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Abstract
Background: Promoting bone marrow mesenchymal stem cell (BMSC) osteoblastic differentiation is a
promising therapeutic strategy for osteoporosis (OP). The present study demonstrates that miR-483-5p
inhibits the osteogenic differentiation of BMSCs. Therefore, selectively delivering the nanoparticles
carrying antagomir-483-5p (miR-483-5p inhibitor) to BMSCs is expected to become an effective treatment
drug for OP.

Methods: Real-time PCR assays were used to analyse miR-483-5p, ALP and Bglap levels in BMSCs of
ovariectomized and aged osteoporotic mice. To selectively and e�ciently deliver antagomir-483-5p to
BMSCs in vivo, immunoglobulin G and poloxamer-188 were used to encapsulate the functional small
molecules, and BMSC-targeting aptamer was employed to con�rm the direction of the nanoparticles.
Luciferase assays were used to determine the target genes of miR-483-5p. Western blot assays and
immunohistochemistry staining were used to detect the targets in vitro and vivo.

Results: miR-483-5p levels were increased in BMSCs of ovariectomized and aged osteoporotic mice.
Inhibition of miR-483-5p levels in BMSCs by antagomir-483-5p in vitro promoted the expression of bone
formation markers, such as ALP and Bglap. The FAM-BMSC-aptamer-nanoparticles carrying antagomir-
483-5p were taken up by BMSCs, resulting in stimulation of BMSC osteoblastic differentiation in vitro and
osteoporosis prevention in vivo. Furthermore, our research demonstrated that mitogen-activated protein
kinase 1 (MAPK1) and SMAD family member 5 (Smad5) were direct targets of miR-483-5p in regulating
BMSC osteoblastic differentiation and osteoporosis pathological processes.

Conclusions: The important therapeutic role of FAM-BMSC-aptamer-nanoparticles carrying antagomir-
483-5p in osteoporosis was established in our study. These nanoparticles are novel candidate for the
clinical prevention and treatment of osteoporosis. The optimized targeted drug delivery platform for small
molecules will provide new ideas for the treatment of clinical diseases.

Background
Osteoporosis (OP) is a multifactorial disorder characterized by low bone mineral density and fragility
fractures. Approximately nine million fractures every year worldwide are associated with OP. In the
developed world, approximately 9–38% of females and 2–8% of males are affected by OP, and the
incidence rate increases with age, especially for seniors over 60[1]. Most cases of OP is often related to
either postmenopausal estrogen loss or age-related deterioration of skeletal microarchitecture, both of
which are due to uncoupling in the bone remodeling unit. Bone remodeling, tightly couples with bone
formation performed by osteoblasts and bone resorption facilitated by osteoclasts[2]. Importantly,
disruption of homeostasis, such as inadequate bone formation or enhanced bone resorption, has a
fundamental role in the pathogenesis of OP. Over the past decades, pharmacotherapies have been used
for OP through either antiresorptive or anabolic means. However, the clinical effects are unsatisfactory
due to their prevention of just bone resorption without restoring bone loss or their complex clinical
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treatment protocols[3–5]. Therefore, there is an urgent requirement for innovative effective treatment
strategies to promote bone formation in OP patients.

Osteoblasts are the dominant functional cells contributing to bone formation and are derived from bone
marrow mesenchymal stem cells (BMSCs). BMSCs give rise to osteoblasts, adipocytes, chondrocytes,
and myocytes[6, 7]. Under physiological states, a dynamic balance exists between the osteogenic and the
adipogenic potential of BMSCs[8, 9]. Reduced bone formation, but more adipocytes of impaired BMSCs,
is one of the main causes of estrogen de�ciency and age-related OP[10]. Hence, promoting BMSC
osteoblastic differentiation is a promising therapeutic strategy for OP[11]. BMSC differentiation is
modulated by various chemical, biological, and physical factors, such as microRNAs. To date,
approximately 40 miRNAs have been reported to be involved in the osteogenic differentiation of BMSCs,
such as miR-188[12], miR-335-5p[13], miR-210-3p[14], miR-130a[15], miR-149-3p[16], miR-381[17], and
miRNA-132-3p[18]. Interestingly, the present study demonstrated that miR-483-5p expression increased in
BMSCs from mice with estrogen de�ciency and age-related OP. miR-483-5p inhibits the osteogenic
differentiation of BMSCs by targeting mitogen-activated protein kinase 1(MAPK1) and SMAD family
member 5 (Smad5).

Therefore, antagomir-483-5p (miR-483-5p inhibitor) is expected to become an effective treatment drug for
OP. However, the clinical application of novel small molecule nucleic acid drugs has several challenges,
such as stimulation of the immune response and poor cellular uptake. Here, we used immunoglobulin G
(IgG) and poloxamer-188 (polyoxyethylene–polyoxypropylene block copolymer) to encapsulate
antagomir-483-5p[19, 20]. To selectively deliver the nanoparticles to BMSCs, these nanoparticles were
conjugated with a BMSC-targeting aptamer[21]. The targeted nanoparticles presented e�cient cellular
uptake in vitro and promoted bone formation in ovariectomized (OVX) mice, which represent a
postmenopausal OP mouse model. Our �ndings suggested that selectively delivering antagomir-483-5p
to BMSCs may represent a novel e�cient strategy for the prevention and treatment of OP.

Methods

OVX-induced experimental OP mouse model
Eight- to ten-week-old female C57BL/6J WT mice were purchased from Tianqin Biotechnology Co., Ltd.,
Changsha, China. All mice were maintained under continuous 12 h light followed by 12 h dark cycles and
pathogen-free conditions. An experimental OP mouse model was induced by bilateral ovariectomy, and
control mice were subjected to sham operation. All mice were euthanized for collection of bilateral femur
specimens at 12 weeks after surgery. The harvested distal femurs were �xed, decalci�ed, embedded in
para�n, and cut using our previously established protocol[22]. Routine hematoxylin and eosin (H&E)
staining was used to evaluate bone morphology. All the experimental procedures were approved by the
Committees of Animal Ethics and Experimental Safety of Hainan Medical University.
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MicroCT analysis
The whole secondary spongiosa of the distal femur was scanned ex vivo using a microCT system
(μCT100, SCANCO MEDICAL, Switzerland). The trabecular bone was segmented for three-dimensional
reconstruction (μCT Evaluation Promgram V6.6, SCANCO MEDICAL, Switzerland) to calculate the
following parameters: BV/TV, Conn.D, SMI, trabecular number (Tb.N), Tb.Th, trabecular separation
(Tb.Sp), BS/BV and BMD of TV.

Isolation and culture of mouse BMSCs 
For isolation of mouse BMSCs, four- to six-week-old female mice were pretreated in 75% ethanol solution
after the necks were broken for 10-15 min. Bilateral femurs were dissected under sterile conditions. The
marrow cavity was repeatedly �ushed with 0.0067 M sterile phosphate buffered saline (HyClone, South
Logan, UT, USA). The collected bone marrow cells were cultured in Dulbecco’s modi�ed Eagle’s medium
(Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco). After 24 h, the
cell culture supernatant was discarded, and fresh complete medium was added. When cells reached
85%-90% con�uence, 0.25% trypsin (Gibco) containing 10 mM EDTA was used to digest cells. Only third-
to eighth-passage BMSCs were employed to induce osteogenic and adipogenic differentiation as well as
to transfect agomir-483-5p or antagomir-483-5p (GenePharma, Suzhou, China). Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) was used for transfection.

RNA extraction and real-time PCR
Total RNA was extracted from the collected cells using TRIzol reagent (Invitrogen). To analyze ALP,
Bglap, MAKP1, and Smad5 levels, a Thermo Scienti�c RevertAid �rst strand cDNA synthesis kit (Thermo
Fisher Scienti�c, Waltham, MA, USA) was used to synthesize complementary DNAs (cDNAs). The primers
(Sangon Biotech, Shanghai, China) used are described in Supplementary Table 1. PowerUP SYBR green
master mix (Thermo Fisher Scienti�c, Waltham, MA, USA) was used to quantify the relative mRNA levels.
To analyze miR-483-5p levels, the U6 snRNA real-time PCR normalization kit and the mmu-miR-483-5p
hairpin-it real-time PCR kit (GenePharma) were used. 

Enzyme-linked immunosorbent assay (ELISA)
To detect ALP levels in cell culture supernatant, a mouse ALP ELISA kit (AMEKO, Shanghai, China) was
used. A mouse Col-1 ELISA kit (AMEKO) was used to measure the concentration of type I collagen in the
cell culture supernatant according to the manufacturer's instructions.
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Osteogenesis differentiation and alkaline phosphatase
staining.
To induce osteogenic differentiation of BMSCs, cells were transfected with  agomir-483-5p
(GenePharma), antagomir-483-5p, or negative control (NC). 6 h after transfection, cells were cultured with
medium containing 10 mM β-glycerophosphate (Biosharp, Hefei, China) , 1 μM dexamethasone (Sigma-
Aldrich, St. Louis, MO, USA), and 50 μM ascorbic acid (Solarbio, Beijing, China) for 48 h. Alkaline
phosphatase activity was monitored using a BCIP/NBT Alkaline Phosphatase Color Development Kit
(Beyotime, Shanghai, China). The lentivirus-mediated miR-483-5p mimics and lentivirus-mediated miR-
483-5p inhibitor were purchased from GenePharma. For continuous induction, the fresh medium was
changed every two days.

Preparation of FAM-BMSC-aptamer-nanoparticles
First, mouse IgG (Solarbio) was used to package agomir-483-5p or antagomir-483-5p (GenePharma)
following the methods described previously19. Then, 1 mL (400 mM) of N-ethyl-N-(3-diethylaminopropyl)
carbodiimide (EDC) (Thermo Fisher Scienti�c) and 1 mL (100 mM) of N-hydroxysuccinimide (NHS)
(Thermo Fisher Scienti�c) were added to activate terminal carboxyl groups on the surface of
nanoparticles. After gentle stirring for 15 min, a total of 5 OD BMSC-targeting-aptamers (5’ 6-FAM-
ACGACGGTGATATGCCAAGGTCGTATGCACGAGTCAGAGG-C7-NH2-3’) (Sangon Biotech) was added, and
incubated at room temperature for 2 h in the dark with gentle shaking. Finally, 0.2% v/v poloxamer-188
(Sigma-Aldrich, St. Louis, MO, USA) was used to coat FAM-BMSC-aptamer-nanoparticles following
methods reported previously19.

Characterization of FAM-BMSC-aptamer-nanoparticles
Particle average hydrodynamic diameters, PDIs, and zeta potentials were measured by a NanoBrook
Omni Analyzer (Brookhaven Instruments Corporation, NY, USA). The �uorescence emission spectrum of
the FAM-BMSC-aptamer-nanoparticles was determined using a luminal �uorescence spectrometer
(Thermo Fisher Scienti�c). The shape of the nanoparticles was evaluated using a HT-7700 transmission
electron microscope (Hitachi, Tokyo, Japan). Biotium’s next-generation �uorescent CF® -labeled wheat
germ agglutinin (CF®555 WGA) was used for plasma membrane imaging on a �uorescence microscope
(Olympus, Tokyo, Japan).

Therapeutic inhibition of miR-483-5p in BMSCs of OVX
mice.
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Experimental OP model OVX mice were induced as described before. FAM-BMSC-aptamer-nanoparticles
carrying agomir-483-5p (5 mg/kg body weight) or antagomir-483-5p (5 mg/kg body weight) were
delivered by tail vein injection every week. After 12 weeks, mice were euthanized, and bilateral femur
specimens were collected. Left femur specimens were prepared for microCT scans and right femurs were
prepared for immunohistochemistry staining.

Cell culture.
The C3H/10T1/2, Clone 8 cell line (ATCC, Manassas, VA, USA) was maintained in alpha-modi�ed
Minimum Essential Medium (α-MEM, Gibco) containing 10% FBS (Gibco), 2 mM L glutamine (Gibco), 1%
MEM non-essential amino acids solution (100X) (Gibco), and 1 mM sodium pyruvate (100 mM)
(Solarbio). Cells were maintained under a standard cell culture conditions with 5% CO2 and 95% humidity,
and they were not used beyond passage 10. 

MAPK1 and Smad5 3′ UTR cloning and Luciferase Assay.
MAPK1 (gene ID 26413) and Smad5 (gene ID 17129) mRNA 3′ UTRs containing the miR-483-5p-binding
sequences were ampli�ed by routine PCR. The MAPK1 mRNA 3′ UTRs fragment was ampli�ed using the
following primers 5′- CCGCTCGAGTCAGAGGACTGGACGAGTTC -3′ (forward) and 5′-
AAGGAAAAAAGCGGCCGCAGCCTCCCTACTGTGAAGTG -3′ (reverse). The Smad5 mRNA 3′ UTRs fragment
was ampli�ed using the following primers 5′- CCGCTCGAGACAGTCTCCCTATGCCTGAG -3′ (forward) and
5′- AAGGAAAAAAGCGGCCGCTACTCTGCAGTGCATGCCTG -3′ (reverse). The PCR products were
subcloned into the psiCHECK™-2 vector (Promega, Madison, WI, USA) through Not I and Xho I (Thermo
Fisher Scienti�c) cloning sites. The binding region mutations were achieved using gene splicing by
overlap extension PCR (SOE-PCR). C3H/10T1/2 cells were cotransfected with agomir-483-5p and the
constructed plasmid. The dual-luciferase reporter assay system (Promega) was used to measure �re�y
and renilla luciferase activities on a Spectramax i3x (Molecular Devices, CA, USA).

Inhibition and overexpression of MAPK1 and Smad5
RNA interference was used to knockdown MAPK1 and Smad5 in BMSCs. siRNA-MAPK1 and siRNA-
Smad5 (Table S2) were synthesized by Sangon Biotech. Overexpression plasmids
of the MAPK1 or Smad5 gene were constructed by VectorBuilder. After transfection of the siRNAs or
plasmids into cell, the protein levels of MAPK1 and Smad5 were detected by western blot assays. For
western blot analysis, rabbit anti-MAKP1 (1:1000) and rabbit anti-Smad5 (1:1000) polyclonal antibodies
(ABclonal) were employed as primary antibodies. A HRP-conjugated A�niPure goat anti-rabbit IgG (H+L)
(Proteintech, IL, USA) was used as the secondary antibody and visualized using an enhanced
chemiluminescence kit (Biosharp).
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Immunohistochemistry staining
After routine depara�nization and rehydration, all sections were incubated in citrate buffer (0.01 M, pH
6.0) at 60°C for 16-18 h for antigen retrieval. Sections were then covered with 3% hydrogen peroxide for
10 min in the dark to inactivate endogenous peroxidase activity. Sections were permeabilized and
blocked in 1% goat serum supplemented with 0.2% Triton X-100 (Beyotime) at room temperature for 30
min. Sections were then incubated overnight at 4 °C with rabbit anti-MAKP1 (1:100) and rabbit anti-
Smad5 (1:100) polyclonal antibodies (ABclonal). A HRP-conjugated A�niPure goat anti-rabbit IgG (H+L)
(Proteintech) was used as the secondary antibody and visualized using a DAB detection kit (Origene,
Beijing, China). 

Statistical analyses
All numerical data are presented as the mean ± SEM. All statistical analyses were performed with
GraphPad Prism software, version 6.01 (La Jolla, CA, USA). Statistical differences between two groups
were determined by the unpaired t test. One-way ANOVA with Dunnett's multiple comparison posttest was
used to compare signi�cant differences among multiple groups. All experiments were repeated at least
three times, and representative experiments are shown. P < 0.05 was considered statistically signi�cant
(*P < 0.05; **P < 0.01; ns, nonsigni�cant).

Results

miR-483-5p levels are increased in BMSCs of OVX and aged
osteoporotic mice 
An experimental model of OP was induced in eight- to ten-week-old female C57BL/6J mice by bilateral
ovariectomy. Twelve weeks after surgery, micro computed tomography (microCT) revealed that the
trabecular number was reduced in the right femurs of OVX mice (Fig. 1a). BMSCs were isolated from
mouse left femurs (Additional �le 1: Fig. S1a), and the miR-483-5p levels were signi�cantly increased in
OVX mice compared to sham-operated mice (Fig. 1b). Moreover, the mRNA levels of alkaline phosphatase
(ALP) and bone gamma-carboxyglutamic acid-containing protein (Bglap, a gene encoding osteocalcin) in
BMSCs were analyzed by real-time PCR. There is a positive correlation between ALP levels and bone
formation. Osteocalcin is secreted solely by osteoblasts and is thought to be a marker for the bone
formation process. Thus, decreased levels of ALP and Bglap suggested attenuation of BMSC
osteoblastic differentiation in OVX mice (Fig. 1c). Compared to young mice (2 months old), the
expression of miR-483-5p was increased and the expression of ALP and Bglap was decreased in BMSCs
of aged osteoporotic mice (18 months old) (Fig. 1d-f). Taken together, these data con�rmed that the
levels of miR-483-5p are negatively correlated with BMSC osteoblastic differentiation and OP progression.
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Inhibition of miR-483-5p promotes BMSC osteoblastic
differentiation in vitro
To investigate the role of miR-483-5p in regulating BMSC osteoblastic differentiation, mouse BMSCs were
transfected with either agomir-483-5p or antagomir-483-5p. Agomir-483-5p upregulates, and antagomir-
483-5p downregulates intracellular miR-483-5p levels. Figures 2a and 2b show that the ALP and Bglap
mRNA levels were downregulated by agomir-483-5p and upregulated by antagomir-483-5p compared to
treatment with the negative control (NC), respectively. Subsequently, the protein concentrations of ALP
and collagen I in the cell culture supernatant were assayed by ELISA. Lower levels of collagen I increase
the risk of developing OP. Consistently, ALP and collagen I protein concentrations were downregulated by
agomir-483-5p and upregulated by antagomir-483-5p compared to the corresponding control treatment
(Fig. 2c and 2d).

We next found that agomir-483-5p weakened ALP+ staining when osteogenic differentiation was induced
in BMSCs for 2 days, whereas antagomir-483-5p enhanced ALP+ staining (Fig. 2e). In contrast, agomir-
483-5p enhanced Oil-Red O staining when adipogenic differentiation was induced in BMSCs for 2 days,
whereas antagomir-483-5p weakened the Oil-Red O staining (Additional �le 1: Fig. S2a). Furthermore,
BMSCs were infected with either lentivirus-mediated miR-483-5p mimics (LV-miR-483-5p mimics) or
lentivirus-mediated miR-483-5p inhibitor (LV-miR-483-5p inhibitor) followed by continuous induction of
osteogenic differentiation for 21 days. Compared to the corresponding control group, both ALP and Bglap
mRNA levels were lower in the LV-miR-483-5p mimics treatment group, while their levels were
continuously higher in the LV-miR-483-5p inhibitor group (Fig. 2f and 2g). In addition, we also evaluated
the effect of miR-483-5p on peroxisome proliferator-activated receptor (PPAR)-γ. PPAR-γ is essential for
adipogenic differentiation in stem cells. PPAR-γ mRNA levels were significantly elevated by LV-miR-483-
5p mimics but decreased by LV-miR-483-5p inhibitor treatment during continuous induction of adipogenic
differentiation in BMSCs for 21 days (Fig. S2b). Taken together, these data demonstrated that inhibition
of miR-483-5p promotes BMSC osteoblastic differentiation but reduces adipogenic differentiation.

Preparation and characterization of FAM-BMSC-aptamer-
nanoparticles 
A schematic of the BMSC-aptamer-conjugated nanoparticles is shown in Fig. 3a. Brie�y, agomir-483-5p or
antagomir-483-5p and the corresponding control were packaged with mouse IgG. BMSC-targeting
aptamers were then conjugated to the surface of nanoparticles. Finally, to circumvent the
reticuloendothelial system during systemic circulation, poloxamer-188 was used to encapsulate the
aptamer-conjugated nanoparticles. After optimizing the synthetic route, the spherical shapes of FAM-
BMSC-aptamer-nanoparticles were observed by transmission electron microscopy (TEM) (Fig. 3b). As
shown in Fig. 3c, the average hydrodynamic diameter of FAM-BMSC-aptamer-nanoparticles was 72.30 ±
34.96 nm, which is consistent with the TEM results. In addition, the polydispersity index (PDI) was 0.508
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± 0.044, and the zeta-potential was negative at 9.573 ± 0.482 mV. To con�rm the conjugation of FAM-
BMSC-aptamers, �uorescence microscopy was used to observe the presence of �uorescent green color in
the FAM-BMSC-aptamer-nanoparticles. In contrast, there was an absence of �uorescent green color in
nonaptamer-conjugated nanoparticles, indicating the lack of FAM-BMSC-aptamer (Fig. 3d). Moreover, the
analysis of the �uorescence emission spectrum and �uorescence intensity indicated consistent results
(Additional �le 1: Fig. S3a).

Fluorescence microscopy was used to ascertain the interaction of FAM-BMSC-aptamer-nanoparticles with
the cell membrane of BMSCs. FAM-BMSC-aptamer-nanoparticles (green color) and cells were cocultured
for 2 h. The cell membrane was then stained with wheat germ agglutinin (CF®555 WGA) (red color) to
image the boundaries of cells. Colocalization of both green and red colors suggested a potential
interaction between the FAM-BMSC-aptamer-nanoparticles and the cell membrane (Fig. 3e). After binding
to the cell membrane, FAM-BMSC-aptamer-nanoparticles enter the cytosol following the release of
agomir-483-5p or antagomir-483-5p. To explore the e�ciency of the intracellular release of FAM-BMSC-
aptamer-nanoparticles, FAM-BMSC-aptamer-nanoparticles and cells were cocultured for 48 h. The mRNA
levels of ALP and Bglap were reduced signi�cantly by FAM-BMSC-aptamer-nanoparticles carrying agomir-
483-5p (ANPA). In contrast, FAM-BMSC-aptamer-nanoparticles carrying antagomir-483-5p (ANPAn)
remarkably promoted the expression of ALP and Bglap (Fig. 3f). In summary, these �ndings
demonstrated that the prepared FAM-BMSC-aptamer-nanoparticles selectively deliver agomir-483-5p or
antagomir-483-5p to BMSCs in vitro, thereby regulating the BMSC osteoblastic differentiation.

Therapeutic inhibition of miR-483-5p in OVX mouse BMSCs 
To further test whether therapeutic inhibition of miR-483-5p in BMSCs promotes BMSC osteoblastic
differentiation and subsequent bone formation in vivo, OVX mice were administered ANPA or ANPAn via
tail vein injection every week. After 12 weeks, the mice were euthanized, and femur BMSCs were isolated.
Real-time PCR was used to assay the levels of miR-483-5p in femur BMSCs among the groups. As shown
in Fig. 4a, the miR-483-5p levels were increased signi�cantly in ANPA-treated OVX mice compared to the
control OVX group. In ANPAn-treated OVX mice, the levels of miR-483-5p were inhibited. These results
indicated that the FAM-BMSC-aptamer-nanoparticles can be delivered to BMSCs and functionally regulate
the expression of miR-483-5p in vivo.

The trabecular bone of the left distal femur from sham mice, OVX mice, ANPA-treated OVX mice, and
ANPAn-treated OVX mice was analyzed by microCT scan (Fig. 4b). In OVX mice, the bone volume fraction
(BV/TV), connectivity density (Conn.D), mean/density of TV, and trabecular number (Tb.N) were
signi�cantly lower than the sham mice. Previous studies have shown that bones with lower BV/TV,
reduced connectivity, decreased mean density, and fewer trabeculae are more susceptible to structural
failure and OP. Conn.D and Tb.N are associated with the integrity of trabecular bone microarchitecture in
the femur[23]. Excess miR-483-5p in BMSCs (ANPA injection groups) accelerated the reduction in these
bone formation-related histomorphometric parameters. Therapeutic inhibition of miR-483-5p within
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BMSCs (ANPAn injection groups) stimulated trabecular bone formation (Fig. 4c-f). There was no
difference between OVX and sham mice in the bone formation-related trabecular thickness (Tb.Th).
However, inhibition of miR-483-5p rescued the alleviated Tb.Th due to excessive miR-483-5p in BMSCs
(Fig. 4g). 

By de�nition, a high bone surface/bone volume (BS/BV) corresponds to bone with a low BV/TV[24]. High
BS/BV was observed in ANPA-treated OVX mice, which was recovered to control levels in ANPAn-treated
OVX mice (Fig. 4h). Similarly, accompanied by OP progression and increasing miR-483-5p levels in
BMSCs, the trabecular separation (Tb.Sp) was increased. In ANPAn-treated OVX mice, the Tb.Sp
decreased (Fig. 4i). It is well known that femoral trabeculae with low Tb.Sp, and structural model index
(SMI values) indicate plate-like bone microstructure, which highly correlates with elastic modulus and
yield strength. In the present study, the effect of miR-483-5p on SMI was not observed (Additional �le 1:
Fig. S4a). 

Taken together, our results con�rmed the FAM-BMSC-ptamer-nanoparticles delivered agomir-483-5p or
antagomir-483-5p into BMSCs in vivo. Further histomorphometric analysis indicated that inhibition of
miR-483-5p levels in BMSCs delays OP progression.

MAPK1 and Smad5 are target genes of miR-483-5p in
BMSC osteoblastic differentiation
To study the molecular mechanism by which miR-483-5p regulates BMSC osteoblast differentiation, the
web-based target prediction program, TargetScan, was used to predict the potential targets of miR-483-
5p, which predicted that MAPK1 and Smad5 are targets of miR-483-5p. Thus, we focused on the
MAPK1 and Smad5 genes in the subsequent experiments (Fig. 5a and b). Luciferase assays were used to
determine whether MAPK1 and Smad5 are target genes of miR-483-5p. Fig. 5c and d show that agomir-
483-5p reduced the luciferase activity of reporters containing the wild-type (WT)
MAPK1 and Smad5 3′ UTRs but had no effect on reporters with mutated 3′UTRs, which did not bind to
miR-483-5p. Although the protein levels of MAPK1 and Smad5 were downregulated by agomir-483-5p
treatment and upregulated by antagomir-483-5p treatment, no difference in MAPK1 and Smad5 mRNA
levels were observed among the groups (Fig. 5e-h). To determine whether miR-483-5p functionally targets
MAPK1 and Smad5 in regulating BMSC osteoblast differentiation, siRNA-MAPK1 (si-MAPK1) and siRNA-
Smad5 (si-Smad5) were employed to knockdown MAPK1 and Smad5 in BMSCs, respectively (Additional
�le 1: Fig. S5a and b) , and the overexpression e�ciency of MAPK1- or Smad5-expressing plasmids was
assayed by western blot assay (Additional �le 1: Fig. S5c and d). As expected, the mRNA levels of ALP
decreased signi�cantly due to agomir-483-5p treatment but were increased by over expression of MAPK1
or Smad5 in BMSCs. Consistently, the antagomir-483-5p-induced high expression of ALP was rescued to
normal levels by si-MAPK1 or si-Smad5 (Fig. 5i and j). Taken together, these results demonstrated that
MAPK1 and Smad5 are direct and functional targets of miR-483-5p in BMSC osteoblast differentiation in
vitro.
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OVX mice were then established and ANPA or ANPAn were administered through tail intravenous injection
every week for 12 weeks. As expected, the MAPK1- or Smad5- positive cells within the femurs of OVX and
ANPA-treated OVX mice decreased signi�cantly due to high miR-483-5p levels in BMSCs. ANPAn
treatment, which diminished miR-483-5p levels of BMSCs, resulted in increased MAPK1- or Smad5-
positive cells (Fig. 6a and b). These results suggested that MAPK1 and Smad5 are regulated by miR-483-
5p in vivo.

Discussion
The present study established the important therapeutic role of antagomir-483-5p in OP. Our �ndings
demonstrated that miR-483-5p is a functional molecule important for BMSC osteoblast differentiation
and veri�ed that FAM-BMSC-aptamer-nanoparticles carrying antagomir-483-5p are a potential therapeutic
means for OP clinically (Fig. 6c).

The miR-483 gene is located in the second intron of the insulin-like growth factor 2 (IGF 2) gene, and the
pre-miRNA generates two mature isoforms, namely miR-483-5p and miR-483-3p[25]. miR-483-5p has been
reported to be associated with several pathological states, including cartilage-associated disorders such
as multiple osteochondroma[26] and osteoarthritis[27, 28], as well as adipose-associated diseases, such
as multiple symmetric lipomatosis[29]. In addition, increased levels of miR-483-5p has been identi�ed in
OP bone samples[30] and are involved in the pathogenesis by promoting osteoclast differentiation[31].
The present study demonstrated that miR-483-5p inhibits the osteogenic differentiation of BMSCs by
targeting the MAPK1 and Smad5 genes. Ye Xiao et al[32] reported that miR‐483‐3p regulate the
osteogenic differentiation of BMSCs by targeting STAT1. Therefore, miR-483 may be a crucial gene in
bone- and cartilage- associated metabolism and diseases.

Isoelectric point (pI)-based nanoprecipitation technology[33–35] has been used to prepare nanoparticles.
As reported previously, the nanoparticles protect loaded agomir-483-5p or antagomir-483-5p against
serum nuclease without inducing the in�ammatory response of macrophages while escaping endocytic
recycling. BMSC-targeting aptamers were added to the surface of these nanoparticles in our research to
ensure directional delivery, resulting in maximized therapeutic e�cacy, minimum administered dosage,
and minor adverse effects.

However, physicochemical characteristics such as particle size and surface charge of nanoparticles, are
more important parameters than their composition[36]. When the particle size is maintained from 50–150
nm, nanoparticles are able to escape macrophage phagocytosis during intravenous administration. Thus,
in this study, we optimized the synthetic approaches (simultaneously prolonged stirring time and
increased stirring intensity to encapsulate ago-miR-483-5p or antagomir-483-5p with IgG) to produce
nanoparticles 72.30 ± 34.96 nm in diameter. In addition, nanoparticles with a zeta potential between ± 10
mV are cleared in the body bt only approximately 10%. Although the positive charge of nanomedicine
promotes integration and endocytosis by cells, it is easily recognized by the reticuloendothelial system in
the blood circulation and accelerates the removal e�ciency during intravenous administration. Therefore,
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a smaller nanoparticle size and weak negative charge are the basic physical characteristics to improve
the therapeutic effect of nanoparticles in vivo. Here, we modulated the concentration of the BMSC-
targeting aptamer to produce nanoparticles with a negative value of 9.573 ± 0.482 mV, which resulted in
e�cient cellular uptake in vitro and in vivo. The optimized targeted drug delivery platform for small
molecules will provide new ideas for the treatment of clinical diseases.

Osteogenic differentiation of BMSCs is regulated and induced by many factors, such as MAPK1 (also
known as ERK2) and Smad5. In the cytosol, ERK1/2 and Smad1/5 proteins are activated (i.e.,
phosphorylated) and subsequently translocate into the nucleus where they activate diverse transcription
factors to regulate cell survival, metabolism, proliferation, migration, and differentiation. Therefore, it is
not surprising that the ERK1/2 and Smad1/5 signaling cascades have been implicated in the
pathological conditions of OP and the differentiation of BMSCs. As in previous reports[37–39],
knockdown of MAPK1 and Smad5 expression in BMSCs resulted in decreased levels of osteogenic-
associated markers, such as ALP, as well as diminished matrix mineralization in vitro and ectopic bone
formation in vivo. The present study con�rmed that MAPK1 and Smad5 were direct and functional
targets of miR-483-5p in BMSC osteoblast differentiation. They are novel targets of miR-483-5p.

Conclusions
we found that miR-483-5p inhibits BMSC osteoblastic differentiation and that diminishing the miR-483-5p
levels in BMSCs is a promising method to control the pathological conditions of OP. To e�ciently deliver
a miR-483-5p inhibitor (antagomir-483-5p) to BMSCs in vivo, we prepared FAM-BMSC-aptamer-
nanoparticles carrying antagomir-483-5p (ANPAn), and these nanoparticles showed effective OP
prevention. Thus, our study provides a novel method for the clinical prevention and treatment of OP.
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Figure 1

miR-483-5p levels are increased in BMSCs of OVX and aged osteoporotic mice. a MicroCT scan revealed
that the trabecular number was reduced in OVX mice compared to sham mice (n=3). b Real-time PCR
assay showed a signi�cant increase in the levels of miR-483-5p in BMSCs from OVX mice compared to
those from sham surgery mice. c The mRNA levels of ALP and Bglap in BMSCs were analyzed by real-
time RCR. d H&E staining of young or old mouse femur specimens (n=3). e, f Compared to young mice (2
months old) mice, the expression of miR-483-5p was increased and the ALP and Bglap expression was
decreased in BMSCs from aged osteoporotic mice (18 months old) osteoporotic mice. H&E: hematoxylin
and eosin. Data are shown as mean ± SEM; *P <0.05, **P <0.01.
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Figure 2

Inhibition of miR-483-5p promotes BMSC osteoblastic differentiation in vitro. a, b Real-time PCR assays
showed that ALP and Bglap mRNA levels in BMSCs were downregulated by agomir-483-5p and
upregulated by antagomir-483-5p compared to treatment with NC of agomir and antagomir respectively.
c, d The protein concentrations of ALP and collagen I in the cell culture supernatant were assayed by
ELISA. e BMSCs were induced to undergo osteogenic differentiation for 2 days, and alkaline phosphatase
activity was monitored using an alkaline phosphatase assay kit. f, g Real-time PCR assay of the ALP and
Bglap mRNA levels in BMSCs infected with either LV-miR-483-5p mimics or LV-miR-483-5p inhibitor for 21
days. All data are shown as mean ± SEM; *P <0.05, **P <0.01.
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Figure 3

Preparation and characterization of FAM-BMSC-aptamer-nanoparticles. a Schematic of the preparation of
BMSC-aptamer-conjugated nanoparticles. b Spherical shapes of FAM-BMSC-aptamer-nanoparticles were
observed by TEM. c The size distribution of FAM-BMSC-aptamer-nanoparticles was measured by
dynamic light scattering (DLS). d Fluorescence microscopy was used to observe the presence of
�uorescent green color in the FAM-BMSC-aptamer-nanoparticles. e Colocalization of both green and red
colors suggested a possible interaction between the FAM-BMSC-aptamer-nanoparticles (green) and the
cell membrane (red). f After FAM-BMSC-aptamer-nanoparticles and cells were cocultured for 48 h, the
mRNA levels of ALP and Bglap were detected by real-time PCR assay. All data are shown as mean ± SEM;
*P <0.05, **P <0.01.
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Figure 4

Therapeutic inhibition of miR-483-5p in BMSCs of OVX mice. a Real-time PCR was used to assay the
levels of miR-483-5p in femur BMSCs among OVX mice (n=3) administered ANPA or ANPAn by tail vein
injection every week for 12 weeks. b The trabecular bone of the left distal femur from sham, OVX, ANPA-
treated OVX, and ANPAn-treated OVX mice was analyzed by microCT scan (n=7). c-i Statistical analysis
of BV/TV (c), Conn.D (d), mean/density of TV (e), trabecular number Tb.N (f), Tb.Th (g), BS/BV (h), and
Tb.Sp (i) based on mice described in (b). All data are shown as mean ± SEM; *P <0.05, **P <0.01, ns, non-
signi�cant.
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Figure 5

MAPK1 and Smad5 are target genes of miR-483-5p during BMSC osteoblastic differentiation. a, b The
web-based target prediction program, TargetScan, predicted MAPK1 and Smad5 as potential targets of
miR-483-5p. c, d Luciferase assays. e-h Western blotting was used to detect the protein levels of MAPK1
and Smad5 in BMSCs transfected with agomir-483-5p or antagomir-483-5p for 48 h, and real-time PCR
was used to assay MAPK1 and Smad5 mRNA levels among groups. i, j Rescue experiments con�rmed
that MAPK1 and Smad5 are direct and functional targets of miR-483-5p in BMSC osteoblast
differentiation in vitro. All data are shown as mean ± SEM; *P <0.05, **P <0.01, ns, non-signi�cant.
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Figure 6

MAPK1 and Smad5 are functional targets of miR-483-5p in vivo. a, b Immunohistochemistry staining was
used to analyze MAPK1- or Smad5- positive cells in femurs from sham, OVX, ANPA-treated OVX, and
ANPAn-treated OVX mice (n=7). c Graphical representation illustrating the therapeutic pathway of FAM-
BMSC-aptamer-nanoparticles carrying antagomir-483-5p in controlling the pathological conditions of
osteoporosis. All data are shown as mean ± SEM; *P <0.05, **P <0.01.
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