleavage of FGF23 such
that intact FGF23 is not influenced by iron.

Mouse models expand on the regulation of FGF23 caused by PHEX deficiency. We recently
generated an animal model of GALNT3 gene deletion resulting in impaired FGF23
glycosylation, impaired secretion of intact FGF23 and hyperphosphatemia [20]. These mice
had a compensatory increased FGF23 gene expression. When crossed to a phex null (XLH)
mouse, the resulting double mutant mouse had only partial improvement in
hypophosphatemia, and despite impaired secretion of intact FGF23, the intact FGF23
remained quite elevated. While the GALNT3-null mouse increases expression of FGF23 to
offset hyperphosphatemia, the double mutant further increases expression in the setting of
hypophosphatemia. In fact, the double mutant mouse greatly increased FGF23 gene
expression up to 24-fold greater than either the phex-null mouse or the GALNT3-null mouse
alone, and 100-fold greater than wild-type mice.

A possible abnormality in phosphate sensing set-point might be responsible for the findings
in the double mutant mouse, with an attempt to offset the mild rise in phosphate above that
of the phex-null mouse. In support of the concept of altered set-point in phex-deficiency,
long term pharmacologic inhibition of fibroblast growth factor receptors (with a receptor
antagonist or with MAPK inhibitors) in phex-deficient mice improved serum phosphate, but
greatly increased FGF23 expression and serum FGF23 concentrations, even during
persistent hypophosphatemia[21, 22]. Consequent to the PHEX mutation, there may also be
down-regulation of FGF23 cleavage, due to decreased 7B2-PC2 enzymatic activity [23].

On the converse side, we show in XLH a further increase of C-terminal FGF23 at low iron
concentrations, but no relationship of iron to intact FGF23 or serum phosphate. The fact that
XLH patients remain hypophosphatemic in the setting of increased FGF23 expression, while
still being able to modify intact FGF23 concentrations in response to phosphate or
calcitriol[9], and have similar relationships of iron and FGF23 to that of healthy controls
would all suggest that some regulation of FGF23 expression and cleavage is still occurring
around to some set-point that may be different in XLH than in the normal state.

Since iron concentrations are inversely related to intact FGF23 in ADHR, it is plausible that
treatment of iron deficiency ADHR could normalize FGF23 concentrations and resolve
hypophosphatemia. In fact in the mouse models of ADHR and wild type mice treated with
iron deficient diets during breeding and nursing, increased FGF23 expression was
demonstrated, which was improved after iron repletion[15]. There is likely a threshold effect
above which FGF23 metabolism is not impacted by iron, as is suggested by the scatterplots
of adult control subjects, and by the fact that iron deficient diets were necessary to induce
the phenotype in ADHR mice. Similarly in XLH, iron supplementation could lower C-
terminal FGF23 concentrations. However, given the absence of relationship of iron and
intact FGF23 in XLH patients, which remained elevated at various iron levels, it is unlikely
that iron treatment would have any effect on the hypophosphatemia and other clinical
features of XLH.

In summary, the relationship of iron to FGF23 continues to be elucidated. In ADHR, the
disease state of excess intact FGF23 is related to serum iron concentration. However in
XLH, though the absolute levels of FGF23 are higher than in controls, the pattern of
relationship of iron and FGF23 is similar to that in healthy controls. In XLH, the persistent
elevations in FGF23 result in hypophosphatemia, which is not limited to low iron states.
Further studies are needed to determine the mechanisms of the effect of low iron on FGF23,
and whether there is any influence of FGF23 fragments on iron metabolism itself.
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Highlights

1 Intact FGF3 is more likely to be elevated than C-terminal FGF23 in XLH.

2 Despite hypophosphatemia, C-terminal FGF23 is inversely related to iron in
XLH.

4 Intact FGF23 is not related to serum iron in XLH or controls.

5 The presented data suggest FGF23 cleavage is a regulated process even in
XLH.
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Figure 1. Comparison of FGF23 assay kit standards
Intact FGF23 assay kit standards were measured on the C-terminal FGF23 ELISA (1A) and
the C-terminal FGF23 kit standards were measured on the Intact FGF23 ELISA (1B). The
ratio of intact FGF23/C-terminal FGF23 for both sets of assay standards is plotted according
to the concentration of the assay standard (1C). Diamonds indicate intact FGF23 assay kit
standards and circles indicate C-terminal FGF23 assay kit standards.
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Figure 2. Relationship of iron to FGF23 concentrations in XLH compared to healthy controls
Iron concentration is inversely related to C-terminal FGF23 in XLH (A) and control (B)
subjects, with a greater magnitude of effect in XLH subjects (p<0.001). Iron was not related
to intact FGF23 in either XLH (C) or control (D) subjects. The log-ratio of intact to C-
terminal FGF23 concentration was positively correlated to iron concentration with a greater
magnitude of effect in XLH (E) than in control (F) subjects (p<0.01). Squares represent
adults and triangles represent children with XLH. The same vertical axis scales were used
for XLH and controls in order to more easily visualize the relative distributions of variables.
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Table 1

Biochemistries

Controls XLH p=value

N 158 25

Male/Female 79/79 6/19

Age (years) 27.7 ± 7.4 20.3 ± 14.2 <0.05

Creatinine (mg/dl) 0.9 ± 0.2 0.6 ± 0.2 <0.001

Calcium (mg/dl) 9.4 ± 0.4 9.3 ± 0.4 NS

Phosphate (mg/dl) 3.4 ± 0.5 2.3 ± 0.7 <0.001

Phosphate less than age normal (%)* 4/158 (3%) 22/25 (88%) <0.001

Alkaline Phosphatase (U/L) 58 ± 16 258 ± 192 <0.001

Parathyroid hormone (pg/ml) 28.8 ± 10.6 86.3 ± 58.3 <0.01

1,25-dihydroxyvitamin D (pg/ml) 44.6 ± 17.0 45.8 ± 11.6 NS

Iron (mcg/dl) 93.6 ± 40.5 71.2 ± 26.6 <0.01

Iron <50mcg/dl 18/158 (11%) 6/25 (24%) NS

TIBC (mcg/dl) 329 ± 63 341 ± 61 NS

Iron % saturation 29.1 ± 12.7 21.8 ± 9.0 <0.01

Iron saturation <20% 37/158 (23%) 9/25 (36%) NS

Intact FGF23 (pg/ml)
Median (25thpercentile–75thpercentile)

40 ± 13
Median 39 (31–48)

183 ± 251
Median 111 (86–191)

<0.001**

Log-Intact-FGF23 (log of pg/ml) 1.58 ± 0.14 2.13 ± 0.29 <0.001

C-terminal FGF23 (RU/ml)
Median (25thpercentile–75thpercentile)

83 ± 52
Median 67 (53–88)

229 ± 302
Median 106 (78–158)

<0.001**

Log-C-terminal-FGF23 (log of RU/ml) 1.86 ± 0.20 2.12 ± 0.45 <0.05

Log-ratio of intact to C-terminal FGF23 −0.28 ± 0.21 0.00 ± 0.44 <0.01

Values indicate mean ± standard deviation except where indicated.

*
Phosphate normal ranges for age: age 1–5 years (3.6–6.5 mg/dl); age 5–10 years (3.4–5.5 mg/dl); age 10–20 years (2.6–5.2 mg/dl); and adults

(2.5–4.9 mg/dl). P-values are provided for T-tests, except where marked with ** for Mann-Whitney test. PTH was measured in 129 controls and 18
XLH patients, while 152 controls and 8 XLH patients had 1,25(OH)2D measured. To convert the values for phosphate to millimoles per liter,

multiply by 0.32. To convert calcium to millimoles per liter, multiply by 0.25. To convert creatinine to micromoles per liter, multiply by 76.26. To
convert 1,25D to picomoles per liter, multiply by 2.6. To convert PTH to picomoles per liter, multiply by 0.1053. To convert iron to micromoles
per liter, multiply by 0.179. To convert TIBC to micromoles per liter, multiply by 0.179.
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