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Abstract: Glucocorticoid-induced osteoporosis (GIOP) is a frequent complication of systemic glucocorticoid (GC) 
therapy, is the most common form of secondary osteoporosis, and is associated with skeletal fragility and increased 
fracture risk. A soluble form of BMP receptor type 1A fusion protein (mBMPR1A-mFc) acts as an antagonist to en-
dogenous BMPR1A and could increase bone mass in both ovariectomized and ovary-intact mice, but its effects in 
GIOP mice remained unclear. The aim of this study was to evaluate the effects of mBMPR1A-mFc on the skeleton in 
experimental models of GIOP. mBMPR1A-mFc treatment could increase the bone mineral density (BMD), trabecular 
bone volume, thickness, and number, and cortical thickness, and reduce the structure model index and trabecu-
lar separation in GIOP mice. mBMPR1A-mFc treatment could also prevent bone loss and enhance biomechani-
cal strength in GIOP mice by promoting osteoblastic bone formation and inhibiting osteoclastic bone resorption. 
Mechanistic studies revealed that mBMPR1A-mFc treatment increased murine osteoblastogenesis by activating the 
Wnt/β-catenin signaling pathway while decreasing osteoclastogenesis by inhibiting the RANK/RANKL/osteoprote-
gerin (OPG) signaling pathway. These findings demonstrate that mBMPR1A-mFc treatment in GIOP mice improves 
bone mass, microarchitecture, and strength by enhancing osteoblastic bone formation and inhibiting osteoclastic 
bone resorption in GIOP mice and offers a promising novel alternative for the treatment of GIOP.

Keywords: Murine BMP receptor type 1A fusion protein (mBMPR1A-mFc), glucocorticoid-induced osteoporosis 
(GIOP), Wnt/β-catenin signaling, RANK/RANKL/OPG

Introduction

Currently, about 1% of the world’s population is 
under treatment with glucocorticoids (GCs) [1]. 
GC therapy is commonly used and effective for 
treating a variety of immune and inflammatory 
disorders, such as inflammatory bowel disease, 
asthma, rheumatoid arthritis, and chronic ob- 
structive pulmonary disease, as well as organ 
transplants [2, 3]. Unfortunately, GC therapy 
may have multiple detrimental effects on bo- 
nes, which are incredibly complex and only par-
tially understood [4, 5].

The skeleton is a dynamic organ system that 
continuously undergoes remodeling, with os- 
teoclasts resorbing old bone and osteoblasts 
forming new bone [6]. Patients under prolonged 
GC exposure consistently exhibit reduced os- 
teoblastic bone formation and enhanced osteo-
clastic bone resorption [7-9]. Chronic GC treat-
ment, which results in a significant reduction in 
bone mineral density (BMD) and in strength of 
cancellous and cortical bone, can increase the 
risk of atraumatic fractures by 30-50% [8, 10, 
11]. Moreover, prolonged GC exposure can ca- 
use muscle weakness, body balance loss, and 
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an increased risk of falls, resulting in an elevat-
ed risk of bone fractures [12]. Oral administra-
tion of as little as 2.5 mg prednisolone per day 
for more than 3 months already leads to a 1.5-
fold increase in fracture risk, whereas the risk 
increases up to 5-fold for daily doses of 7.5 mg 
per day or higher [13]. 

Bone morphogenetic proteins (BMPs) are a 
member of the transforming growth factor-β 
(TGF-β) gene superfamily [14]. Previous studies 
have reported that BMP signaling plays a criti-
cal role in osteoblastogenesis [15]. The BMP 
signal is mediated through transmembrane 
serine/threonine kinase receptors such as 
BMP types I and II. Upon ligand binding, a highly 
conserved glycine- and serine-rich domain 
between the transmembrane and kinase do- 
mains in the type I receptor is phosphorylated 
and activated. Of the three type I receptors th- 
at recognize BMPs (BMPR1A, BMPR1B, and 
ACVR1), BMPR1A is the most effective recep- 
tor for transducing the canonical BMP ligands 
BMP2 [16] and BMP4 [17], which are abundant-
ly expressed in bone [18].

Postnatal ablation of Bmpr1a expression has 
been used to investigate the effects of Bmpr1a 
disruption in osteoblasts [19]. Unexpectedly, 
mice with postnatal conditional Bmpr1a disrup-
tion exhibited a marked increase in bone mass 
[20], which is associated with reduced expres-
sion of the Wnt antagonists dickkopf-1 (Dkk1) 
and sclerostin (SOST) [21], as well as the re- 
ceptor activator of the NF-κB ligand (RANKL) 
[19, 20]. A recently developed soluble murine 
BMPR1A fusion protein (mBMPR1A-mFc) acts 
as an antagonist to endogenous BMPR1A. The 
mBMPR1A-mFc is a soluble fusion protein con-
sisting of the extracellular domain of murine 
BMPR1A and the Fc portion of murine immuno-
globulin G2a (IgG2a). Research has demon-
strated that mBMPR1A-mFc binds to BMP2/4 
specifically and with high affinity [22]. This, in 
turn, inhibits Dkk1 expression in osteoblasts  
to stimulate Wnt signaling and increase osteo-
blastic bone formation [23]. Additionally, mBM-
PR1A-mFc treatment clearly reduced RANKL 
expression in osteoblasts and decreased bone 
resorption. Interestingly, the treatment of ova- 
riectomized and ovary-intact mice with mBM-
PR1A-mFc resulted in improved bone microar-
chitecture, increased bone mass, and increased 
strength, due to a reduction in bone resorption 
and an increase in bone formation [22]. All of 

these observations support the suggestion 
that inhibition of BMPR1A signaling with mBM-
PR1A-mFc may have a positive therapeutic 
effect for the treatment of pathological bone 
loss.

In the present study, we aimed to test the 
effects of mBMPR1A-mFc on GIOP in mice, and 
the potential cellular and molecular mecha-
nisms by which mBMPR1A-mFc treatment ex- 
erts anabolic and antiresorptive effects in GI- 
OP.

Material and methods

Overview of the study design

All animal procedures were approved by and 
performed in accordance with the guidelines  
of the Institutional Animal Care and Use Com- 
mittee (IACUC) at Pizhou City Hospital, Xuzhou 
Medical University. Forty 12-week-old male 
C57Bl/6J mice were randomly divided into the 
following four groups (n=10 each): (i) CON-VEH, 
(ii) CON-mBMPR1A-mFc, (iii) DEX-VEH, and (iv) 
DEX-mBMPR1A-mFc. There was no significant 
difference in initial body weight between the 
four groups. Mice were exposed to DEX for 28 
days [24]; 1 mg/kg DEX was injected subcuta-
neously, 5 days/week, once daily for four con-
secutive weeks [24]. mBMPR1A-mFc (4.5 mg/
kg; Acceleron Pharma, USA) or vehicle was in- 
jected subcutaneously twice per week. Animals 
were housed at 23±1°C on a 12-hour/12-hour 
light/dark cycle and had ad libitum access to 
standard laboratory pellet rodent chow and 
fresh water. To trace in vivo mineralization, 
each mouse was intraperitoneally given 20 
mg/kg calcein at 3 and 10 days before euth- 
anasia.

Specimen harvest and preparation

Mice were euthanized via CO2 inhalation for 
sample collection. Fasting blood was drawn by 
an intracardiac needle to isolate serum. Femurs 
and tibiae were dissected, cleared of soft tis-
sue, and weighed. The left femurs were wra- 
pped in saline-soaked gauze and stored at 
-70°C until mechanical testing. The right femurs 
were used for micro-CT scanning and dynamic 
bone histomorphometric analysis. The left tibi-
ae were crushed in liquid nitrogen under RN- 
ase-free conditions in order to extract total RNA 
for quantitative RT-PCR. The right femurs were 
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database and purchased commercially. mRNA 
expression levels were normalized to the ho- 
usekeeping gene GAPDH by using the ΔΔCt 
method. Data are expressed as fold change, 
where the ratio between the gene of interest 
and the housekeeping gene for control mice 
was set as 1. All PCRs were performed in tripli-
cate; the primers are shown in Table 1.

Histomorphometry

The femoral diaphyseal region was decalcified 
in EDTA glycerol solution for 14 days at 4°C. 
Decalcified femurs were dehydrated, embed-
ded in paraffin wax, and then cut into 5-μm-thick 
sections on a rotary microtome. The sections 
were stained with hematoxylin and eosin (H&E), 
or histochemically stained for total collagen 
and TRAP activity and with von Kossa stain and 
toluidine blue, following an earlier described 
protocol [28].

Double calcein labeling

Double calcein labeling was performed [29]  
by embedding undecalcified tibiae in LR white 
acrylic resin (London Resin Company, UK). Dy- 
namic histomorphometry measurements were 
performed in 7-mm unstained bone sections by 
fluorescence microscopy. Mineral apposition 
rate (MAR, mm/day) and mineralizing surface 
per bone surface (MS/BS, %) were measured 
under ultraviolet light and used to calculate the 
bone formation rate with a surface referent 
(BFR/BS, mm3/mm2/day).

Immunohistochemical staining

The expression of SOST was visualized in paraf-
fin-embedded femurs from different groups 
[30]. Goat anti-mouse SOST (R&D Systems, ca- 
talog no. AF1589, USA) was used.

Western blot analysis

Whole protein extracts from femurs were pre-
pared as previously described [31]. Protein lev-
els were determined by Western blot analysis. 
Membranes were probed with primary antibod-
ies including Wnt3a, LRP5, SOST, β-catenin, 
RANKL, and OPG (Abcam, Cambridge, MA, USA) 
diluted 1:1000, overnight at 4°C, followed by 
incubation with corresponding secondary anti-
bodies conjugated with horseradish peroxidase 
(Cell Signaling Technology) for 2 hours at room 

prepared for histology and imaging in 4% para-
formaldehyde (PFA) at 4°C.

Bone mass and microstructure assessment

The left femurs were scanned with a dual-ener-
gy X-ray absorptiometer (Hologic ODR 4500A) 
to measure total body, spine, and femur BMD 
(g/cm2). Bone specimens were then analyzed 
by micro-CT with a SkyScan 1072 scanner and 
associated analysis software (SkyScan, Belgi- 
um) [25]. The following 3D indices in the defined 
region of interest (ROI) were calculated auto-
matically with the software: trabecular bone 
volume/total volume (BV/TV, %), trabecular 
number (Tb.N, 1/mm), trabecular thickness 
(Tb.Th, μm), cortical thickness (Ct.Th, mm), cor-
tical volume (Ct.V, mm3), trabecular separation 
(Tb.Sp), and structure model index (SMI).

Mechanical testing

The left frozen femurs were thawed for 2 hours 
at room temperature and subjected to three-
point bending (Bose ElectroForce 3200; Bose 
Corporation, USA) [26]. Force-displacement da- 
ta were acquired at 30 Hz and used to deter-
mine maximum load (N), yield load (N), ultimate 
displacement (mm), yield displacement (mm), 
stiffness (N/mm), and energy absorption (N × 
mm).

Biochemistry assays

Serum levels of bone turnover markers (BTMs), 
i.e., bone-specific alkaline phosphatase (BALP), 
N-terminal propeptide of type I procollagen 
(P1NP), tartrate-resistant acid phosphatase 5b 
(TRAP-5b), C-terminal cross-linked telopeptid- 
es of type I collagen (CTX-I), RANKL, and OPG, 
were measured using respective mouse-specif-
ic enzyme-linked immunosorbent assays (R&D 
Systems, Inc., Minneapolis, MN, USA). All mea-
surements were performed following the manu-
facturer’s instructions and all samples were 
assayed in duplicate within the same protocol.

Quantitative RT-PCR

Total RNA extraction and RT-PCR were per-
formed [27]. Briefly, total RNA was isolated 
from left tibiae with Trizol reagent (Sigma, USA), 
following the manufacturer’s recommendati- 
ons. The primer sequences used in this study 
were designed using an NCBI Bioinformatics 
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temperature. The proteins were detected us- 
ing an enhanced chemiluminescence Western 
blotting detection kit (Amersham, Shanghai, 
China). Bands were quantified using ImageJ 
software (NIH).

Statistical analysis

All values were analyzed by one-way ANOVA fol-
lowed by Tukey’s multiple comparison tests and 
are expressed as mean ± SD. Statistical analy-
sis was carried out using SPSS version 16.0 
(Chicago, IL, USA). Differences among groups 
were considered to be statistically significant at 
a P-value <0.05.

Results

mBMPR1A-mFc treatment reverses DEX-
induced osteopenia in mice

We first examined whether mBMPR1A-mFc 
treatment could increase bone mass in GIOP 
mice. Total, spinal, and femoral BMD, mea-
sured by DXA, all declined significantly in the 
DEX-VEH group (Figure 1A-C). mBMPR1A-mFc 
treatment increased the BMD in CON-mBMP- 
R1A-mFc mice and prevented BMD loss in the 
DEX-mBMPR1A-mFc group (Figure 1A-C). BMD 
levels in DEX-mBMPR1A-mFc mice were com-
parable to those of CON-VEH animals (Figure 
1A-C). The micro-CT images clearly indicated 
improved microarchitectural properties after 
mBMPR1A-mFc treatment (Figure 1D, 1E). Low 
values for BV/TV (Figure 1F), Tb.N (Figure 1G), 
Tb.Th (Figure 1H), Ct.Th (Figure 1I), and Ct.V 
(Figure 1J) and high values for SMI (Figure 1K) 
and Tb.Sp (Figure 1L) were observed in the 
DEX-VEH group. However, these microarchitec-
tural parameters improved after mBMPR1A-
mFc treatment, as demonstrated by significant 
increases in BV/TV, Tb.N, Tb.Th, Ct.Th, and Ct.V 
and a marked reduction in SMI and Tb.Sp 
(Figure 1F-L). These results show that mBM-
PR1A-mFc treatment reverses DEX-induced 
osteopenia.

mBMPR1A-mFc treatment increases femoral 
bone strength

To examine whether mBMPR1A-mFc increased 
bone strength, three-point bending of the left 
femoral diaphysis was performed. DEX treat-
ment resulted in lower maximum load (Figure 
2A), lower energy absorption (Figure 2B), less 

Table 1. qRT-PCR primer sequences
Gene Primer Primer sequence (5’-3’)
Ahr F

R
GGGACCTCGGGTGACAATAA
CCTCTGTCCTTTTCCAACCG

Axin F
R

CAGTGTGAAGGCCAATGGC
TGGGTTCTCGGAAAATGAGG

Cyr6 F
R

GTGAAGTGCGTCCTTGTGGA
TGCCCTTTTTTAGGCTGCTG

Nkd2 F
R

AATTTCAGTCCAAGCACGCC
CGGGACTCTCTCTCCTCTTGC

Tagln F
R

CAGCCCAGACACCGAAGCTA
AGGCTTGGTCGTTTGTGGAC

TGFβ-3 F
R

AGGCTTGGTCGTTTGTGGAC
AGGCTGATTGTGGCCAAGTT

Thbs1 F
R

GGACCGGGCTCAACTCTACA
AGCTCCGCGCTCTCCAT

Twist1 F
R

TCGACTTCCTGTACCAGGTCCT
CCATCTTGGAGTCCAGCTCG

Wsp F
R

ATGCCTGGCTGTGTACCAGC
CCTGCGAGAGTGAAGTTCGTG

Lef 1 F
R

CAGCTCCCCCATACTGTGAG
TGCTGTCTATATCCGCAGGAA

TCF F
R

CAGCTCCCCCATACTGTGAG
TGCTGTCTATATCCGCAGGAA

Wnt3a F
R

GGCTCCTCTCGGATACCTCT
ACAGAGAATGGGCTGAGTGC

β-catenin F
R

CCTAGCTGGTGGACTGCAGAA
CACCACTGGCCAGAATGATGA

LRP5 F
R

CACCATTGATTATGCCGACCAG
TGAGTCAGGCCAAACGGGTAG

RANKL F
R

GCAGCATCGCTCTGTTCCTGTA
CCTGCAGGAGTCAGGTAGTGTGTC

OPG F
R

CACACGAACTGCAGCACATT
TCCACCAAAACACTCAGCCA

ALP F
R

CCTAGACACAAGCACTAACACTA
GTCAGTCAGGTTGTTCCGATTC

OCN F
R

GCCTTCATGTCCAAGCAGGA
GCGCCGGAGTCTGTTCACTA

RUNX2 F
R

CTGTGGTTACCGTCATGGCC
GGAGCTCGGCGGAGTAGTTC

Col-1 F
R

CCCTACTCAGCCGTCTGTGC
GGGTTCGGGCTGATGTACC

SPP1 F
R

AGAGCGGTGAGTCTAAGGAGT
TGCCCTTTCCGTTGTTGTCC

OPN F
R

CACTCCAATCGTCCCTACAGT
CTGGAAACTCCTAGACTTTGACC

Osterix F
R

CATCTAACAGGAGGATTTTGGTTTG
AAGCCTTTGCCCACCTACTTTT

TRAP F
R

CACTCCCACCCTGAGATTTGT
CCCCAGAGACATGATGAAGTCA

Oscar F
R

GGTCCTCATCTGCTTG
TATCTGGTGGAGTCTGG

CTSK F
R

CTTCCAATACGTGCAGCAGA
TCTTCAGGGCTTTCTCGTTC

GAPDH F
R

AAATGGTGAAGGTCGGTGTGAAC
CAACAATCTCCACTTTGCCACTG
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Figure 1. mBMPR1A-mFc treatment protects against DEX-induced bone loss in mice. (A-C) The BMD of total, spinal, 
and femoral were measured by DXA. (D, E) Representative reconstructed μCT images of femur cancellous bone 
(3D) and cortical bone (2D). (F) The trabecular bone volume (BV/TV), (G) trabecular number (Tb.N), (H) trabecular 
thickness (Tb.Th), (I) cortical thickness (Ct.Th), (J) cortical bone volume (Ct.V), (K) structural model index (SMI) and 
(L) trabecular space (Tb.Sp) from μCT analysis. Values are expressed as mean ± SD, n=10 per group. ns, not statisti-
cally significant; *, P<0.05; **, P<0.01; ***, P<0.001, versus the indicated group.
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stiffness (Figure 2C), less ultimate displace-
ment (Figure 2D), less yield displacement 
(Figure 2E), and lower yield load (Figure 2F) 
compared with CON-VEH mice. CON-mBMPR1A-
mFc mice exhibited enhanced bone strength, 
with a higher maximum load, greater energy 
absorption, more stiffness, greater ultimate di- 
splacement, increased yield displacement, and 
higher yield load when compared with DEX-VEH 
mice (Figure 2A-F). Taken together, these re- 
sults suggest that mBMPR1A-mFc treatment 
enhances skeletal properties in adult mice and 
prevents skeletal deterioration in GIOP mice.

mBMPR1A-mFc treatment increases osteo-
blastic bone formation

Static histomorphometric analysis (400× mag-
nification) (Figure 3A-D) of trabecular bone in 
the distal femora following DEX treatment sh- 
owed lower BV/TV (Figure 3F), lower total colla-
gen-positive area/tissue area (Figure 3G), low- 
er von Kossa-positive area/tissue area (Figure 
3H), a lower number of OBs per bone surface 
(N.Ob/BS) (Figure 3I), and a lower percentage 
of bone surface covered by OBs (Ob.S/BS) 
(Figure 3J) compared with VEH-treated mice. 
However, dynamic histomorphometric analysis 

(Figure 3E) revealed that all bone formation 
indices, i.e., mineral apposition rate (MAR) 
(Figure 3K), bone formation rate per bone sur-
face (BFR/BS) (Figure 3L), and mineralizing sur-
face per bone surface (MS/BS) (Figure 3M), 
were decreased on the endocortical surface  
in DEX-VEH mice when compared to CON-VEH 
mice, consistent with the decreased ALP (Fi- 
gure 3N) and P1NP (Figure 3O) levels observ- 
ed in DEX-VEH mice. To understand the molecu-
lar mechanisms responsible for the significant 
decrease in osteoblastogenesis, mRNA levels 
of ALP, OCN, Runx2, COL-1, SPP1, OPN, and 
Osterix were assessed by RT-PCR (Figure 3P). 
Consistent with previous reports, DEX treat-
ment significantly downregulated the mRNA 
levels of each of the osteogenic genes ana-
lyzed. mBMPR1A-mFc treatment increased the 
expression levels of ALP, OCN, Runx2, COL-1, 
SPP1, OPN, and Osterix in DEX-treated mice, 
which confirms that mBMPR1A-mFc increases 
osteoblast differentiation (Figure 3P).

mBMPR1A-mFc treatment protects against 
DEX-induced osteoclastic bone resorption

Static histomorphometric analysis (400× mag-
nification) (Figure 4A) of the trabecular bone of 

Figure 2. mBMPR1A-mFc treatment protects against DEX-induced reduction of mechanical properties in mice. The 
(A) maximum load, (B) energy absorption, (C) stiffness, (D) ultimate displacement, (E) yield displacement, and (F) 
yield load through three-point bending test. Values are expressed as mean ± SD, n=10 per group. ns, not statistically 
significant; *, P<0.05; **, P<0.01; ***, P<0.001, versus the indicated group.



BMP receptor type 1A fusion protein prevents osteoporosis

4238 Am J Transl Res 2019;11(7):4232-4247



BMP receptor type 1A fusion protein prevents osteoporosis

4239 Am J Transl Res 2019;11(7):4232-4247

the distal femora revealed a significant de- 
crease in the number of osteoclasts per bo- 
ne surface (N.Oc/BS) (Figure 4B), a decrease  
in eroded bone surface (ES/BS) (Figure 4C), 
and a decrease in bone surface occupied by 
osteoclasts (Oc.S/BS) (Figure 4D) in the DEX-
mBMPR1A-mFc group compared with the VEH-
treated group. The decrease in osteoclast nu- 
mber was associated with a reduction in TRAP-
5b (Figure 4E) and CTX-1 (Figure 4F) serum  
levels in mBMPR1A-mFc-treated mice com-
pared with VEH-treated animals. The qRT-PCR 
results indicate that expression levels of ge- 
nes related to osteoclastogenesis, such as 
Acp5 (which encodes TRAP), osteoclast-asso- 
ciated receptor (Oscar), and Cathepsin K (Ct- 
sk), were also significantly reduced after mBM-
PR1A-mFc treatment (Figure 4G). These data 
suggest that osteoclast numbers and resorp-
tion were significantly decreased, leading to in- 
creased bone mass after mBMPR1A-mFc tre- 
atment.

mBMPR1A-mFc treatment alters Wnt/β-
catenin signaling

Because osteoblast differentiation is induced 
by Wnt activation, we investigated the effects 
of DEX and BMPR1A treatment on Wnt signal-
ing. The percentage of SOST-positive osteo-
cytes, as detected by SOST immunostaining, 
was increased 2-fold in DEX-VEH mice com-
pared with CON-VEH mice (400× magnifica- 
tion) (Figure 5A, 5B), which is in agreement 
with the femoral SOST mRNA levels (Figure 5C). 
The qRT-PCR results indicate that genes relat-
ed to Wnt signaling, such as Wnt3a, LRP5, and 
β-catenin, were also significantly upregulated 
after mBMPR1A-mFc treatment (Figure 5D). 
Furthermore, we measured the femoral mRNA 
expression levels of genes specifically upregu-
lated by Wnt signaling, i.e., aryl-hydrocarbon 
receptor (Ahr), axin2, cysteine-rich protein 61 
(Cyr61), naked cuticle 2 homolog (Nkd2), trans-
gelin (tagline), transforming growth factor β3 

Figure 3. mBMPR1A-mFc treatment protects against the DEX-induced reduction of osteoblastic bone formation in 
mice. The histomorphometric analysis of distal femur by (A) hematoxylin & eosin (H&E), 400×, (B) total collagen, 
400×, (C) von kossa, 400×, (D) toluidine blue, 400×, and (E) fluorescent calcein labeling staining, 400×. Histomor-
phometric analysis of (F) trabecular bone volume (BV/TV), (G) Total-Col positive area/Tissue area, (H) von kossa 
positive area/Tissue area, (I) Number of OBs per bone surface (N.Ob/BS), (J) Percentage of bone surfaces covered 
by OBs (Ob.S/BS), (K) percentage of bone surfaces covered by mineralized surfaces (MS/BS), (L) Mineral apposition 
rate (MAR), (M) Bone formation rate/bone surface (BFR/BS). Serum bone formation markers (N) BALP and (O) PINP 
were measured by ELISA. (P) The expression of osteoblast-specific genes, including ALP, OCN, Runx2, COL-1, SPP1, 
OPN and Osterix was examined by qRT-PCR in femurs. Values are expressed as mean ± SD, n=10 per group. ns, not 
statistically significant; *, P<0.05; **, P<0.01; ***, P<0.001, versus the indicated group.
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(TGFβ3), thrombospondin 1 (Thbs1), Twist gene 
homolog 1 (Twist1), Wnt1-inducible signaling 
pathway protein 1 (Wisp1), T-cell factor (TCF), 
and lymphoid enhancer factor-1 (Lef-1) (Figure 
5E). These genes were chosen because they 
are sensitive markers of Wnt activation [32].
The protein expression of Wnt3a, LRP5, β-ca- 
tenin and SOST in each group were also as- 
sessed by Western blot analysis (Figure 5F). 
The results reveal that the levels of protein ex- 
pression and mRNA for the genes related to 
Wnt signaling and the genes specifically upreg-
ulated by Wnt signaling were all dramatically 
decreased by DEX treatment compared with 
the CON-VEH group (Figure 5D-J). Moreover, 
treatment with mBMPR1A-mFc caused a sig-

nificant increase in the levels of protein expres-
sion of Wnt3a, LRP5, β-catenin, and SOST and 
the mRNA levels of the genes related to Wnt 
signaling and the genes upregulated by Wnt sig-
naling in the DEX-mBMPR1A-mFc and CON-
mBMPR1A-mFc groups (Figure 5D-J), suggest-
ing that mBMPR1A-mFc stimulates bone for-
mation by activating Wnt signaling.

mBMPR1A-mFc treatment alters RANKL/OPG 
signaling

To elucidate the molecular mechanisms under-
lying the suppression of osteoclastogenesis, 
we examined the effects of mBMPR1A-mFc on 
RANKL and OPG expression in the femur. mBM-

Figure 4. mBMPR1A-mFc treatment 
protects against the DEX-induced 
osteoclastic bone resorption in 
mice. (A) Sections of the metaphyse-
al regions of the distal femurs were 
performed TRAP staining, 400×. (B) 
The osteoclast number/bone sur-
face (N.Oc/BS), (C) eroded surface/
bone surface (ES/BS) and (D) osteo-
clast surface/bone surface (Oc.S/
BS) were analyzed. Serum bone 
resorption markers (E) TRAP5b and 
(F) CTX were measured by ELISA. 
(G) RT-PCR of bone tissue extracts 
for the expression of TRAP, Oscar 
and CTSK. Values are expressed as 
mean ± SD, n=10 per group. ns, not 
statistically significant; *, P<0.05; 
**, P<0.01; ***, P<0.001, versus 
the indicated group.
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Figure 5. mBMPR1A-mFc treatment alters Wnt/β-catenin signaling. A. The longitudinal sections of femoral bone 
stained with an anti-SOST antibody, 400×. B. The percentage of SOST-positive osteocytes were quantified. C. Sost 
gene expression was quantified by qPCR in femur. D. RT-PCR of bone tissue extracts for the expression of Wnt3a, 
LRP5 and β-catenin. E. RT-PCR analysis of mRNA expression of genes specifically upregulated by Wnt signaling in 
flushed femurs. F. Protein expression of Wnt3a, LRP5, β-catenin and SOST in each group, as assessed by Western 
blot analysis. G-J. Densitometry results of Wnt3a, LRP5, β-catenin and SOST protein expression in each group. 
Values are expressed as mean ± SD, n=10 per group. ns, not statistically significant; *, P<0.05; **, P<0.01; ***, 
P<0.001, versus the indicated group.
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PR1A-mFc treatment caused a dramatic de- 
crease in the mRNA expression levels of RANKL 
and a modest increase in the mRNA levels of 
OPG (Figure 6C). The ratio of RANKL/OPG, a 
key index for osteoclastic activity, was reduced 
by mBMPR1A-mFc treatment (Figure 6C). Con- 
sistent with our PCR results, RANKL serum lev-
els were decreased (Figure 6A) while serum 
OPG levels were increased (Figure 6B) after 
mBMPR1A-mFc treatment compared with VEH-
treated mice. Furthermore, we measured the 
protein expression of RANKL and OPG in the 
femur in each group by Western blot analysis 

(Figure 6D). The RANKL protein expression lev-
els were reduced (Figure 6E) while the OPG pro-
tein expression levels were increased (Figure 
6F) after mBMPR1A-mFc treatment compared 
with VEH-treated mice.

Discussion

Glucocorticoid-mediated osteoporosis is the 
most common form of secondary osteoporosis 
and is associated with substantial morbidity 
and mortality, a reduction in quality of life, and 
a large socioeconomic impact [8, 11, 33]. Given 

Figure 6. mBMPR1A-mFc treatment alters RANKL/OPG signaling. A, B. Serum Rankl and OPG were measured by 
ELISA. C. qPCR analysis of mRNA expression of of RANKL, OPG, and RANKL/OPG ratio in femurs. D. Protein expres-
sion of RANKL and OPG in each group, as assessed by Western blot analysis. E, F. Densitometry results of RANKL 
and OPG protein expression in each group. Values are expressed as mean ± SD, n=10 per group. ns, not statistically 
significant; *, P<0.05; **, P<0.01; ***, P<0.001, versus the indicated group.
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the importance of GCs as a common therapy 
for rheumatologic diseases, asthma, and immu- 
nosuppression, new ways to prevent and treat 
GIOP are urgently needed. The goal of our stu- 
dy was to evaluate the role of mBMPR1A-mFc 
treatment on GIOP. The current study demon-
strates that mBMPR1A-mFc treatment pre-
vents the deterioration of femoral bone micro-
architecture, mass, and mechanical properties 
of GIOP mice by increasing bone formation and 
suppressing bone resorption. The effects of 
mBMPR1A-mFc treatment on the femur appear 
to be associated with the regulation of skeletal 
gene expression levels of Wnt3a/β-catenin and 
RANKL/RANK/OPG signaling pathways.

Inhibition of mineral resorption with bisphos-
phonates is the current standard treatment 
strategy for GIOP [34]. Bisphosphonates pre-
vent GC-induced bone loss in animal models 
and human GIOP patients. However, bisphos-
phonates also reduce bone formation even fur-
ther [35, 36]. Treatment with anti-RANKL anti-
bodies induces even more remarkable reduc-
tions in bone formation compared to treatment 
with bisphosphonates in patients receiving GCs 
[37]. Therefore, there is a clinical need to iden-
tify new agents for the treatment of GIOP, par-
ticularly agents that promote bone formation 
and simultaneously inhibit bone resorption.

Laboratory mice are often used for establishing 
animal models of GIOP [38-45]. The C57BL/6J 
mouse is a reliable and reproducible model for 
GIOP, as demonstrated by significant decreas-
es in BMD, reductions in osteoblastic bone for-
mation, and increases in osteoclastic bone 
absorption [43, 44]. In this study, supraphysio-
logic DEX (1 mg/kg/day, 5 days/week for 4 
weeks) was given to 12-week-old male C57- 
BL/6J mice by subcutaneous injection to repro-
duce previous findings [24]. The femur, the part 
most sensitive to atypical fractures in approxi-
mately 40% of European women treated with 
GCs [46, 47], was chosen to assess the effects 
of mBMPR1A-mFc on GIOP. As expected, DEX 
disrupted bone homeostasis, reduced bone 
mass, decreased bone mechanical strength, 
and increased cortical and trabecular bone 
damage in GIOP mice. Interestingly, we found 
that mBMPR1A-mFc increases bone mass in 
the GIOP model. mBMPR1A-mFc treatment 
completely reversed DEX-induced bone loss 
and restored both trabecular bone volume, nu- 

mber, and thickness and cortical thickness. 
The increase in BMD, improvement in bone 
microarchitecture, increase in bone formation 
rate, and decrease in osteoclast-positive sur-
face observed in mBMPR1A-mFc-treated ani-
mals are consistent with our previous research 
[22]. In the current study, we demonstrated 
that the adverse effects of GC treatment were 
reversed by the inhibition of BMP2/4 signaling 
via treatment with mBMPR1A-mFc, which led 
to increased bone mass and improved bone 
microarchitecture by increasing the bone for-
mation rate and decreasing the osteoclast-pos-
itive surface.

The RANKL/RANK/OPG signaling pathway pl- 
ays a key role in the regulation of bone remod-
eling by modulating osteoclast development 
and activation [48]. Both RANKL and OPG are 
secreted predominantly by osteoblasts, which 
regulates the differentiation of osteoclasts 
[49]. RANKL binds to RANK on the cell surface 
of osteoclasts or osteoclast precursors to in- 
duce differentiation, activation, and survival of 
osteoclasts; OPG, a decoy receptor for RANKL, 
inhibits osteoclastogenesis [48]. The ratio of 
RANKL/OPG can be used to assess bone 
remodeling. In agreement with a previous study 
[50], RANKL mRNA expression was upregulat-
ed after DEX treatment in mice. Furthermore, 
the RANKL/OPG ratio was higher in the DEX-
VEH group than in the CON-VEH group, which  
is in agreement with other studies [45]. Mo- 
reover, we found that the RANKL mRNA expr- 
ession was markedly downregulated by mBM-
PR1A-mFc in mice, which is consistent with 
another study [51]. These findings indicate that 
mBMPR1A-mFc regulates the RANKL/RANK/
OPG signaling pathway to reduce bone resorp-
tion, resulting in improved lumbar vertebral tra-
becular bone mass, increased mechanical st- 
rength, and a reduction in bone resorption 
marker serum levels in GIOP mice.

In the current study, we found that mBMPR1A-
mFc treatment in mice not only inhibits DEX-
induced bone loss but also results in signifi-
cantly greater bone mass and strength com-
pared to CON-VEH mice, confirming our previ-
ous results that mBMPR1A-mFc treatment 
results in a profound increase in mouse bone 
mass [22]. The increased bone mass was as- 
sociated with greater trabecular number and 
width, larger cortical thickness, and lower tra-
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becular separation [22]. This finding suggests 
that the anabolic effect of mBMPR1A-mFc 
treatment was retained despite continuous 
DEX administration.

Previous studies have revealed that canonical 
Wnt signaling plays a critical role in the regula-
tion of bone mass, bone remodeling, and bone 
homeostasis [52]. Wnt binds to frizzled recep-
tors and their low-density lipoprotein co-recep-
tor receptor-related proteins (LRP5/6) to stabi-
lize cytosolic β-catenin, which then enters the 
nucleus and initiates the transcription of Wnt 
target genes [53]. In concordance with previ-
ous studies [54], the femoral mRNA expres- 
sion levels of Wnt3a, LRP5, and β-catenin we- 
re downregulated in the DEX-VEH group when 
compared with the CON-VEH group. Interesting- 
ly, the expression levels of Wnt3a, LRP5, and 
β-catenin were all markedly upregulated after 
mBMPR1A-mFc treatment, demonstrating the 
potential activation of the Wnt3a/β-catenin sig-
naling pathway by mBMPR1A-mFc, which is 
consistent with our previous results [23]. Also 
consistent with previous results [55, 56], we 
demonstrated that mBMPR1A-mFc inhibits the 
expression of the soluble Wnt antagonist SOST. 
SOST has been shown to be a negative regula-
tor of Wnt signaling and osteoblast differentia-
tion [34, 57]. Previous studies reported that 
the Wnt-signaling antagonist SOST is upregu-
lated following GC treatment [58, 59]. Signi- 
ficantly increased levels of SOST following GC 
treatment may contribute to skeletal deteriora-
tion by enhancing osteoclastogenesis by in- 
creasing levels of the pro-resorptive cytokine 
RANKL and decreasing levels of the RANKL 
decoy receptor OPG [60]. mBMP1RA-mFc tre- 
atment inhibits SOST expression and activat- 
es canonical Wnt signaling [22], which could 
account for the increase in osteoblast num- 
bers and bone formation, which in turn pre-
vents skeletal deterioration associated with 
DEX treatment. Thus, our study indicates that 
mBMPR1A-mFc upregulates the Wnt3a/β-ca- 
tenin signaling pathway, resulting in increased 
serum levels of bone formation markers, higher 
femoral trabecular bone mass, and improved 
mechanical properties in GIOP mice.

The main limitation of our current study is that 
we studied only male mice at a single time 
point, with a single mBMPR1A-mFc dosing re- 
gimen. Therefore, it remains to be confirmed 

whether the osteoprotective effects of mBM-
PR1A-mFc will continue with longer treatment. 
It also remains to be investigated whether more 
frequent dosing or higher doses will enhance 
the osteoprotective effects. Additional resear- 
ch is required to investigate the optimal dose 
and further elucidate the functional mecha-
nisms underlying its protective effects.

In summary, mBMPR1A-mFc treatment results 
in increases in bone mass, structure, and str- 
ength. Furthermore, mBMPR1A-mFc treatment 
can reverse GC-induced bone loss through 
enhancing osteoblastic bone formation by acti-
vating Wnt/β-catenin signaling and suppress-
ing osteoclastic bone resorption by inhibiting 
the RANK/RANKL/OPG pathway. These results 
suggest that mBMPR1A-mFc may be a promis-
ing therapeutic agent for the treatment of 
GC-associated secondary osteoporosis.
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