
Transgenic Mice Expressing Fibroblast Growth Factor
23 under the Control of the �1(I) Collagen Promoter
Exhibit Growth Retardation, Osteomalacia, and
Disturbed Phosphate Homeostasis

TOBIAS LARSSON, RICHARD MARSELL, ERNESTINA SCHIPANI, CLAES OHLSSON,
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Mutations in the fibroblast growth factor 23 gene, FGF23, cause
autosomal dominant hypophosphatemic rickets (ADHR). The
gene product, FGF-23, is produced by tumors from patients
with oncogenic osteomalacia (OOM), circulates at increased
levels in most patients with X-linked hypophosphatemia
(XLH) and is phosphaturic when injected into rats or mice,
suggesting involvement in the regulation of phosphate (Pi)
homeostasis. To better define the precise role of FGF-23 in
maintaining Pi balance and bone mineralization, we gener-
ated transgenic mice that express wild-type human FGF-23,
under the control of the �1(I) collagen promoter, in cells of the
osteoblastic lineage. At 8 wk of age, transgenic mice were
smaller (body weight � 17.5 � 0.57 vs. 24.3 � 0.37 g), exhibited
decreased serum Pi concentrations (1.91 � 0.27 vs. 2.75 � 0.22
mmol/liter) and increased urinary Pi excretion when com-
pared with wild-type littermates. The serum concentrations

of human FGF-23 (undetectable in wild-type mice) was mark-
edly elevated in transgenic mice (>7800 reference units/ml).
Serum PTH levels were increased in transgenic mice (231 � 62
vs. 139 � 44 pg/ml), whereas differences in calcium and 1,25-
dihydroxyvitamin D were not apparent. Expression of Npt2a,
the major renal Na�/Pi cotransporter, as well as Npt1 and
Npt2c mRNAs, was significantly decreased in the kidneys of
transgenic mice. Histology of tibiae displayed a disorganized
and widened growth plate and peripheral quantitative
computerized tomography analysis revealed reduced bone
mineral density in transgenic mice. The data indicate that
FGF-23 induces phenotypic changes in mice resembling those
of patients with ADHR, OOM, and XLH and that FGF-23 is
an important determinant of Pi homeostasis and bone
mineralization. (Endocrinology 145: 3087–3094, 2004)

FIBROBLAST GROWTH FACTOR 23 (FGF-23) is a novel
secreted protein encoded by a gene that is mutated in

autosomal dominant hypophosphatemic rickets (ADHR) (1).
Patients with ADHR exhibit clinical and biochemical charac-
teristics that resemble those of patients with oncogenic osteo-
malacia (OOM) and X-linked hypophosphatemia (XLH). OOM
is a paraneoplastic disease where small and usually benign
tumors are associated with renal phosphate (Pi) wasting, gen-
eralized osteomalacia and muscle weakness (2). XLH is the
most common form of inherited rickets and is caused by inac-
tivating mutations in the PHEX gene (a Pi-regulating protein
with homologies to endopeptidases encoded by a gene on the

X chromosome) (3). All three disorders are characterized by
hypophosphatemia due to increased renal Pi clearance, low or
inappropriately normal levels of circulating 1,25-dihydroxy-
vitamin D3 [1,25(OH)2D3] and rickets/osteomalacia. Current
evidence indicates that FGF-23 may be involved in the patho-
genesis of all three disorders.

In ADHR, missense mutations in FGF23 (R176Q, R179W, and
R179Q) change Arg residues within a subtilisin-like proprotein
convertase recognition site (176RHTR179) (4, 5). Mammalian or
insect cells expressing wild-type human FGF-23 (hFGF-23)
secrete, in addition to the expected 32-kDa full-length protein,
a 12- to 16-kDa carboxy-terminal fragment and a 20-kDa amino-
terminal fragment (6–8). In contrast, cells expressing mutant
FGF-23 secrete only the full-length protein, suggesting that the
mutations prevent proteolytic processing of FGF-23 (4). There
is evidence to suggest that FGF-23, or fragments thereof, may
also be a substrate for PHEX, a type II membrane-associated
zinc metallopeptidase that is expressed predominantly in cells
of the osteoblast lineage (9–11). Although the data are conflict-
ing, recent observations suggest that PHEX may cleave FGF-23
near the 176RHTR179 site (12–15).

FGF-23 circulates at measurable levels in normal individ-
uals, and serum levels are elevated in OOM patients and
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most XLH patients (16, 17). Furthermore, FGF-23 mRNA and
protein are highly expressed in OOM tumors, and when
these tumors are successfully removed, the circulating
FGF-23 levels in patients return to within the normal range
(2, 18, 19), suggesting involvement of the factor in the patho-
genesis of OOM. Elevated levels of FGF-23 have also been
reported in other human diseases involving disturbed Pi
homeostasis, such as chronic kidney disease (20, 21) and
fibrous dysplasia (22).

Direct evidence for the involvement of FGF-23 in Pi phys-
iology came from studies where recombinant, intact FGF-23
was given parenterally to rodents or through sc implantation
of cells expressing FGF-23 in immunocompromised animals.
These animals develop hypophosphatemia, hyperphospha-
turia, and osteomalacia (23). Data from transgenic animals
expressing FGF-23 ubiquitously under the control of the
CAG promoter also indicated disturbed Pi homeostasis (24),
whereas ablation of the FGF23 gene in mice resulted in sig-
nificant hyperphosphatemia (25). Conflicting data on the
ability of FGF-23 to inhibit Pi transport in renal cells in vitro
(12, 26) makes it uncertain whether the effect seen in the in
vivo models are direct or indirect. Also, it remains to be
established whether the skeletal findings in these animal
models are solely dependent on the systemic effects of
FGF-23 or occur as result of a direct effect of FGF-23 on bone.

The tissue responsible for FGF-23 production has not been
clearly identified. However, recent data demonstrate that the
skeleton appears to be the major site of FGF-23 expression
and that the Hyp mouse, which displays characteristics sim-
ilar to human XLH patients, exhibits increased FGF-23
mRNA levels in calvaria, mandible, and long bones when
compared with wild-type littermates (14). FGF-23 mRNA is
also produced by active osteoblasts in fractures and in the
lesions seen in patients with fibrous dysplasia (22).

The aim of the present study was to investigate the long-
term effects of FGF-23 in vivo. To achieve this goal, we gen-
erated transgenic mice expressing hFGF-23 under the control
of the �1(I) collagen promoter, allowing FGF-23 production
in cells of the osteoblast lineage. We demonstrate in this
model that FGF-23 induces phenotypic changes similar to
those of patients with ADHR, OOM, and XLH and that
FGF-23 is an important determinant of Pi homeostasis, vi-
tamin D metabolism, and bone mineralization.

Materials and Methods
Generation and identification of mice expressing hFGF-23

The full-length cDNA encoding hFGF-23 was amplified by PCR from
a cDNA library derived from an OOM tumor, as previously described
(8). The cDNA was ligated downstream of the 2.3-kb fragment of the
mouse �1(I) collagen promoter contained in the pcDNA1 vector. Re-
striction endonuclease digestions and nucleotide sequence analysis con-
firmed the correct orientation of the construct (data not shown). Nu-
cleotide sequence analysis also confirmed the presence of an in-frame
stop codon and of the native Kozak consensus sequence upstream of the
translation initiation codon. The construct insert, containing the 2.3-kb
fragment of the mouse �1(I) collagen promoter, 753 bp encoding
hFGF-23 and 750 bp from the pcDNAI vector was released from the
vector by digestion with HindIII and ScaI and purified according to
standard techniques. Microinjections into the pronucleus of fertilized
oocytes were performed at the Center for Transgene Technology (Karo-
linska Institute, Stockholm, Sweden). Founder mice of the F2 (CBA X
C57/BL6) strain were mated with wild-type mice to establish individual

transgenic lines. Mice were maintained in a virus- and parasite-free
barrier facility under a 12-h light/12-h dark cycle at Uppsala University
Hospital and weaned at 18 d of age onto autoclaved rodent chow
containing 0.75% Pi, 0.98% calcium and 1500 U/kg vitamin D (R36,
Lactamin, Stockholm, Sweden). The project was approved by the local
ethics committee (approval number C 153/1).

Genotyping

For genotyping, genomic DNA was extracted from the tails using
standard techniques. FGF-23 transgenic mice were detected using South-
ern blotting or RT-PCR with the primer pairs: forward; 5�-ctctgggtctgt-
gccttgtgc-3�; reverse 5�-ggagtacgggggtgggttcat-3� (generating a frag-
ment of 444 bp, corresponding to 123–567 of FGF-23 mRNA) or forward;
5�-ttcacttcaacacccccatac-3�; reverse; 5�-aatagcaaagcaagcaagagt-3� (gener-
ating a fragment of 698 bp, corresponding to 3019–3717 of the construct).
For Southern blotting, the DNA was digested with SacI, electrophoresed
through a 1% agarose gel, blotted onto a nitrocellulose membrane (Am-
ersham Pharmacia Biotech, Uppsala, Sweden). A full-length 32P-labeled
FGF-23 probe was synthesized using the Megaprime Labeling kit (Am-
ersham Pharmacia Biotech). The membrane was hybridized at 68 C
overnight (�1 million counts/ml) in QuickHyb Hybridization Solution
(Stratagene, La Jolla, CA). The membrane was rinsed in standard saline
citrate buffer according to standard procedures. On autoradiographs,
FGF-23 transgenic mouse DNA produced a specific band at 3.1 kb. The
correct genotype was also confirmed by measuring circulating levels of
hFGF-23 using an ELISA detecting the C-terminal portion of hFGF-23
(Immutopics, San Clemente, CA), which also served as assessment of
expression of the transgene. Further proof of expression of the transgene
was obtained by in situ hybridization on decalcified bone sections.

Tissue preparation

For histological analysis, mice expressing hFGF-23 and sex-matched
wild-type littermates were killed by cervical dislocation at 3 d, 18 d, and
8 wk of age. Tissues from mice expressing hFGF-23 and wild-type mice
were fixed in 4% formalin at 4 C overnight. In selected cases, hindlimbs
were decalcified in 20% EDTA in PBS for 3 wk, and paraffin blocks were
prepared by standard histological procedures. For plastic embedding,
samples were fixed in 4% formalin, processed and embedded in meth-
ylmethacrylate according to standard procedure (27, 28).

Histology

Paraffin samples were cut into 6-�m sections. The sections were
stained with hematoxylin and eosin (H&E). Methylmethacrylate sam-
ples were cut into 3-�m sections and stained with von Kossa and Gold-
ner’s Trichrome stain. Histology was performed on 18-d- or 8-wk-old
tibiae.

In situ hybridization

A 35S-labeled antisense RNA probe was transcribed from a linearized
plasmid encoding hFGF-23 using a T7 RNA polymerase. The probes
were purified by gel filtration through a Micro Bio-Spin chromatography
column (Probe Quant, GM 50 Micro Columns, Amersham Pharmacia
Biotech). Deparaffinized sections were hybridized for 12 h and then
rinsed in standard saline citrate buffer according to standard proce-
dures. The slides were covered with photographic emulsion and were
exposed at 4 C for 14 d. Slides were developed and stained with H&E.

Immunohistochemistry

For immunohistochemical detection of Npt2a, frozen renal sections
were fixed in 4% formalin at 4 C for 10 min. A polyclonal rabbit anti-
mouse/human NPT2 (Alpha Diagnostic International, San Antonio, TX)
antibody was used as primary antibody and a biotinylated IgG anti-
rabbit (Vector Laboratories, Järfälla, Sweden) as secondary antibody. For
development, the Avidin-Biotin-Complex kit (Vector Laboratories,
Järfälla, Sweden) was used. Slides were counterstained with Mayer’s
hematoxylin.
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Ribonuclease protection assay

Antisense RNA probes for P450c1�, P450c24 (29), Npt1, Npt2a (30),
Npt2c (31), and �-actin were prepared by transcription of subcloned
cDNA fragments using either T7 or T3 RNA polymerases (Maxiscript
protocol, Ambion, Inc., Austin, TX) and �-32P-labeled uridine triphos-
phate (800 Ci/mmol; NEN Life Science Products, Boston, MA). The
predicted sizes of the ribonuclease-protected fragments were: P450c1�,
493 bp; P450c24, 376 bp; Npt1, 430 bp; Npt2a, 351 bp; Npt2c, 345 bp; and
�-actin, 250 bp. A linearized TRIPLEscript plasmid containing a 250-bp
mouse �-actin cDNA fragment was used as a control template.

The ribonuclease protection assay was performed as we described
previously (31) using the HybSpeed RPA assay kit (Ambion, Inc.). Total
RNA (20 �g), isolated from kidneys using the Trizol reagent (Invitrogen
Life Technologies, Gaithersburg, MD), was hybridized with the appro-
priate riboprobes (5 � 105 cpm) at 68 C for 10 min, and treated with
ribonuclease A (5 U/ml) and T1 (200 U/ml) at 37 C for 30 min. The
remaining protected RNA fragments were precipitated, denatured, and
resolved on a denaturing 5% acrylamide/8 m urea gel. The gel was dried
and exposed to a PhosphorImager screen (Molecular Dynamics, Inc.,
Sunnyvale, CA) for quantitation. Results are expressed as the ratio of
each transcript to �-actin mRNA.

Biochemistry

Arterial blood was collected from anesthetized animals by cutting the
axillary artery. After clotting, the blood was spun and serum collected
for analysis. For urine analysis, spot urine was taken four times during
24 h. Pi and calcium were measured using the phosphorous reagent
kit/calcium kit (Sigma Diagnostics Inc., St. Louis, MO). Creatinine was
measured at the central laboratory, Uppsala University Hospital, Swe-
den. All urine samples were diluted 1:10 in 0.9% NaCl. For PTH and
FGF-23, the Mouse Intact PTH kit and the Human C-terminal FGF-23
ELISA kit were used (Immutopics, San Clemente, CA). 1,25(OH)2D3 was
measured by a specific RIA kit (IDS Ltd., Boldon, UK). Urine cAMP were
measured using the cAMP 200 tube kit (PerkinElmer Life Science, Bos-
ton, MA). The fractional excretion index for Pi (FEI�) or calcium (FEI-
calcium) was calculated as follows: FEIPi � (urine Pi/urine creatinine)/
(serum Pi/serum creatinine).

Dual x-ray absorptiometry (DXA) and quantitative
computerized tomography

Area bone mineral density (BMD) and bone mineral content (BMC)
were measured with peripheral DXA (pDXA) Sabre and Sabre Research
software (Norland Medical Systems, Inc., Fort Atkinson, WI) (32). Ex vivo
measurements of the tibia were performed on excised bones placed on
a 1-cm-thick Plexiglas table. All bones compared were measured in the
same scan (high-resolution scan with line spacing set at 0.01 cm).

Computerized tomography was performed with the Stratec Periph-
eral QCT (pQCT) XCT Research M (software version 5.4B; Norland
Medical Systems, Inc.) operating at a resolution of 70 �m (33). Middi-
aphyseal pQCT scans of the femur and tibia were performed to deter-
mine the cortical cross-sectional area, the cortical BMC, the periosteal
circumference, and the cross-sectional moment of inertia. The middi-
aphyseal region of the long bones in mice contains mainly cortical bone.
Metaphyseal pQCT scans of the proximal part of the tibia were per-
formed to measure trabecular volumetric BMD. The scan was positioned
in the metaphysis at a distance from the growth plate corresponding to
4.5% and 2.6% of the total length of the femur and tibia, respectively (an
area containing cortical as well as trabecular bone). The trabecular bone
region was defined by setting an inner threshold to 400 mg/mm3. The
interassay coefficients of variation for the pQCT measurements were less
than 2%. It should be emphasized that the DXA technique gives the area
BMD, whereas the pQCT gives the real/volumetric BMD. Therefore, a
factor regulating the outer dimensions of a bone will affect the area BMD
(DXA) but not the volumetric BMD (pQCT).

Statistical analysis

Each group studied contained 5–10 mice. Statistical analysis was
performed using the Stat Soft Statistica 6 software package. Values are
expressed as mean � sem. Differences between wild-type and transgenic

groups were calculated using Student�s independent t test. A probability
of P � 0.05 was considered to be statistically significant.

Results
Gross phenotype of mice expressing hFGF-23

Several founder mice were identified and one viable
FGF-23 transgenic line carrying the hFGF-23 transgene was
established. The lines were continuously back-crossed into
C57/BL6 mice, and our analysis was performed on mice in
the fourth to sixth generation using wild-type littermates as
controls. Incorporation of the construct was initially verified
by Southern blotting using a full-length hFGF-23 probe and
then with PCR as described in Materials and Methods. For
subsequent genotyping, the C-terminal hFGF-23 ELISA (Im-
mutopics) was used. hFGF-23 mRNA expression was con-
firmed with in situ hybridization on 3-d-old tibiae from mice
expressing hFGF-23 (Fig. 1). Expression was seen in bone-
forming osteoblasts, which is in agreement with the obser-
vation in other transgenic animals that have been generated
using a similar promoter construct (34). The FGF-23 construct
was transmitted to the progeny with the expected Mendelian
frequency. The number of males and females born were
similar. The gross appearance of mice expressing hFGF-23
was normal during the first week of life. However, visually
detectable changes in body size, shape, and length of ex-
tremities could be observed even before the end of the wean-
ing period. Photographic and x-ray pictures of representative
8-wk-old wild-type and FGF-23 transgenic males are dis-
played in Fig. 2. The mean body weight of the FGF-23 trans-
genic mice was significantly different at d 25, and the dif-
ference increased until adult age (Fig. 3). Mean body weights
were 17.5 � 0.57 vs. 24.3 � 0.37 g for transgenic and wild-type
males, respectively, (P � 0.001) and for females 14.8 � 0.51
vs. 19.1 � 0.67 g (P � 0.001). At 8 wk, tibial bone lengths were
17.8 � 0.23 vs. 13.6 � 0.21 mm for male and 17.2 � 0.11 vs.
13.6 � 0.13 mm for female wild-type and transgenic mice,
respectively.

Serum and urinary biochemistry

Serum and urine parameters in male and female FGF-23
transgenic and wild-type mice were examined at 8 wk (Table

FIG. 1. Expression of transgenic construct. In situ hybridization with
the 35S-labeled full-length hFGF-23 cRNA probe on decalcified sec-
tions of tibiae from 3-d-old FGF-23 transgenic animals. High expres-
sion of hFGF-23 mRNA was seen in the epiphyseal region in osteo-
blastic cells. A, Dark-field; B, light-field.
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1A) and 18 d (Table 1B) of age. At 8 wk, mice expressing
hFGF-23 revealed low serum Pi but normal serum calcium
levels compared with wild-type controls. Creatinine was
unchanged in FGF-23 transgenic mice compared with wild-
type. Also, elevated levels of PTH were observed in FGF-23
transgenic mice. However, no difference in 1,25(OH)2D3 lev-
els were observed in mice expressing hFGF-23 compared
with wild-type. Notably, female FGF-23 transgenic mice ex-
hibited higher levels of circulating FGF-23 than male FGF-23
transgenic mice (Table 1A). Circulating PTH and 1,25(OH)2D3
levels as well as Pi and calcium were also measured at d 18
(Table 1B). Already at this time point, mice expressing
hFGF-23 revealed elevated PTH. In contrast to the levels in
8-wk-old mice, circulating 1,25(OH)2D3 levels were signifi-
cantly lower in mice expressing hFGF-23 compared with
wild type.

The FEIPi and FEIcalcium were determined. FGF-23 trans-
genic mice showed increased urinary Pi loss but no change
in calcium excretion (Table 1A). As an increase in PTH levels
was observed, urinary cAMP in 8-wk-old mice was mea-
sured. No difference in urinary cAMP levels was observed,
possibly indicating a PTH resistance in mice expressing
hFGF-23.

Bone phenotype

Area BMD and area BMC of 8-wk-old FGF-23 transgenic
mice was determined on tibias by DXA. BMC was lower in
mice expressing hFGF-23 compared with wild-type depend-

ing on decreased areal density (Table 2). To investigate the
effect on different bone compartments in more detail we
performed pQCT. Mice expressing hFGF-23 had decreased
volumetric cortical as well as trabecular BMD in comparison
to wild-type. Also, the cortical dimensions including peri-
osteal circumference and cortical thickness were reduced.
The results from these measurements are presented in Table 2.

Gross histology of bone from mice expressing hFGF-23
showed a widening of the epiphyseal growth plate, which
was largely disorganized and disrupted, especially in the
hypertrophic zone (Fig. 4A). Bony trabeculae in the primary
spongiosa appeared to be thicker with increased connectivity
but contained very little mineral (Fig. 4, A and B). Further-
more, in the secondary spongiosa, the amount of trabecular
bone was reduced. Lastly, in the metaphysis, islands of chon-
drocytes surrounded by thick unmineralized bone matrix
were observed in mice expressing hFGF-23 (Fig. 4, A and B).
Von Kossa stainings generally revealed a decreased amount
of mineralized matrix in FGF-23 transgenic mice (Fig. 4B).
Tibiae from 18-d-old mice were examined and at this age,
mineralization was also impaired (Fig. 4C). The thickness of
cortical bone was reduced and both cortical and trabecular
bone contained an increased amount of osteoid and de-
creased amounts of mineralized bone in relation to osteid
(Fig. 4D).

Renal phenotype

We first examined the effect of the hFGF23 transgene on
Na�/Pi cotransporter expression in mouse kidney. The renal
abundance of the major renal Na�/Pi cotransporter Npt2a
mRNA, relative to �-actin mRNA, was significantly de-
creased in both male and female transgenic mice when com-
pared with their wild-type littermates (Fig. 5A). Moreover,
immunohistochemistry of renal sections revealed that Npt2a
protein abundance was also reduced in mice harboring the
hFGF23 transgene (Fig. 6). Renal expression of the Npt2c (Fig.
5B) and Npt1 (males only) (Fig. 5C) mRNAs, relative to
�-actin mRNA, was also significantly decreased in transgenic
mice when compared with normal animals.

The expression of 1�-hydroxylase and 24�-hydroxylase
mRNAs was also compared in wild-type and transgenic
mice. At 8 wk, 1�-hydroxylase abundance, relative to �-actin
mRNA, was reduced in transgenic male mice (not signifi-
cant), but was increased in transgenic female mice (Fig. 5D).
Thus, the renal 1�-hydroxylase expression followed the same
pattern as the circulating levels of 1,25(OH)2D3. Renal 24�-
hydroxylase mRNA, relative to �-actin mRNA, was clearly
increased in transgenic males and also in females (not sig-
nificant) (Fig. 5E).

Parathyroid glands

To further explore the elevated levels of circulating PTH
in mice expressing hFGF-23, we examined the parathyroid
glands histologically at 8 wk. The parathyroid glands in mice
expressing hFGF-23 were hypertrophic, but no structural
changes were observed (Fig. 7).

FIG. 2. Eight-week-old wild-type (left) and FGF-23 transgenic (right)
mice. A, Normal photography; B, x-ray picture. Note the reduced body
size as well as the general osteopenia in mice expressing hFGF-23.

FIG. 3. Growth curves of wild-type and mice expressing hFGF-23.
Measurements were performed every second day during the first 2 wk
and thereafter 2 d a week until 8 wk of age. Males and females were
weighed separately. �, Wild-type females; �, wild-type males; ƒ,
FGF-23 transgenic females; �, FGF-23 transgenic males. Symbols
represent mean total body weight � SEM for n � 6 in each group.
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Discussion

The principal finding of this study is that mice expressing
FGF-23 in bone tissue develop a severe skeletal phenotype
characterized by osteomalacia and disturbed growth plate
architecture. In addition, the FGF-23 transgenic mice are
hypophosphatemic secondary to increased renal Pi clearance
resulting from decreased renal expression of the Na�/Pi
cotransporter genes, Npt2a, Npt2c, and Npt1. Finally, the
transgenic mice show paradoxically low/normal 1,25(OH)2D3
levels. Our data thus indicate that FGF-23 is an important
regulator of Pi homeostasis and vitamin D metabolism. This
conclusion is supported by several previous studies of sys-
temic FGF-23 overexpression (5, 23, 24) and by a study de-
scribing the targeted deletion of the FGF23 gene (25).

Recent reports suggest that FGF-23 is expressed mainly in
active osteoblastic cells (15). FGF-23 expression is also seen
in the histologically disorganized bone lesions of fibrous
dysplasia (22). It is unclear whether bone derived FGF-23 is
acting locally on bone cells or whether its actions are endo-
crine. In our model, FGF-23 is produced in bone. However,
FGF-23 is readily secreted and released into the circulation
and high levels of circulating FGF-23 were observed in this
transgenic model. Our data, therefore, cannot differentiate
between local skeletal actions and systemic effects of FGF-23.

The skeletal phenotype of the FGF-23 transgenic mice
share many characteristics with other rachitic animal models.
For example the Hyp mouse, which carries a deletion of the
PHEX gene, shows a similar bone phenotype as well as
hypophosphatemia secondary to decreased renal expression
of Npt2a, Npt2c, and Npt1 (31). Notably, circulating levels of

FGF-23 are elevated approximately 20-fold in this model (35)
(Tenenhouse, H. S., and T. Yamashita, unpublished data). It
is possible that the bone phenotype in the Hyp and the
FGF-23 transgenic models could be caused by insufficient Pi
at the mineralization front. However, Npt2a knockout mice
do not exhibit rickets and osteomalacia despite significant
hypophosphatemia (36, 37). Moreover, in that model, PHEX
expression is intact (31) and serum levels of FGF-23 are
significantly lower relative to wild-type littermates (Tenen-
house, H. S., and T. Yamashita, unpublished data). This sug-
gests that mechanisms other than hypophosphatemia are
involved in the development of rickets in the animal model
presented here.

It is well known that lack of vitamin D, as in the 1�(OH)ase
null mice (38), or lack of vitamin D receptor (VDR) signaling,
as in the VDR knockout, causes rickets and osteomalacia.
Because vitamin D metabolism in FGF-23 transgenic animals
is disturbed, this could contribute to the rickets observed. In
the VDR null mice, the hypertrophic chondrocyte layer ex-
hibits decreased apoptosis (39) and in vitro data suggest that
Pi is capable of inducing apoptosis in chondrocytes (40).
However, a histologically normal growth plate can be main-
tained in the VDR null mice (41) by increasing the intake of
dietary calcium and phosphorous. Thus, neither hypophos-
phatemia alone nor vitamin D deficiency, under conditions
where the supply of calcium and phosphorous is adequate,
is sufficient to induce rickets/osteomalacia. We therefore
propose that other effects of FGF-23 contribute to deminer-
alization of bone.

Hypophosphatemia is normally a strong stimulator of the

TABLE 1. Serum and urinary biochemistry

Male (wild-type) Male (FGF-23 transgenic) Female (wild-type) Female (FGF-23 transgenic)

A
Pi (mM) 2.75 � 0.22 1.91 � 0.27a 2.16 � 0.15 1.19 � 0.11a

Calcium (mM) 2.17 � 0.10 2.07 � 0.09 2.12 � 0.05 2.08 � 0.05
Creatinine (�M) 56 � 5.8 55 � 2.3 55 � 2.2 49 � 2.9
PTH (pg/ml) 139 � 44 231 � 62b 167 � 38 321 � 47b

1,25(OH)2D3 (pg/ml) 261 � 22 254 � 12 143 � 28 172 � 25
FGF-23 (RU/ml) Not detectable 7,800 � 800 Not detectable 17,600 � 3,500
FEI(Pi) 14.5 � 2.5 34.8 � 7.6a 14.0 � 3.8 72.3 � 31b

FEI(calcium) 19.7 � 7.7 17.1 � 4.6 11.9 � 2.8 18.2 � 3.0
cAMP (pmol/ml) 36,400 � 6,500 40,400 � 14,200 31,800 � 2,900 37,400 � 5,900

B
Pi (mM) 3.17 � 0.16 1.76 � 0.10a 3.20 � 0.12 2.24 � 0.15a

Calcium (mM) 2.31 � 0.05 2.18 � 0.03 2.30 � 0.06 2.33 � 0.07
PTH (pg/ml) 77 � 15 242 � 30a 31 � 10 155 � 20a

1,25(OH)2D3 (pg/ml) 658 � 122 292 � 66b 761 � 294 274 � 84

Serum samples were collected at 8 wk (A) and 18 d (B). Urinary samples were collected at 8 wk. Differences between FGF-23 wild-type and
transgenic mice were calculated for males and females separately. Significance levels are: a P � 0.001; b P � 0.05.

TABLE 2. Results from DXA and pQCT measurements of tibiae in FGF-23 transgenic and wild-type mice

Male (wild-type) Male (FGF-23 transgenic) Female (wild-type) Female (FGF-23 transgenic)

BMD (cm2) 0.045 � 0.003 0.026 � 0.0008a 0.046 � 0.0006 0.030 � 0.0009a

BMC (g) 0.021 � 0.002 0.008 � 0.0006a 0.018 � 0.0006 0.008 � 0.0005a

Area (cm2) 0.46 � 0.02 0.31 � 0.01a 0.39 � 0.009 0.265 � 0.011a

Trabecular density (mg/cm3) 297 � 32 69 � 7.8a 274 � 10.5 140 � 10.9a

Cortical density (mg/cm3) 898 � 8.9 631 � 17.3a 886 � 7.1 666 � 14.1a

Cortical thickness (mm) 0.37 � 0.11 0.24 � 0.008a 0.35 � 0.003 0.23 � 0.004a

Periosteal circumference (mm) 4.87 � 0.14 3.76 � 0.09a 4.55 � 0.05 3.63 � 0.05a

Differences between FGF-23 transgenic and wild-type mice were calculated for males and females separately. All variables were different
at a significance level of P � 0.001 (a).
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renal 1�-hydroxylase, leading to a rise in the serum concen-
tration of 1,25(OH)2D3 (42). However, in young FGF-23 trans-
genic mice, 1,25(OH)2D3 levels are inappropriately low. This
suggests dysregulation of vitamin D metabolism in the pres-
ence of high circulating levels of FGF-23. Indeed, this is a
hallmark of hypophosphatemic disorders in which high lev-
els of FGF-23 have been demonstrated. For example, patients

with OOM and XLH have either low or normal serum
1,25(OH)2D3 levels in the face of significant hypophos-
phatemia (16, 17). Also, in contrast to the Npt2a knockout
mice, which have elevated serum 1,25(OH)2D3 levels (29),
Hyp mice have inappropriately normal 1,25(OH)2D3 levels
and also fail to respond to a low Pi challenge with increased
renal 1�-hydroxylase activity and elevated serum 1,25(OH)2D3

FIG. 4. Bone histology. A, H&E staining of 8-wk-old mice showed a
widened and disrupted growth plate in mice expressing hFGF-23
(right) compared with wild-type (left). B, Von Kossa staining of tibial
sections from 8-wk-old mice indicated a reduced amount of mineral-
ized bone (black) in mice expressing hFGF-23 (bottom) compared with
wild-type (top). C, Von Kossa staining of tibial sections from 18-d-old
mice indicated reduced mineralization at this age. FGF-23 transgenic
(bottom) and wild-type (top) mice. D, Trichrome staining of tibial
sections from 8-wk-old mice showed increased amounts of osteoid
(red) around the growth plate in mice expressing hFGF-23 (right)
compared with wild-type (left). Also, decreased amounts of mineral-
ized bone (green) in relation to osteid were observed in mice express-
ing hFGF-23.

FIG. 5. Ribonuclease protection assay: relative levels of mRNA en-
coding renal Pi transporters Npt2a (A); Npt2c (B); and Npt1 (C)
revealed a down-regulation of all three transporters. Renal expres-
sion of 1�-hydroxylase mRNA was reduced in male transgenic mice
(not significant) but increased in female transgenic mice (D), whereas
there was an increase of 24-hydroxylase mRNA expression (E). Wild-
type mice in filled bars and FGF-23 transgenic mice in open bars.
Significance levels (indicated in brackets) are *, P � 0.05; **, P � 0.01;
and ***, P � 0.001.

FIG. 6. Immunohistochemistry on frozen renal sections showed de-
creased amounts of Npt2a protein in mice expressing hFGF-23 (B)
compared with wild-type (A).

FIG. 7. Histology of the parathyroid glands (indicated by arrows)
showing hypertrophic glands in FGF-23 transgenic (B) compared with
wild-type mice (A), indicating development of secondary hyperpara-
thyroidism.
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(29, 43). This suggests that FGF-23 modulates the increased
activity of the 1�-hydroxylase in response to low Pi intake.
Furthermore, as in the case of Hyp mice, FGF-23 transgenic
mice clearly have increased expression of 24-hydroxylase
mRNA in their kidneys (43). The latter could contribute to the
inability of Hyp mice and FGF-23 transgenic mice to increase
their serum 1,25(OH)2D3 concentration in response to
hypophosphatemia.

In adult mice, the difference between circulating 1,25(OH)2D3
levels in wild-type compared with FGF-23 transgenic animals
disappeared. This could be due to an adaptive mechanism in
the renal cells expressing 1�-hydroxylase or the result of a
FGF-23 receptor down-regulation. More likely, the develop-
ment of secondary hyperparathyroidism may facilitate the
maintenance of normal levels of 1,25(OH)2D3 because PTH is a
known stimulator of 1�-hydroxylase mRNA and 1,25(OH)2D3
production (44). Interestingly, 1�-hydroxylase mRNA levels
were higher in female than in male transgenic mice. The reason
for this remains unclear but could be related to differences in
the levels of systemic Phex expression or to sex-specific hor-
monal differences. Of note, FGF-23 levels were for unknown
reasons also higher in female than in male transgenic mice.

PTH levels were clearly raised in FGF-23 transgenic mice
as early as 18 d of age and remained increased in adulthood.
Histology of the parathyroid glands demonstrates hypertro-
phy but no adenomas. The elevated levels of PTH in the
FGF-23 transgenic animals, as well as in Hyp mice (45, 46)
may be crucial for maintaining normocalcemia because Hyp
mice with targeted deletion of the PTH gene suffer from early
lethality due to hypocalcemia (47). The elevated PTH levels
in the Hyp and FGF-23 transgenic mouse models may also
contribute to the renal Pi wasting and ensuing hypophos-
phatemia (45, 46).

The cause of the secondary hyperparathyroidism in the
FGF-23 transgenic animals is not entirely clear. The mice
expressing hFGF-23 had normal serum calcium levels, and
no increase in urinary calcium excretion. Additionally, low
Pi levels should counteract development of parathyroid
gland hypertrophy because Pi per se is known to stimulate
parathyroid cell proliferation (48). It is possible that the in-
appropriately low levels of 1,25(OH)2D3 may contribute to
the parathyroid hypertrophy. 1,25(OH)2D3 has a direct sup-
pressive effect on the parathyroid gland (49, 50) and lack of
1,25(OH)2D3 could therefore potentially lead to the observed
hypertrophy. It remains to be investigated whether FGF-23
has a direct stimulatory effect on the chief cells in the para-
thyroid glands. Interestingly, patients with renal failure have
been found to have high levels of circulating FGF-23 in the
setting of low 1,25(OH)2D3 and secondary hyperparathy-
roidism (20, 21). Thus, the FGF-23 transgenic mouse model
offers new opportunities to study the relative contribution of
low 1,25(OH)2D3, low Pi, and high FGF-23 to the develop-
ment of secondary hyperparathyroidism.

Normal serum Pi levels are maintained mainly through
the regulation of Npt2a activity in the kidneys (36). Although
a specific Pi sensor has not yet been identified, it is well
established that the kidney responds to changes in dietary Pi
intake (51) by adjusting the reabsorption of filtered Pi from
the proximal tubule. Pi deprivation leads to up-regulation of
Npt2a, whereas Pi loading down-regulates Npt2a and thus

increases urinary excretion of Pi (52). Npt2a is also a target
for the regulation of renal Pi reabsorption by PTH (52, 53).
We found that renal Npt2a mRNA and protein expression
are clearly decreased in FGF-23 transgenic mice, explaining
the mechanism for the urinary loss of Pi and subsequent
hypophosphatemia. The down-regulation of Npt2a despite
the long-term hypophosphatemia prevailing in the FGF-23
transgenic mice indicates that FGF-23 may act directly to
reduce renal Npt2a expression. Notably, it was recently re-
ported that FGF-23 down-regulates Npt2a expression in
opossum kidney cells through FGFR3 signaling (26). We also
found reduced renal mRNA expression of other sodium-
dependent Pi transporters, including the less abundantly
expressed Npt1 (54), and the novel renal brush-border mem-
brane cotransporter Npt2c (31). Taken together, our data
suggest that the FGF-23-mediated decrease in renal Pi reab-
sorption in the transgenic model may be the result of the
down-regulation of all three sodium/Pi cotransporters, con-
sistent with similar findings recently reported in Hyp mice
(31).

In summary, this study describes a novel transgenic mouse
model in which FGF-23 is overexpressed in cells of the os-
teoblast lineage. These transgenic animals are likely to pro-
vide further insights into the physiological role of FGF-23 in
Pi homeostasis and bone biology.
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