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Abstract
Despite numerous investigations on the influence of fibroblast growth factor 23 
(FGF23), α-Klotho and FGF receptor-1 (FGFR1) on osteoporosis (OP), there is no clear 
consensus. Mendelian randomization (MR) analysis was conducted on genome-wide 
association studies (GWASs)-based datasets to evaluate the causal relationship be-
tween FGF23, α-Klotho, FGFR1 and OP. The primary endpoint was the odds ratio 
(OR) of the inverse-variance weighted (IVW) approach. Furthermore, we stably 
transfected FGF23-mimic or siRNA-FGF23 into human bone marrow mesenchymal 
stem cells (hBMSCs) in culture and determined its cell proliferation and the effects 
on osteogenic differentiation. Using MR analysis, we demonstrated a strong correla-
tion between serum FGF23 levels and Heel- and femoral neck-BMDs, with subse-
quent ORs of 0.919 (95% CI: 0.860–0.983, p = 0.014) and 0.751 (95% CI: 0.587–0.962; 
p = 0.023), respectively. The expression levels of FGF23 were significantly increased 
in femoral neck of patients with OP than in the control cohort (p < 0.0001). Based on 
our in  vitro investigation, after overexpression of FGF23, compared to the control 
group, the BMSC's proliferation ability decreased, the expression level of key osteo-
genic differentiation genes (RUNX2, OCN and OSX) significantly reduced, mineralized 
nodules and ALP activity significantly decreased. After silencing FGF23, it showed 
a completely opposite trend. Augmented FGF23 levels are causally associated with 
increased risk of OP. Similarly, FGF23 overexpression strongly inhibits the osteogenic 
differentiation of hBMSCs, thereby potentially aggravating the pathological process 
of OP.
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1  |  INTRODUC TION

Osteoporosis (OP), a metabolic bone disorder, is highly prevalent 
among middle-aged and older adults and manifests as bone loss or 
loss of bone microarchitecture, augmenting bone fragility and frac-
ture risk. Emerging evidence from a meta-analysis suggests that the 
global incidence of OP and bone loss, as described by the World 
Health Organization (WHO), was 19.7% (95% CI: 18.0%–21.4%) 
and 40.4% (95% CI: 36.9%–43.8%), respectively. Developing 
countries reported substantially more OP cases (22.1%, 95% CI: 
20.1%–24.1%), compared to developed countries (14.5%, 95% CI: 
11.5%–17.5%).1 Moreover, with an increasing global population, the 
economic and health burdens of OP are rising rapidly. Fibroblast 
growth factor 23 (FGF23) is a critical member of the FGF family 
and its genetic code is found on chromosome 12p13. Its action is 
mediated by Klotho protein-enriched sites, following secretion by 
osteoblasts and osteoclasts. Klotho was recently discovered by 
Matsumura et al. on the chromosome 13q12. It is composed of five 
exons and four introns and is primarily expressed in the renal tu-
bules, brain choroid, pituitary gland and parathyroid gland.2 FGF23 
binds to the fibroblast growth factor receptor (FGFR) with a rela-
tively low affinity and α-Klotho proteins associate with numerous 
FGFRs to form a complex that regulates FGF23. α-Klotho and FGFR 
are the major modulators of FGF23.3 FGF23-deficient mice expe-
rience premature ageing, as evidenced by visible atherosclerosis, 
bone loss, osteoporosis, soft tissue calcification, emphysema, hy-
pogonadism and generalized organ atrophy. These manifestations 
mirror those observed in mice with defective α-Klotho expression.4 
FGF23 modulates the α-Klotho/FGFR complex (i.e., FGF23 co-
receptor) to exert its physiological effects. This is likely the reason 
for the strong similarity between Klotho and FGF23 knockout mice. 
Osteoblast-secreting FGF23 uniquely targets FGFR1 in renal tubu-
lar epithelial cells to form a complex with Klotho. This complex, 
in turn, suppresses renal phosphorus reabsorption, controls circu-
lating phosphorus homeostasis and indirectly affects bone min-
eralization. Under α-Klotho deficiency, FGF23 affinity for FGFR1 
is drastically reduced, which slows down FGFR1 phosphorylation 
and, in turn, decreases bone matrix mineralization.5 Nonetheless, 
it remains unknown whether the FGF23/α-Klotho/FGFR1 axis is 
causally associated with OP development.

Mendelian randomization (MR) is commonly employed for aeti-
ology inference in epidemiological research.6 With recent advance-
ments in MR research methods, MR is increasingly used to examine 
the pathogenic relationships between complicated diseases. Here, 
we employed two-sample MR analysis and cellular experimental ver-
ification to assess the involvement of the FGF23/α-Klotho/FGFR1 
axis in OP development.

2  |  METHODS

2.1  |  Study design

This research employed two-sample MR analysis to assess the 
causal link between serum FGF23, α-Klotho and FGFR1 levels and 
six distinct OP outcomes (measured using heel bone mineral density 
(BMD), femoral neck BMD, lumbar spine BMD, forearm BMD, total 
body BMD and osteoporosis with pathological fracture) using pub-
licly available data from the genome-wide association study (GWAS) 
database (Figure 1A). This investigation employed three primary as-
sumptions7: (1) there is a strong correlation between genetic vari-
ables and exposure, (2) variables regulate outcomes based on their 
exposure, and (3) variables do not regulate outcomes based on expo-
sure and confounding factors (Figure 1B).

2.2  |  Instrumental SNPs selection

We selected FGF23-related instrumental variables (IVs) from a 
GWAS meta-analysis of 16,624 European descendants. Among 
those excluded from analysis were subjects with an estimated 
glomerular filtration rate (eGFR) <30 mL/min per 1.73 m2.8 The 
following seven patient populations were included in the meta-
analysis: Atherosclerosis Risk in Communities Study (ARIC, 
n = 8594),9 Indiana Sisters Study (n = 1128),10 Osteoporotic 
Fractures in Men Study-Goteborg (MrOS GBG, n = 937),11 Multi-
Ethnic Study of Atherosclerosis (MESA, n = 2163),12 MrOS 
Malmo (n = 894),11 Osteoporosis Prospective Risk Assessment 
Study (OPRA, n = 920)13 and Cardiovascular Health Study (CHS, 
n = 1988).14 Intact FGF23 ELISA (Kainos Laboratories, Inc., Tokyo, 
Japan) was used in five of seven patient populations (ARIC, Indiana 
Sisters, MrOS GBG, MrOS Malmo and MESA). For the remaining 
two patient populations (CHS and OPRA), a C-terminal ELISA 
(Immutopics, San Clemente, CA, USA) was employed. Overall, 
73% (13,716/16,624) of participant FGF23 were detected using 
intact FGF23, whereas 27% (2908/16,624) were detected using 
C-terminal ELISA. We picked six leading single-nucleotide poly-
morphisms (SNPs) from all over the genome that closely correlated 
with serum FGF23 content using criteria p < 5 × 10−8 (Table  S1). 
The serum FGF23 units were measured in pg/ml, log-transformed 
and the β-estimates were regarded as the relative difference in 
FGF23 concentration per minor allele.8 The SNPs were normal-
ized according to patient age, sex, study site and principal ances-
tral components, and they explained 3.0% of the differences in 
inter-person serum FGF23 contents.8 The aforementioned SNPs 
resided in various genes and were not in linkage disequilibrium 
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(LD), as evidenced by the results from the LDlink website (https://​
ldlink.​nci.​cih.​gov/​).15

Following data integration from the Ludwigshafen Risk and 
Cardiovascular Health16 (LURIC, n = 2234) and Avon Longitudinal 
Study of Parents and Children mothers (ALSPAC, n = 2142),17,18 there 
were 4376 European descendants with α-Klotho data. The α-Klotho 
content from both cohorts was detected in plasma samples using a 
human serum α-Klotho assay kit (Immuno-Biological Laboratories 
Co., Ltd, Japan).19 The minimum detection limit was 6.15 pg/mL, with 
a detection range of 93.75–6000 pg/mL. The variation coefficient 
was 11.4% at 165.47 pg/mL and 2.9% at 2903.01 pg/mL. Patient sex, 
age and the first eight major ancestral components (PCs) served as 
covariates in LURIC, whereas patient sex, age and the first 10 PCs 
served as covariates in ALSPAC. A Z-score test, which evaluates the 
average association estimates between cohorts, was used to assess 
heterogeneity. Subsequently, we selected six SNPs from across the 
genome that most closely correlated with serum α-Klotho content 
using the criteria p < 5 × 10−8 (Table S2). These six SNPs explained 
7.68% of the difference in serum α-Klotho content, and they resided 
in distinct gene regions and not in LD.

To assess genome-wide relationships, we examined 10.2 
million genotyped or imputed autosomal and X-chromosomal 

genetic variants using minor allele frequency (MAF) of >1% among 
10,708 subjects in the Fenland study involving 4775 proteins.20 
Subsequently, we selected five SNPs from across the genome 
that closely correlated with serum FGFR1 content using criteria 
p < 5 × 10−8, following adjustments for patient age, sex, study site 
and major ancestral components (Table  S3). The F-statistic was 
computed for individual SNP strength evaluation using the equation 
F = R2 (N-2)/(1-R2), where R2 represents the proportion of variance 
described by IV and N indicates the sample size.

2.3  |  Outcome data sources

We acquired data for six OP outcomes from the GWASs database 
examining patient populations of European ancestry under the cat-
egory of Genetic Factors of Osteoporosis (GEFOS) (http://​www.​
gefos.​org) and the UK Biobank Consortium. Dual-energy X-ray 
absorptiometry was used to determine and/or detect heel BMD, 
femoral neck BMD, lumbar spine BMD, forearm BMD, total body 
BMD and OP with pathological fractures. All studies received ethi-
cal approval from the participating institutions. Table S4 presents an 
exhaustive list of information on the analysed samples. Each GWAS 

F I G U R E  1 (A) Flow diagram of two-
sample Mendelian randomization analysis; 
(B) Schematic representation of two-
sample Mendelian randomization.

https://ldlink.nci.cih.gov/
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was approved by its corresponding Ethics Committee and these data 
can be used without restriction.

2.4  |  MR analysis

Using MR analyses, namely inverse-variance weighted (IVW), 
weighted median (WM), MR-Egger, simple mode and weighted 
mode, we determined a causal relationship between the FGF23/
Klotho/FGFR1 axis and OP. Our primary data came from the IVW 
evaluation, and the individual SNP Wald estimates were presented 
in a meta-analysis.21 Additional evidence was obtained using MR-
Egger,22 WM analyses,23 which, although less efficient, provided 
strong estimates under a broader range of conditions. A power 
calculation was performed using mRnd (https://​cnsge​nomics.​com/​
shiny/​​mRnd/​), developed by Brion et  al.24 Additionally, we used 
sensitivity analyses to examine possible pleiotropy and heteroge-
neity, and heterogeneity reporting was done using Cochran's test  
(p < 0. 05). It should be noted that heterogeneity does not detract 
from the MR estimations as we used a random-effect model for the 
IVW method. MR-Egger regression intercepts were used to assess 
horizontal polytropy (p < 0. 05).25 The MR-pleiotropy residual sum 
and outlier (MR-PRESSO), a newly proposed MR method, is a varia-
tion on the IVW method. MR-PRESSO global test is used to assess 
the presence of overall horizontal pleiotropy.26 IV performance was 
examined using a leave-one-out approach.

2.5  |  Clinical sampling

Between November 2023 and April 2024, 40 hip arthroplasties 
were conducted on patients with primary osteoporotic fractures 
and non-osteoporotic fractures at Shandong Provincial Hospital. 
Bone tissue samples from non-osteoporotic donors were acquired 
from femoral heads following total hip arthroplasty prompted by 
osteoarthritis and/or hip dysplasia. Conversely, bone tissue sam-
ples from patients with osteoporosis were obtained from femoral 
necks following low-energy fracture of the femoral neck. Additional 
criteria utilized to confirm primary osteoporosis in these donors 
included vertebral fractures and advanced age. The bone tissue 
from the femoral neck of these patients was collected, ground, 
rinsed with phosphate-buffered saline (PBS) and stored at ˗80°C. 
The study included middle-aged and older men aged over 55 years. 
Informed consent was obtained from all patients. The characteris-
tics of patients and the general subjects are presented in Table S5. 
This study was approved by the Ethics Review Committee of 
Shandong Provincial Hospital (SWYX: NO. 2023-572).

2.6  |  Cell culture and osteogenic differentiation

We acquired human bone marrow mesenchymal stem cells (hBMSCs) 
from Procell (Wuhan, China) and grew them in α-minimum essential 

medium (α-MEM; Procell, Wuhan, China) with 10% fetal bovine 
serum (FBS; Gibco, NY, USA), 2 mM L-glutamine (Sigma-Aldrich, 
MO, USA), and 1% penicillin and streptomycin (Gibco). To initiate 
osteogenic differentiation, hBMSCs were stimulated with fresh 
osteogenic medium (0.1 mM dexamethasone, β-glycerophosphate 
(10 mM) and ascorbic acid (0.1 mM) (Procell, Wuhan, China)) for 
14 days in a humid chamber at 5% carbon dioxide (CO2) at 37°C.

2.7  |  Plasmid incorporation

SiRNA-FGF23, OE-FGF23 and FGF23-NC were prepared by Tsingke 
Biotech Co. Ltd. (Beijing, China). Following dilution to a final concen-
tration of 500 nM, siRNA-FGF23, OE-FGF23 and FGF23-NC were in-
corporated into hBMSCs, whereas control cells were not incorporated.

2.8  |  Cell proliferation assay

Plasmid-incorporated hBMSCs (48 h) were evaluated for cellular pro-
liferation using Cell Counting kit-8 (CCK-8; Abcam, Cambridge, UK). 
Briefly, 10 μL of reagent was added to the cells at 24, 48, 72 and 96 h, 
with subsequent 2 h at 37°C. Optical density was measured at 450 nm 
using a microplate reader (Devices Spectra Mani3X, Molecular, USA).

2.9  |  Alkaline phosphatase (ALP) staining (Azo 
coupling method)

ALP activity is strongly proportional to osteogenic differentiation; 
that is, enhanced ALP activity represents augmented osteogenic dif-
ferentiation. We cultured hBMSCs for 14 days in induction medium 
prior to removal and immobilization in 4% paraformaldehyde (PFA; 
Servicebio, Wuhan, China). ALP staining was performed using an 
ALP staining kit (Mlbio, Shanghai, China) and associated directions. 
Finally, the images were captured using an inverted phase-contrast 
microscope (Olympus, Tokyo, Japan).

2.10  |  Alizarin red staining

We assessed hBMSCs mineral deposition following osteogenic in-
duction using Alizarin red staining. Following a 21-day culture in in-
duction medium, hBMSCs were fixed in 4% PFA prior to 1% ARS 
staining (Procell, Wuhan, China) at 25°C and imaged capture under 
an inverted phase contrast microscope (Olympus, Japan).

2.11  |  Quantitative real-time polymerase chain 
reaction (qRT-PCR)

Total RNA was extracted from cells using the Eastep Super RNA 
Extract Reagent Kit (Tiangen, Beijing, China) and associated 

https://cnsgenomics.com/shiny/mRnd/
https://cnsgenomics.com/shiny/mRnd/
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directions, 0.5 μg of RNA was converted into cDNA using Applied 
Biosystems. Subsequently, we used Power SYBR Green PCR Master 
Mix (Vazyme, Nanjing, China) and Quantstudio 6 flex (Applied 
Biosystems) to conduct the qRT-PCR assay. Relative FGF23 expres-
sion was determined by CT normalization of the internal control, 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primer 
sequences for FGF23, RUNX2, OCN, OSX and GAPDH are summa-
rized in Table S6.

2.12  |  Western blotting

Following total protein extraction using the radioimmunoprecipita-
tion assay buffer (Biocolor, Shanghai, China), 20 μg protein was elec-
trophoresed in 10% sodium dodecyl sulphate prior to transfer onto 
nitrocellulose membrane. Subsequently, the membrane was rinsed in 
TBS with 0.05% Tween 20 (TBST) prior to a 1-h blocking in 5% skim 
milk at 25 C, overnight incubation with anti-FGF23 (1:1000; Abcam, 
Cambridge, UK) and anti-GAPDH (1:3000; Abcam) at 4°C, heating 
at 25°C, and a 2-h incubation with secondary antibody (1:5000; 
Proteintech, IL, USA). Protein bands were visualized using enhanced 
chemiluminescence and protein quantification was performed using 
an Amersham Imager 680 (GE Healthcare, USA).

2.13  |  Statistical analysis

MR analyses utilized ‘TwoSampleMR’ and ‘MR-PRESSO’ packages 
in R 4.2.2 (www.​r-​proje​ct.​org), and data are provided as mean ef-
fect per one standard deviation (SD) increase of the genetically es-
timated circulating FGF23, α-Klotho and FGFR1 contents, as well as 
the associated 95% confidence intervals (CIs). Statistical significance 
was set at p < 0.05. All data analyses employed GraphPad Prism9, 
and the results are provided as x ± s. The Students t-test was used 
to compare differences between two groups, whereas one-way and 
two-way analysis of variance (anova) and Dunnett's or Tukey's mul-
tiple comparison tests were used for multiple group comparisons, 
and p < 0.05.

3  |  RESULTS

3.1  |  MR analysis

The minimum F values of all IVs were >30, suggesting a lack of a 
weak IVs bias. Power calculations were conducted according to 
Brion et  al.24 Our sample provided sufficient statistical power 
(>80%) for causal analysis of FGF23, α-Klotho and FGFR1 on BMDs 
with a sample size of 426,824, 32,735, 28,498, 21,907, 56,284 and 
173,619, respectively. Based on our IVW analyses, serum FGF23 lev-
els were closely correlated with Heel BMD and femoral neck BMD, 
with ORs of 0.919 (95% CI: 0.860–0.983, p = 0.014) and 0.751 (95% 
CI: 0.587–0.962; p = 0.023), respectively (Figure  2). These findings 

suggest that an increase in circulating FGF23 levels severely de-
creases Heel BMD and femoral neck BMD, thereby enhancing OP 
risk. We also observed no causal association between circulating 
FGF23 levels and lumbar spine BMD, forearm BMD, total body 
BMD or OP fractures (all p > 0.05) (Figure 2). In addition, circulating 
α-Klotho and FGFR1 levels were not associated with OP or OP frac-
tures (all p > 0.05) (Figures 3 and 4). All MR-Egger, WM, simple mode 
and weighted mode analyses revealed causality comparable to that 
of the IVW analysis, and these data are provided as additional evi-
dence in Figures 3 and 4. To examine data reliability, we conducted 
a sensitivity analysis and found no possible horizontal pleiotropy (all 
p > 0.05) (Table  S7). Additional sensitivity analyses revealed slight 
heterogeneity in α-Klotho-Heel BMD (p = 7.21 × 10−4) and α-Klotho-
total body BMD (p = 6.62 × 10−3), however, using a random-effects 
model of IVW did not alter the conclusions of the prior analyses 
(all p > 0.05) (Table S7). Figures S1 and S2 present the outcomes of 
the sensitivity analysis, scatter plots, forest plots and funnel plots 
of the positive causal effects of the FGF23 on the OP-outcomes. 
Collectively, these findings suggest that the outcomes of all analy-
ses examining the association between serum FGF23, α-Klotho and 
FGFR1 levels and OP and OP fracture risk are reliable.

3.2  |  FGF23 accelerates OP development by 
suppressing osteogenic differentiation of hBMSCs

QRT-PCR revealed that FGF23 expression levels were signifi-
cantly increased in OP patients, which were four fold higher than 
those in non-OP patients (p < 0.0001) (Figure 5A). However, there 
were no significantly changes of α-Klotho and FGFR1 expression 
between OP and non-OP patients (Figure  5B,C). To elucidate 
the mechanism by which FGF23 regulates hBMSCs differentia-
tion, we incorporated OE-FGF23 or siRNA-FGF23 into the hBM-
SCs. Using qRT-PCR and western blot assays, we revealed that  
OE-FGF23 hBMSCs expressed substantially more FGF23 (ap-
proximately 6-fold) mRNA and protein (approximately 2-fold) 
than control hBMSCs, while siRNA-FGF23 hBMSCs expression 
of mRNA and protein was significantly inhibited (Figure  5D,E). 
Next, we explored the alterations in the proliferation of hBMSCs 
at 24, 48, 72 and 96 h post plasmid incorporation. We found that 
the optical density of OE-FGF23 hBMSCs was drastically dimin-
ished relative to that of the control hBMSCs (p < 0.01). However, 
the cell proliferation rate was significantly increased in siRNA-
FGF23 group compared with the control group (Figure 5F). After 
14 days of osteogenic induction, ALP staining was considerably 
reduced in OE-FGF23 hBMSCs compared to that in control hBM-
SCs. After 21 days of osteogenic induction, alizarin red staining 
among OE-FGF23 hBMSCs was also diminished, suggesting im-
paired calcium deposition relative to control hBMSCs. After silt-
ing FGF23 expression, both the activity of ALP and number of 
calcium nodules of ARS were significantly increased (Figure 5G). 
Osteogenic differentiation results from several signalling net-
works and factor activation, among which RUNX2, OCN and OSX 

http://www.r-project.org
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are critical transcription factors that stimulate osteoblast differ-
entiation and initiate extracellular matrix calcification.27 After 
21 days of osteogenic induction, compared to control hBMSCs, 
RUNX2, OCN and OSX mRNA levels were drastically reduced in 
OE-FGF23 hBMSCs, while mRNA levels of RUNX2, OCN and OSX 
in siRNA-FGF23 hBMSCs were significantly increased compared 
with control hBMSCs (Figure 5H–J). Together, these findings sug-
gested that FGF23 overexpression strongly suppressed hBMSCs 
differentiation into osteoblasts, which, in turn, accelerates OP 
pathology.

4  |  DISCUSSION

Bone homeostasis is strictly modulated by a delicate balance be-
tween osteoclast-based bone resorption and osteoblast-based bone 
synthesis28 in a process called bone remodelling. OP occurs once 
this balance is disrupted, and a major contributor to this disruption 
is dysregulation of multiple cytokines.29 FGF23 is a bone-derived 
hormone intricately linked to OP pathology.30,31 However, it remains 
controversial whether the FGF23/α-Klotho/FGFR1 axis modulates 
OP development.32–35 Prior investigations have suggested a poten-
tial link between FGF23/α-Klotho/FGFR1 and OP36; however, there 
is no concrete evidence for this link, as prior conclusions have been 

marked by confounding factors and challenges when conducting 
large-scale case–control and cohort investigations.

Here, we systematically examined the link between the FGF23/
α-Klotho/FGFR1 axis and OP development risk using a two-sample 
MR investigation. We demonstrated that serum FGF23 was causally 
correlated with OP; that is, upregulated serum FGF23 levels drasti-
cally reduced BMD, which in turn enhanced OP and fracture risks. 
Unlike other studies, we found no evidence of a causal relationship 
between α-Klotho/FGFR1 and OP or fracture risk. MR analysis 
has certain advantages over observational investigation. First, we  
selected SNPs that were strongly correlated with exposure factors. 
We employed large-sample and multicentre data which were ex-
tensively screened for exposure-  and outcome occurrence-related 
confounders, and excluded confounder-related SNPs to minimize 
possible horizontal pleiotropy in genetic IVs, while employing MR-
Egger and MR-PRESSO global test to further examine potential 
pleiotropy to ensure the outcome reliability.37 Furthermore, we 
used Cochran's Q test to assess IV heterogeneity. In the absence of 
marked heterogeneity in Cochran's Q test, we performed an unbi-
ased association estimation using an IVW linear regression. In the 
presence of marked heterogeneity, the IVW model was employed 
with random effects to ensure the accuracy of the results.38 Second, 
apart from the IVW analysis, we also conducted other sensitiv-
ity analyses, such as WM, MR-Egger and Simple Mode, to further 

F I G U R E  2 Forest plot to visualize the causal effect of FGF23 on the risk of osteoporosis. BMD, bone mineral density; CI, confidence 
interval IVW, inverse-variance weighted.
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confirm outcome accuracy.39 Overall, this study demonstrated a 
gene-level correlation between FGF23 levels and the risk of OP.

To date, we have established a strong link between serum FGF23 
levels and OP risk at a genetic level. However, only a limited num-
ber of studies have explored the effects of localized FGF23 on os-
teoblasts and the bone microenvironment. FGF23 is synthesized 
within osteoblasts and coordinates activities involving osteoblasts 
and osteoclasts. Hypophosphataemia and rickets/osteomalacia typ-
ically correlate with enhanced FGF23 levels in multiple hereditary 
disorders, thus providing clear evidence of a negative association 
between FGF23 and bone mineralization.40–42 α-Klotho, a single-
channel transmembrane protein, serves as an FGF23 co-receptor, 
and recent evidence has revealed ubiquitous α-Klotho expression in 
osteoblasts of murine skull and long bones.43,44 Additionally, other 
investigations have revealed augmented FGF23 and α-Klotho tran-
script levels in piglet epiphyses, bone marrow and tissues adjacent 
to the epiphysis (e.g. secondary ossification centres), indicating in-
volvement of the mineralization process.45 The critical presence of 
essential Klotho proteins in skeletal tissues indicates a direct func-
tion of FGF23 in the bone-remodelling process.

Subsequently, we examined FGF23-mediated regulation of  
osteogenic differentiation of hBMSCs. Following FGF23 overex-
pression, we revealed that the proliferation rate of OE-FGF23 hBM-
SCs was drastically reduced relative to that of control hBMSCs at 

various time points (24 h, 48 h, 72 h and 96 h) (p < 0.01). Upon in vitro 
osteogenic induction, osteoblasts can proliferate and secrete bone 
matrix factors, such as collagen, non-collagenous proteins and 
bone formation-related factors. Once mature, differentiated os-
teoblasts synthesize and release large quantities of ALP. ALP is a 
well-established marker of osteoblastic differentiation. Moreover, 
its activity is somewhat representative of osteoblast differentiation 
status. Hence, after 14 days of osteogenic induction, ALP staining 
was performed, as depicted in Figure 5. Relative to control hBMSCs, 
OE-FGF23 hBMSCs exhibited markedly diminished ALP staining. 
ARS is an anthraquinone derivative that is frequently used to assess 
calcium alterations in tissue sections or cultured cells in vitro. Alizarin 
Red detects calcium-containing osteoblasts in hBMSCs induced by 
calcium chelation to form an orange-red complex. Hence, they indi-
rectly reflect the status of the induced differentiation. On the 21st 
day post-induction, we conducted alizarin red staining to show that 
relative to the control hBMSCs, calcium deposition was markedly 
reduced in the OE-FGF23 hBMSCs. Next examined the FGF23-
mediated effect on osteogenic differentiation of hBMSCs. We re-
vealed that FGF23 strongly diminished RUNX2, OSN and OSX gene 
expression during bone formation while inhibiting calcium nodule 
formation. In addition, we provided further evidence by transfecting 
small interfering RNA to suppress the expression level of FGF23 in 
hBMSCs. Our results confirmed that after inhibiting the expression 

F I G U R E  3 Forest plot to visualize the causal effect of α-Klotho on the risk of osteoporosis. BMD, bone mineral density; CI, confidence 
interval IVW, inverse-variance weighted.
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of FGF23, the proliferation level of hBMSCs significantly decreased, 
calcium nodules and ALP activity decreased, and the expression 
level of key osteogenic differentiation genes also decreased. These 
results fully demonstrate the important role of FGF23 in the osteo-
genic differentiation of hBMSCs, that is, overexpression of FGF23 
inhibits the osteogenic differentiation process of hBMSCs, leading 
to OP. However, the relationship between the decrease in the cell 
proliferation rate of hBMSCs caused by overexpression of FGF23 
and the inhibition of the expression level of osteogenic differentia-
tion genes is a complex biological problem. In many cases, these two 
processes may be related. First, cell proliferation is the process of 
cell growth and division, and osteogenic differentiation refers to the 
differentiation of cells into osteoblasts. These two processes are im-
portant parts of the growth and development of organisms. In some 
cases, the decrease in cell proliferation rate may lead to a decrease 
in the expression level of osteogenic differentiation genes. This is 
because, due to the decrease in cell proliferation rate, the decrease 
in osteoblasts leads to a significant decrease in the expression of 
osteogenic differentiation genes. Therefore, in future research, we 
need to further detect the level of adipogenic differentiation genes, 
confirm that in the case of overexpression of FGF23, the osteogenic 
differentiation of hBMSCs is inhibited, and the level of adipogenic 
differentiation is increased, to distinguish the impact of cell prolifer-
ation level on the differentiation process of hBMSCs. In conclusion, 

this study validated the notion that FGF23 directly inhibits osteo-
genic differentiation of hBMSCs in vitro.

The strength of this study lies in the use of MR analysis, which 
takes advantage of the genetic endowment randomly assigned 
at conception and examines the lifelong effects of exposure. 
Therefore, compared to traditional observational studies, it is less 
susceptible to confounding factors and reverse causality. To our 
knowledge, this is the first study to explore the causal relation-
ship between FGF23 and OP using MR methods. SNPs closely 
related to the exposure factors have been strictly screened for 
subsequent MR analysis. In order to ensure the robustness of 
the results, we also conducted heterogeneity tests, pleiotropy 
tests and leave-one-out analysis. In addition, by transfecting OE-
FGF23 or siRNA-FGF23 in  vitro to stably express in hBMSCs, 
the impact of FGF23 on the osteogenic differentiation of hBM-
SCs was further confirmed, which validates the reliability of the 
conclusion. However, this study also has some limitations. First, 
when IVs are chosen to explain only a small portion of the ex-
posure, the presence of weak IVs bias may render MR analyses 
insufficient for detecting causal effects. Second, to prevent con-
founding bias caused by horizontal or vertical gene pleiotropy, 
the MR analysis performed here requires a comprehensive under-
standing of gene–disease and gene–intermediate phenotype in-
teractions. However, fully controlling these confounding effects 

F I G U R E  4 Forest plot to visualize the causal effect of FGFR1 on the risk of osteoporosis. BMD, bone mineral density; CI, confidence 
interval; IVW, inverse-variance weighted.
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is challenging because the functions of these genes are complex 
and may affect a range of metabolic pathways and other bio-
logical activities through poorly understood mechanisms. Third, 
although the overall sample size used in this study was large, 
publicly available GWAS datasets were summary statistics rather 
than individual-level data, and could not be stratified according to 
age or other characteristics, thus limiting the evaluation of the re-
lationship between serum FGF23 and BMDs. Fourth, the GWAS 
data used in this study were all from individuals of European an-
cestry. Whether the results observed in this study are applicable 
to other populations remains to be determined. Therefore, future 
studies using MR analysis to investigate the causal relationship 
between serum FGF23 levels and OP should include samples 
from different ethnic groups to increase the generalizability of 
the results. Although the effect of FGF23 on osteogenic differen-
tiation has been confirmed through in hBMSCs, the lack of in vivo 
experiments with FGF23-knockout mice cannot better simulate 
the in vivo biological environment and verify the feasibility of the 
research results. In addition, the specific mechanism of FGF23 
regulating osteogenic differentiation needs further study. For ex-
ample, it would be beneficial to explore how FGF23 affects other 

signalling pathways and how they interact with other factors. 
Finally, although this study has deeply explored the role of FGF23 
in OP, it has not conducted adipogenic induction differentiation 
research, nor has it verified the specific effects of FGF23 on os-
teoblasts and osteoclasts.

5  |  CONCLUSION

Herein, we are the first to report a causal link between serum FGF23 
contents and BMD levels, which may, in turn, enhance OP risk, using 
two-sample MR circulating α-Klotho and FGFR1 contents showed 
no association with OP or fracture risk. Using in  vitro cellular ex-
periments, we further validated the FGF23-mediated regulation of 
bone tissue mineralization, that is, FGF23 strongly suppressed os-
teogenic differentiation and calcium deposition in hBMSCs. Given 
this evidence, additional extensive investigations are warranted to 
elucidate the role and mechanism underlying FGF23 action, particu-
larly in bone mineralization and bone microenvironmental homeo-
stasis. We believe that progress made in this area will greatly benefit 
OP management.

F I G U R E  5 (A–C) Relative FGF23, a-Klotho and FGFR1 expression in femoral neck of osteoporosis (n = 20) or non-osteoporosis patients 
(n = 20). (D) Relative mRNA expression of FGF23 was determined by qRT-PCR in hBMSCs transfected with the OE-FGF23, siRNA-FGF23 or 
FGF23-NC negative control (NC). (E) Relative protein expression of FGF23 was detected by western blotting in hBMSCs transfected with 
the OE-FGF23, siRNA-FGF23 or FGF23-NC. (F) After 24, 48, 72 and 96 h culture, cell proliferation was detected by Cell Counting kit-8 (CCK-
8) assay in hBMSCs transfected with OE-FGF23, siRNA-FGF23 or FGF23-NC. (G) ALP and ARS staining were used to detect ALP activity and 
calcium nodules in hBMSCs transfected with OE-FGF23, siRNA-FGF23 or FGF23-NC, respectively. (H–J) In the hBMSCs transfected with 
OE-FGF23, siRNAFGF23 or FGF23-NC, the expression levels of RUNX2, OCN and OSX were determined by qRT-PCR. **p < 0.01 compared 
with control group. #p < 0.05, ##p < 0.01 compared with FGF23-NC group. Control and blank control.
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