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ABSTRACT Fibroblast growth factor 23 (FGF23), a
bone-derived hormone, is involved in the reabsorption of
phosphate (P) and the production of vitamin D hor-
mones in the kidney. However, whether and how FGF23
regulates chicken bone metabolism remains largely
unknown. In the present study, we investigated the
effect of FGF23 on osteogenic differentiation and miner-
alization of chicken bone marrow mesenchymal stem
cells (BMSCs). First, we found that the transcription
of FGF23 was inhibited by b-glycerophosphate sodium
(GPS, 5 mM, 10 mM, 20 mM) and 10�9 M 1, 25-dihy-
droxyvitamin D3 (1, 25(OH)2D3), but was stimulated
by 10�7 M 1, 25(OH)2D3 and parathyroid hormone
(PTH, 10�9 M, 10�8 M, 10�7 M). Second, overexpres-
sion of FGF23 by the FGF23 adenovirus (Adv-
FGF23) suppressed the formation of mineralized nod-
ules (P < 0.001) and alkaline phosphatase (ALP) activ-
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ity (P < 0.05) in both differentiated and mineralized
osteoblasts. Administration of FGF receptor 3
(FGFR3) inhibitor (50 nM) was sufficient to restore
the FGF23-decreased ALP activity (P < 0.05), but not
for the formation of mineralized nodules. In addition,
the phosphorylation of ERK increased considerably
with Adv-FGF23 overexpression (P < 0.05). Adminis-
tration of an ERK-specific inhibitor (10 mM) could
down-regulate the phosphorylation of ERK (P-ERK)
(P < 0.05) and slightly restored the Adv-FGF23-reduc-
tion of ALP activity (P = 0.08). In summary, our data
suggest that GPS, 1, 25(OH)2D3, and PTH could regu-
late FGF23mRNA expression in vitro. FGF23 is a nega-
tive regulator of bone remodeling. FGF23 not only
inhibits BMSCs osteogenesis through the FGFR3-ERK
signaling pathway but also suppresses the mineraliza-
tion of mature osteoblasts.
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INTRODUCTION

Since its discovery, fibroblast growth factor 23
(FGF23) has been considered a key regulator of phos-
phate (P) and vitamin D3 (VD3) metabolism (Consor-
tium, 2000; Shimada et al., 2004; Erben, 2018). FGF23,
which is synthesized and secreted by osteocytes and late
differentiated osteoblasts, involves P regulation by inhib-
iting P reabsorption in the kidney (Yoshiko et al., 2007;
Fernandes-Freitas and Owen, 2015). Unlike the other
classical fibroblast growth factors (FGFs), which acti-
vate the cell surface canonical FGF receptors (FGFR)
by binding with the heparin sulfate matrix, the hormone-
like FGFs (FGF19, FGF21, and FGF23) lack heparin-
binding domains. The lack of heparin affinity makes
FGF23 dependent on an alternative cofactor, Klotho, to
elicit a signal on target cells (Li et al., 2013) and to play a
role in regulating P reabsorption and excretion
(Kurosu et al., 2006; Urakawa et al., 2006). In addition,
FGF23 is also associated with bone metabolism. Excess
FGF23 could lead to defects in skeletal growth and devel-
opment, as in patients with X-linked hypophosphatemic
rickets. Patients with tumor-induced osteomalacia also
exhibit high FGF23 levels, phosphate wasting, and skele-
tal abnormalities (Simic and Babitt, 2021). High serum
FGF23 level was suggested as a biomarker in predicting
osteoporosis (Shen et al., 2017).
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In laying hens, P is essential in the maintenance
of productive performance and eggshell quality
(Schreiweis et al., 2003; Li et al., 2018). P is maintained
at a narrow equilibrium range by a complex hormone
regulation network mainly consisting of parathyroid
hormone (PTH) and 1, 25-dihydroxyvitamin D3 (1, 25
(OH)2D3). The homeostasis of P is balanced by the
absorption in the small intestine, reabsorption, and
excretion by the kidney, deposition, and mobilization of
bone (Li et al., 2018). P is also crucial in the extracellular
matrix mineralization of osteoblasts (Ahmad and Bal-
ander, 2003). However, the regulating effect of FGF23
on calcium and phosphorus metabolism is known little
in laying hens. Injection of the FGF23 antibody in layers
significantly reduces the level of FGF23 and P excretion.
This corresponds to the serum P being increased
(Ren et al., 2017). In our previous research, a high-phos-
phorus diet significantly upregulated FGF23 mRNA
expression in the skull, femur, and tibia (Wang et al.,
2018). These findings of FGF23 associated with P
homeostasis in chickens suggest the potential of FGF23
on the mineralization of osteoblasts, which could assist
in understanding the regulation network of P in laying
hens.

The chicken bone is an attractive research model due
to its higher rate of mineralization and unique bone
turnover process (Whitehead, 2004; Pande et al., 2015).
Medullary bone is a non-structural woven bone unique
to egg-laying birds in the marrow cavity, and functions
as a calcium supplier for eggshell formation
(Fleming et al., 1998). During the daily egg-laying cycle,
medullary bone constantly undergoes remodeling, which
is a balance between osteoblast-mediated bone forma-
tion and osteoclast-mediated bone resorption
(Tan et al., 2015). During bone remodeling, osteoclasts
release calcium from the bone and digest the collagenous
bone matrix, after which osteoblasts form and mineral-
ize the collagen matrix (Kerschnitzki et al., 2014).
Osteoblasts are bone-forming cells originating from the
bone marrow mesenchymal stem cells (BMSCs) (Oka-
moto et al., 2017). BMSCs are multipotent stromal cells
that can differentiate into a variety of cell types, includ-
ing osteoblasts, chondrocytes, myocytes, and adipocytes
(Fierabracci et al., 2015). BMSCs have been isolated
from many species, including chickens, sheep, cats, dogs,
rats, mice, and humans (Svoradova et al., 2021). The
directional differentiation of BMSCs was determined by
the presence of different stimuli (Niu et al., 2021).
BMSC can be used as an avian culture model to better
understand osteogenic process due to their easy isola-
tion, and in vitro proliferation (Eleuteri and Fierab-
racci, 2019).

Recently, it is proved that FGF23 is expressed in med-
ullary bone and synchrony with the egg-laying cycle
(Hadley et al., 2016). Hence, we hypothesized that
FGF23 regulates the mineralization of chicken osteo-
blasts. In this study, the effect of P, VD3, and PTH on
the expression of FGF23 in osteoblasts was investigated
in vitro. Thereafter, the effect of FGF23 overexpression
on mineralization of BMSCs-derived osteoblasts was
determined at both differentiation and mineralization
stages. Furthermore, the involvement of FGFR3 and
the ERK signaling in the FGF23 action was investi-
gated.
MATERIALS AND METHODS

Isolation and Culture of Chicken BMSCs

All procedures in the study were approved by the Ani-
mal Care Committee of Shandong Agricultural Univer-
sity and were performed following the guidelines for
experimental animals of the Ministry of Science and
Technology (Beijing, China).
Specific pathogen-free chicken eggs were obtained

(Jinan SAIS Poultry Co., LTD.) and hatched in an incu-
bator (Haijiang, Beijing, China). At the embryo age of
18 d, the femur and tibia of the chicken embryos were
separated. After removing the attached muscles, the
medullary cavity was rinsed with a 1 mL syringe to col-
lect the BMSCs. The BMSCs isolated from every 2
embryos could satisfy a 6-well cell culture plate. A total
of 80 embryos were used in this study.
BMSCs were cultured in low-glucose Dulbecco’s modi-

fied Eagle’s medium (DMEM; HyClone, Thermo Fisher,
Shanghai, China) supplemented with 10% FBS (Gibco,
Grand Island, New York) and 1% penicillin/streptomy-
cin (Solarbio, Beijing, China). To ensure the mineraliza-
tion of BMSCs, 50 mg/mL L-ascorbic acid (Aladdin,
China), 10 mM b-glycerophosphate disodium salt
(GPS, Aladdin, China), and 0.01 mM dexamethasone
(Solarbio, Beijing, China) was added to the culture
medium as the osteogenic medium. Cells were cultured
in a humidified 5% CO2 atmosphere at 37°C.
Construction and Identification of FGF23
Adenovirus

According to the sequence alignment (Gallus FGF23,
XP_425663.1), there is also an RXXR proteolytic cleav-
age site in the FGF23 amino acid sequence of laying
hens. Mutation of RXXR prevents the degradation of
FGF23 (Alizadeh Naderi and Reilly, 2010). When syn-
thesizing the FGF23 plasmid, the AGA, which is
encoded arginine, was sited-specifically mutated to the
CAA, which is encoded glutamine. The construction of
the plasmid was completed by Sangon (Shanghai,
China). The FGF23 plasmid was packaged as FGF23
adenovirus (Adv-FGF23) by Vigene (Jinan, China).
The total titer of the Adv-FGF23 was 1.2£1011 pfu/mL.
To determine whether the transfection was successful,
an inverted fluorescence microscope was used to observe
the green fluorescent protein (GFP) signal.
Cell Treatment

To determine the effect of P, VD3, and PTH on the
expression of FGF23, mineralized osteoblasts were
treated with 5 mM, 10 mM, and 20 mM GPS (D106347,
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Aladdin, China), 10�9 M, 10�8 M, and 10�7 M 1, 25
(OH)2D3 (C120126, Aladdin, China), 10�9 M, 10�8 M,
and 10�7 M PTH (SCP0231, Sigma) at day 12 for 48 h,
respectively.

To determine whether FGF23 adenovirus can be sta-
bly infected osteoblasts, the mineralized osteoblasts
were treated with 107 pfu/mL empty vector adenovirus
with GFP tagging (Adv-GFP), 106 pfu/mL Adv-
FGF23, and 107 pfu/mL Adv-FGF23 at day 12 for 48 h.

Differentiated osteoblasts were treated with 107 pfu/
mL Adv-GFP, 107 pfu/mL Adv-FGF23 alone, or in
combination with 50 nM FGF receptor 3 (FGFR3)
inhibitor (FGF/VEGF receptor tyrosine kinase inhibi-
tor, 341607, Sigma) or 10 mM MAPK kinase inhibitor
(PD98059, Beyotime, China) respectively at day 4 for
10 d.

In the mineralization stage, cells were treated with 107

pfu/mL Adv-GFP, 107 pfu/mL Adv-FGF23 alone, or in
combination with 50 nM FGFR3 inhibitor or 10 mM
ERK-specific inhibitor respectively at day 12 for 48 h.
Determination of Alkaline Phosphatase
(ALP) Activity

For ALP in vitro chemical assays, osteoblasts were
suspended in 0.3 mL normal saline after treatment
according to the ALP kit instructions (Nanjing Jian-
cheng, China). An aliquot of cell lysate was mixed with
the ALP substrate buffer, and the mixture was incu-
bated at 37°C for 15 min. After adding 150 mL of a chro-
mogenic agent, the OD (optical density) values were
measured at 520 nm. The amount of ALP required to
decompose the substrate to produce 1 mg of phenol at
37℃ for 15 min was defined as 1U. The ALP activity
was normalized to total protein determined using a
BCA assay kit (Beyotime, China), which was expressed
as U/g protein.
Table 1. Gene-specific primer of related genes.

Gene Primer sequences 5’to 3’ Accession NO.

b-actin Forward-ACCACACCTTCTACAATGAG
Reverse-ACGACCAGAGGCATACAG

XM_003357928

FGF23 Forward-AGCTGCCTGGAGTACATGCT
Reverse-ATTCAGCAGCGGAGAGGAGT

XM_425663.4
Measurement of Mineralized Nodules in
BMSCs via Alizarin red S (ARS) Staining

For ARS staining, the cells were fixed with 95%
ethanol for 30 min after being washed with PBS. Fol-
lowing further rinsing with PBS, cells were stained
with ARS (40 mM, pH 4.2, Solarbio, China) for
30 min at room temperature. Unincorporated dye
was washed with PBS, then the final wash was aspi-
rated and the plate was left to dry for imaging.
Finally, the content of each well was solubilized with
10% (w/v) cetylpyridinium chloride (Bio basic, Mark-
ham ON, Canada) for 15 min. The absorbance was
read in duplicate at 570 nm with a 96-well plate
reader.
ALP Forward-GGAGTCTCATTCCTAACGCATCGC
Reverse-CCTCTTGGTTGGAGTGCAGCATC

NM_205360.1

FGFR3 Forward-CCAGCAGGTGGAAACCCAACTC
Reverse-GATCTGACGGCACAACGCTCTC

NM_205509.3

OPN Forward-CTGAGGTGGGCGGAGGAGAC
Reverse-GCGTCTGGTTGCTGGTGTCG

M_59182.1

ALP, Alkaline phosphorus; FGF23, Fibroblast growth factor 23;
FGFR3, Fibroblast growth factor receptor 3; OPN, Osteopontin.
RNA Extraction and Quantitative Real-time
PCR (qPCR) Analysis

Total RNA was extracted with the TRIzol Reagent
(Invitrogen, San Diego, CA) according to the RNA
isolation procedure from nonbone tissues. RNA quality
was determined with agarose gel electrophoresis and a
photometer (Eppendorf, Germany) detecting the UV
absorbance ratio at 260 nm and 280 nm. The cDNA was
synthesized using a reverse transcription-polymerase
chain reaction kit (Roche, Germany). The reaction was
performed in a volume of 20 mL containing 1,000 ng
total RNA, 60 mM/L random hexamer primer, 8 mmol/L
MgCl2, 20 U RNase inhibitor, 1 mmol/L dNTP, 10 U
reverse transcriptase and PCR-grade water.
Real-time qPCR was carried out on ABI 7500 PCR

machine (Applied Biosystems; Thermo, MA, USA)
using the FastStart Universal SYBR Green Master
(Rox) (Roche, Switzerland). Primer sequences are
shown in Table 1. Average Ct values from triplicates
were normalized from average Ct values of b-actin. The
relative expression levels of mRNA were calculated by
the 2�DDCt method.
Protein Preparation and Western Blot
Analysis

Osteoblasts were homogenized in 0.2 mL of lysis
buffer (Beyotime, China) and kept on ice during the
trial procedure. The homogenate was centrifuged at
12,000 g for 5 min at 4°C, and the supernatant was
collected. Protein concentration was assayed using a
BCA assay kit (Beyotime, China) according to the
manufacturer’s protocol. Aliquots of 18 mg of protein
were separated with 7.5 to 10% SDS polyacrylamide
gels (Bio-Rad, Richmond, 246 CA), and the proteins
were then transferred onto a PVDF membrane (Milli-
pore, Darmstadt, Germany) at 200 mA for 2 h in a
Tris-glycine buffer with 20% anhydrous ethanol at 4°
C. Membranes were blocked with the western block-
ing buffer (Beyotime, China) for 1 h at room temper-
ature. The membranes were then probed with
primary antibodies at 4°C with gentle shaking over-
night. The primary antibodies used were anti-FGF23
(ABClonal, China), anti-ERK (CST), anti-phospho-
ERK (CST, MA, USA), and anti-a-Tubulin (Beyo-
time, China). After being washed, the membranes
were incubated with horseradish peroxidase-linked
anti-rabbit secondary antibodies for 4 h at 4°C. Mem-
branes were then visualized by exposure to Hyperfilm
ECL (Beyotime, China). Films were scanned, and
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specific bands were quantified using ImageJ 1.43 soft-
ware (National Institutes of Health, Bethesda, MD,
USA). The band intensity was normalized to the
a-Tubulin band in the same sample.
Statistical Analysis

The data were analyzed by GraphPad Prism version
8.0 software (GraphPad Software Inc., San Diego, CA)
and shown as means § SD. The main effect of each
treatment was evaluated using a one-way ANOVA per-
formed with the Statistical Analysis Systems statistical
software package (Version 8e, SAS Institute, NC, USA).
The data were considered to be significantly different
at P < 0.05.
RESULTS

Effect of P, 1, 25(OH)2D3, and PTH on the
Expression of FGF23 mRNA in Osteoblasts

To determine the effect of P, VD3, and PTH on
mRNA expression of FGF23, mineralized osteoblasts
were treated with GPS, 1, 25(OH)2D3, and PTH. Treat-
ment with 5 mM, 10 mM, and 20 mM GPS significantly
decreased FGF23 mRNA expression (P < 0.001,
Figure 1a). FGF23 mRNA expression was upregulated
by PTH (P < 0.001, Figure 1b). The effect of 1, 25
(OH)2D3 on FGF23 mRNA expression was dependent
on its concentration. The expression of FGF23 mRNA
was suppressed by 10�9 M 1, 25(OH)2D3, whereas upre-
gulated by 10�7 M 1, 25(OH)2D3 (P < 0.001). However,
10�8 M 1, 25(OH)2D3 did not show any effect on FGF23
mRNA expression (P > 0.05, Figure 1c).
Overexpression of FGF23 in Osteoblasts

To prove the effectiveness of the adenovirus, osteo-
blasts were infected with Adv�GFP and Adv-FGF23.
After infection for 48 h, strong fluorescent signals can be
detected (Figure 2a), illustrating that adenovirus local-
ized to cells. Consistent with this, qPCR confirmed a
marked increase levels of FGF23mRNA expression after
infection with 106 pfu/mL and 107 pfu/mL Adv−FGF23
Figure 1. FGF23 is regulated by GPS, PTH and 1, 25(OH)2D3 in in vit
treated with GPS (a), PTH (b) and 1, 25(OH)2D3 (c) for 48 h, respectively. D
Control. GPS: b-glycerophosphate disodium salt; PTH: parathyroid hormon
(P < 0.05, Figure 2b). Notably, an increased FGF23 pro-
tein content was only observed following 107 pfu/mL
Adv-FGF23 (P < 0.05, Figure 2d). Under 107 pfu/mL
Adv-FGF23, FGFR3 mRNA levels were increased sig-
nificantly (P < 0.05, Figure 2c). Overexpression of Adv-
FGF23 significantly reduced the formation of mineral-
ized nodules, suggesting that FGF23 significantly inhib-
ited the osteogenic effect of BMSCs (P < 0.05,
Figure 2e). There was no effect of 107 pfu/mL Adv-GFP
on gene expression and cell mineralization. Thus, 107

pfu/mL Adv-GFP and 107 pfu/mL Adv-FGF23 were
used as the working concentration for subsequent tests.
Effect of Co-Treatment with Adv-FGF23 and
FGFR3 Inhibitor on Mineralized Osteoblasts

As a functional receptor of FGF23, FGFR3 is upre-
gulated by overexpression of FGF23. To investigate
whether FGF23 inhibits osteogenesis of BMSCs
through FGFR3, mature osteoblasts were treated with
Adv-FGF23 alone or in combination with FGFR3
inhibitor.
As shown in Figure 3, FGF23 mRNA expression

was upregulated significantly by the overexpression of
Adv-FGF23 despite the presence of FGFR3 inhibitor
(P < 0.001, Figure 3a). Besides, Adv-FGF23 also led
to an increase in osteopontin (OPN) mRNA expres-
sion (P < 0.05, Figure 3b). Conversely, these FGF23-
induced enhancements were blocked in the presence
of the FGFR3 inhibitor (P < 0.05, Figure 3b). A
decrease in mineralized nodules was observed in
response to overexpression of Adv-FGF23 (P < 0.05,
Figure 3c, d). However, the administration of FGFR3
inhibitor has no impact on osteoblastic mineralization
(P > 0.05, Figure 3c, d). To determine the effect of
Adv-FGF23 on another bone formation marker, the
mRNA expression and enzyme activity of ALP were
detected. Adv-FGF23 dramatically down-regulated
the ALP mRNA expression (P < 0.05, Figure 3e).
Similarly, ALP mRNA expression levels were also
decreased after FGFR3 inhibitor treatment regardless
of whether Adv-FGF23 was overexpressed (P < 0.05,
Figure 3e). Further measurements of ALP enzyme
ro-cultured osteoblasts. The relative FGF23 mRNA levels in osteoblasts
ata are presented as Means § SD (n = 6): **P < 0.05, ***P < 0.001 vs.
e; 1, 25(OH)2D3: 1, 25-dihydroxyvitamin D3.



Figure 2. Overexpression of FGF23 inhibits osteoblast mineralization. The mineralized osteoblasts were treated with Adv-GFP (Vehicle) or
Adv-FGF23 for 48 h. (a) The fluorescence observation of GFP in osteoblasts following infection of 107 pfu/mL Adv�GFP, 106 pfu/mL
Adv�FGF23, and 107 pfu/mL Adv�FGF23, with no infection as a Control. Scale bar, 100 mm. (b-c) The mRNA expression of FGF23 (b) and
FGFR3 (c) determined by real time qPCR (n = 6). b-actin was used as an internal control. (d) The protein expression of FGF23 (n = 3). Tubulin
was used as an internal control. (e) Representative images and quantification of alizarin red S staining (n = 3). Data are presented as Means § SD:
**P < 0.05, ***P < 0.001 vs. Control. Adv-GFP: empty vector adenovirus with GFP tagging; Adv-FGF23, FGF23 adenovirus; FGFR3, fibroblast
growth factor receptor 3.
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activity showed that Adv-FGF23 led to a signifi-
cantly decreased in ALP activity (P < 0.05,
Figure 3f). Contrary to the influence on ALP mRNA
expression, the FGFR3 inhibitor was sufficient to
increase the ALP activity both in the Adv-GFP
group and Adv-FGF23 group (P < 0.05, Figure 3f),
suggesting that the regulation of ALP by FGFR3
may be post-transcriptional. To explore possible
mechanisms of FGF23 in osteoblast, the phosphory-
lated ERK (P-ERK) was assayed. The results
showed that overexpression of Adv-FGF23 led to an
increase in P-ERK versus the total ERK ratio (P <
0.05, Figure 3g). P-ERK failed to respond to 48h-
FGFR3 inhibitor treatment (P > 0.05, Figure 3g).
These data indicated that FGF23 is an inhibitor of
BMSCs differentiation and mineralization. FGFR3
mediates the inhibition of FGF23 on ALP activity,
but not for mineralization. The ERK signaling path-
way is likely to be involved in the regulation of
FGF23 on ALP activity.



Figure 3. Blocking FGFR3 in mineralized osteoblasts restored the Adv-GF23 reduction of ALP activity without affecting extracellular mineral-
ization. The mineralized osteoblasts were treated with Adv-FGF23 (107 pfu/mL) and/or FGFR3 inhibitor (50 nM) for 48 h. (a, b, e) Relative mRNA
levels of FGF23 (a), OPN (b), and ALP (e) determined by real-time qPCR (n = 6). b-actin was used as an internal control. (c-d) Representative
images (c) and quantification of alizarin red S staining (d) (n = 3). (f) The enzyme activity of ALP, which is shown as U/g protein (n = 6). (g) Rela-
tive protein levels of P-ERK and ERK determined by Western blot (n = 6). Data are presented as Mean § SD: **P < 0.05, ***P < 0.001 vs. Adv-
GFP. ALP, Alkaline phosphatase; FGFR3, fibroblast growth factor receptor 3; OPN: Osteopontin.
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Effect of Co-Treatment with Adv-FGF23 and
FGFR3 Inhibitor on Differentiated
Osteoblasts

As mentioned above, FGFR3 inhibitor treatment for
48 h failed to restore the impaired cell mineralization
caused by FGF23 overexpression. This might be due to
the short treatment duration of the FGFR3 inhibitor.
Thus, Adv-FGF23 was added at the beginning of
BMSCs differentiation for 10 d to explore whether
FGF23 regulates the osteogenic differentiation of
BMSCs through FGFR3.

As shown in Figure 4a, infection of Adv-FGF23 upre-
gulated FGF23 mRNA expression by more than
1,000 times (P < 0.001). FGFR3 inhibitor caused a sig-
nificant reduction of FGF23 mRNA expression (P <
0.001, Figure 4a). While Adv-FGF23 increased the OPN
mRNA level (P < 0.05, Figure 4b), the FGFR3 inhibitor
could not only reduce the OPN mRNA expression alone
but also blocked the Adv-FGF23 induction of OPN
transcripts to the control level (P < 0.05, Figure 4b).
Adv-FGF23 treatment for 10 d significantly inhibited
the osteogenic mineralization of BMSCs, however, 10d-
administration of FGFR3 inhibitor still failed to evoke
any protective effects in restoring impaired mineraliza-
tion of BMSCs (P < 0.05, Figure 4c, d). In agreement
with the results in mineralized osteoblasts, ALP mRNA
expression levels declined markedly following Adv-
FGF23 treatment for 10 d (P < 0.05, Figure 4e). In Adv-
GFP group, FGFR3 inhibitor down-regulated ALP
mRNA expression (P < 0.05, Figure 4e). When co-treat-
ment Adv-FGF23, FGFR3 inhibitor further reduced
ALP mRNA expression, whose levels were comparable
with the Adv-FGF23 group (P < 0.05, Figure 4e). Adv-
FGF23 substantially reduced the ALP activity in differ-
entiated osteoblasts (P < 0.05, Figure 4f). FGFR3 inhib-
itor was capable of preventing the Adv-FGF23-
suppression of ALP activity (P < 0.05, Figure 4f). In
addition, a significant upregulation of Adv-FGF23 was
detected on P-ERK versus the total ERK ratio (P <
0.05, Figure 4g). FGFR3 inhibitor completely reversed
the increased P-ERK protein content (P < 0.05,
Figure 4g). These data demonstrated that FGF23 is an
inhibitor of BMSCs ossification. FGFR3 is likely to
mediate the regulation of FGF23 on ALP activity, but
not BMSCs mineralization. The ERK signaling pathway
was involved in the regulation of FGF23 on the osteo-
genic differentiation of BMSCs.
Effect of Co-Treatment with Adv-FGF23 and
ERK Inhibitor on Mineralized Osteoblasts

To validate whether the ERK signaling pathway par-
ticipates in the regulation of FGF23 on the ALP activ-
ity. An ERK-specific inhibitor (10 mM) was
administrated in mineralized osteoblasts for 48 h. At the
transcriptional level, ALP expression appeared to be
unaffected by the ERK inhibitor (P < 0.001, Figure 5a).
However, Adv-FGF23 led to a significant decrease in the
ALP activity (P < 0.001, Figure 5b). The ERK inhibitor
also tended to up-regulate the decreased ALP activity
caused by FGF23 overexpression (P = 0.08, Figure 5b).
The Adv-FGF23-induction of ERK phosphorylation
was blocked by the ERK inhibitor (P < 0.05, Figure 5c).
And the decreased ALP activity could be attributed to
the rise of the P-ERK (P < 0.05, Figure 5b,c) because
the ALP activity was significantly increased after block-
ing the ERK signaling pathway, even if it does not reach
the level of Adv-GFP (P < 0.05, Figure 5c). These data
indicated that FGF23 could regulate ALP activity
through the ERK signaling pathway.
DISCUSSION

FGF23 Expression is Differently Influenced
by P, 1, 25(OH)2D3, and PTH

FGF23 is considered to be one of the critical factors in
inhibiting P reabsorption (Blau and Collins, 2015).
Administration of recombinant FGF23 or its overex-
pression in animals induces hypophosphatemia and inhi-
bition of Type IIa sodium-phosphate cotransporter
(Shimada et al., 2001; Bai et al., 2003; Larsson et al.,
2004). Besides, FGF23 suppresses the renal production
of 1, 25(OH)2D3 by suppressing 1a-hydroxylase gene
expression and stimulating 24-hydroxylase mRNA
expression (Shimada et al., 2004; Perwad et al., 2007).
Klotho and FGFR1 are expressed not only in the kidney
but also in other organs such as the parathyroid. FGF23
acts on the parathyroid to decrease serum PTH levels
(Silver and Naveh-Many, 2012). On the contrary, P, 1,
25(OH)2D3, and PTH are also regulators of FGF23
expression.
We found that different concentrations of GPS inhib-

ited the mRNA expression of FGF23, which is contrary
to the results of studies on mammals.
Weber et al. (2003) found that FGF23 was positively
correlated with blood P levels in patients with X-linked
hypophosphatemia (Hyp) (Weber et al., 2003).
Perwad et al. (2005) have shown that the increase in P
intake in the normal diet led to a dose-dependent
increase in serum FGF23 concentration and skull
FGF23 mRNA expression (Perwad et al., 2005). We
hypothesize that FGF23 excretes excess P intake
through negative feedback. FGF23 does not play a P-
excretion role in osteoblasts due to the inexistence of the
P transport receptor. P is mainly involved in extracellu-
lar matrix mineralization, but the specific reasons for
the down-regulation of FGF23 expression still need to
be further explored.
The results we observed after PTH administration are

consistent with the results of Kobayashi et al. (2006),
that is, PTH significantly up-regulates the FGF23
mRNA expression. It was found that the circulating
FGF23 concentration in patients with primary hyper-
parathyroidism is very high, and is directly related to
serum calcium and high concentration of PTH. After
parathyroidectomy, the circulating FGF23 level is sig-
nificantly reduced (Kobayashi et al., 2006). PTH



Figure 4. Blocking FGFR3 in differentiated osteoblasts rescued the reduced the Adv-FGF23-reduction of ALP activity and antagonized the
Adv-FGF23-induction of ERK phosphorylation. The BMSCs were treated with Adv-FGF23 (107 pfu/mL) and/or FGFR3 inhibitor (50 nM) in the
presence of osteogenic medium for 10 d. (a, b, e) Relative mRNA levels of FGF23 (a), OPN (b), and ALP (e) determined by real-time qPCR (n = 6).
b-actin was used as an internal control. (c-d) Representative images (c) and quantification of alizarin red staining (d) (n = 3). (f) The enzyme activ-
ity of ALP, which is shown as U/g protein (n = 6). (g) The protein expression and quantification of P-ERK and ERK, determined by Western blot
(n = 6). Data are presented as Means § SD: **P < 0.05, ***P < 0.001 vs. Adv-GFP.
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stimulates FGF23 production in osteoblasts by binding
to the PTH1R and stimulating both the protein kinase
A (PKA) and Wnt pathways (Lavi-Moshayoff et al.,
2010). Regulation of FGF23 by PTH via the Wnt path-
way is through inhibition of sclerostin, an inhibitor of
the Wnt pathway (Wein et al., 2016; An et al., 2019).



Figure 5. FGF23 regulates ALP activity through the ERK signaling pathway. Effect of Adv-FGF23 (107 pfu/mL) and ERK inhibitor (10 mM)
on ALP mRNA expression (a), ALP activity, which is shown as U/g protein (b), and relative protein expression of P-ERK and ERK (c) for 48 h in
BMSCs-differentiated osteoblasts. Data are presented as Means § SD (n = 6): ***P < 0.001 vs. Adv-GFP.
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Studies have shown that injection of 1, 25(OH)2D3 in
normal mice increases serum FGF23 levels
(Shimada et al., 2004). In normal and parathyroidec-
tomy rats, the promotion of circulating FGF23 by 1, 25
(OH)2D3 is in a dose-dependent manner (Saito et al.,
2005). Also, the FGF23 mRNA expression was up-regu-
lated after 10�7 M 1, 25(OH)2D3 administration in
UMR-106 (Kolek et al., 2005). However, we found that
FGF23 mRNA expression was not upregulated by all
concentrations of 1, 25(OH)2D3. 10

�9 M 1, 25(OH)2D3
had a significant inhibitory effect on FGF23 mRNA
expression, 10�8 M 1, 25(OH)2D3 did not affect FGF23
mRNA expression, but 10�7 M 1, 25(OH)2D3 signifi-
cantly up-regulated the FGF23 mRNA expression. The
reason for this difference may be related to the state of
osteoblasts differentiation. Previous studies have also
confirmed that different concentrations of 1, 25(OH)2D3
have opposite effects on osteoblast mineralization. It has
been proved that 10�7 M 1, 25(OH)2D3 significantly
reduced the calcium deposition in osteoblasts
(Yamaguchi and Weitzmann, 2012). Research showed
that under the condition of co-treatment with 10�9 M 1,
25(OH)2D3, and calcium chloride, the calcium deposi-
tion in osteoblasts increased significantly (Yang et al.,
2015). FGF23 can be regulated by P, anemia, inflamma-
tion, PTH, 1, 25(OH)2D3, hypophosphatemia, insulin,
and insulin-like growth factor 1 in osteoblasts and
osteocytes in mammals (Agoro et al., 2020). Consistent
with the previous reports, we found here that FGF23
expression is differently influenced by P, 1, 25(OH)2D3
and PTH in chicken osteoblasts.
FGF23 Suppresses Osteogenesis of BMSCs
via the ERK Signaling

With the deepening of the research on FGF23, its
function is multifaceted. In addition to regulating P and
vitamin D metabolism, FGF23 directly regulates bone
mineralization. The Hyp mice, whose serum levels of
FGF23 are elevated, have low serum P and 1, 25
(OH)2D3 levels, reduced expression of NPT2a in proxi-
mal tubules, and low bone mineral density (Liu et al.,
2008). For FGF23-deficiency mice, their body weight,
femur, tibia length, bone density, and trabecular bone
volume were significantly reduced (Yuan et al., 2011).
Shimada et al. (2004) indicated that FGF23 transgenic
mice showed severe growth retardation after weaning
with a round back, short skull, and increased unmineral-
ized bone (Shimada et al., 2004). Research by
Chen et al. (2011) showed that the mineral density of
teeth and mandible of FGF23 transgenic mice was
reduced, the expression of dentin saliva protein and the
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deposition of type I collagen and osteocalcin in the den-
tin were significantly reduced (Chen et al., 2011).

To study the effect of FGF23 in bone remodeling, we
overexpressed FGF23 in chicken osteoblasts via adeno-
virus. Osteoblasts successfully infected with Adv-
FGF23 showed extremely strong GFP fluorescence. At
the concentration of 107pfu/mL, the gene expression of
FGF23 increased significantly. BMSCs with high expres-
sion of FGF23 were found to have lower ALP activity
and weaker mineralization. Clinical study also demon-
strated the negative relationships between serum
FGF23 level and lumbar spine/proximal femur bone
mineral density (BMD) in postmenopausal women
(Shen et al., 2017), indicating that FGF23 is an inhibitor
of osteogenic differentiation.

It has been established that different FGFRs medi-
ate the role of FGF23 in different tissues. The regula-
tion of FGF23 on P resorption in the kidney is
Klotho-dependent (Ho and Bergwitz, 2021). But nei-
ther the serum phosphate nor 1, 25(OH)2D3 levels
were changed in FGFR3-null mice. Ablation of
FGFR4 also failed to correct hypophosphatemia in
Hyp mice (Liu et al., 2008). FGFR3 and FGFR4 do
not mediate the renal effects of FGF23 (Liu et al.,
2008). In addition, FGF23 regulates bone mineraliza-
tion independently of Klotho, through interaction
with FGFR3 in vitro (Murali et al., 2016). We found
that FGF23 overexpression led to an increase in
FGFR3 expression. We, therefore, examined whether
FGF23 plays a regulatory role through FGFR3 in
chicken osteoblasts by using an FGFR3 inhibitor.

In osteoblasts, only after the decomposition of pyro-
phosphate (PPi) into P under the action of TNAP,
which is one of 4 ALP types, P is available for osteoblast
mineralization (Orimo, 2010). PPi is an inhibitor of min-
eralization and is also a secretory stimulant of OPN
(Beck et al., 2000; Beck and Knecht, 2003; Beck et al.,
2003; Fatherazi et al., 2009). Overexpression of FGF23
significantly reduced the number of mineralized nodules,
corresponding to the significantly up-regulated expres-
sion of OPN mRNA. FGFR3 inhibitor was found to
block the upregulated levels of OPN mRNA expression
induced by FGF23. Therefore, we hypothesized that
FGF23 inhibited BMSCs differentiation into osteo-
blasts. Nonetheless, the inhibition of Adv-FGF23 on
extracellular mineralization was not alleviated by the
FGFR3 inhibitor. Furthermore, the ALP activity was
determined, since ALP is a marker enzyme during osteo-
blasts differentiation and reflects the differentiation
potential of osteoblasts (Long, 2011). Overexpression of
FGF23 significantly inhibited ALP mRNA expression
and activity, which is consistent with the results of
Addison et al (Addison et al., 2007). Study also showed
the inverse association of FGF23 with ALP in hemodial-
ysis patients (D€orr et al., 2022). FGFR3 inhibitor also
significantly inhibited ALP expression at the tran-
scriptional level. Moreover, FGFR3 inhibitor can
markedly restore the low ALP activity caused by
Adv-FGF23, which indicated that FGF23 is likely to
act post-transcriptionally through FGFR3 to regulate
ALP activity. Previous studies have shown that
FGF23 suppresses TNAP transcription and phos-
phate production in osteoblastic cells through
FGFR3 independent of klotho, leading to a bone min-
eralization defect (Murali et al., 2016; Beck-
Nielsen et al., 2019).
MAPK family members (ERK, JNK, p38) are

involved in the formation of osteoblasts. Studies have
shown that bone morphogenetic protein-mediated signal
transduction transmits signals through MAPK, leading
to the transcriptional activation of specific target genes
involved in osteoblast differentiation and bone forma-
tion (Kakita et al., 2004; Lu et al., 2016). Low-dose
tubulin promotes the proliferation and differentiation of
BMSCs through the ERK pathway (Liang et al., 2019).
Of note, the ERK signaling pathway is the upstream
mediator of the Wnt signaling pathway, which is
involved in promoting osteogenic differentiation of
BMSCs and bone development (Krishnan et al., 2006;
Baron and Kneissel, 2013; Carrillo-Lopez et al., 2016).
Accordingly, overexpression of FGF23 resulted in signif-
icant up-regulation of P-ERK versus total ERK ratio in
mineralized osteoblasts. Strikingly, the FGFR3 inhibitor
was unable to alleviate the Adv-FGF23-induction of
ERK phosphorylation.
We could interpret this from two aspects. On the one

hand, the treatment time of 48 h with FGFR3 inhibitor
was too short. On the other hand, the regulation of
FGF23 on osteoblast extracellular matrix mineralization
or phosphorylation of ERK was unrelated to FGFR3.
To further explore the mechanism underlying the role

of FGF23, Adv-FGF23 was overexpressed during the first
10 d of BMSCs differentiation concurrent with treatment
with an FGFR3 inhibitor. 10-day-treatment of FGFR3
inhibitor still failed to restore the decreased number
of mineralized nodules induced by Adv-FGF23. The
expression of OPN mRNA was not sufficient to reflect
the degree of osteoblast mineralization. Consistent
with the above results, the inhibition of ALP activity
by FGF23 is mediated by FGFR3 in a post-transcrip-
tional manner. Interestingly, 10-day-treatment of
FGFR3 inhibitor not only blocked the inhibitory
effect of FGF23 on ALP activity but also blocked P-
ERK. Compared with the Adv-FGF23 group, P-ERK
was significantly reduced after treatment with an
FGFR3 inhibitor. These results suggest that ERK
signaling pathway may be involved in the regulation
of ALP activity by FGF23.
Next, we used an ERK inhibitor to examine whether

the inhibition of FGF23 on ALP activity is related to
ERK signaling. In mineralized osteoblasts, P-ERK was
up-regulated and ALP activity decreases after overex-
pressing of FGF23. P-ERK was down-regulated with
the administration of ERK inhibitor, resulting in a slight
recovery of the ALP activity. These indicate that the
inhibitory effect of FGF23 is, at least partially mediated
through the FGF23-FGFR3-ERK pathway in chicken
osteoblasts.
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CONCLUSION

In summary, our data suggest that P, 1, 25(OH)2D3,
PTH could affect FGF23 mRNA expression in chicken
osteoblasts. FGF23 is an inhibitor of bone remodeling.
FGF23 reduces ALP activity through the FGFR3-ERK
signaling pathway in a post-transcriptional manner,
thereby inhibiting the osteogenic ability of BMSCs.
Additionally, FGF23 can also inhibit the mineralization
of mature osteoblasts.
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