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ABSTRACT

Excess fibroblast growth factor 23 (FGF23), excess PTH, and an increase in extracellular calcium cause hypophosphatemia by lowering
the maximum renal phosphate reabsorption threshold (TmP/GFR). We recently reported two cases of X-linked hypophosphatemia
(XLH) with severe tertiary hyperparathyroidism who had normalization of TmP/GFR upon being rendered hypoparathyroid following
total parathyroidectomy, despite marked excess in both C-terminal FGF23 (cFGF23) and intact FGF23 (iFGF23). We explored the
effects of FGF23, PTH, and calcium on TmP/GFR in a cross-sectional study (n = 74) across a spectrum of clinical cases with abnormal-
ities in TmP/GFR, PTH, and FGF23. This comprised three groups: FGF23-dependent hypophosphatemia (n = 27), hypoparathyroidism
(HOPT; n = 17), and chronic kidney disease (n = 30). Measurements included TmP/GFR, cFGF23, PTH, ionized calcium, vitamin D
metabolites, and bone turnover markers. The combined effect of cFGF23, PTH, and ionized calcium on TmP/GFR was modeled using
hierarchical multiple regression and was probed by moderation analysis with PROCESS. Modeling analysis showed independent
effects on TmP/GFR by cFGF23, PTH, and ionized calcium in conjunction with a weak but significant effect of the interaction term
for PTH and FGF23; probing showed that the effect was most prominent during PTH deficiency. Teriparatide 20 pg daily was self-
administered for 28 days by one case of X-linked hypophosphatemia with hypoparathyroidism (XLH-HOPT) to assess the response
of TmP/GFR, cFGF23, iFGF23, nephrogenous cyclic adenosine monophosphate (NcAMP), vitamin D metabolites, and bone turnover
markers. After 28 days, TmP/GFR was lowered from 1.10 mmol/L to 0.48 mmol/L; this was accompanied by increases in NcAMP, ion-
ized calcium, and bone turnover markers. In conclusion, the effect of FGF23 excess on TmP/GFR is altered by PTH such that the effect
is ameliorated by hypoparathyroidism and the effect is augmented by hyperparathyroidism. © 2020 The Authors. JBMR Plus pub-
lished by Wiley Periodicals LLC. on behalf of American Society for Bone and Mineral Research.
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Introduction

he two major hormonal determinants of phosphate homeo-

stasis, fibroblast growth factor 23 (FGF23) and PTH, regulate
renal phosphate excretion by reducing the expression of the
same sodium-dependent phosphate cotransporters, NaPi-2a
and NaPi-2¢, on the luminal membrane of the proximal renal
tubule."? FGF23 excess causes chronic hypophosphatemia by
lowering the maximum renal tubular phosphate reabsorption
rate per volume of glomerular filtrate (TmP/GFR) with a resultant
severe mineralization defect that manifests as rickets and osteo-
malacia in childhood and as osteomalacia in adults.** Disorders
of sustained FGF23 excess are rare, but they encompass both
congenital disorders such as XLH and acquired diseases such
as tumor-induced osteomalacia (T10).%”> PTH excess caused by
primary hyperparathyroidism causes hypophosphatemia by

lowering TmP/GFR, but unlike hypophosphatemic bone disease
does not cause osteomalacia.®”’ Secondary hyperparathyroid-
ism with low TmP/GFR and hypophosphatemia as a conse-
quence of vitamin D deficiency manifests as a high bone
turnover state that culminates in osteomalacia when deficiency
is severe and sustained.®

Intuitively, because both PTH and FGF23 act through the same
sodium-dependent phosphate cotransporters, PTH status could
alter the magnitude of the effect of FGF23 excess on TmP/GFR.
Such an effect was first found in patients with hypoparathyroid-
ism. High C-terminal FGF23 (cFGF23) did not normalize serum
phosphate in the setting of low or undetectable PTH, suggesting
that the phosphate lowering effect of FGF23 requires PTH.® This
effect was confirmed by administering cinacalcet to two cases of
TIO."? Cinacalcet decreased both calcium and PTH; phosphatu-
ria was reduced and serum phosphate increased, despite an
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increase in cFGF23. After 9 months therapy, cinacalcet had ame-
liorated osteomalacia.'® Thus, the authors concluded that the
phosphaturic effect of FGF23 excess in TIO is diminished by med-
ically induced hypoparathyroidism."'® In support of this observa-
tion, it was determined in XLH cases with secondary
hyperparathyroidism that the administration of paricalcitol, a
vitamin D analog, compared with placebo, suppressed PTH and
increased TmP/GFR despite an increase in intact FGF23
(iFGF23)."" Similarly, case reports of hypoparathyroidism post-
parathyroidectomy in both TIO and XLH normalized TmP/GFR,
despite high cFGF23.'2' This phenomenon, with hindsight,
was evident in earlier case reports of XLH in the era prior to
FGF23 discovery, even including the original publication by
Albright and colleagues that reported normalization of serum
phosphate after parathyroidectomy.”>"” The opposite effect is
seen when there is PTH excess caused by secondary hyperpara-
thyroidism in the setting of XLH that leads to further lowering of
serum phosphate!’""'® and TmP/GFR.""

The potential for an independent effect of extracellular cal-
cium on TmP/GFR must be considered based on earlier studies:
Conflicting results about the effect of calcium on renal phos-
phate wasting in XLH have been reported. Increasing serum cal-
cium in XLH by calcium infusions reduced renal phosphate
wasting, which suggested an indirect effect consequent upon
lowering of PTH by the calcium infusion."®*® The opposite
effect of serum calcium was reported in a case of XLH and coin-
cidental HOPT, whereby medical treatment that increased serum
calcium also increased renal phosphate wasting. This suggests
that in HOPT an increase in circulating calcium has a direct effect
on the lowering the TmP/GFR.("”

We reported two cases of XLH and hypoparathyroidism post-
thyroidectomy (XLH-HOPT) with normal TmP/GFR and with
exceedingly high FGF23, both cFGF23 and iFGF23, a finding that
has not been reported previously, but both cases had chronic
kidney disease.">'® Based on the findings of these two cases
and on the observations in the literature outlined above, we
sought to explore the independent effects of FGF23, PTH, and
calcium on TmP/GFR. We studied three discrete patient groups
with different characteristics but all with high cFGF23. The first
group with FGF23-dependent hypophosphatemia (FDH)—
having low TmP/GFR, high cFGF23, normal renal function, and
normal or mild PTH elevation—was recruited to assess the effect
of elevated cFGF23 upon TmP/GFR in the presence of variable
PTH activity. A second group with hypoparathyroidism (HOPT)
was recruited to assess the range of cFGF23 and TmP/GFR in
the setting of PTH deficiency. Because the two cases of XLH-
HOPT had chronic kidney disease (CKD),""*' a third group of
patients with stable CKD was recruited to assess the confound-
ing effect of CKD. In addition to the clinical groups, we included
our two index cases of XLH-HOPT who had a degree of CKD; thus,
these two cases represent a small crossover group with elements
in common with the other three groups. We also included a case
of FGF23-independent renal phosphate wasting caused by renal
tubular acidosis (RTA) for comparison purposes. In one case of
XLH-HOPT, we explored the effect of short-term recombinant
human parathyroid hormone analog (rhPTH1-34) on TmP/GFR.

Patients and Methods

Patients

All parts of the study were approved by the ethics committee at
St. Vincent’'s University Hospital with patients providing

informed consent. There were 77 participants that included
three discrete patient groups: two cases of XLH-HOPT and one
case of RTA (the latter was included for reasons explained
below). The principal group incorporated patients with FDH
(n =27) that included congenital hypophosphatemia (XLH,
n = 22; autosomal dominant hypophosphatemic rickets, n = 2)
and TIO (n = 3). The patients with congenital hypophosphatemia
were all adult. Information on clinical findings, genetic muta-
tions, biochemistry, and treatment were published recently."?
Secondary hyperparathyroidism (normal calcium with elevated
PTH) was evident in 41%; none had tertiary hyperparathyroidism.
The three adults with TIO have not been previously reported. All
three presented with symptomatic osteomalacia, had low
TmP/GFR, and had elevated cFGF23; none had secondary hyper-
parathyroidism. Two of them subsequently had successful exci-
sion of benign mesenchymal tumors. Data were collated
prospectively in this FDH group as part of their care at our
national referral center.'¥

A second group with HOPT (n = 17) was recruited from our
clinical endocrinology service. The cause of HOPT was either
postsurgical (n = 6) or idiopathic (n = 11). All presented with
symptomatic hypocalcemia. All were treated with varying
doses of alfacalcidol and calcium supplements; none were
treated with recombinant human PTH. PTH was undetectable
in 29%, low in 47%, and low-normal in the remainder of
patients. FGF23 was elevated in 71%, and TmP/GFR was ele-
vated in 53%.

A convenience sample of patients with stable CKD (n = 30),
who had an estimated glomerular filtration rate (eGFR) rang-
ing from 12 to 54 mL/min, was recruited from our outpatient
nephrology service. None of the CKD cases were on phos-
phate binders, and only two were taking low-dose alfacalcidol.
Secondary hyperparathyroidism was evident in 63%, but none
had tertiary hyperparathyroidism. cFGF23 was elevated in
93%. TmP/GFR was low in 63%; no patients had hyperpho-
sphatemia and one patient had hypophosphatemia. They
were studied for three reasons: (i) because the two cases of
XLH-HOPT had CKD, (ii) because it is well-known that both
PTH and FGF23 increase with advancing CKD, and
(iii) because renal function was considered to be a pertinent
covariate for the modeling analysis.

The two cases of XLH-HOPT had elective total parathyroidec-
tomy for severe refractory tertiary hyperparathyroidism with
declining renal function. Both cases needed alfacalcidol to pre-
vent symptomatic hypocalcemia. Their details have been
described previously."*' A third clinical case was included of
a man with FGF23-independent hypophosphatemia caused by
congenital distal RTA with sensorineural deafness (OMIM
267300 classification), who had compound heterozygote muta-
tions of ATP6V1B1 (c.687+1G>T with abnormal splicing of the
transcript, and ¢.943C>T, P.R315X). He presented as an adult with
Looser zones, low TmP/GFR, low cFGF23, and low iFGF23. This
case was included as a contrast to the two cases of XLH-HOPT
with CKD because he had low TmP/GFR, low cFGF23, and low
iFGF23 despite having CKD.

Intervention study

One of the patients with XLH-HOPT (case 1) self-administered
20 pg rhPTH1-34 (teriparatide) daily for 28 days. Fasting blood
and urine tests were performed before injection and 4 hours
after injection on both the first day and the final day.
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Laboratory studies

The following were measured in all patients according to
methods previously described based on fasting samples of
blood and of second morning-void timed urine: TmP/GFR;
cFGF23; PTH; creatinine; eGFR; ionized calcium; phosphate;
25-hydroxyvitamin D (250HD); 1,25 dihydroxyvitamin D [1,25
(OH),D]; bone-specific alkaline phosphatase (bone ALP); N-mid
fragment osteocalcin [OC(1-43)]; total procollagen type | N-
terminal propeptide (PINP); C-terminal telopeptide of type | col-
lagen (CTX); and urine N-terminal telopeptides of type | collagen
(UNTX)."™ A single sample was obtained from the HOPT group
and CKD group. The results in many of the FDH cases and the
three clinical cases are based on the average of multiple samples
that had been taken prospectively over a variable time period as
part of each patient’s routine clinical care."”

Serum and urine samples for phosphate and creatinine were
analyzed on a Roche Cobas 8000 automated chemistry system.
TmP/GFR was calculated according to Walton and Bijvoet?” and
Bijvoet.?? Serum measurements of 250HD, PTH, CTX, PINP, and
Oc were determined using the Roche Cobas €602 immunoassay
system (Basel, Switzerland); samples for ionized calcium were ana-
lyzed on a Radiometer ABL800 FLEX blood gas analyzer. Bone ALP,
cFGF23, and uNTX were analyzed using bone-specific alkaline
phosphatase—Ostase (IDS, Bolden Colliery, UK), Immutopics (Qui-
del, San Diego, CA), and Osteomark uNTX ELISA kits (Abbott, Chi-
cago, IL), respectively. 1,25(0H),D was measured on serum
samples using either the immunodiagnostics radioimmunoassay
(Bolden Colliery, UK) (2011 to July 2017) or the DiaSorin Liaison
chemiluminescent assay (Stillwater, MN) (July 2017 onward). In
the two cases of XLH-HOPT and the case of RTA and sensorineural
deafness, iIFGF23 was measured in Norfolk and Norwich University
Hospital (Norwich, England) using the Kainos ELISA method
(Tokyo, Japan). Biochemical results were interpreted against refer-
ence intervals sourced from each assay manufacturer’s published
instructions for use. Reference intervals were independently
tested for transference to our study population prior to the analy-
sis of clinical samples according to the Clinical and Laboratory
Standards Institute Guideline EP28-A3C.*

For the patient who had the short trial of rhPTH1-34, the follow-
ing were measured before and after injection on day 1 and again
on day 28: TmP/GFR; cFGF23; iFGF23; ionized calcium; bone turn-
over markers; cyclic adenosine monophosphate (CAMP) in serum
and urine; soluble o-Klotho; 250HD; 1,25(0H),D; and 24,25
(OH),D. Nephrogenous cAMP (NcAMP) was derived and normal-
ized for GFR as follows: (i) Total CAMP = urine cAMP * (serum cre-
atinine/urine creatinine * 1000), (ii) filtered cCAMP = urine cCAMP *
(serum creatinine)/(serum cAMP * [urine creatinine *1000]), and
(iii) NcAMP = total cAMP - filtered cAMP.?*2>) Serum concentra-
tions of soluble a-Klotho were assayed using an ELISA method
(Immuno-Biological Laboratories, Minneapolis, MN). Because there
was not an in-house verified reference interval, we chose a pub-
lished reference interval *® The vitamin D metabolites 250HD;
1,25(0H),D; and 2425(0H),D were measured by liquid
chromatography-tandem mass spectrometry at Norfolk and Nor-
wich University Hospital, and the following vitamin D metabolite
ratios were derived: 250HD:24,25(0H),D and 1,25(0H),D:24,25
(OH),D.*”

Statistical analysis

Descriptive statistics are presented as a number and percentage
for categorical variables and as median and interquartile range

for continuous variables. For samples with undetectable PTH
(<0.6 pmol/L), the result was censored at 0.5 pmol/L. The PTH
and cFGF23 distributions exhibited positive skewness, and thus
were log-transformed to remove this skewness and enable use
of the robust parametric statistical tests. Differences in
independent categorical variables were tested by chi-square
tests. Bivariate associations were investigated using Pearson
product-moment correlation coefficient. Partial correlation was
used to explore the relationships between ionized calcium,
PTH, and TmP/GFR. Because the three groups were chosen for
their separateness across a range of abnormalities, discriminant
function analysis was performed to demonstrate the ability of
three variables (TmP/GFR, log cFGF23, and log PTH) to predict
membership of the three different groups. Differences between
the three groups (FDH, HOPT, and CKD) were tested by one-
way between-groups ANOVA. The Tukey honestly significant dif-
ference (HSD) test was used as the post hoc test of mean differ-
ences between the groups.

Using the combined data set from the three groups for pair-
wise analysis (n = 73; excluding one case with missing ionized
calcium in the CKD group), the independent effects on TmP/GFR
of FGF23, PTH, and ionized calcium were explored by hierarchical
multiple regression analysis and by moderation analysis with
PROCESS. Regarding potential covariates [age, sex, eGFR, and
1,25(0HO0,D], only eGFR had a significant correlation with
TmP/GFR (r = —0.235, p = .044); so eGFR was entered as a covar-
iate in the modeling analyses. For the hierarchical multiple
regression analysis, eGFR was entered for model 1; log PTH, log
cFGF23, and ionized calcium were entered for model 2; and 3
two-way interaction terms and one three-way interaction term
were entered for model 3: all being the product of mean cen-
tered variables. Moderation analysis used the conceptual model
1 of Hayes via the PROCESS procedure version 3.4.°% This is a sin-
gle analysis following entry of TmP/GFR as the dependent vari-
able, log cFGF23 as the predictor variable, log PTH as the
moderator variable, and both ionized calcium and eGFR as cov-
ariates. An interaction term was calculated as part of this analysis
as the product of log cFGF23 and log PTH. An advantage of this
analysis is that it permits both probing and visualizing the condi-
tional effect of FGF23 on TmP/GFR across a range of PTH values.
Probing the interaction was approached in two ways: by a pick-a-
point approach whereby the conditional effect of FGF23 on
TmP/GFR was estimated at three PTH percentiles (16th, 50th,
and 84th), and by the Johnson-Neyman technique, which
probed the effect across the entire continuum of PTH results,
ranging from 0.5 pmol/L to 52.3 pmol/L.®® All statistics were
performed using SPSS for Windows version 25 (IBM, Armonk,
NY, USA). Statistical significance was set as p < .05. All graphs
were created using GraphPad Prism version 8.4.2 (GraphPad
Software, Inc., La Jolla, CA, USA).

Results

Preliminary statistics

Descriptive statistics and results of ANOVA are given in Table 1.
Among the total group (n = 74), the missing data were as follows:
1,25(0H),D (n = 5) and ionized calcium (n = 1). Among the three
cases, the missing data were ionized calcium and 1,25(0OH),D in
case 2. A three-group discriminant function analysis simulta-
neously using three variables (TmP/GFR, log cFGF23 and log
PTH) correctly classified 65 of 74 (87.8%) cases to their diagnostic
group, as is visually apparent in the scatterplots (see below).
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Table 2. Correlation Matrix

TmP/GFR Log cFGF23 Log PTH lonized calcium
TmP/GFR 1 -373" —690™" -756 "
Log cFGF23 -373" . s 340"
Log PTH —690" 5117 1 645"
lonized calcium —756" 645" 1

n = 74 (except for ionized calcium, n = 73). cFGF23 = C-terminal FGF23; TmP/GFR = maximum renal tubular phosphate reabsorption rate per volume of

glomerular filtrate.
#p < 01.
*¥p <.001.

TmP/GFR was lower in FDH than CKD (p < .001), which in turn
was lower than HOPT (p < .001). Log cFGF23 was higher in CKD
than both FDH (p = .021) and HOPT (p = .001). Log PTH was low-
est in HOPT, intermediate in FDH, and highest in CKD. lonized
calcium was similar in FDH and CKD but was lower in HOPT
(p <.001). 1,25(0H),D was similar in FDH and HOPT (p = .806)
but lower in CKD. Bone turnover markers were consistently lower
in HOPT than FDH (p <.001 for bone ALP; p =.006 for PINP;
p =.001 for CTX; p <.001 for NTX), except for OC(1-43) that
was not significantly lower (p = 0.196). There was no consistent
pattern in comparing bone turnover markers between CKD and
both FDH and HOPT.

Correlation analyses

There were significant correlations between TmP/GFR, log
FGF23, log PTH, and ionized (Table 2). Since ionized calcium
was positively correlated with log PTH (r = .645, p < .001), partial
correlation was used to explore the relationship between
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eGFR ml/min

Fig 1. Scatterplot of log cFGF23 and eGFR that includes patients with
FGF23-dependent hypophosphatemia (blue triangles), hypoparathyroid-
ism (black squares), chronic kidney disease (green circles), the two cases
of XLH-HOPT (red diamonds), and the case of renal tubular acidosis with
sensorineural deafness (purple inverted triangle). There were significant
negative correlations between eGFR and log cFGF23. They were for the
composite of the three groups: r= —.508, p < .001; for CKD alone:
r=-.798, p <.001; for FDH alone: r = —.543, p = .003; and for HOPT alone:
r =—-.520, p = .033. cFGF23 = C-terminal FGF23; CKD = chronic kidney dis-
ease; eGFR = estimated glomerular filtration rate; FDH =
FGF23-dependent hypophosphatemia; XLH-HOPT = X-linked hypopho-
sphatemia with hypoparathyroidism; RTA = renal tubular acidosis.

TmP/GFR, log PTH and ionized calcium. Partial correlation
between ionized calcium and TmP/GFR, while controlling for
log PTH, was still significant (r = —.563, p < .001) but lower than
the zero-order correlation (r = —.756, p < .001). Conversely, the
partial correlation between log PTH and TmP/GFR, while control-
ling for ionized calcium, was still significant (r = —.404, p < .001)
but lower than the zero-order correlation (r = —.690, p < .001).

Regarding 1,25(0OH),D, there was no correlation with
TmP/GFR (r = .043, p = .726); so it was not included in the model-
ing analysis. There were significant correlations with 1,25(0H),D
in keeping with expectations: such as negative correlation with
log cFGF23 (r = —.562, p < .001) and a positive correlation with
eGFR (r = .587, p < .001).

There were significant negative correlations between eGFR
and log cFGF23 for the composite of the three groups and for
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Fig 2. Scatterplot of TmP/GFR and log cFGF23 that includes patients
with FGF23-dependent hypophosphatemia (blue triangles), hypopara-
thyroidism (black squares), chronic kidney disease (green circles), the
two cases of XLH-HOPT (red diamonds), and the case of renal tubular aci-
dosis with sensorineural deafness (purple inverted triangle). The shaded
area indicates the combined reference intervals for TmP/GFR and
cFGF23. There were significant correlations between TmP/GFR and log
cFGF23 TmP/GFR. They were for the composite of the three groups:
r=-.373, p =.001; for FDH alone: r = —.549, p = .003; for HOPT alone:
r= =591, p =.013; and for CKD alone: r = —.507, p = .004. cFGF23
C-terminal FGF23; CKD = chronic kidney disease; FDH =
FGF23-dependent hypophosphatemia; RTA = renal tubular acidosis;
TmP/GFR = maximum renal tubular phosphate reabsorption rate per vol-
ume of glomerular filtrate; XLH-HOPT = X-linked hypophosphatemia with
hypoparathyroidism.
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Fig 3. Scatterplot of TmP/GFR and log PTH that includes patients with
FGF23-dependent hypophosphatemia (blue triangles), hypoparathyroid-
ism (black squares), CKD (green circles), the two cases of XLH-HOPT (red
diamonds), and the case of RTA with sensorineural deafness (purple
inverted triangle). The shaded area represents the combined reference
intervals for TmP/GFR and PTH. There were significant correlations
between TmP/GFR and log PTH. They were for the composite of the three
groups: r = —.690, p <.001; for FDH alone, r = —.394, p = .042; and for CKD
alone:r =—.494, p = .005; but not for HOPT alone: r = —.207, p = .425. CKD
= chronic kidney disease; FDH = FGF23-dependent hypophosphatemia;
RTA = renal tubular acidosis; TmP/GFR = maximum renal tubular phos-
phate reabsorption rate per volume of glomerular filtrate; XLH-HOPT =
X-linked hypophosphatemia with hypoparathyroidism.

each group individually (Fig. 1). The scatterplot for eGFR and log
cFGF23 demonstrates that the two cases of XLH-HOPT were out-
liers above all three groups (Fig. 1), and TmP/GFR was toward the
upper end of that expected for degree of CKD (Table 1). The case
of RTA was an outlier below the three groups. That case had the
lowest cFGF23 at 23.1 RU/ml, which was the mean of six different
results. In addition, iFGF23 was low at 28.6 pg/mL (reference
interval, 33-110 pg/mL).

There were significant negative correlations between
TmP/GFR and each of the independent variables: log cFGF23
(Fig. 2), log PTH (Fig. 3), and ionized calcium (Fig. 4). The scatter-
plot for TmP/GFR and log cFGF23 shows that the two cases of
XLH-HOPT are extreme outliers to the right, and that the case
of RTA is an extreme outlier to the left (Fig. 2).

Modeling analyses

Using hierarchical multiple regression, the total variance in
TmP/GFR that was explained by the final model was high at
82.5%. eGFR accounted for 4.2%; log PTH, log cFGF23, and ion-
ized calcium accounted for 77.4%; the interaction terms
accounted for 3.8% with the only one achieving significance
being the interaction term for log cFGF23 and log PTH. There
was no evidence of multicollinearity based on low values for var-
iance inflation factor in the final model, ranging from 1.49to0 5.71.
In the final model, the three independent variables and the inter-
action term for log cFGF23 and log PTH were statistically signifi-
cant. Beta coefficients were as follows: for log PTH, = —.400, p <
.001; for log cFGF23, g = —.363, p < .001; for ionized calcium,
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Fig 4. Scatterplot of TmP/GFR and ionized calcium that includes patients
with FGF23-dependent hypophosphatemia (blue triangles), hypopara-
thyroidism (black squares), CKD (green circles), the case 1 with XLH-HOPT
(red diamond), and the case of RTA with sensorineural deafness (purple
inverted triangle). The shaded area represents the combined reference
intervals for TmP/GFR and ionized calcium. There were significant corre-
lations between TmP/GFR and ionized calcium. They were for the com-
posite of the three groups: r= —.756, p < .001; for HOPT alone:
r= -569, p =.017; but not for FDH alone, r = —.254, p = .201; or for
CKD alone: r = —344, p = .068. cFGF23 = C-terminal FGF23; CKD = chronic
kidney disease; FDH = FGF23-dependent hypophosphatemia; RTA =
renal tubular acidosis; TmP/GFR = maximum renal tubular phosphate
reabsorption rate per volume of glomerular filtrate; XLH-HOPT = X-linked
hypophosphatemia with hypoparathyroidism.
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Fig 5. Probing the moderation effect of FGF23 on TmP/GFR by PTH,
using the pick-a-point approach. FGF23 has a negative effect on
TmP/GFR that is conditional on PTH. The effect was significant at the
16th percentile of PTH (1.3 pmol/L, p < .001) and at the 50th percentile
of PTH (5.6 pmol/L, p <.001) but not at the 84th percentile of PTH
(12.2 pmol/L, p = .284). RU = Relative unit; TmP/GFR = maximum renal
tubular phosphate reabsorption rate per volume of glomerular filtrate.

p = —.280, p = .008; and for the interaction term for log cFGF23
and log PTH, # =.203, p =.021. The regression analysis was
repeated excluding the CKD group that yielded a high R* for

B 60f 11 MCKENNAET AL,

JBMR Plus (WOA)



o
N
éd
o
= B
O E
e
Ex
o L
T 9
ca
O£
2 -
c
S o
(&)
IIIII Ll L] IIIIIII Ll L] LI §
1 10
PTH pmol/L

Fig 6. Probing the moderation effect of FGF23 on maximum renal phos-
phate reabsorption threshold (TmP/GFR) by PTH, using the Neyman-
Johnson technique. The point estimates and 95% confidence limits are
derived across the spectrum of PTH results, ranging from 0.5 pmol/L to
52.3 pmol/L. At low PTH, the effect of FGF23 on TmP/GFR is attenuated
such that a significant negative effect is seen (as depicted by blue color),
but at high levels of PTH there is a nonsignificant trend for an augmented
effect of FGF23 on TmP/GFR (as depicted by red color).

the model summary accounting for 86.9% of the variance in
TmP/GFR with significant independent effects for log cFGF23
and log PTH but not ionized calcium or any of the interactions
terms.

Similarly, using moderation analysis with PROCESS the model
explained 82.4% of total variance in TmP/GFR, and the interac-
tion term for logFGF23 and log PTH had a small but significant
effect accounting for 3.4% of the variance in TmP/GFR. Regard-
ing the conditional effects of cFGF23 on TmP/GFR at different
results of PTH, significant effects were seen at the 16th percentile
of 1.3 pmol/L (p < .001) and at the 50th percentile of 5.6 pmol/L
(p <.001); no effect was seen at the 84th percentile of
12.2 pmol/L (p = .136; Fig. 5). The Johnson-Neyman technique,
in probing the moderation effect across the continuum of PTH
results, showed that the effect of cFGF23 on TmP/GFR was signif-
icantly attenuated when PTH was low, and that the effect of
cFGF23 on TmP/GFR was trending towards being augmented
when PTH was high (Fig. 6).

Intervention study

After the first injection of rhPTH1-34 in case 1 with XLH-HOPT,
TmP/GFR remained unchanged within the reference interval,
but NcAMP increased from very low baseline at 5.7 nmol/L to
85.1 nmol/L after the first dose (Table 3, Fig. 7). After 28 days of
PTH1-34, the morning fasting TmP/GFR prior to the final injection
was low at 0.66 mmol/L; after the final injection, it was even
lower at 0.48 mmol/L. Fasting NcAMP was higher than the base-
line measurement at 24.5 nmol/L; it increased to 140.7 nmol/L
after the final injection. iFGF23 declined by 2250 pg/mL but it
was still markedly elevated at 9650 pg/mL, and there were no
changes in cFGF23 (Table 3). Soluble a-Klotho was low and
remained low. Fasting ionized calcium was unchanged after
28 days; it increased after the final injection but was still low.

After 28 days, all bone turnover markers had increased markedly
from baseline, ranging from 114% for PINP to 287% for uNTX.
There were no changes in vitamin D metabolites or in the vita-
min D metabolite ratios.

Discussion

This clinical study supports the premise, as reviewed in the Intro-
duction, that there are independent effects of FGF23, PTH, and
calcium on TmP/GFR. In both the total group and each of the
three groups, log cFGF23 correlated negatively with TmP/GFR.
Similarly, in both the total group and in two of the three groups
(FDH and CKD), PTH correlated negatively with TmP/GFR. lonized
calcium correlated negatively with TmP/GFR in the total group
and in HOPT. Hierarchical multiple regression analysis and mod-
eration analysis by PROCESS established negative independent
effects on TmP/GFR of all three variables (log cFGF23, log PTH,
and ionized calcium) and found a small but significant effect of
the interaction term for PTH and cFGF23. Probing analysis
showed that the effect varied across the continuum of PTH
results after adjusting for ionized calcium: At low PTH, the effect
of cFGF23 on TmP/GFR was attenuated; at high PTH, the effect of
cFGF23 on TmP/GFR was trending towards being augmented. In
the patient with XLH-HOPT, who received a 28-day course of
rhPTH1-34, there was a substantial lowering of TmP/GFR to
within the FDH range that was accompanied by renal tubular
response to PTH as manifested by the increase in NcAMP. This
change in TmP/GFR was achieved without any alteration in
CKD status and minimal change in ionized calcium. Contempora-
neous to this TmP/GFR and NcAMP response, there was a consid-
erable increase in bone turnover markers, but there was no effect
on a-Klotho or on vitamin D metabolism. Therefore, our findings
indicate that the lowering effect of FGF23 excesson TmP/GFR is
moderated by PTH.

We chose TmP/GFR because it is the best measure of renal
phosphate handling in the steady state.”? TmP/GFR is superior
to the fractional tubular reabsorption of phosphate and to its
corollary, the fractional phosphate excretion, because it is inde-
pendent of both GFR—at least down to a GFR of 40 mL/min—
and the net inflow of phosphate from the intestine, bone, and
extracellular tissues.®? Using either a nomogram or an equation,
the TmP/GFR is readily calculated from measurements of phos-
phate and creatinine in paired fasting samples of blood and
urine.*” Although both PTH and FGF23 are characterized as
phosphaturic hormones, which is a correct descriptor with
respect to their acute effect following parenteral administration,
it is the steady state lowering of TmP/GFR that results in chronic
hypophosphatemia and mineralization defect in bone.*

In the literature, there are contradictory findings in XLH about
the effect of serum calcium on renal phosphate wasting. High-
dose calcium infusion over 6 to 8 hours in XLH lessened renal
phosphate wasting, as evidenced by a marked increase in tubu-
lar reabsorption of phosphate."® By contrast, in a case of coinci-
dental XLH and HOPT, the TmP/GFR in the untreated state was
high at 2.1 mmol/L; after restoring serum calcium to normal with
activated vitamin D, TmP/GFR was low at 0.58 mmol/L."” In
exploring the effect of ionized calcium on TmP/GFR, our findings
are consistent with the contradictory effects reported in the liter-
ature about the effect of calcium on renal phosphate wasting.
Serum ionized calcium negatively correlated with TmP/GFR, sim-
ilar to both PTH and cFGF23. Modeling analysis found that serum
ionized calcium had a significant negative effect on TmP/GFR;
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Table 3. Response to rhPTH1-34 20 pg Daily for 28 Days in Case 1 with X-Linked Hypophosphatemia with Hypoparathyroidism

Variables Pre-day 1 Post-day 1 Pre-day 28 Post-day 28 Reference intervals
TmP/GFR, mmol/L 1.14 1.20 0.66 048 0.81,1.35
NcAMP, nmol/L 5.7 85.1 24.5 140.7 22.2,304
cFGF23, RU/L 6700 7300 6750 7050 <100
iFGF23, ng/L 11,900 12,200 10,400 9650 10, 50
a-Klotho, ng/L 346.4 408.7 407.7 408.3 505, 1175
lonized calcium, mmol/L 1.08 1.07 1.07 1.16 1.19,1.35
PTH, pmol/L <0.6 <0.6 <0.6 <0.6 1.6,6.9
PINP, pg/L 415 414 89.8 89.2 22,96
OC(1-43), pg/L 15.2 14.3 327 339 11,43
Bone ALP, pg/L 55 8.8 16 15.1 29,209
CTX, pg/L 0.370 0.437 0.641 1.060 0.016, 0.584
uNTX/Cr, nmol BCE/mmol Cr 9.9 36 38.2 383 14,74
uCa/Cr mmol/mmol 0.41 0.47 0.65 0.33 0.07, 0.41
250HD, nmol/L 98 113 84 90 30,125
24,25(0H),D, nmol/L 35 36 2.8 35 1.0, 13.0
1,25(0H),D, pmol/L 57 63 53 51 55,139
250HD:24,25(0H),D 28 31 30 26 7,25
1,25(0OH),D:24,25(0H),D 16 18 19 15 9,132

1,25(0OH),D = 1,25-hydroxyvitamin D; 250HD = 25-hydroxyvitamin D; ALP = alkaline phosphatase; BAP = bone-specific alkaline phosphatase; BCE = bone
collagen equivalent; cFGF23 = C-terminal FGF23; Ca = calcium; Cr = creatinine; CTX = C-terminal telopeptide of type | collagen; iFGF23 = intact FGF23;
0C(1-43) = N-mid fragment osteocalcin; PINP = procollagen type | N propeptide; NcAMP = nephrogenous cyclic adenosine monophosphate; NTX = N-
terminal telopeptides of type | collagen; RU = relative unit; TmP/GFR = maximum renal tubular phosphate reabsorption rate per volume of glomerular

filtrate; uUNTX = urine N-terminal telopeptides of type | collagen.

this effect was independent of both PTH and FGF23, but the beta
coefficient in the regression model was lower. This independent
negative effect is consistent with findings in the case report of
XLH and coincidental HOPT.'” The mechanism of this direct
effect is not known. Partial correlation analysis found that PTH
attenuated the effect of ionized calcium on TmP/GFR, which is
consistent with the finding that high-dose calcium infusion over
6 to 8 hours decreased renal phosphate excretion by PTH sup-
pression.""® Thus, extracellular calcium has both a direct effect
that increases renal phosphate wasting as well as an opposite,
but indirect, effect that decreases renal phosphate wasting via
PTH suppression. Separating the effects of calcium and PTH on
TmP/GFR might be possible in the study of disorders with muta-
tions in the calcium-sensing receptor.

A confounding factor in our study is that both cases of XLH-
HOPT had CKD unlike the cases in the FDH group
(Table 1).7%' Given that both FGF23 and serum phosphate
increase with the decline in eGFR and given that there is dysre-
gulated production of FGF23 in XLH, it is possible that CKD might
explain both the TmP/GFR results and the FGF23 results in the
two cases of XLH-HOPT. For this reason, a small group of patients
with stable CKD was studied. As expected in this CKD group,
cFGF23 had a negative correlation with eGFR.?? That TmP/GFR
was low in 63% of patients—with all but one patient having nor-
mal serum phosphate—is consistent with the combined com-
pensatory effect of elevated cFGF23 and secondary
hyperparathyroidism in this group with stable CKD. Regarding
the two cases with XLH-HOPT, cFGF23 results were much higher
than expected for eGFR, whereas TmP/GFR results were toward
the upper end of that seen in the CKD group. That TmP/GFR is
higher than expected for the degree of CKD despite marked ele-
vation in both cFGF23 and iFGF23 is best explained by the mod-
eration effects of both PTH deficiency and hypocalcemia. The
patient with congenital RTA with sensorineural deafness had

low TmP/GFR with low-normal cFGF23 and low iFGF23, despite
having CKD. This case suggests that hypophosphatemia in the
setting of CKD is associated with appropriate physiological sup-
pression of FGF23 production, superseding the tendency for
FGF23 to increase in CKD.

The dependence of FGF23 on both PTH and calcium for its full
effect on TmP/GFR is supported by both clinical observations
and by animal studies. In the original description of XLH by
Albright and colleagues in 1937, which was initially termed
vitamin-D-resistant rickets, excision of a hyperplastic parathy-
roid gland was followed by transient hypoparathyroidism and
normalization of serum phosphate."" In the era prior to FGF23
measurement, a 1969 case report of hypophosphatemic bone
disease noted that total parathyroidectomy corrected renal
phosphate wasting and osteomalacia’®; and a case report from
1985 of XLH and coincidental idiopathic HOPT noted an elevated
TmP/GFR as summarized above.'” A 2013 case report of TIO
noted that HOPT, following total parathyroidectomy for tertiary
hyperparathyroidism, normalized TmP/GFR and cured osteoma-
lacia on histomorphometric findings despite persistently high
cFGF23."? Conversely, in a study of patients with HOPT in whom
cFGF23 and serum phosphate were measured, the authors con-
cluded that high FGF23 was not sufficient to avert hyperpho-
sphatemia caused by HOPT.®) A similar finding was evident in
our HOPT group. In addition, we recently reported a case of
anorexia nervosa in whom TmP/GFR was elevated despite high
cFGF23 during an episode of transient functional
hypoparathyroidism.®%

In a study of parathyroidectomized rats, injection of FGF23
lowered serum phosphate. However, after FGF23 injection the
serum phosphate was higher in the parathyroidectomized rats
compared with sham-operated rats.” In the Hyp mouse, which
is an animal model for XLH, a study of Pth knockout in the Hyp
hemizygous mice (Pth “/~, Hyp/Y) showed that serum phosphate
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Fig 7. Response to rhPTH1-34 of TmP/GFR (upper panel) and of NcAMP
(lower panel) in the case of XLH-HOPT before and after first injection
(blue circles), and before and after the 28th daily injection (red squares).
Reference intervals are represented by the shaded areas. NCAMP =
nephrogenous cyclic adenosine monophosphate; TmP/GFR = maximum
renal tubular phosphate reabsorption rate per volume of glomerular
filtrate.

levels were similar to Pth-null-only mice despite marked eleva-
tion in iFGF23 in the Hyp hemizygotes.®" We have made an
equivalent observation in our two cases of XLH-HOPT, whereby
TmP/GFR was in the range of HOPT cases rather than XLH cases.
In addition, administration of bovine PTH1-34 to the Pth-null Hyp
mice lowered serum phosphate, mirroring the findings seen in
our rhPTH1-34 trial.

We sought to explore the independent effects on TmP/GFR in
a cross-sectional clinical study by modeling analysis to deter-
mine whether PTH alters the effect of FGF23 excess on TmP/GFR.
If PTH alters the effect of FGF23 excess, then the magnitude of
the causal effect of FGF23 on TmP/GFR could be lessened by
hypoparathyroidism or it could be augmented by hyperparathy-
roidism. Using the traditional statistical approach of hierarchical
linear regression analysis, there were significant independent
negative effects of PTH, cFGF23, and ionized calcium on
TmP/GFR and a small but significant effect of the interaction
term for PTH and cFGF23. Moderation analysis with PROCESS
probed this effect of FGF23 on TmP/GFR across the PTH contin-
uum; it showed lessening of the effect when PTH was low and
trending towards augmenting the effect when PTH was high.
In keeping with this effect, case 1 with XLH-HOPT and near-

normal ionized calcium on activated vitamin D showed that
PTH deficiency attenuated the effect of FGF23 on TmP/GFR to
the degree that TmP/GFR was no longer lowered and bone turn-
over markers were within the reference intervals (Table 1).'¥

We do not have an explanation for two findings: the degree of
elevation in FGF23, both C-terminal and intact; and how the
effect of FGF23 excess on TmP/GFR is altered by PTH. Regarding
the first issue, the sensing mechanism for stimulating FGF23 in
response to phosphate is unknown. In mice, high phosphate
intake did not enhance expression of Fgf23 but enhanced the
expression of Galnt3, a gene that prevents cleavage of iFGF23.6?
Better understanding of this regulation could explain the marked
elevation in FGF23 in our two cases of XLH-HOPT. Regarding the
second issue, the effect is likely to be at the level of the proximal
renal tubule. Although both FGF23 and PTH inhibit reabsorption
of phosphate on the luminal border, they are known to act
through different receptors on the basal surface and by different
pathways within the cell.®*® As evidenced by the rise in nephro-
genous cAMP following administration of rhPTH1-34 in case 1
with XLH-HOPT, there was an immediate renal tubular response
after the first injection and an even more robust response after
the final injection. There was no change in TmP/GFR after the first
injection but TmP/GFR was low prior to final injection and was
even lower after the final injection. lonized calcium remained
low throughout but there was an increase after the final injec-
tion. The decline in TmP/GFR reflects mainly a direct effect of
rhPTH1-34 but also may reflect a direct effect of calcium. Over
the 28 days, there were also substantive increases in all the bone
turnover markers. Soluble a-Klotho was low prior to the first
rhPTH1-34 injection and remained low throughout the 28 days,
the most likely explanation being the expected decline in soluble
a-Klotho that is seen in CKD.?® There was a small decline in 1,25
(OH),D, which was low-normal at the outset. There were no
changes in the vitamin D metabolite ratios, which are considered
surrogate markers of the hydroxylation enzymes CYP27B1 and
CYP24A1.%7*% FGF23 reduces CYP27B1 activity and increases
CYP24A1 activity leading to a reduction in 1,25(0OH),D in favor
of increased production of 24,25(0H),D, whereas PTH increases
CYP27B1 activity.

This study has several limitations. First, selection bias could
contribute to the findings of the modeling analysis being spuri-
ous. Given our small sample size, the possibility of reaching sig-
nificance for the modeling analysis was enhanced using a
composite group having a wide range of results for four main
variables (TmP/GFR, cFGF23, PTH, and ionized calcium); the sep-
arateness of the three groups was confirmed by discriminant
function analysis. That the model explained 82.5% of the vari-
ance in TmP/GFR reflects the broad spectrum of results, such that
the composite nearly forms a continuum along the full range of
results for the different tests. It is likely that the proportionate
effects of each independent variable (FGF23, PTH, and ionized
calcium) on TmP/GFR vary with each disorder of renal phosphate
handling. These independent effects need to be validated in
larger homogenous groups. Also, because our conclusions are
based on cFGF23, which includes both iFGF23 and fragments,
measurement of iFGF23 would be needed to validate our find-
ings. A related limitation is the suggestion that excess cFGF23,
as seen in our two cases, could inhibit the effect of iFGF23.5>
Second, confounding could apply in that a number of unmea-
sured factors may have explained the independent effects. The
effect of activated vitamin D products was not controlled for in
our modeling analysis. Other factors that were not studied could
contribute to changes in TmP/GFR such as: variations in growth
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hormone or cortiso iron deficiency,®® iron infusions,
and nicotinamide phosphoribosyltransferase.*" Third, physio-
logic fluctuation of TmP/GFR may explain the fall in TmP/GFR
after PTH1-34, but the degree of lowering at 58%, in conjunction
with changes in both NcAMP and bone turnover markers, would
be difficult to explain as a chance occurrence.

This moderating effect of PTH on FGF23-mediated lowering of
TmP/GFR has clinical implications. Although we have
highlighted the clinical significance in both XLH and TIO regard-
ing the rare circumstance of total parathyroidectomy, a more
common clinical implication is hyperparathyroidism in
XLH."""'® The need for phosphate supplementation as treat-
ment for XLH is the principal cause of hyperparathyroidism.“?
In adults with XLH, secondary hyperparathyroidism is common,
ranging in prevalence from 15% to 67%.%'8%**% |n two recent
large surveys of XLH, tertiary hyperparathyroidism was evident
in 10% to 17% of cases."®** Hyperparathyroidism, as a compli-
cation of treating XLH, should diminish given the success of
blocking FGF23 activity with burosumab, which obviates the
need for phosphate supplements in both children and
adults.“>*® There are two other clinical circumstances where
hyperparathyroidism in conjunction with FGF23 excess could
exacerbate hypophosphatemia. After renal transplantation,
FGF23-mediated hypophosphatemia and hyperparathyroidism
may be coincident.” After intravenous iron infusion, hypopho-
sphatemia caused by FGF23-mediated phosphaturia is com-
monly observed.®**%*” This lowering of TmP/GFR after iron
infusion is likely to be augmented if patients have secondary
hyperparathyroidism. Finally, regarding therapy for hyperpara-
thyroidism in the setting of FGF23 excess, it has been reported
in two cases of TIO that cinacalcet countered the effect of
FGF23 on renal phosphate wasting by lowering PTH; however,
it has never been tested in a clinical trial and there is concern
about hypercalciuria and acute kidney injury."®

In conclusion, PTH alters renal phosphate handling in clinical
states of FGF23 excess. Hypoparathyroidism attenuates the
TmP/GFR lowering effect of FGF23 excess, such that hypopho-
sphatemic bone disease is ameliorated. Hyperparathyroidism
augments the TmP/GFR lowering effect of FGF23 excess. The
mechanism by which PTH alters the effect of FGF23 excess on
TmP/GFR warrants investigation.
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