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Abstract

In children, hypophosphatemic rickets (HR) is revealed by delayed walking, waddling gait, Key Words
leg bowing, enlarged cartilages, bone pain, craniostenosis, spontaneous dental abscesses, calcium
and growth failure. If undiagnosed during childhood, patients with hypophosphatemia bone

present with bone and/or joint pain, fractures, mineralization defects such as
osteomalacia, entesopathy, severe dental anomalies, hearing loss, and fatigue. Healing

rare diseases/syndromes

vVYvyyVvyy

X-linked hypophosphatemic
rickets is the initial endpoint of treatment in children. Therapy aims at counteracting rickets
consequences of FGF23 excess, i.e. oral phosphorus supplementation with multiple

daily intakes to compensate for renal phosphate wasting and active vitamin D analogs

(alfacalcidol or calcitriol) to counter the 1,25-diOH-vitamin D deficiency. Corrective

surgeries for residual leg bowing at the end of growth are occasionally performed.

In absence of consensus regarding indications of the treatment in adults, it is generally

accepted that medical treatment should be reinitiated (or maintained) in symptomatic

patients to reduce pain, which may be due to bone microfractures and/or osteomalacia.

In addition to the conventional treatment, optimal care of symptomatic patients requires
pharmacological and non-pharmacological management of pain and joint stiffness,

through appropriated rehabilitation. Much attention should be given to the dental and
periodontal manifestations of HR. Besides vitamin D analogs and phosphate supplements

that improve tooth mineralization, rigorous oral hygiene, active endodontic treatment

of root abscesses and preventive protection of teeth surfaces are recommended.
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Current outcomes of this therapy are still not optimal, and therapies targeting the
pathophysiology of the disease, i.e. FGF23 excess, are desirable. In this review, medical,
dental, surgical, and contributions of various expertises to the treatment of HR are

described, with an effort to highlight the importance of coordinated care.
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(2014) 3, R13-R30

Introduction

Phosphate wasting ineluctably leads to hypophosphate-
mia and numerous consequences including mineral-
ization defects. In children, hypophosphatemia is
revealed by vitamin D-resistant rickets and results in
variable degrees of delayed walking, waddling gait, leg
bowing, enlarged cartilages, bone pain, craniostenosis,
spontaneous dental abscesses, and growth failure. If
undiagnosed during childhood, hypophosphatemia is
suspected when patients present with bone and/or joint
pain, fractures, mineralization defects such as osteo-
malacia, entesopathy, severe dental anomalies, hearing
loss, and fatigue. Symptoms might be present, although
to a lesser degree, in adults who underwent the conven-
tional treatment throughout their childhood and adoles-
cence. Causes of phosphate wasting are mostly due to
genetic defects in factors necessary for phosphate
handling; for a review read (1). They have been sum-
marized in Table 1. In this review, we will consider two
different types of phosphate wasting. Firstly, phosphate
wasting may be secondary to increased fibroblast growth
factor 23 (FGF23) signaling, which is a circulating factor
secreted by osteoblasts, odontoblasts, and osteocytes (2).
In the renal proximal tubule, FGF23 inhibits the sodium-
phosphate transport through ion channels, NPT2a and
NPT2c, and prevents 1,25-diOH-vitamin D production.
As a consequence, both renal and digestive absorption
of phosphate are diminished. Recently, extra renal effects
of FGF23 have been reported, such as immune function
in human monocytes (3), iron (4, 5), glucose (6) and
lipid metabolism (7, 8).

Causes of phosphate wasting secondary to elevated
FGF23 mainly encompass not only X-linked hypo-
phosphatemic rickets (XLHR) due to loss-of-function
mutations in PHEX, an endopeptidase encoded by a
gene localized on the X chromosome (9), but also auto-
somal dominant hypophosphatemic rickets (ADHR)
due to recurrent heterozygous mutations affecting the
176RXXR'7® motif in FGF23 (10), autosomal recessive

HR (ARHR) due to loss-of-function mutations in Dentin

matrix protein 1 (DMPI) (11) or ENPP1 (12), and
uncontrolled secretion of FGF23 by mesenchymal tumors,
a condition known as tumor-induced osteomalacia (TIO)
(13). Except for the latter, mineralization defects involving
bone and teeth are caused by hypophosphatemia and
FGF23 excess and, in addition, by a direct effect of the
absence of functional PHEX (or DMPI1) on bone or tooth
extracellular matrix (ECM) mineralization (14).

Secondly, phosphate wasting may be due to a primary
renal tubular defect, i.e. hereditary HR with hypercalciuria
(HHRH) due to molecular defects of the sodium-phos-
phate channel NPT2c, diseases affecting several renal
tubular functions such as Dent or Lowe syndromes, or
tubular toxicity of drugs (15, 16). All these conditions
share a diminished capacity to transport phosphate from
the glomerular filtrate to the blood circulation. In
response to hypophosphatemia, FGF23 secretion is ade-
quately suppressed, and 1,25-diOH-vitamin D production
and absorption of calcium through the gut and urinary
calcium excretion are consequently enhanced.

Besides acquired disorders like tumors or drug
toxicity, most conditions leading to phosphate wasting
are congenital and will continue throughout the patient’s
lifetime. To this day, therapy has mostly been evaluated
in children. Enormous progress has been made since
the availability of vitamin D analogs, such as calcitriol
and alfacalcidol, in the mid-1970s and the evolution of
surgical procedures. However, two major issues remain:
i) the growth retardation and recurrent dental infections
in children and ii) the necessity of adequate therapeutic
strategies in adults. Indeed, the disease remains physically
apparent and the global objective of therapies (medical,
dental, and surgical) should be to limit, and in best cases
avoid, sequel by correcting leg deformities, promoting
growth and preserving dentition. In this context, we will
describe in this review the current and future treatments
available to counteract phosphate wasting, restore
serum phosphate and allow adequate bone and tooth
mineralization.
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Table 1 Causes of hypophosphatemic rickets (HR).

3:R15

Gene Transmission

Reference Main features

HR sharing elevated FGF23 circulating levels and inappropriately low or normal 1,25-diOH-vitamin D

XLHR PHEX X-linked 9) HR with similar phenotype in males and
females
ADHR FGF23 Autosomal (10) HR
dominant
ARHR
DMP1 Autosomal 11) HR
recessive
ARHR2 ENPP1 Autosomal (12) HR associated with arterial calcifications of
recessive infancy (GACI syndrome)
ARHR3 FAM20c  Autosomal (95) Hypophosphatemia associated with osteo-
recessive sclerosis of the bone rather than rickets,
dysmorphy, and cerebral calcifications;
severe dental phenotype
OGD FGFR1 (96) HR associated with frequent craniosynos-

tosis, dysmorphy, and dwarfism

HR associated with congenital sporadic disorders due to heterozygous post-zygotic mutations in genes activating signaling

pathways and elevated FGF23
MAS

KRAS and
NRAS

Mosaic cutaneous disorders include nevus
sebaceous and Schimmelpenning syndrome
HR associated with mesenchymatous tumors
secreting FGF23
TIO

(97) Characterized by the triad precocious
puberty, cafe-au-lait spots and fibrous
dysplasia (FD); HR is rare, and secondary
to increased FGF23 production by the FD

(98) HR associated with bone lesions and
extended cutaneous congenital lesions

(13) Acquired and often severe hypophos-
phatemia and phosphate wasting.
Hypocalcemia may be present as the
consequence of suppressed 1,25-diOH-
vitamin D production

HR sharing appropriately suppressed FGF23 and elevated 1,25-diOH-vitamin D; defects in renal phosphate transporters

HHRH

SLC34A3  Autosomal (16)

HR with nephrocalcinosis and kidney stones

recessive

Diseases affecting the renal distal tubule
Lowe syndrome, Dent syndrome (CLCN5 gene),
Toni-Debré-Fanconi

XLHR, X-linked HR; ADHR, autosomal dominant HR; ARHR; autosomal recessive HR type 1; ARHR2, autosomal recessive HR type 2; ARHR3, autosomal
recessive HR type 3; OGD, osteoglophonic dysplasia; MAS, McCune-Albright syndrome; TIO, tumor-induced osteomalacia; HHRH, hereditary

hypophosphatemic rickets with hypercalciuria.

Therapy in children
Medical treatment for phosphate wasting

Healing rickets by normalizing serum alkaline phosphatase
(ALP) levels and radiological signs is the initial endpoint
in children. Treating rickets will promote growth, pro-
gressively correct leg deformities (Fig. 1A), and facilitate
tooth mineralization. In infants diagnosed before they
even show signs of rickets, the treatment goal for them will
be not to develop rickets (Fig. 1A). Earlier treatment has
been shown to lead to better results (17). Objectives, which
could also be described as expected results, are described in
Table 2. The treatment intends to, in the following order:
i) reduce bone pain, ii) normalize (or near-normalize)

ALP levels (Fig. 1B), iii) improve growth (Fig. 1C), and iv)
restore straight legs and improve teeth health.

Nowadays, the medical treatment is aimed at counter-
acting consequences of FGF23 excess, i.e. oral phosphorus
supplementation with multiple daily intakes to compen-
sate for renal phosphate wasting and active vitamin D
analogs (alfacalcidol or calcitriol) to counter the 1,25-
diOH-vitamin D deficiency (Table 3). The daily doses of
phosphorus supplements range between 40 (adolescents)
and 60 (toddlers) mg/kg per day (Table 4). Multiple
daily doses of phosphate supplements are mandatory
throughout childhood and adolescence, because, in the
context of diminished phosphate reabsorption, serum
phosphate level is back to low baseline few hours after
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Figure 1

Evolution of clinical (leg bowing and growth) and biochemical parameters
(alkaline phosphatase levels) during treatment with vitamin D analogs and
phosphate supplements in children. (A) Patient 1 is a 2-year-old girl (left an
middle panels) recently diagnosed with XLHR and a de novo mutation of
PHEX. The same girl is shown at the age of 5 years with straight legs (right
panel). Patient 2 is a 14-year-old boy who was treated since the age of four
(XLHR and a de novo mutation of PHEX). Patient 3 is a 13-year-old girl who
presents with persistent leg bowing despite being treated since she was
3years old (XLHR and a de novo mutation of PHEX). Patient 4 is a 2-year-old
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girl who started therapy at the age of 4 months. Diagnosis of XLHR was
made in the context of familial disease (mother and two sisters affected).
(B) Evolution of alkaline phosphatase levels throughout the first year of
therapy in 30 patients affected with HR and elevated FGF23. (C) Growth
pattern (range between +2 and —2 SDS is shadowed) in 32 girls and 29
boys affected with HR and elevated FGF23 and receiving vitamin D analogs
and phosphate supplements throughout childhood and puberty. Mean,
+2, and —2 SDS of French reference growth charts are represented by
colored lines.
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Table 2 Objectives and timeline for the conventional
treatment of HR in children.

Interval after
start of treatment Objective

Few weeks Decrease in bone pain

6-12 months Normalization of alkaline phosphatase level
1 year Increase in growth velocity

3-4 years Straightening of legs: 1 cm decrease in

intercondylian (genu varum) or inter-
malleolar (genu valgum) distance every
6 months

phosphate intake. At these doses, digestive complaints
are extremely rare. The daily dose of phosphate supple-
ments is adjusted to efficacy (i.e., ALP levels, leg bowing,
and growth velocity), patient’s weight, and PTH levels.
Note that serum phosphate is not used to adjust
phosphate therapy. On the contrary, as fasting phosphate
is not restored by treatment, increasing phosphate
supplement doses leads to intestinal discomfort and
secondary (sometimes tertiary) hyperparathyroidism.
Urinary phosphate measured on a 24-h collection should
parallel the daily intake of phosphate supplements, and
may be used to check for compliance. Prescribing
phosphate intake is a balance between excessive dosage
tending to hyperparathyroidism and insufficient dosage
slowing the healing of rickets. 1a-hydroxylated vitamin D
analogs constitute the second pillar of conventional
treatment. Their half-life is sufficient to allow for single
and twice daily oral doses of alfacalcidol and calcitriol
respectively. The starting dose of vitamin D analogs
(usually 1-2 pg/day alfacalcidol or 0.5-1 pg/day calcitriol)
depends on growth velocity. Higher doses (1-3 pg/day
alfacalcidol or 0.5-1.5 pg/day calcitriol) are associated
with periods of high growth velocity, such as early
childhood and adolescence. Vitamin D analog doses are
adjusted to give the maximum dose for efficacy based on
ALP levels, leg bowing, and growth velocity, without
reaching toxicity, mainly hypercalciuria. Hypercalciuria
does not usually occur until ALP levels are normalized.
As it is not invasive to collect urine, we recommend
measuring urinary calcium and creatinine every 3 months
on a spot urine collection in young children and on a 24-h
collection in older children (> 5) toilet trained. Hypercal-
ciuria is defined by urinary calcium/urinary creatinine
above 1 mmol/mmol (0.35 mg/mg) in toddlers and 24-h
urinary calcium excretion above 5 mg/kg per day in older
children. We recommend screening for nephrocalcinosis
with yearly ultrasound (every second year in the absence
of episodes of hypercalciuria). It is common, after healing

3:R17

rickets, for initial dosage of vitamin D analogs to be
decreased to maintenance doses.

As for many chronic diseases, compliance to oral
treatment is a major issue, even in expert hands. For
optimal dosage, it is difficult to base our guidance on doses
reported in published studies, which are all over 20 years
old and report a very wide range of doses between 10 and
80 ng/kg per day of calcitriol and 30 and 180 mg/kg per day
of elemental phosphorus (18, 19, 20, 21, 22, 23, 24). Our
recommendations are based on over 30 years of experience
at our center in treating over 250 patients with HR and are
similar to the guidelines advised recently by Carpenter et al.
(25). In addition, we prescribe 25-OH-vitamin D supple-
ments and optimize dietary calcium intake in children,
although no published studies support this point.

Healing active rickets promotes growth and after
2 years of successful treatment, patients’ growth velocity
isrestored to its maximal potential in a majority of patients.
However, 25-40% of patients with well-controlled XLHR
show linear growth failure despite optimal treatment and
have a final height under —2 SDS (19, 21, 26, 27, 28, 29, 30,
31, 32, 33) (and our experience, Fig. 1C). Until recently,
only limited pilot studies (small patient numbers, limited
period of observation, lack of controls and randomizations)
have been conducted, which suggest a beneficial effect of
recombinant growth hormone (rGH) treatment on growth
velocity in patients with XLHR (29, 34, 35, 36, 37, 38). The
only randomized study by Zivicnjak et al. (39) showed
significant improvement of linear growth (+1.1 height
SDS) in eight patients treated with tGH out of 16 short
(mean height SDS —3.3) prepubertal children with XLHR.
Addition of rGH induces a rise in mineral needs, which
should be accompanied with a 20-30% increment in
vitamin D analogs dosage. Only well-observant patients
with healed rickets can benefit from rGH.

In patients with HHRH, 1,25-diOH-vitamin D
synthesis is enhanced and PTH secretion often suppressed,
both conditions favoring hypercalciuria (40); therefore,
patients require treatment with phosphate supplements
solely. Doses and adjustment rules are similar to that used
for XLHR patients. In this condition, 25-OH-vitamin D
supplementation should be monitored very carefully by
trained physicians to avoid increase in 1,25-diOH-vitamin
D generation and hypercalciuria.

Orthopedic and surgical management in children

Hypophosphatemia induces progressive bowing of the
legs that becomes apparent with the onset of weight
bearing (Fig. 1A), and may hinder the walking capacity.
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These mal-alignments are characterized by diaphyseal-
metaphyseal regions of lower limbs long bones bowing
in frontal plan with varus or valgus combined with a degree
offlexion. Internal torsion of the tibia and fibula is frequent,
as well as anteverted femoral neck. As a consequence,
patients report lower limb pain; they also may develop
patellar dysplasia including chondromalacia, lateral
femoro-patellar subluxation, and gait troubles. Usually,
the response of pain and skeletal deformities to medical
treatment with adequate doses of calcitriol and phosphorus
+ class I analgesics (acetaminophen, paracetamol, some
NSAIDs) is good, but bowing may not be entirely resolved
and moderate bone pain may persist. Physiotherapy can be
useful at this stage to prevent complete patellar dislocation
and improve muscle fitness; sitting on the feet should be
prohibited in children to decrease femoral neck anteversion.
A disproportionate muscular insufficiency was described,
but the relative responsibility of hypophosphatemia
versus lower limb bowing — which modifies the muscular
work — was not evaluated (41). Most of our patients show
joint hyperlaxity and increased skin elasticity. Physiother-
apy to improve joint stability with muscle reinforcement
can be offered to patients.

When leg bowing persists despite ‘optimal’ treat-
ment, bone distortions should be assessed through the
low-irradiating EOS system, which provides a 3D recon-
struction of lower limbs bones in standing position. It may
be combined with CT scanning to measure the degree
of torsion. Surgery during childhood should be avoided.
Because of open epiphyses, patients present a significant
risk of recurrence of the bowing at the level of osteotomy
or secondary to the adjacent epiphysiodesis (Fig. 2).
When necessary, due to major bone deformities, surgery
should be combined with adjusted doses of phosphate
supplements and vitamin D analogs in order to prevent
recurrence as previously evoked.

The actual place of the surgery is the correction of
residual deformities at the end of growth (Fig. 2). The
achievement of horizontal knee joints often requires
bifocal femoral and tibiae metaphyseal-diaphyseal osteo-
tomies. Osteosynthesis is done by locking plates or
intramedullary nails (42). Progressive correction using
external fixation is an alternative that provides precise 3D
angular deformities management (43). Distal tibiae varus
with significant ankle joints obliquity should be operated
upon with supramalleolar dome osteotomy (44). Fusion is
usually acquired, without tendency of delayed fusion or
pseudarthrosis. In case of significant lateral subluxation
after alignment correction, surgery of the femoro-patellar
joint is also required. However, ever since the
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Table 4 Ranges of doses of phosphate supplements and vitamin D analogs throughout life, and their respective markers of efficacy

and safety as applied in our center.

Period

Phosphate supplements

Vitamin D analogs
(alfacalcidol only?)

Surveillance for efficacy and safety

Frequency

Infancy (dose)
divided into

Childhood (dose)
divided into

Puberty (dose)
divided into

Adulthood (dose)

divided into

Pregnancy (dose)
divided into

Menopause (dose)

divided into

55-70 mg/kg per day

four times/day
45-60 mg/kg per day

three times/day

35-50 mg/kg per day

three times/day

0-2000 mg/day

two times/day

2000 mg/day

two times/day

0-2000 mg/day

two times/day

1.5-2.0 pg/day
once/day

1.0-2.0 pg/day

once/day

1.5-3.0 pg/day

once/day

0-1.5 pg/day

once/day

1-1.5 pg/day

once/day

0-1.5 pg/day

once/day

Clinical: height, weight, cranial circumference Every 3 months

Blood: alkaline phosphatases, total calcium,
PTH, creatinine

Urines (spot): calcium/creatinine

Clinical: height, weight, leg bowing, teeth

Blood: alkaline phosphatases, total calcium,
PTH, creatinine

Urines (24-h): calciuria, phosphaturia

Renal ultrasound

Clinical: height, weight, leg bowing, teeth

Blood: alkaline phosphatases, total calcium,
PTH, creatinine

Urines (24-h): calciuria, phosphaturia

Renal ultrasound

Clinical: weight, mobility, pain, teeth

Blood: bone alkaline phosphatases, total
calcium, PTH, creatinine

Urines (24-h): calciuria

Renal ultrasound

Clinical: weight, mobility, pain

Blood: total calcium, PTH, creatinine, 25-OH
vitamin D

Urines (24-h): calciuria

Clinical: weight, mobility, pain, teeth

Blood: bone alkaline phosphatases, total
calcium, PTH, creatinine

Urines (24-h): calciuria

Renal ultrasound

Every 6 months
Every 6 months
Every 3 months
Every year
Every 6 months
Every 6 months
Every 3 months
Every year
Every year
Every year
Every 6 months
Every other year
Every 3 months

Every 3 months

Every 3 months
Every year

Every year

Every 6 months
Every other year

2Equivalent dose in calcitriol was obtained divided by a factor 2.

implementation of the usage of vitamin D analogs,
surgical indications have been considerably diminished.
In our experience, recourse to surgery dropped from 89 to
11% when we started to use the modern medical
treatment in patients born after 1975.

Most hypophosphatemic patients present with
increased head length and frontal bossing. Craniosynos-
tosis and sometimes Chiari malformations giving rise to
headaches and vertigo may also affect patients and require
neurosurgery when symptomatic.

Therapy in adults
Metabolism

After the years of burdensome therapy over the ‘pediatric’
period, which is essential to ensure adequate bone matrix

mineralization and skeletal growth, young adult patients
with hereditary hypophosphatemia (HH) often stop
treatment. Lessened parental surveillance, poor taste of
phosphate preparations, and lack of convincing demon-
stration of therapeutic benefits in asymptomatic individ-
uals contribute to the low compliance in (young) adults.
Nevertheless, the metabolic and endocrine consequences
of chronic phosphate wasting persist life long. Adult
endocrinologist following patients with HH thus necess-
arily faces two key questions: i) whom to treat and ii) what
kind of treatment to give?

There is no consensus regarding indications of the
treatment in adult patients. It is generally accepted that
treatment should be reinitiated (or maintained) in all
symptomatic patients in order to reduce pain, which may
be due to bone microfractures and/or osteomalacia
(25, 45) (Fig. 3). Patients with significant reduction in
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Pre-operative

Figure 2

Surgeries in children and adolescents with XLHR. (A) Bilateral lower limbs
mal-alignment including distal right femur valgus and proximal left tibia
varus - pre- and post-operative aspects (distal right femur varization and
proximal left tibia valgization osteotomies). (B) Pre- and post-operative
radiological aspect of the patient displayed in (A). (C) Eight-year-old girl

pain symptoms remain the most compliant. Patients with
planed surgical interventions (i.e., corrective osteotomy,
dental implants) should also be temporarily treated to
promote bone mineralization (25). The conventional
treatment in these adult patients is based on oral
phosphate salts, usually given twice daily, and active
vitamin D metabolites. The aim of the treatment is to
improve the symptoms, not to normalize serum phos-
phate levels. Careful monitoring of plasma calcium, PTH,
creatinine, and 24-h urinary calcium excretion is required
(25, 46) in order to prevent tertiary hyperparathyroidism,
induced by phosphate overdose (47), and hypercalciuria
with nephrocalcinosis and renal insufficiency, resulting
from calcitriol overtreatment (48). In our experience,
tertiary hyperparathyroidism in patients with XLHR is
rare (A Linglart, P Kamenicky, D Prie, A Rothenbuhler,
unpublished observations) and should be preferentially
treated surgically, even though beneficial effects of
adjunctive therapy by 24,25-dihydroxyvitamin D has
also been reported in one study (49).

Considering the lack of evidence for clinical benefit
and the possible side effects, indication of the conven-
tional phosphate- and vitamin D analog-based therapy
in asymptomatic patients is questionable. Long-term
consequences of chronic hypophosphatemia in adult
individuals are not known. Chronically decreased 1,25-
diOH-vitamin D synthesis may have a significant impact

Pre-operative

9-18 3:R21

Post-operative

with XLHR and severe pre-operative deformations impeding joints
mobility. Recurrence of leg bowing after surgery likely due to compliance
issues to phosphate and vitamin D analogs. Bilateral medial proximal tibiae
epiphysiodesis inducing varus deformations.

on health, given the numerous beneficial effects of
vitamin D on metabolism, cardiovascular system, cancer
prevention, and immune functions (50). Treatment
should be initiated at least in situations of increased
demands on phosphate and calcium, such as pregnancy,
to ensure adequate mineralization of the fetal skeleton,
or lactation, to enable sufficient galactopoiesis, and in
both cases to prevent worsening of the phosphate deficit
in the maternal organism (51).

Conventional medical therapies of FGF23-related
hypophosphatemic disorders consist in substituting the
consequences of the FGF23 excess (46). Nevertheless,
increased FGF23 levels may have deleterious effects on
health per se, especially on metabolism and cardiac
functions (8, 52, 53). New therapeutic approaches target-
ing FGF23 actions in general, including its impact on
glucose and lipid metabolism, are very interesting in adult
patients with HH, since they frequently present with
reduced mobility and are thus prone to develop obesity
and metabolic syndrome.

Rheumatology

Although disease severity is variable, adults with HR may
suffer from osteoarticular symptoms, such as pain and
joint stiffness, leading to disability of physical function
and poor quality of life (25). The conventional treatment
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Figure 3

Various burdens of the disease in adults leading to resume therapy with
phosphate supplements and vitamin D analogs. (A) Osteoarthritis of the
knee in a 28-year-old woman with persistent bone deformities after
adolescence. (B) Spinal enthesopathies of a 35-year-old patient with XLHR.
(C) Lower limb deformities in a young adult requiring corrective surgery.

with vitamin D analogs and phosphate supplements aims
to decrease osteoarticular symptoms and improve physi-
cal function. However, only limited data supports the
efficiency of the therapy in adults presenting these
complications. Moreover, bone/joint pain may have
different origin such as osteomalacia, insufficiency frac-
tures, osteoarthritis, and enthesopathy (Fig. 3). Identify-
ing the cause of the pain should be considered as the first
step for the optimal management of osteoarticular
symptoms. Osteomalacia and spontaneous insufficiency
fractures, which occur in the lower extremities of the
weight bearing bones, should trigger treatment in adults.
In an open-label study conducted in 16 symptomatic
adult patients with XLHR, Sullivan et al. (45) showed that
the combination of calcitriol and phosphate supple-
ments decreases bone pain, increases serum phosphate,
and reduces the extent of osteomalacia quantified by pre-
and post-treatment bone biopsies. Moreover, insufficiency
fractures usually heal faster with this conventional
treatment. Despite the mineralization defect, so-called
osteomalacia, adults with XLHR present with paradoxical
heterotopic ossifications of tendon and ligament insertion

(D) Dramatic consequences of rickets and osteomalacia in a 30-year-old
patient who did not receive vitamin D analogs. Arrows show insufficiency
fractures. Bone demineralization and hip osteoarthritis are visible.

(E) Delayed healing of fibulae fractures in the same patient following
corrective surgeries on both tibias.

sites. This leads to the formation of enthesophytes in
fibrocartilaginous tissues, often painful and causing joint
dysfunction. Risk factors associated with the occurrence
of enthesopathy are unknown; vitamin D analogs and
phosphate supplements do not prevent this complica-
tion (54). Apart from symptomatic patients at increased
risk of insufficiency fractures and osteomalacia, treatment
has been proposed to patients with planed surgical
interventions (osteotomy, joint replacement) (see
above). Treatment should be also discussed in asympto-
matic women at the time of menopause, in the absence
of estrogen substitution, to prevent osteomalacia. In
addition to the conventional treatment, optimal care
of symptomatic patients requires pharmacological and
non-pharmacological management of pain and joint
stiffness, through appropriated rehabilitation. Individua-
lized exercises and adapted physical activity should be
proposed to improve physical function and reduce the
metabolic consequences of XLHR.

Novel therapies targeting FGF23 actions (see below)
are awaited to fulfill the current unmet needs, such as
diminished motor function or prevention of enthesis
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ossification. For the latter, enthesis fibrocartilage cells of
Hyp mice (murine homolog of XLHR) specifically express
FGFR3 and Klotho, thereby suggesting that FGF23
inhibition might prevent fibrocartilage ossification (54).

Ears

Patients with HR present inconstant and variable hearing
loss depending on age and cause of phosphate wasting.
Hearing impairment has been described in mouse models
and human disorders due to increased FGF23 signaling,
yet not with primary renal tubular defect. Hearing
difficulties appear during adulthood in treated patients
with XLHR (55). Patients may have mild-to-severe
sensorineural hearing loss, affecting mainly low and high
frequencies (56). Some patients also present with tinnitus
and vertigo associated with low frequencies hearing loss
similar to that of Meniére’s disease (57). X-rays show
generalized osteosclerosis and thickening of the petrous
bone, with narrowed internal auditory meatus (5§8). In
rodents models mimicking XLHR, mice display variable
expressions of deafness, circling behavior, lack of postural
reflexes, and cranial dysmorphology (59, 60, 61). Differ-
ently, hearing loss has been reported in HR children with
mutations in ENPP1 - as early as 9 days of life — or DMP1
(62, 63). Overall, hearing loss resembling stapes otosclero-
sis occurs early in life in ARHR patients, while hearing
loss resembling Meniére’s disease develops after the
second decade in XLHR patients. We presently do not
know whether phosphate supplements and vitamin D
analogs modify the hearing evolution.

Dental and periodontal defects

The presence of severe dental manifestations in patients
with HR resulting either from PHEX mutations or from
other causes summarized above, including mutations
in DMP1 or FGF23, is now well recognized (Fig. 4).
The dominant feature is the occurrence of spontaneous
infection of the dental pulp tissue, resulting in tooth
abscesses. In contrast with common endodontic infec-
tion, these abscesses develop in teeth without any signs
of trauma or decay, affecting both the deciduous and
permanent dentition (64, 65). Clinically, teeth of
patients with HR look normal, complicating the identifi-
cation of the causal tooth and the diagnosis of the
endodontic origin of the infection. Radiographically,
the enamel layer appears thinner while the dentin layer
is more radiolucent. Pulp chambers are enlarged,
resembling taurodontism and prominent pulp horns

3:R23

extend up to the dentino-enamel junction (64). Exten-
sive enamel cracking and fissuring can be observed on
histologic sections, as well as dentin mineralization
defects. Unmerged dentin calcospherites are observed
and are separated by large non-mineralized interglobular
spaces (66, 67) (Fig. 4F). The endodontic infections
are believed to result from rapid dental pulp necrosis,
a consequence of the abnormal dentin mineralization
and enamel cracks that allow invasion of the pulp by
oral bacteria (68).

The dentin ECM is secreted by odontoblasts which,
like osteoblasts, express high levels of proteins involved in
mineral ion homeostasis and in the binding and proteo-
lytic processing of other proteins and peptides regulating
mineralization (69, 70). Hence, the abnormal hypo-
phosphatemic dentin contains degraded fragments of
noncollagenous phosphorylated matrix proteins includ-
ing matrix extracellular phosphoglycoprotein (MEPE),
DMP1, and osteopontin (OPN), and particularly peptides
with the acidic serine- and aspartate-rich motif (ASARM)
(71, 72). Interestingly, PHEX is the only known enzyme
capable of cleaving ASARM peptides, whose accumulation
leads to inhibition of mineralization.

Because the pain and swelling that result from tooth
abscesses are usually detected by patients or their families
and will bring them to consult, much attention has been
drawn to the dental manifestation of HR. However, it is
becoming clear that their periodontal health is also
affected, especially in adults. Comparing the periodontal
status of ten adults with familial HR with age-matched
controls (73), it was observed that the prevalence of
periodontitis was high in hypophosphatemic patients
(60% vs 3.6% to 7.3% in controls). Our unpublished data
on the periodontal status of more than 20 consecutive
adult patients with HR revealed an increased prevalence
and severity of periodontitis when compared with age-
matched controls, despite a similar gingival inflammation
(Fig. 3A, D and E). Although, no published studies have
explored non-surgical and surgical periodontal treatments
in adults with low phosphate, we observed a favorable
response to these treatments. The importance of the
supportive periodontal therapy in these patients cannot
be overlooked. One case of implant placement along with
guided bone regeneration in a XLH adult patient was
reported with satisfactory outcomes after 42 months (74).
Consistent with constitutional defects of periodontal
tissues, mice lacking Dmpl or Phex have a defective
alveolar bone and cementum (75, 76).

Conventional therapy with vitamin D analogs and
phosphate supplements has a substantial beneficial
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Figure 4

Dental defects in patients with X-linked hypophosphatemia (XLH).

(A) Orthopantomogram of a 35-year-old XLH patient. Note multiple absent
teeth and endodontic lesions. (B) Orthopantomogram of a 30-year-old XLH
patient that benefited from vitamin D analogs and phosphate supplements
during growth with good compliance. No dental or periodontal defects are
evident. (C) Intraoral view and corresponding X-ray of an endodontic
infection (arrows) affecting the intact central right lower incisor in a

35 year-old XLH patient. (D) Enlarged pulp chambers, prominent pulp
horns, radiolucent hypomineralized dentin and endodontic infection in

impact on oral health that will depend on the onset,
compliance, and duration of the treatment. Missing and
filled teeth index of patients treated since early childhood
is similar to the index of healthy, age-matched controls
(64) and dentin mineralization of permanent teeth, which
mineralize after birth, can be rescued by the treatment (77)
(Figs 4B and 5). The tooth phenotype correlates well
with the overall bone phenotype and can be used to
evaluate the benefits on mineralization of this treatment
(68, 78, 79). Future studies will determine the benefit
of treatment on the periodontal status.

Clinical approaches

Spontaneous dental abscesses can be treated by the
conventional endodontic approach, e.g. root canal clean-
ing to remove the infected pulp tissues and endodontic

a 6-year-old XLH patient. (E) Alveolar bone loss in a 45-year-old XLH
patient. (F) Toluidine blue-stained section of a third molar germ of a
14-year-old female with XLH showing abnormal dentin mineralization.
Numerous nonmineralized interglobular spaces (IS) are observed between
unmerged calcospherites in the dentin body (document laboratory EA2496,
Dental school University Paris Descartes, France). Asterisks indicate calco-
spherites, single arrow indicates dentin secreting cells, odontoblasts, and
double head arrow indicates extent of predentin.

sealing. However, these abscesses, especially those occur-
ring on primary teeth, spread rapidly in the jawbone and
tooth extraction is often necessary. Prevention of
abscesses includes sealing the tooth surface (primary and
permanent teeth) with a dental resin to form a barrier to
bacterial penetration (77). For primary teeth, this non-
invasive and painless approach consists in applying an
adhesive system (preferably no rinsing step called ‘self-
etching’) and then a light-cured flowable resin. This
procedure must be repeated regularly (every year) due to
gradual wear of the resin until the natural exfoliation of
the tooth. In parallel, we recommend rigorous oral
hygiene and preventive procedures. Daily use of fluoride
toothpaste adapted to age and regular fluoride varnish
applications at the dental chair, considering that
they present a higher risk of dental infection, is of
utmost importance (80). The orthodontic treatment is
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XLH permanent molar

Figure 5

Scanning electron microscopy views (documents laboratory EA2496, Dental
school University Paris Descartes, France) of (A) A deciduous molar of a
6-year-old male patient with XLHR, born from a XLH mother, showing that
the major bulk of dentin (arrow) is abnormally mineralized. (B) At higher
magnification (white rectangle), the dentin appears extremely porous with
multiples unmineralized spaces. (C) Permanent molar of an adult XLH
patient hich was not treated during growth. All the dentin bulk (arrow)

possible (81), especially in teenagers with HR controlled
by the conventional treatment since infancy. In our
Reference Center, this treatment is offered to compliant
teenagers under conventional treatment when the wave of
abscesses occurring in deciduous teeth has ended.

Novel therapies

In the recent years, novel strategies that efficiently
manipulate molecular effectors of the mineral metabolism
have been described. Several of them aim at inhibiting
downstream FGF23 signaling. Monoclonal FGF23
antibodies with neutralizing effect on FGF23 action have
been generated (82). When administered intravenously to
Hyp mice (murine homolog of XLHR), FGF23 antibodies
normalized phosphatemia, increased levels of 1,25-diOH-
vitamin D, increased the expression of the Npt2a cotran-
sporter, and tempered the 24-hydroxylase overexpression.
Repeated injections to juvenile mice promoted growth and
ameliorated mineralization and cartilage development
(83). Multiple injections into adult mice were shown to
improve spontaneous motor activity as well as muscle
strength (84). These promising data prompted the elabor-
ation of a humanized antibody, which showed, in XLH

3:R25

is abnormally mineralized. (D and E). Permanent third molar of a 15-year
old male patient with XLH who was treated during growth with a good
compliance to therapy but a late onset. Remaining calcospherites are
observed in the outer part of dentin (full arrow) corresponding to
infancy, whereas good mineralization (dotted arrow) is seen in the inner
part of dentin corresponding to the treatment period. (F) Control
permanent molar.

patients, complete absorption and sustained effect on
serum phosphate and TmP/GFR beyond 4 weeks upon a
single s.c. injection (85). A Phase 2 clinical trial is ongoing
in the USA and Canada (86). Two issues may arise with the
long-term use of FGF23 antibody. Firstly, itis likely that the
anti-FGF23 antibodies will probably not rescue the direct
impact of PHEX deficiency on calcified tissue mineral-
ization that depends on MEPE- or OPN-derived ASARM
peptides presence in the ECM. Secondly, FGF23 exerts
numerous actions including prevention of ectopic calcifi-
cation through the control of the calcium-phosphate
product. Precise modulation of FGF23 signaling will be
necessary to avoid off-target actions of FGF23 antibodies.

Another approach was taken by Goetz et al. (87); they
showed that a C-terminal fragment of FGF23 competes
with the full-length protein for receptor binding, yet
without activating downstream signaling. Infusion of this
FGF23 C-tail in normal rats triggered hyperphosphatemia
and renal phosphate retention. In Hyp mice, serum
phosphate was increased and the fractional excretion of
phosphate was decreased compared with control. Despite
these promising data, there is no information indicating
a possible clinical transition for this elegant approach
as of today.
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The pharmacological inhibition of downstream FGF23
signaling was also probed using selective pan-specific FGFR
antagonists in Hyp and Dmpl-null mice. Oral adminis-
tration of the small molecule NVP-BGJ398 led to an
improved ion metabolism, restored the structure of the
mineralization plate and partly corrected the bone growth
impairment (88). Even if the molecule is already in Phase 1
trial in human for cancer therapy, the application to HR
will warrant more investigation regarding the selectivity of
the molecule, notably towards other FGFR-mediated
physiological processes beyond phosphate metabolism.

Noteworthy, parathyroid cells also express the FGF23
receptor. FGF23 represses PTH secretion, but endocrine
feedback loops, while still controversial, have been
suggested (89). Normalization of phosphatemia in a TIO
patient after parathyroidectomy has been reported
recently (90), and manipulation of PTH secretion may
therefore help to counteract downstream effects of
excessive FGF23 on phosphate and vitamin D metabolism.

In contrast to the above-mentioned strategies that
target either FGF23 or its FGFR/KLOTHO co-receptor in the
kidney, other efforts are directed toward osteocytic targets.
The osteocyte is the primary site of production of FGF23
and hosts PHEX and DMP1 (malfunctioning in XLHR and
ARHR respectively). Osteocytes express the calcitonin
receptor and it was recently reported that a single s.c.
administration of calcitonin in one patient affected with
XLHR results in a decrease in the concentration of FGF23
and increases in phosphatemia and circulating level of
calcitriol (85). A Phase 1 study is currently evaluating
repeated daily intranasal calcitonin in XLHR (91).

The identification of a decreased proprotein conver-
tase 2 (PC2) activity in bone cells of Hyp mice (92) provides
another potential curative option. PC2, and its associated
chaperone 7B2, were shown to participate in the proteo-
lytic regulation of the FGF23 protein expression. When
hexa-p-arginine (D6R), a PC2 agonist, was administered
i.p. into Hyp mice, normalization of 7B2 expression and
concomitant decrease in Fgf23 mRNA was observed.
Although only partial reduction in the levels of serum
Fgf23 was noted in D6R-treated animals, bone modeling
was restored, phosphatemia was sub-normalized, as were
the related markers Npt2a and Cyp27b2 encoding the
24-hydroxylase.

Therapies that would be capable of restoring the
bone and tooth mineralization process are also desirable.
The SIBLINGs phosphoproteins MEPE, DMP1, and OPN all
contain ASARM motifs (reviewed in (2)). Upon proteolytic
cleavage orchestrated by PHEX, released phosphorylated
ASARM peptides interact with hydroxyapatite crystals and

3:R26

inhibit mineralization (93, 94). In XLHR and ARHR,
ASARM peptides abundance is increased in the ECM of
bone and teeth, and probably contributes to the mineral-
ization defects that hallmark the disease (64, 72). Counter-
acting ASARM peptides may therefore help in improving
bone, dental and periodontal features in XLHR and
related diseases.

Conclusion

Symptoms associated with phosphate wasting result from
FGF23 excessive signaling and accumulation of ASARM
peptides in bone and dental tissues. Current therapy with
phosphate supplements and vitamin D analogs partly
correct rickets and osteomalacia. It is obvious that
outcomes of therapy are still not optimal and that
therapies targeting the pathophysiology of the disease
are required. Along this line, FGF23 antibodies are very
promising but their benefit remains to be investigated
during growth in children with PHEX, FGF23, or DMP1
mutation.

Today, and in the future, coordination between
caregivers is required for the optimal treatment of this
rare disorder and involves various specialists in pediatric
and adult fields. While attention is focused in children on
legs straightening and growth, adults should be none-
theless regularly monitored for the prevention and
limitation of bone pain, joint stiffness, and periodontal
inflammation. Extra-osseous issues should be considered
early in life, as well as audition, sport practice, and glucose
and lipid metabolism, with the help of physiotherapists
and nutritionists. In addition, the contribution of
psychologist and social workers is necessary, especially in
patients born before 1970 who did not receive vitamin D
analogs and present multiple and sometime devastating
complications. Finally, in the era of globalized communi-
cation, active networking involving not only reference
centers for rare diseases or scientific societies but also
patients organization and biopharmaceutical companies
should facilitate the translation of recent discoveries into
novel therapies.

Declaration of interest
The authors declare that there is no conflict of interest that could be
perceived as prejudicing the impartiality of the review.

Funding
This research did not receive any specific grant from any funding agency in
the public, commercial or not-for-profit sector.

© 2014 The authors
Published by Bioscientifica Ltd

http://www.endocrineconnections.org
DOI: 10.1530/EC-13-0103

This work is licensed under a Creative Commons
Attribution 3.0 Unported License.

(Ol


http://www.endocrineconnections.org
http://dx.doi.org/10.1530/EC-13-0103
http://creativecommons.org/licenses/by/3.0/deed.en_GB
http://creativecommons.org/licenses/by/3.0/deed.en_GB

Endocrine Connections

A Linglart et al.

Author contribution statement

All authors contributed equally to this review by writing the text and
producing personal data and illustrations; therefore, author’s list from 2nd
to 11th is by alphabetical order. A Linglart coordinated the review.
P Harvengt is the president of the scientific advisory board of the patient’s
organization, and, as such, represents the patient’s association RVRH-XLH.

References

1

\S)

w

IS

w

o)}

~N

o]

el

10

1

—_

12

Feng JQ, Clinkenbeard EL, Yuan B, White KE & Drezner MK. Osteocyte
regulation of phosphate homeostasis and bone mineralization underlies
the pathophysiology of the heritable disorders of rickets and osteoma-
lacia. Bone 2013 54 213-221. (doi:10.1016/j.bone.2013.01.046)

Martin A, David V & Quarles LD. Regulation and function of the
FGF23/klotho endocrine pathways. Physiological Reviews 2012 92
131-155. (doi:10.1152/physrev.00002.2011)

Bacchetta J, Sea JL, Chun RF, Lisse TS, Wesseling-Perry K, Gales B,
Adams JS, Salusky IB & Hewison M. Fibroblast growth factor 23
inhibits extrarenal synthesis of 1,25-dihydroxyvitamin D in human
monocytes. Journal of Bone and Mineral Research 2013 28 46-55.
(doi:10.1002/jbmr.1740)

Farrow EG, Yu X, Summers L], Davis SI, Fleet JC, Allen MR, Robling AG,
Stayrook KR, Jideonwo V, Magers MJ et al. Iron deficiency drives an
autosomal dominant hypophosphatemic rickets (ADHR) phenotype
in fibroblast growth factor-23 (Fgf23) knock-in mice. PNAS 2011 108
E1146-E1155. (doi:10.1073/pnas.1110905108)

Imel EA, Peacock M, Gray AK, Padgett LR, Hui SL & Econs MJ. Iron
modifies plasma FGF23 differently in autosomal dominant hypopho-
sphatemic rickets and healthy humans. Journal of Clinical Endocrinology
and Metabolism 2011 96 3541-3549. (doi:10.1210/jc.2011-1239)
Woijcik M, Janus D, Dolezal-Oltarzewska K, Drozdz D, Sztefko K &
Starzyk JB. The association of FGF23 levels in obese adolescents with
insulin sensitivity. Journal of Pediatric Endocrinology & Metabolism 2012
25 687-690. (d0i:10.1515/jpem-2012-0064)

Montford JR, Chonchol M, Cheung AK, Kaufman JS, Greene T,
Roberts WL, Smits G, Kendrick J & Investigators H. Low body mass
index and dyslipidemia in dialysis patients linked to elevated plasma
fibroblast growth factor 23. American Journal of Nephrology 2013 37
183-190. (d0i:10.1159/000346941)

Mirza MA, Alsio J, Hammarstedt A, Erben RG, Michaelsson K,
Tivesten A, Marsell R, Orwoll E, Karlsson MK, Ljunggren O et al.
Circulating fibroblast growth factor-23 is associated with fat mass
and dyslipidemia in two independent cohorts of elderly individuals.
Arteriosclerosis, Thrombosis, and Vascular Biology 2011 31 219-227.
(doi:10.1161/ATVBAHA.110.214619)

Francis F, Hennig S, Korn B, Reinhardt R, de Jong P, Poustka A,
Lehrach H, Rowe PSN, Goulding JN, Summerfield T et al. A gene (PEX)
with homologies to endopeptidases is mutated in patients with
X-linked hypophosphatemic rickets. The HYP Consortium. Nature
Genetics 1995 11 130-136. (doi:10.1038/ng1095-130)

Consortium A. Autosomal dominant hypophosphataemic rickets is
associated with mutations in FGF23. Nature Genetics 2000 26 345-348.
(doi:10.1038/81664)

Lorenz-Depiereux B, Bastepe M, Benet-Pages A, Amyere M,
Wagenstaller J, Muller-Barth U, Badenhoop K, Kaiser SM,

Rittmaster RS, Shlossberg AH et al. DMP1 mutations in autosomal
recessive hypophosphatemia implicate a bone matrix protein in the
regulation of phosphate homeostasis. Nature Genetics 2006 38
1248-1250. (doi:10.1038/ng1868)

Levy-Litan V, Hershkovitz E, Avizov L, Leventhal N, Bercovich D,
Chalifa-Caspi V, Manor E, Buriakovsky S, Hadad Y, Goding J et al.
Autosomal-recessive hypophosphatemic rickets is associated with an
inactivation mutation in the ENPP1 gene. American Journal of Human
Genetics 2010 86 273-278. (d0i:10.1016/j.ajhg.2010.01.010)

Therapy of hypophosphatemia

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

15-18 3:R27

Shimada T, Mizutani S, Muto T, Yoneya T, Hino R, Takeda S,
Takeuchi Y, Fujita T, Fukumoto S & Yamashita T. Cloning and
characterization of FGF23 as a causative factor of tumor-induced
osteomalacia. PNAS 2001 98 6500-6505. (doi:10.1073/pnas.
101545198)

Martin A, Liu S, David V, Li H, Karydis A, Feng JQ & Quarles LD. Bone
proteins PHEX and DMP1 regulate fibroblastic growth factor Fgf23
expression in osteocytes through a common pathway involving FGF
receptor (FGFR) signaling. FASEB Journal 2011 25 2551-2562.
(doi:10.1096/1j.10-177816)

Bockenhauer D, Bokenkamp A, van’t Hoff W, Levtchenko E, Kist-van
Holthe JE, Tasic V & Ludwig M. Renal phenotype in Lowe syndrome: a
selective proximal tubular dysfunction. Clinical Journal of the American
Society of Nephrology 2008 3 1430-1436. (doi:10.2215/CJN.00520108)
Bergwitz C, Roslin NM, Tieder M, Loredo-Osti JC, Bastepe M,
Abu-Zahra H, Frappier D, Burkett K, Carpenter TO, Anderson D et al.
SLC34A3 mutations in patients with hereditary hypophosphatemic
rickets with hypercalciuria predict a key role for the sodium-
phosphate cotransporter NaPi-IIc in maintaining phosphate homeo-
stasis. American Journal of Human Genetics 2006 78 179-192.
(doi:10.1086/499409)

Makitie O, Doria A, Kooh SW, Cole WG, Daneman A & Sochett E.
Early treatment improves growth and biochemical and radiographic
outcome in X-linked hypophosphatemic rickets. Journal of Clinical
Endocrinology and Metabolism 2003 88 3591-3597. (doi:10.1210/
j€.2003-030036)

Petersen DJ, Boniface AM, Schranck FW, Rupich RC & Whyte MP.
X-linked hypophosphatemic rickets: a study (with literature review) of
linear growth response to calcitriol and phosphate therapy. Journal of
Bone and Mineral Research 1992 7 583-597. (doi:10.1002/jbmr.
5650070602)

Glorieux FH, Marie PJ, Pettifor J]M & Delvin EE. Bone response to
phosphate salts, ergocalciferol, and calcitriol in hypophosphatemic
vitamin D-resistant rickets. New England Journal of Medicine 1980 303
1023-1031. (doi:10.1056/NEJM198010303031802)

Harrell RM, Lyles KW, Harrelson JM, Friedman NE & Drezner MK.
Healing of bone disease in X-linked hypophosphatemic rickets/
osteomalacia. Induction and maintenance with phosphorus and
calcitriol. Journal of Clinical Investigation 1985 75 1858-1868.
(doi:10.1172/JCI111900)

Verge CF, Lam A, Simpson JM, Cowell CT, Howard NJ & Silink M.
Effects of therapy in X-linked hypophosphatemic rickets. New England
Journal of Medicine 1991 325 1843-1848. (d0i:10.1056/
NEJM199112263252604)

Chesney RW, Mazess RB, Rose P, Hamstra AJ, DeLuca HF & Breed AL.
Long-term influence of calcitriol (1,25-dihydroxyvitamin D) and
supplemental phosphate in X-linked hypophosphatemic rickets.
Pediatrics 1983 71 559-567.

Scriver CR, Reade T, Halal F, Costa T & Cole DE. Autosomal
hypophosphataemic bone disease responds to 1,25-(OH),D3. Archives
of Disease in Childhood 1981 56 203-207. (d0i:10.1136/adc.56.3.203)
Rasmussen H, Pechet M, Anast C, Mazur A, Gertner J & Broadus AE.
Long-term treatment of familial hypophosphatemic rickets with oral
phosphate and 1a-hydroxyvitamin Ds. Journal of Pediatrics 1981 99
16-25.

Carpenter TO, Imel EA, Holm IA, Jan de Beur SM & Insogna KL.

A clinician’s guide to X-linked hypophosphatemia. Journal of Bone
and Mineral Research 2011 26 1381-1388. (doi:10.1002/jbmr.340)
Berndt M, Ehrich JH, Lazovic D, Zimmermann J, Hillmann G,

Kayser C, Prokop M, Schirg E, Siegert B, Wolff G et al. Clinical course of
hypophosphatemic rickets in 23 adults. Clinical Nephrology 1996 45
33-41.

Friedman NE, Lobaugh B & Drezner MK. Effects of calcitriol and
phosphorus therapy on the growth of patients with X-linked
hypophosphatemia. Journal of Clinical Endocrinology and Metabolism
1993 76 839-844. (d0i:10.1210/jcem.76.4.8473393)

http://www.endocrineconnections.org
DOI: 10.1530/EC-13-0103

© 2014 The authors
Published by Bioscientifica Ltd

(Ol

This work is licensed under a Creative Commons
Attribution 3.0 Unported License.


http://dx.doi.org/10.1016/j.bone.2013.01.046
http://dx.doi.org/10.1152/physrev.00002.2011
http://dx.doi.org/10.1002/jbmr.1740
http://dx.doi.org/10.1073/pnas.1110905108
http://dx.doi.org/10.1210/jc.2011-1239
http://dx.doi.org/10.1515/jpem-2012-0064
http://dx.doi.org/10.1159/000346941
http://dx.doi.org/10.1161/ATVBAHA.110.214619
http://dx.doi.org/10.1038/ng1095-130
http://dx.doi.org/10.1038/81664
http://dx.doi.org/10.1038/ng1868
http://dx.doi.org/10.1016/j.ajhg.2010.01.010
http://dx.doi.org/10.1073/pnas.101545198
http://dx.doi.org/10.1073/pnas.101545198
http://dx.doi.org/10.1096/fj.10-177816
http://dx.doi.org/10.2215/CJN.00520108
http://dx.doi.org/10.1086/499409
http://dx.doi.org/10.1210/jc.2003-030036
http://dx.doi.org/10.1210/jc.2003-030036
http://dx.doi.org/10.1002/jbmr.5650070602
http://dx.doi.org/10.1002/jbmr.5650070602
http://dx.doi.org/10.1056/NEJM198010303031802
http://dx.doi.org/10.1172/JCI111900
http://dx.doi.org/10.1056/NEJM199112263252604
http://dx.doi.org/10.1056/NEJM199112263252604
http://dx.doi.org/10.1136/adc.56.3.203
http://dx.doi.org/10.1002/jbmr.340
http://dx.doi.org/10.1210/jcem.76.4.8473393
http://www.endocrineconnections.org
http://dx.doi.org/10.1530/EC-13-0103
http://creativecommons.org/licenses/by/3.0/deed.en_GB
http://creativecommons.org/licenses/by/3.0/deed.en_GB

Endocrine Connections

3

4

A Linglart et al.

28 Haffner D, Weinfurth A, Manz F, Schmidt H, Bremer HJ, Mehls O &

Scharer K. Long-term outcome of paediatric patients with hereditary
tubular disorders. Nephron 1999 83 250-260. (doi:10.1159/
000045518)

29 Haffner D, Nissel R, Wuhl E & Mehls O. Effects of growth hormone

treatment on body proportions and final height among small children
with X-linked hypophosphatemic rickets. Pediatrics 2004 113
€593-e596.

30 Steendijk R & Hauspie RC. The pattern of growth and growth

retardation of patients with hypophosphataemic vitamin D-resistant
rickets: a longitudinal study. European Journal of Pediatrics 1992 151
422-427. (doi:10.1007/BF01959355)

Jehan F, Gaucher C, Nguyen TM, Walrant-Debray O, Lahlou N,
Sinding C, Dechaux M & Garabedian M. Vitamin D receptor genotype
in hypophosphatemic rickets as a predictor of growth and response to
treatment. Journal of Clinical Endocrinology and Metabolism 2008 93
4672-4682. (d0i:10.1210/jc.2007-2553)

—

32 Ariceta G & Langman CB. Growth in X-linked hypophosphatemic

rickets. European Journal of Pediatrics 2007 166 303-309. (doi:10.1007/
500431-006-0357-z)

33 Zivicnjak M, Schnabel D, Billing H, Staude H, Filler G, Querfeld U,

Schumacher M, Pyper A, Schroder C, Bramswig J et al. Age-related
stature and linear body segments in children with X-linked
hypophosphatemic rickets. Pediatric Nephrology 2011 26 223-231.
(doi:10.1007/5s00467-010-1705-9)

34 Huiming Y & Chaomin W. Recombinant growth hormone therapy

for X-linked hypophosphatemia in children. Cochrane Database of
Systematic Reviews 2005 CD004447. (doi:10.1002/14651858.
CD004447.pub2)

35 Baroncelli GI, Bertelloni S, Ceccarelli C & Saggese G. Effect of growth

hormone treatment on final height, phosphate metabolism, and bone
mineral density in children with X-linked hypophosphatemic rickets.
Journal of Pediatrics 2001 138 236-243. (doi:10.1067/mpd.2001.
108955)

36 Reusz GS, Miltenyi G, Stubnya G, Szabo A, Horvath C, Byrd DJ, Peter F

& Tulassay T. X-linked hypophosphatemia: effects of treatment with
recombinant human growth hormone. Pediatric Nephrology 1997 11
573-577. (doi:10.1007/s004670050340)

37 Saggese G, Baroncelli GI, Bertelloni S & Perri G. Long-term growth

hormone treatment in children with renal hypophosphatemic rickets:
effects on growth, mineral metabolism, and bone density. Journal of
Pediatrics 1995 127 395-402. (doi:10.1016/50022-3476(95)70070-6)

38 Seikaly MG, Brown R & Baum M. The effect of recombinant human

growth hormone in children with X-linked hypophosphatemia.
Pediatrics 1997 100 879-884. (doi:10.1542/peds.100.5.879)

39 Zivicnjak M, Schnabel D, Staude H, Even G, Marx M, Beetz R,

Holder M, Billing H, Fischer DC, Rabl W et al. Three-year growth
hormone treatment in short children with X-linked hypophospha-
temic rickets: effects on linear growth and body disproportion.
Journal of Clinical Endocrinology and Metabolism 2011 96 E2097-E210S.
(d0i:10.1210/j¢.2011-0399)

40 Yu Y, Sanderson SR, Reyes M, Sharma A, Dunbar N, Srivastava T,

Juppner H & Bergwitz C. Novel NaPi-IIc mutations causing HHRH and
idiopathic hypercalciuria in several unrelated families: long-term
follow-up in one kindred. Bone 2012 50 1100-1106. (d0i:10.1016/j.
bone.2012.02.015)

Veilleux LN, Cheung MS, Glorieux FH & Rauch F. The muscle-bone
relationship in X-linked hypophosphatemic rickets. Journal of Clinical
Endocrinology and Metabolism 2013 98 E990-E995. (doi:10.1210/
jc.2012-4146)

—_

42 Kocaoglu M, Bilen FE, Sen C, Eralp L & Balci HI. Combined technique

for the correction of lower-limb deformities resulting from metabolic
bone disease. Journal of Bone and Joint Surgery 2011 93 52-56. (doi:10.
1302/0301-620X.93B1.24788)

43 Petje G, Meizer R, Radler C, Aigner N & Grill F. Deformity correction

in children with hereditary hypophosphatemic rickets. Clinical

Therapy of hypophosphatemia

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

16-18 3:R28

Orthopaedics and Related Research 2008 466 3078-3085. (doi:10.1007/
$11999-008-0547-2)

Dilawaiz Nadeem R, Quick TJ & Eastwood DM. Focal dome osteotomy
for the correction of tibial deformity in children. Journal of Pediatrics
Orthopaedics. Part B 2005 14 340-346.

Sullivan W, Carpenter T, Glorieux F, Travers R & Insogna K. A prospective
trial of phosphate and 1,25-dihydroxyvitamin D3 therapy in sympto-
matic adults with X-linked hypophosphatemic rickets. Journal of Clinical
Endocrinology and Metabolism 1992 75 879-885. (d0i:10.1210/jcem.75.3.
1517380)

Imel EA, DiMeglio LA, Hui SL, Carpenter TO & Econs MJ. Treatment of
X-linked hypophosphatemia with calcitriol and phosphate increases
circulating fibroblast growth factor 23 concentrations. Journal of
Clinical Endocrinology and Metabolism 1850 95 1846-1846.
(d0i:10.1210/j¢.2009-1671)

Rivkees SA, el-Hajj-Fuleihan G, Brown EM & Crawford JD. Tertiary
hyperparathyroidism during high phosphate therapy of familial
hypophosphatemic rickets. Journal of Clinical Endocrinology and
Metabolism 1992 75 1514-1518. (d0i:10.1210/jcem.75.6.1464657)
Taylor A, Sherman NH & Norman ME. Nephrocalcinosis in X-linked
hypophosphatemia: effect of treatment versus disease. Pediatric
Nephrology 1995 9 173-175. (doi:10.1007/BF00860736)

Carpenter TO, Keller M, Schwartz D, Mitnick M, Smith C, Ellison A,
Carey D, Comite F, Horst R, Travers R et al. 24,25 Dihydroxyvitamin D
supplementation corrects hyperparathyroidism and improves skeletal
abnormalities in X-linked hypophosphatemic rickets — a clinical
research center study. Journal of Clinical Endocrinology and Metabolism
1996 81 2381-2388. (doi:10.1210/jcem.81.6.8964881)

Holick MF. Vitamin D deficiency. New England Journal of Medicine 2007
357 266-281. (doi:10.1056/NEJMra070553)

Mitchell DM & Juppner H. Regulation of calcium homeostasis and
bone metabolism in the fetus and neonate. Current Opinion in
Endocrinology, Diabetes, and Obesity 2010 17 25-30. (doi:10.1097/MED.
0b013e328334f041)

Angelin B, Larsson TE & Rudling M. Circulating fibroblast growth
factors as metabolic regulators — a critical appraisal. Cell Metabolism
2012 16 693-705. (doi:10.1016/j.cmet.2012.11.001)

Faul C, Amaral AP, Oskouei B, Hu MC, Sloan A, Isakova T,

Gutierrez OM, Aguillon-Prada R, Lincoln J, Hare JM et al. FGF23
induces left ventricular hypertrophy. Journal of Clinical Investigation
2011 121 4393-4408. (doi:10.1172/JCI46122)

Liang G, Katz LD, Insogna KL, Carpenter TO & Macica CM. Survey of
the enthesopathy of X-linked hypophosphatemia and its character-
ization in Hyp mice. Calcified Tissue International 2009 85 235-246.
(doi:10.1007/500223-009-9270-6)

Meister M, Johnson A, Popelka GR, Kim GS & Whyte MP. Audiologic
findings in young patients with hypophosphatemic bone disease.
Annals of Otology, Rhinology, and Laryngology 1986 95 415-420.
Pantel G, Probst R, Podvinec M & Gurtler N. Hearing loss and
fluctuating hearing levels in X-linked hypophosphataemic osteoma-
lacia. Journal of Laryngology and Otology 2009 123 136-140.
(doi:10.1017/50022215107001636)

Davies M, Kane R & Valentine J. Impaired hearing in X-linked
hypophosphataemic (vitamin-D-resistant) osteomalacia. Annals of
Internal Medicine 1984 100 230-232. (d0i:10.7326/0003-4819-
100-2-230)

O’Malley SP, Adams JE, Davies M & Ramsden RT. The petrous
temporal bone and deafness in X-linked hypophosphataemic osteo-
malacia. Clinical Radiology 1988 39 528-530. (doi:10.1016/S0009-
9260(88)80224-1)

Lorenz-Depiereux B, Guido VE, Johnson KR, Zheng QY, Gagnon LH,
Bauschatz JD, Davisson MT, Washburn LL, Donahue LR, Strom TM
et al. New intragenic deletions in the Phex gene clarify X-linked
hypophosphatemia-related abnormalities in mice. Mammalian
Genome 2004 15 151-161. (doi:10.1007/s00335-003-2310-z)

© 2014 The authors
Published by Bioscientifica Ltd

http://www.endocrineconnections.org
DOI: 10.1530/EC-13-0103

(Ol

This work is licensed under a Creative Commons
Attribution 3.0 Unported License.


http://dx.doi.org/10.1159/000045518
http://dx.doi.org/10.1159/000045518
http://dx.doi.org/10.1007/BF01959355
http://dx.doi.org/10.1210/jc.2007-2553
http://dx.doi.org/10.1007/s00431-006-0357-z
http://dx.doi.org/10.1007/s00431-006-0357-z
http://dx.doi.org/10.1007/s00467-010-1705-9
http://dx.doi.org/10.1002/14651858.CD004447.pub2
http://dx.doi.org/10.1002/14651858.CD004447.pub2
http://dx.doi.org/10.1067/mpd.2001.108955
http://dx.doi.org/10.1067/mpd.2001.108955
http://dx.doi.org/10.1007/s004670050340
http://dx.doi.org/10.1016/S0022-3476(95)70070-6
http://dx.doi.org/10.1542/peds.100.5.879
http://dx.doi.org/10.1210/jc.2011-0399
http://dx.doi.org/10.1016/j.bone.2012.02.015
http://dx.doi.org/10.1016/j.bone.2012.02.015
http://dx.doi.org/10.1210/jc.2012-4146
http://dx.doi.org/10.1210/jc.2012-4146
http://dx.doi.org/10.1302/0301-620X.93B1.24788
http://dx.doi.org/10.1302/0301-620X.93B1.24788
http://dx.doi.org/10.1007/s11999-008-0547-2
http://dx.doi.org/10.1007/s11999-008-0547-2
http://dx.doi.org/10.1210/jcem.75.3.1517380
http://dx.doi.org/10.1210/jcem.75.3.1517380
http://dx.doi.org/10.1210/jc.2009-1671
http://dx.doi.org/10.1210/jcem.75.6.1464657
http://dx.doi.org/10.1007/BF00860736
http://dx.doi.org/10.1210/jcem.81.6.8964881
http://dx.doi.org/10.1056/NEJMra070553
http://dx.doi.org/10.1097/MED.0b013e328334f041
http://dx.doi.org/10.1097/MED.0b013e328334f041
http://dx.doi.org/10.1016/j.cmet.2012.11.001
http://dx.doi.org/10.1172/JCI46122
http://dx.doi.org/10.1007/s00223-009-9270-6
http://dx.doi.org/10.1017/S0022215107001636
http://dx.doi.org/10.7326/0003-4819-100-2-230
http://dx.doi.org/10.7326/0003-4819-100-2-230
http://dx.doi.org/10.1016/S0009-9260(88)80224-1
http://dx.doi.org/10.1016/S0009-9260(88)80224-1
http://dx.doi.org/10.1007/s00335-003-2310-z
http://www.endocrineconnections.org
http://dx.doi.org/10.1530/EC-13-0103
http://creativecommons.org/licenses/by/3.0/deed.en_GB
http://creativecommons.org/licenses/by/3.0/deed.en_GB

Endocrine Connections

60

6

—

62

63

64

65

66

67

68

69

70

7

—_

72

73

74

75

76

A Linglart et al.

Lyon MF, Scriver CR, Baker LR, Tenenhouse HS, Kronick ] & Mandla S.
The Gy mutation: another cause of X-linked hypophosphatemia in
mouse. PNAS 1986 83 4899-4903. (doi:10.1073/pnas.83.13.4899)
Boneh A, Reade TM, Scriver CR & Rishikof E. Audiometric evidence for
two forms of X-linked hypophosphatemia in humans, apparent
counterparts of Hyp and Gy mutations in mouse. American Journal of
Medical Genetics 1987 27 997-1003. (doi:10.1002/ajmg.1320270434)
Weir N. Sensorineural deafness associated with recessive hypophos-
phataemic rickets. Journal of Laryngology and Otology 1977 91 717-722.
(doi:10.1017/50022215100084255)

Brachet C, Mansbach AL, Clerckx A, Deltenre P & Heinrichs C. Hearing
loss is part of the clinical picture of ENPP1 loss of function mutation.
Hormone Research in Paediatrics 2013. (doi:10.1159/000354661)
Chaussain-Miller C, Sinding C, Wolikow M, Lasfargues JJ, Godeau G &
Garabedian M. Dental abnormalities in patients with familial
hypophosphatemic vitamin D-resistant rickets: prevention by early
treatment with 1-hydroxyvitamin D. Journal of Pediatrics 2003 142
324-331. (doi:10.1067/mpd.2003.119)

Seow WK, Brown JP, Tudehope DA & O’Callaghan M. Dental defects in
the deciduous dentition of premature infants with low birth weight
and neonatal rickets. Pediatric Dentistry 1984 6 88-92.
Chaussain-Miller C, Fioretti F, Goldberg M & Menashi S. The role of
matrix metalloproteinases (MMPs) in human caries. Journal of Dental
Research 2006 85 22-32. (doi:10.1177/154405910608500104)
Murayama T, Iwatsubo R, Akiyama S, Amano A & Morisaki I. Familial
hypophosphatemic vitamin D-resistant rickets: dental findings and
histologic study of teeth. Oral Surgery, Oral Medicine, Oral Pathology,
Oral Radiology, and Endodontics 2000 90 310-316. (doi:10.1067/moe.
2000.107522)

Chaussain-Miller C, Sinding C, Septier D, Wolikow M, Goldberg M &
Garabedian M. Dentin structure in familial hypophosphatemic
rickets: benefits of vitamin D and phosphate treatment. Oral Disease
2007 13 482-489. (doi:10.1111/j.1601-0825.2006.01326.x)

Ruchon AF, Tenenhouse HS, Marcinkiewicz M, Siegfried G, Aubin JE,
DesGroseillers L, Crine P & Boileau G. Developmental expression and
tissue distribution of Phex protein: effect of the Hyp mutation and
relationship to bone markers. Journal of Bone and Mineral Research 2000
15 1440-1450. (d0i:10.1359/jbmr.2000.15.8.1440)

Thompson DL, Sabbagh Y, Tenenhouse HS, Roche PC, Drezner MK,
Salisbury JL, Grande JP, Poeschla EM & Kumar R. Ontogeny of
Phex/PHEX protein expression in mouse embryo and subcellular
localization in osteoblasts. Journal of Bone and Mineral Research 2002 17
311-320. (doi:10.1359/jbmr.2002.17.2.311)

Boukpessi T, Septier D, Bagga S, Garabedian M, Goldberg M &
Chaussain-Miller C. Dentin alteration of deciduous teeth in human
hypophosphatemic rickets. Calcified Tissue International 2006 79
294-300. (doi:10.1007/500223-006-0182-4)

Barros NM, Hoac B, Neves RL, Addison WN, Assis DM, Murshed M,
Carmona AK & McKee MD. Proteolytic processing of osteopontin by
PHEX and accumulation of osteopontin fragments in Hyp mouse
bone, the murine model of X-linked hypophosphatemia. Journal of
Bone and Mineral Research 2013 28 688-699. (d0i:10.1002/jbmr.1766)
Ye L, Liu R, White N, Alon US & Cobb CM. Periodontal status of
patients with hypophosphatemic rickets: a case series. Journal of
Periodontology 2011 82 1530-1535. (doi:10.1902/jop.2011.100736)
Resnick D. Implant placement and guided tissue regeneration in a
patient with congenital vitamin D-resistant rickets. Journal of Oral
Implantology 1998 24 214-218. (d0i:10.1563/1548-1336(1998)024 <
0214:IPAGTR>2.3.CO;2)

Ye L, Zhang S, Ke H, Bonewald LF & Feng JQ. Periodontal breakdown
in the Dmp1 null mouse model of hypophosphatemic rickets.
Journal of Dental Research 2008 87 624-629. (d0i:10.1177/
154405910808700708)

Fong H, Chu EY, Tompkins KA, Foster BL, Sitara D, Lanske B &
Somerman M]J. Aberrant cementum phenotype associated with the

Therapy of hypophosphatemia

77

78

79

80

81

82

83

84

85

86
87

88

89

90

17-18 3:R29

hypophosphatemic hyp mouse. Journal of Periodontology 2009 80
1348-1354. (d0i:10.1902/jop.2009.090129)

Douyere D, Joseph C, Gaucher C, Chaussain C & Courson F. Familial
hypophosphatemic vitamin D-resistant rickets — prevention of
spontaneous dental abscesses on primary teeth: a case report. Oral
Surgery, Oral Medicine, Oral Pathology, Oral Radiology, and Endodontics
2009 107 525-530. (doi:10.1016/j.tripleo.2008.12.003)

Gaucher C, Boukpessi T, Septier D, Jehan F, Rowe PS, Garabedian M,
Goldberg M & Chaussain-Miller C. Dentin noncollagenous matrix
proteins in familial hypophosphatemic rickets. Cells, Tissues, Organs
2009 189 219-223. (doi:10.1159/000151382)

Boukpessi T, Gaucher C, Leger T, Salmon B, Le Faouder J, Willig C,
Rowe PS, Garabedian M, Meilhac O & Chaussain C. Abnormal
presence of the matrix extracellular phosphoglycoprotein-derived
acidic serine- and aspartate-rich motif peptide in human hypophos-
phatemic dentin. American Journal of Pathology 2010 177 803-812.
(doi:10.2353/ajpath.2010.091231)

Weyant RJ, Tracy SL, Anselmo TT, Beltran-Aguilar ED, Donly K],
Frese WA, Hujoel PP, Iafolla T, Kohn W, Kumar J et al. Topical fluoride
for caries prevention: executive summary of the updated clinical
recommendations and supporting systematic review. Journal of the
American Dental Association 2013 144 1279-1291. (doi:10.14219/jada.
archive.2013.0057)

Kawakami M & Takano-Yamamoto T. Orthodontic treatment of a
patient with hypophosphatemic vitamin D-resistant rickets. ASDC
Journal of Dentistry for Children 1997 64 395-399.

Yamazaki Y, Tamada T, Kasai N, Urakawa I, Aono Y, Hasegawa H,
Fujita T, Kuroki R, Yamashita T, Fukumoto S et al. Anti-FGF23
neutralizing antibodies show the physiological role and structural
features of FGF23. Journal of Bone and Mineral Research 2008 23
1509-1518. (doi:10.1359/jbmr.080417)

Aono Y, Yamazaki Y, Yasutake J, Kawata T, Hasegawa H, Urakawa I,
Fujita T, Wada M, Yamashita T, Fukumoto S et al. Therapeutic effects of
anti-FGF23 antibodies in hypophosphatemic rickets/osteomalacia.
Journal of Bone and Mineral Research 1888 24 1879-1879. (doi:10.1359/
jbmr.090509)

Aono Y, Hasegawa H, Yamazaki Y, Shimada T, Fujita T, Yamashita T &
Fukumoto S. Anti-FGF-23 neutralizing antibodies ameliorate muscle
weakness and decreased spontaneous movement of Hyp mice.
Journal of Bone and Mineral Research 2011 26 803-810. (doi:10.1002/
jbmr.275)

Carpenter TO, Imel EA, Ruppe MD, Weber TJ, Klausner MA,
Wooddell MM, Kawakami T, Ito T, Zhang X, Humphrey J et al.
Randomized trial of the anti-FGF23 antibody KRN23 in X-linked
hypophosphatemia. Journal of Clinical Investigation 2014 72829.
(doi:10.1172/JCI172829)

ClinicalTrials.gov identifier: NCT01340482.

Goetz R, Nakada Y, Hu MC, Kurosu H, Wang L, Nakatani T, Shi M,
Eliseenkova AV, Razzaque MS, Moe OW et al. Isolated C-terminal tail
of FGF23 alleviates hypophosphatemia by inhibiting FGF23-FGFR-
Klotho complex formation. PNAS 2010 107 407-412. (doi:10.1073/
pnas.0902006107)

Wohrle S, Henninger C, Bonny O, Thuery A, Beluch N, Hynes NE,
Guagnano V, Sellers WR, Hofmann F, Kneissel M et al. Pharma-
cological inhibition of fibroblast growth factor (FGF) receptor
signaling ameliorates FGF23-mediated hypophosphatemic rickets.
Journal of Bone and Mineral Research 2013 28 899-911. (d0i:10.1002/
jbmr.1810)

Pi M & Quarles LD. Novel bone endocrine networks integrating
mineral and energy metabolism. Current Osteoporosis Reports 2013 11
391-399. (doi:10.1007/s11914-013-0178-8)

Bhadada SK, Palnitkar S, Qiu S, Parikh N, Talpos GB & Rao SD.
Deliberate total parathyroidectomy: a potentially novel therapy for
tumor-induced hypophosphatemic osteomalacia. Journal of Clinical
Endocrinology and Metabolism 2013 98 4273-4278. (d0i:10.1210/
jc.2013-2705)

http://www.endocrineconnections.org
DOI: 10.1530/EC-13-0103

© 2014 The authors
Published by Bioscientifica Ltd

(Ol

This work is licensed under a Creative Commons
Attribution 3.0 Unported License.


http://dx.doi.org/10.1073/pnas.83.13.4899
http://dx.doi.org/10.1002/ajmg.1320270434
http://dx.doi.org/10.1017/S0022215100084255
http://dx.doi.org/10.1159/000354661
http://dx.doi.org/10.1067/mpd.2003.119
http://dx.doi.org/10.1177/154405910608500104
http://dx.doi.org/10.1067/moe.2000.107522
http://dx.doi.org/10.1067/moe.2000.107522
http://dx.doi.org/10.1111/j.1601-0825.2006.01326.x
http://dx.doi.org/10.1359/jbmr.2000.15.8.1440
http://dx.doi.org/10.1359/jbmr.2002.17.2.311
http://dx.doi.org/10.1007/s00223-006-0182-4
http://dx.doi.org/10.1002/jbmr.1766
http://dx.doi.org/10.1902/jop.2011.100736
http://dx.doi.org/10.1563/1548-1336(1998)024%3c0214:IPAGTR%3e2.3.CO;2
http://dx.doi.org/10.1563/1548-1336(1998)024%3c0214:IPAGTR%3e2.3.CO;2
http://dx.doi.org/10.1177/154405910808700708
http://dx.doi.org/10.1177/154405910808700708
http://dx.doi.org/10.1902/jop.2009.090129
http://dx.doi.org/10.1016/j.tripleo.2008.12.003
http://dx.doi.org/10.1159/000151382
http://dx.doi.org/10.2353/ajpath.2010.091231
http://dx.doi.org/10.14219/jada.archive.2013.0057
http://dx.doi.org/10.14219/jada.archive.2013.0057
http://dx.doi.org/10.1359/jbmr.080417
http://dx.doi.org/10.1359/jbmr.090509
http://dx.doi.org/10.1359/jbmr.090509
http://dx.doi.org/10.1002/jbmr.275
http://dx.doi.org/10.1002/jbmr.275
http://dx.doi.org/10.1172/JCI72829
http://dx.doi.org/10.1073/pnas.0902006107
http://dx.doi.org/10.1073/pnas.0902006107
http://dx.doi.org/10.1002/jbmr.1810
http://dx.doi.org/10.1002/jbmr.1810
http://dx.doi.org/10.1007/s11914-013-0178-8
http://dx.doi.org/10.1210/jc.2013-2705
http://dx.doi.org/10.1210/jc.2013-2705
http://www.endocrineconnections.org
http://dx.doi.org/10.1530/EC-13-0103
http://creativecommons.org/licenses/by/3.0/deed.en_GB
http://creativecommons.org/licenses/by/3.0/deed.en_GB

Endocrine Connections

9
92

—_

93

94

95

96

97

A Linglart et al.

ClinicalTrials.gov identifier: NCT01652573.

Yuan B, Feng JQ, Bowman S, Liu Y, Blank RD, Lindberg I &

Drezner MK. Hexa-p-arginine treatment increases 7B2*PC2 activity in
hyp-mouse osteoblasts and rescues the HYP phenotype. Journal of Bone
and Mineral Research 2013 28 56-72. (doi:10.1002/jbmr.1738)
Addison WN, Masica DL, Gray JJ] & McKee MD. Phosphorylation-
dependent inhibition of mineralization by osteopontin ASARM
peptides is regulated by PHEX cleavage. Journal of Bone and Mineral
Research 2010 25 695-705. (doi:10.1002/jbmr.110)

Addison WN, Nakano Y, Loisel T, Crine P & McKee MD. MEPE-ASARM
peptides control extracellular matrix mineralization by binding to
hydroxyapatite: an inhibition regulated by PHEX cleavage of ASARM.
Journal of Bone and Mineral Research 2008 23 1638-1649. (doi:10.1359/
jbmr.080601)

Rafaelsen SH, Raeder H, Fagerheim AK, Knappskog P, Carpenter TO,
Johansson S & Bjerknes R. Exome sequencing reveals FAM20c
mutations associated with fibroblast growth factor 23-related hypo-
phosphatemia, dental anomalies, and ectopic calcification. Journal of
Bone and Mineral Research 2013 28 1378-1385. (doi:10.1002/jbmr.
1850)

White KE, Cabral JM, Davis SI, Fishburn T, Evans WE, Ichikawa S,
Fields J, Yu X, Shaw NJ, McLellan NJ et al. Mutations that cause
osteoglophonic dysplasia define novel roles for FGFR1 in bone
elongation. American Journal of Human Genetics 2005 76 361-367.
(doi:10.1086/427956)

Riminucci M, Collins MT, Fedarko NS, Cherman N, Corsi A, White KE,
Waguespack S, Gupta A, Hannon T, Econs MJ et al. FGF-23 in fibrous

Therapy of hypophosphatemia

10

18-18 3:R30

dysplasia of bone and its relationship to renal phosphate wasting.
Journal of Clinical Investigation 2003 112 683-692. (doi:10.1172/
JCI18399)

98 Lim YH, Ovejero D, Sugarman JS, Deklotz CM, Maruri A,

Eichenfield LF, Kelley PK, Juppner H, Gottschalk M, Tifft CJ et al.
Multilineage somatic activating mutations in HRAS and NRAS cause
mosaic cutaneous and skeletal lesions, elevated FGF23 and hypopho-
sphatemia. Human Molecular Genetics 2014 23 397-407. (doi:10.1093/
hmg/ddt429)

99 Costa T, Marie PJ, Scriver CR, Cole DE, Reade TM, Nogrady B,

Glorieux FH & Delvin EE. X-linked hypophosphatemia: effect of
calcitriol on renal handling of phosphate, serum phosphate, and bone
mineralization. Journal of Clinical Endocrinology and Metabolism 1981
52 463-472. (doi:10.1210/jcem-52-3-463)

100 Tsuru N, Chan JC & Chinchilli VM. Renal hypophosphatemic rickets.

Growth and mineral metabolism after treatment with calcitriol
(1,25-dihydroxyvitamin D3) and phosphate supplementation.
American Journal of Diseases of Children 1987 141 108-110.
(doi:10.1001/archpedi.1987.04460010108039)

Balsan S & Tieder M. Linear growth in patients with hypopho-
sphatemic vitamin D-resistant rickets: influence of treatment regimen
and parental height. Journal of Pediatrics 1990 116 365-371.
(doi:10.1016/50022-3476(05)82822-7)

fury

102 Makitie O, Kooh SW & Sochett E. Prolonged high-dose phosphate

treatment: a risk factor for tertiary hyperparathyroidism in X-linked
hypophosphatemic rickets. Clinical Endocrinology 2003 58 163-168.
(doi:10.1046/j.1365-2265.2003.01685.x)

Received in final form 2 February 2014
Accepted 18 February 2014

http://www.endocrineconnections.org
DOI: 10.1530/EC-13-0103

© 2014 The authors
Published by Bioscientifica Ltd

This work is licensed under a Creative Commons
Attribution 3.0 Unported License.

(Ol


http://dx.doi.org/10.1002/jbmr.1738
http://dx.doi.org/10.1002/jbmr.110
http://dx.doi.org/10.1359/jbmr.080601
http://dx.doi.org/10.1359/jbmr.080601
http://dx.doi.org/10.1002/jbmr.1850
http://dx.doi.org/10.1002/jbmr.1850
http://dx.doi.org/10.1086/427956
http://dx.doi.org/10.1172/JCI18399
http://dx.doi.org/10.1172/JCI18399
http://dx.doi.org/10.1093/hmg/ddt429
http://dx.doi.org/10.1093/hmg/ddt429
http://dx.doi.org/10.1210/jcem-52-3-463
http://dx.doi.org/10.1001/archpedi.1987.04460010108039
http://dx.doi.org/10.1016/S0022-3476(05)82822-7
http://dx.doi.org/10.1046/j.1365-2265.2003.01685.x
http://www.endocrineconnections.org
http://dx.doi.org/10.1530/EC-13-0103
http://creativecommons.org/licenses/by/3.0/deed.en_GB
http://creativecommons.org/licenses/by/3.0/deed.en_GB

	Introduction
	Therapy in children
	Outline placeholder
	Medical treatment for phosphate wasting
	Orthopedic and surgical management in children


	Therapy in adults
	Outline placeholder
	Metabolism
	Rheumatology


	Ears
	Dental and periodontal defects
	Outline placeholder
	Clinical approaches


	Novel therapies
	Conclusion
	Declaration of interest
	Funding
	Author contribution statement
	References

