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Abstract

Background
Avascular necrosis of the femoral head (ANFH) is a common orthopaedic disease due to bone defects.
However, few clear methods to treat ANFH in clinical practice are known. Many �ndings suggest that
promoting the osteogenic differentiation and directional migration of stem cells may be a key method for
bone regeneration. Over time, an increasing number of researchers have begun to focus on Chinese
medicine and Chinese medicinal extracts; Epimedium is the Chinese herbal medicine studied in the most
detail in the �eld of bone regeneration, and Icariin (ICA) is one of the main active ingredients in
Epimedium.

Objective
This study aimed to explore the effects of ICA on the osteogenic differentiation and migration of bone
marrow mesenchymal stem cells (BMSCs) and reveal its mechanism to provide a theoretical basis for the
treatment of ANFH.

Methods
After primary BMSCs were freshly isolated from a normal rabbit and treated with various concentrations
of ICA, the activity and proliferation of BMSCs were detected by CCK-8 assay, and the mineralized
nodules was detected by Alizarin Red staining, to determine the optimal concentration of ICA. qPCR and
western blot were used to demostrate the effects of ICA on the osteogenic differentiation and migration
of BMSCs. Osteoblasts-derived exosomes (OB-exos) were extracted and analysed by high-throughput
sequencing. Effect of ICA combined with OB-exos were analysed. And miRNA mimic and an miRNA
inhibitor were synthetised to verify the osteogenic differentiation and migration of BMSCs alone or co-
cultured with ICA.

Results
The CCK-8 assay and Alizarin Red staining showed that the optimal concentration of ICA is 1×10− 7 M.
ICA could effectively promote the osteogenic differentiation and migration of BMSCs, and this could be
enhanced after co-culturing with OB-exos. The four miRNAs with the greatest concentrations in the OB-
exos were let-7a-5p, miR-100-5p, miR-21-5p and miR-122-5p. qPCR and western blot showed that miR-
122-5p mimic has positive effects on the osteogensis and migration, and its inhitiotr has negative
effects. Simliarly, they could enhance or inhitor the effects of ICA, which means miR-122-5p may be the
target of ICA.
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Conclusion
Like the OB-exos, ICA could obviously promote the osteogenic differentiation and migration of BMSCs.
The combination of ICA and OB-exos enhanced these effects, in which miR-122-5p plays a pivotal role.

1. Introduction
Avascular necrosis of the femoral head (ANFH) is a common orthopaedic disease in patients between 20
and 50 years of age that mainly manifests as bone defects [1, 2]. Femoral head necrosis and bone mass
loss, the basic pathological processes in ANFH, arise when the bone metabolism imbalance that is
induced by reduced osteogenic differentiation and active osteoclasts. Because of multi-directional
differentiation ability, bone marrow mesenchymal stem cells (BMSCs) and intervention methods to
promote osteogenic differentiation and migration have become research hotspots. These methods
mainly include drugs, physical stimulation, a weightless environment and so on [3–10]. In recent years,
an increasing number of researchers have begun to focus on traditional Chinese medicines and their
extracts because of their low toxicity [11].

Epimedium is the Chinese herbal medicine studied in the greatest detail for bone regeneration [12].
Epimedium functions to strengthen muscles and bones, improve the kidneys and produce marrow, as
shown by traditional Chinese medicine research [13], and Icariin (ICA, C33H40O15, molecular weight:
676.66) is one of the major active ingredients of Epimedium[14]. ICA can not only promote the
proliferation and osteogenic differentiation of BMSCs but also enhance ALP activity and the formation of
calcium nodules during osteogenic induction by activating the Wnt/β-catenin pathway [14, 15]. Modern
medical research suggests that exosomes are critical for communication between cells because they
deliver bioactive components from one cell to another.

Exosomes have been demonstrated to serve as a means of intercellular communication in the body. They
can easily transfer bioactive components between cells. Additionally, they may be good drug delivery
vectors. Exosomes directly or indirectly regulate the balance of bone metabolism and help to maintain the
delicate homeostatic balance in bone [16]. Furthermore, exosomes can promote the osteogenic
differentiation of BMSCs, which may be linked to the miRNAs contained within exosomes. Therefore,
�nding the functional miRNAs of osteoblast-derived exosomes (OB-exos) is critical to understanding the
mechanism of exosomes. This study applied ICA and exosomes to treat BMSCs and observed its effect
on the directional differentiation of BMSCs. Furthermore, the ability of ICA to promote the osteogenic
differentiation and migration of BMSCs was determined. We suggest that ICA regulates a speci�c miRNA
in OB-exos to affect osteogenesis and migration and that the use of ICA and OB-exos have a synergistic
effect.

2. Materials And Methods

2.1. Materials and reagents
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The following materials and reagents were used: bone marrow mesenchymal stem cell complete medium
(MSCM, ScienCell, USA), Osteoblast Medium (OBM, ScienCell, USA), fetal bovine serum (FBS, Gibco, USA),
ICA (Sigma-Aldrich, USA), total rna extraction kit (OMEGA Company, USA), rna reverse transcription kit
and SYBR Green qPCR kit (TOYOBO, Japan), amd3100 (Invitrogen, USA), lipofectamine 2000 (Invitrogen,
USA), CCK-8 kit (Dalian Meilunbio, China), Anti-CD29, anti-CD44, anti-CD45, goat hrp-conjugated anti-
rabbit and anti-GAPDH (Abcam, USA), anti-Runx2, anti-Smad5, anti-Smad1, anti-SDF-1α, anti-BMP-2, anti-
Tsg101 and anti-Osterix (Bioss, China), anti-Smad8, anti-CXCR4 and anti-CD63 (Santa Cruz, USA), anti-
HSP70 (Proteintech, USA), miR-122-5p mimic NC, miR-122-5p mimic, miR-122-5p inhibitor NC and miR-
122-5p inhibitor (Guangzhou Ribo Biotechnology Co., Ltd., China).

In our experiments, we used the following equipmental instruments: a carbon dioxide incubator (from
Thermo Fisher Scienti�c, America). Fluorescence inverted microscope (Leica Microsystems, Wetzlar,
Germany). The gel imaging system and the Bio-Rad CFX Manager system (Bio-Rad, USA).

2.2. Isolation of primary rabbit BMSCs
Primary BMSCs were isolated using the methods described in our previous study. The extracted cells were
resuspended in MSCM and then plated, and the medium was changed at the indicated time. The BMSCs
were identi�ed by microscopic observation and �ow cytometry [17].

2.3. Isolation of rabbit primary osteoblasts (OBs)
Primary osteoblasts were isolated using the methods described by John [18]. Brie�y, the ends and length
of the bones of limbs from a 6-month-old new zealand white rabbit were removed, and the periosteum on
the bone surface were separated and cut into pieces and centrifuged at 600 ×g for 5 min. Then, 0.2% type
I collagenase was added, and the mixture was placed in a 37℃ thermostat for 3 ~ 4 h. The supernatant
was discarded after centrifugation at 600 ×g for 5 mins, and the remaining material was washed with
PBS containing streptomycin and penicillin. Then, the supernatant was removed after centrifugation at
600 ×g for 5 mins, and the centrifugation step was repeated once. Finally, the precipitated cells obtained
by removing the supernatant were resuspended in OBM and inoculated in a CO2 incubator (37°C, 20% O2,
5% CO2). The cells were subcultured again when they reached 80%~90% con�uence. The cells were
observed under a microscope and identi�ed by Giemsa staining and Alizarin red staining.

2.4. Extraction and identi�cation of OB-exos
OBs at passage 3 was cultured and the medium was changed to OBM with exosome depleted fetal
bovine serum. The extraction of OB-exos was performed according to the following method:

The supernatant of OBs was centrifuged at 1200 ×g for 15 mins to remove cell debris, and the remaining
supernatant was transferred into another centrifuge tube that was centrifuged at 4000 ×g for 60 mins at
4°C. Then, the supernatant was transferred to an ultracentrifuge tube and centrifuged at 4000 ×g for 70
mins at 4°C. The supernatant was discarded, and the ultracentrifugation step was repeated again. The
white, �aky precipitate that appeared at the bottom of the centrifuge tube consisted of exosomes. The
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supernatant was discarded, and 200 µL of PBS was used to resuspend the exosomes by pipetting to mix,
after which the exosomes were stored at -80°C for later use.

2.5. High-throughput sequencing and miRNA analysis of OB-
exos
OBs were divided into three independent culture �asks to extract exosomes, and the three obtained
exosome samples were assayed by high-throughput sequencing.

2.6. Detection of the effect of ICA on BMSCs osteogenic
differentiation and migration

2.6.1. Effects of ICA at different concentrations on the
proliferation, osteogenesis and migration of BMSCs
P3 BMSCs were inoculated and the following tests were performed: ICA was diluted to the following
concentrations: 1×10− 9 M, 1×10− 8 M, 1×10− 7 M, 1×10− 6 M, 1×10− 5 M and 1×10− 4 M.  The activity and
proliferation of BMSCs treated with ICA at different concentrations were detected with a CCK-8 assay kit.
 After 2 weeks of culture, Alizarin Red staining was conducted to observe the formation of mineralized

nodules.  Total mRNA and protein were extracted from the different groups of BMSCs at 3 and 7 days
respectively, and the expression of osteoblast-related and migration-related genes was detected by real-
time PCR and Western blot. Through these experiments, we identi�ed the optimal concentration of ICA.

2.6.2. Effect of ICA treatment for different stages on the
osteogenic differentiation and migration of BMSCs
P3 BMSCs were inoculated and treated with 1×10− 7 M ICA or 0 M ICA. The mRNA expression of
osteoblast-related and migration-related genes was measured by real-time PCR on days 3, 7 and 14. In
addition, the mRNA and protein expression of osteoblast-related and migration-related genes were
analysed by real-time PCR and Western blot on days 1, 2, 3, 4, 5, 6, and 7, respectively, .

2.6.3. Effects of ICA on the expression of Runx2 and CXCR4
P3 BMSCs were inoculated and treated with 0 M ICA(blank culture medium), 1×10− 7 M ICA, 1×10− 7 M
ICA + si-Runx2, or 1×10− 7 M ICA + AMD3100. The solutions of si-Runx2 were prepared according to the
following protocol: a pre-prepared si-Runx2 solution was diluted in DMEM at a ratio of 1:50. The
transfection reagent Lipofectamine 2000 was also diluted in DMEM at a ratio of 1:50. The two dilute
solutions were incubated at room temperature for 5 minutes, mixed well in equal proportions and
incubated for 20 minutes at room temperature. The solution concentration of AMD3100 was 50 µmol/L,
and the AMD3100 was added to the corresponding wells. After culture for 3 days, the mRNA expression
of osteoblast-related and migration-related genes was detected by real-time PCR.
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2.7. Effect of ICA combined with OB-exos on the osteogenic
differentiation and migration of BMSCs
The effect of ICA combined with OB-exos on the osteogenic differentiation and migration of BMSCs was
carried out as follows: The optimal effective concentration of ICA, 1×10− 7 M, had been determined in
previous experiments, and ICA was used at this concentration for subsequent experiments. P3 BMSCs
were divided into blank group, ICA group, OB-exos group, and ICA + OB-exos group. Twenty microlitres of
exosomes were contained in the OB-exos group and the ICA + OB-exos group. On the 3rd day, the mRNA
and protein expression of genes related to osteogenic differentiation and migration were detected by real-
time PCR and Western blot.

2.8. ICA regulated the effect of OB-exos miR-122-5p on the
osteogenic differentiation and migration of BMSCs
In the previous experiment, the top twenty most abundant miRNAs in exosomes were screened through
high-throughput sequencing, and miR-122-5p was selected for subsequent study. Mimic NC, mimic,
inhibitor NC, and inhibitor were purchased from RiboBio. We observed the effect of miR-122-5p and ICA
together on the osteogenic differentiation and migration of BMSCs. P3 BMSCs were divided into miR-122-
5p mimic NC group, miR-122-5p mimic group, miR-122-5p mimic NC + ICA group, and miR-122-5p mimic 
+ ICA group, miR-122-5p inhibitor NC group, miR-122-5p inhibitor group, miR-122-5p inhibitor NC + ICA
group, and miR-122-5p inhibitor + ICA group. The �nal concentration of the miR-122-5p mimic NC and
miR-122-5p mimic was 50 nM, and the �nal concentration of the miR-122-5p inhibitor NC and miR-122-5p
inhibitor was 100 nM. The transfection method was operated according to the instructions. On the 3rd
day, the mRNA and protein expression of genes related to osteogenic differentiation and migration were
detected by real-time PCR and Western blot.

2.9. Quantitative real-time polymerase chain reaction(qPCR)
Total RNA was extracted using the Total RNA Extraction Kit. RNA was then reverse-transcribed into cDNA
by the RNA Reverse Transcription Kit. qRT-PCR was carried out using the SYBR Green PCR Kit. GAPDH
was used as endogenous references. All these primers were designed and synthesised by SANGON
Biotech Co, Ltd. (Shanghai). The primer sequences used in this study are listed in Table 1. qPCR was
performed with a Bio-Rad CFX Manager system.
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Table 1
Gene primer sequences

Gene Primer sequence(5’-3’)

GAPDH Forward 5-TGGAATCCACTGGCGTCTTC-3

Reverse 5-GGTTCACGCCCATCACAAAC-3

Runx2 Forward 5-AGCGGTCCACTACGTTACCTG-3

Reverse 5-TCCGACACGGTCGACCGC-3

BMP-2 Forward 5-GCGAGTTGTATTTCGTAACCA-3

Reverse 5-GAACGTCCCGATCTCGGAC-3

Osterix Forward 5-TCCCTGGATATGACTCA TCCCT-3

Reverse 5-CCAAGGAGTAGGTGTGTTGCC-3

Smad1 Forward 5-CTAGCGTTAGCGACCGAGCGA-3

Reverse 5-GCAGAGCGGGTTATGCGGA-3

Smad5 Forward 5-GTCGAGGTCAACCTACFCAG-3

Reverse 5- GACCGGAATATGGCGAGCTC-3

Smad8 Forward 5-CCAGCAAGTGCGTCACCATCC-3

Reverse 5-GCACTCCAGCGGCTTCAACTC-3

CXCR4 Forward 5-GCAGCAGCAGCTACTTTGACG-3

Reverse 5-GACTCGTTCAGTTTAACGGGG-3

SDF-1α Forward 5-ATGCCCCTGCCGATTCTTTG-3

Reverse 5-GGGCACAGTTTGGAGTGTTGA-3

 

2.10. Western blot analysis
Total protein was extracted from cells of each group, and the protein concentration was determined using
a bicinchoninic acid (BCA) kit. Then, 30 µg total protein was loaded into each lane, separated with
polyacrylamide gel electrophoresis (PAGE) at60 V for 30 min and at 120 V for 40 min, and then
transferred on to polyvinylidene �uoride (PVDF) membranes. After being blocked with 5% skim milk
powder at room temperature for 1 h, the membrane was incubated with following primary antibodies
overnight at 4℃, including CD63 (1:500), Hsp70 (1:500), Tsg101 (1:1000, Runx2 (1:500), BMP-2 (1:500),
Smad1 (1:1000), Smad5 (1:1000), Smad8 (1:1000), Osterix (1:500), SDF-1 (1:500), CXCR4(1:500) and
GAPDH (1:500). After being rinsed three times with TBS containing 0.1% Tween-20, the membrane was
incubated with the secondary horseradish peroxidase (HRP)-labeled goat anti-rabbit antibody (1:10000)
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for 1 h at room temperature. After being rinsed three times with TBST, the membrane was exposed to a
chemiluminescence instrument. The relative expression of protein was measured using the ImagePro
Plus 6.0. Three independent experiments were conducted.

2.11. Statistical analysis
SPSS 23.0 statistical software was used to perform statistical analysis. These data are presented by the
mean ± SEM. Quantitative data were subjected to the chi-square test. Statistical signi�cance was
assessed by Student’s t-test or one-way ANOVA followed by Tukey’s t-test. A value of P < 0.05 was
considered to be statistically signi�cant.

3. Results

3.1. Morphological observation and �ow cytometry
identi�cation of BMSCs
Primary BMSCs were isolated and identi�ed by microscopy and �ow cytometry. BMSCs were spindle-
shaped and exhibited a swirled shape under different visual �elds, as shown in Fig. (1)A. Flow cytometry
showed that BMSCs were positive for CD29 and CD44 and negative for CD45 (Fig. (1)B).

3.2. Morphological observation and identi�cation of OBs
Primary OBs that were freshly isolated from the normal rabbit were �at and adopted various shapes
(fusiform, polygonal, triangular, etc.,) with protrusions of various lengths with different numbers of nuclei.
Additionally, the cytoplasm was abundant, with two nuclei occasionally showing a spiral-like pattern
(Fig. (2)A). OBs were fusiform or triangular in shape with a large volume of cytoplasm, as shown by
Giemsa staining. The cytoplasm was stained purple-blue, while the nucleus was stained dark blue
(Fig. (2)B). A large number of scattered mineralized nodules were observed in the OBs after culture for 2
weeks, and the mineralized nodules were red-orange after Alizarin Red staining (Fig. (2)C).

3.3. Morphology and identi�cation of OB-exos
The culture supernatant of OBs was collected and used to extract OB-exos. The obtained exosomes
showed a clear, vesicle-like structure with a particle size between 50 nm ~ 200 nm under different
magni�cations when different �elds of view were examined by transmission electron microscopy
(Fig. (3)A). Western blot showed that the exosomes were positive for Tsg101, Hsp70, and CD63
(Fig. (3)B).

3.4. High-throughput sequencing of OB-exos
Exosome were assayed by high-throughput sequencing. We determined the components of the exosomes
and the top 20 most abundant miRNAs among all exosomal miRNAs (Fig. (4)A & Fig. (4)B). Among them,
the top 20 miRNA target genes were measured with four software programs, and the number of
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intersections among the top 4 miRNA target genes are shown in a Venn diagram in Fig. 4C; these miRNA
target genes included 200 targets of let-7a-5p, 38 targets of miR-100-5p, 197 targets of miR-21-5p, and
330 targets of miR-122-5p.

3.5. ICA affected the proliferation, osteogenic
differentiation and migration of BMSCs
The effects of ICA on the activity, proliferation and mineralization of BMSCs were detected. Compared
with that in the control group, 1×10− 4 M and 1×10− 5 M ICA had a signi�cant inhibitory effect on cell
proliferation when the cells were cultured for 24 hours, while ICA at a concentration of 1×10− 6 M did not
inhibit or promote cell proliferation but promoted cell proliferation at concentrations of 1×10− 7 M, 1×10− 8

M, and 1×10− 9 M. When the cells were cultured for 48 hours, ICA at 1×10− 4 M, 1×10− 5 M, and 1×10− 6 M
had a signi�cant inhibitory effect on cell proliferation, but at 1×10− 9 M, ICA did not inhibit or promote cell
proliferation. However, it promoted cell proliferation at concentrations of 1×10− 7 M and 1×10− 8 M
(Fig. (5)A & Fig. (5)B). After culture for 2 weeks, the Alizarin Red staining results suggested that when the
concentration of ICA was 1×10− 7 M, the mineralized nodules in the cells were the must abundant, and the
effect of ICA on mineralization was the greatest (Fig. (5)C).

We also observed the effect of different concentrations of ICA on the osteogenic differentiation and
migration of BMSCs. As shown in the �gures, on days 3 and 7, co-culture of the BMSCs with ICA at a
concentration of 1×10− 7 M increased the expression of osteogenic-related genes (Runx2, BMP-2, Osterix
and Smad1/5/8) and migration-related genes (SDF-1α and CXCR4) (p < 0.05), as shown in Fig. (6)A-E.

In addition, we found that ICA impacted the osteogenic differentiation and migration of BMSCs during
different stages. Real-time PCR and Western blot showed that the expression of osteogenic-related genes
and migration-related genes on the 3rd day, 7th day, and 14th day was higher in the 1×10− 7 M ICA group
than in the 0 M ICA group, and these differences were signi�cant (p < 0.05). The mRNA expression of
osteogenic-related genes and migration-related genes �rst peaked on the 3rd day and then peaked a
second time on the 7th day, when the expression was highest (p < 0.05). In contrast, the expression of
osteogenic-related and migration-related proteins �rst peaked on the 4th day and then peaked a second
time on the 7th day, and the difference between the two peaks was statistically signi�cant (p < 0.05)
(Fig. (7)A ~ D).

To investigate the signalling pathway by which ICA affects the osteogenic differentiation and migration
of BMSCs, qPCR was carried out, which indicated a statistically signi�cant difference in the �ndings from
the ICA group, ICA + si-Runx2 group, and ICA + AMD3100 group (p < 0.05) (Fig. (8)). These �ndings
illustrated that both si-Runx2 and AMD3100 could effectively inhibit the ability of ICA to promote the
osteogenic differentiation and migration of BMSCs.

3.6. ICA combined with OB-exos affected the osteogenic
differentiation and migration of BMSCs
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P3 BMSCs were divided into four groups and treated with ICA, OB-exos or ICA + OB-exos, normal cells
were used as the blank control. Compared with the blank group, the ICA group, OB-exos group and ICA + 
OB-exos group signi�cantly increased both mRNA and protein expression of osteogenic differentiation-
related and migration-related genes, and expression of these genes was higher in the ICA + OB-exos group
than in the ICA group or OB-exos group (p < 0.05, Fig. (9)A-C). These results indicated that ICA combined
with OB-exos signi�cantly promoted BMSCs osteogenic differentiation and migration.

3.7. The effects of ICA on the osteogenic differentiation and
migration of BMSCs depends on miR-122-5p in vitro.
How does ICA affect the osteogenic differentiation and migration of BMSCs? As shown in Fig. (10)A-C,
compared with NC group, the group treated with ICA and miR-122-5p mimic showed enhanced effects on
the osteogenic differentiation and migration of BMSCs. Furthermore, as shown in Fig. (11)A-C, the miR-
122-5p inhibitor affected the osteogenic differentiation and migration of the BMSCs. When the miR-122-
5p inhibitor was combined with ICA, the expression of osteogenic differentiation- and migration-related
factors in the BMSCs decreased, and the difference between groups was statistically signi�cant (p < 
0.05). The experimental results con�rmed that miR-122-5p can signi�cantly affect the osteogenic
differentiation and migration of BMSCs, and the effect could be enhanced when combined with ICA.

4. Discussion
Studies have shown that ICA can promote the proliferation and osteogenic differentiation of BMSCs [19–
30]. Cao et al. [31] demonstrated that intragastric ICA administration signi�cantly accelerated the
formation of calli and fracture healing in rats within 5 months of treatment. Fan et al. found that ICA
could promote not only the proliferation of BMSCs in a dose-dependent manner in vitro but also their
differentiation into osteoblasts at very low doses of 1×10− 9 M to 1×10− 6 M [32]. Interestingly, some
researches have suggested that the proliferative and osteogenic effects of ICA could be achieved by
inhibiting adipogenic differentiation [33, 35].

Many other studies have shown that the optimal concentration of ICA to improve the osteogenic
differentiation of BMSCs is 1×10− 6 M [32, 34], but most researchers believe that the optimal
concentration of ICA improving the osteogenic differentiation of BMSCs is 1×10− 7 M [19, 20, 35], which
has been further con�rmed in our study. In our experiments, we also observed that ICA at a high
concentration (> 1×10− 5 M) had toxic effects on the cells. Most of the cells in the 1×10− 4 M ICA-treated
group died, as shown by the CCK-8 assay, which is consistent with the literature.

In this study, we also found that the mRNA expression of osteogenic differentiation-related and migration-
related genes peaked twice after 3 and 7 days, with expression higher on the 7th day. The Western blot
results showed that from days 1–7, on the 4th and 7th days, the expression of osteogenic differentiation-
related and migration-related proteins peaked twice, with protein expression higher on the 7th day. The
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results provide a very important reference for the use of ICA in clinical trials and even its medicinal
application. In addition, osteogenic differentiation was positively related to the migration of BMSCs
treated with ICA. These results indicate that an optimal window for the treatment of BMSCs with ICA
exists and that the treatment effects are periodic, which may be related to cellular metabolism.

The Runx2 signalling axis and CXCR4 signalling axis may maintain cross-talk. Our previous work [36]
revealed that there was a connection between osteogenic differentiation and migration mediated by
CXCR4, but whether osteogenic differentiation and migration occur together has not been demonstrated.
Furthermore, whether osteogenic differentiation initiates migration or migration promotes osteogenic
differentiation remains to be determined.

By investigating whether ICA plays a role in the osteogenic differentiation and migration of BMSCs
through the Runx2 signalling axis and CXCR4 signalling axis, we found that both si-Runx2 and AMD3100
effectively inhibited the effect of ICA. The results also veri�ed that osteogenic differentiation and
migration occur together and are co-regulated; when one is inhibited, the other is also suppressed. Thus,
cross-talk between these two signalling axes, which promote and inhibit each other exists.

Exosomes, which have unique structural advantages, could be a good tool for transporting drugs to target
cells to exert biological effects [37]. The outer layer of the phospholipid bilayer structure of exosomes can
effectively and simultaneously protect the contents from various biological enzymes and maintain the
activity of various biological molecules. Studies have reported [38–41] that electroporation, ultra�ltration,
centrifugation, co-incubation and other methods can be used to load speci�c drugs into exosomes
through their double-layer lipid structure, which allows the exosomes to carry the speci�c drug to the
target cell, where it takes effect. Based on this special role of exosomes, the potential use of exosomes as
pharmaceutical carriers has become an important application.

Our experimental suggested the presence of a concomitant relationship between osteogenic
differentiation and migration. The results of qPCR and Western blot showed that OB-exos enhanced the
osteogenic differentiation and migration of BMSCs, and the combination of ICA and OB-exos had a
greater effect than treatment with ICA or OB-exos alone. These results showed that ICA and OB-exos have
a synergistic effect.

How does the simultaneous application of ICA and OB-exos have a synergistic effect? We suggest that
the mechanism is essentially based on three factors:  Both ICA and OB-exos promoted the osteogenic
differentiation and migration of BMSCs, but the effects were not simply additive.  ICA e�ciently entered
BMSCs through the transport function of OB-exos to exert its biological effects, and the OB-exos also
simultaneously exerted biological effects on the BMSCs.  ICA acted not only through the transport
function of OB-exos but also by regulating and enhancing the expression of miRNAs in OB-exos. The
hypotheses above need to be veri�ed.

Because the composition of OB-exos is very complicated, we expected to �nd the target miRNA through
comprehensive analysis of OB-exos. High-throughput sequencing allows researchers to obtain more
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accurate sequencing informatio. In our experiments, we found that miRNAs accounted for 17.47% of the
total exosomal content, which indicated the presence of abundant miRNAs in the OB-exos, and the levels
of individual mRNAs were also clearly different. A higher miRNA content indicates a closer relationship
with osteogenic differentiation. However, some miRNAs may be extremely abundant in different
exosomes, and further analysis is needed.

In the next experiment, we selected the top 20 most abundant miRNAs. First, we searched for target genes
related to the regulation of bone metabolism in a predicted target gene library through software prediction
to screen out miRNAs related to osteogenic differentiation. We identi�ed miR-let-7a-5p, miR-100-5p, and
miR-21-5p, none of which were “bone”-related genes in the top 3 gene banks, and a quali�ed gene in the
candidate gene library for miR-122-5p, miR-122-5p, was ranked 4th. Our previous study have showed that
miR-122-5p can clearly promote the proliferation of osteoblasts [42]. MiR-122-5p has been explored in
many diseases, including acute kidney injury [43], cardiomyocyte injury [44], gastric cancer [45–48],
kidney cancer [49], non-alcoholic steatohepatitis [50], breast cancer [51], and cervical cancer [52].
However, little information related to the regulation of osteogenic differentiation and migration in BMSCs.

In our study, the mRNA and protein expression of osteogenic differentiation-related and migration-related
genes was found to be obviously increased when miR-122-5p mimic and miR-122-5p mimic + ICA were
applied, while miR-122-5p inhibitor and miR-122-5p inhibitor + ICA signi�cantly inhibited their expression.
These results suggest that miR-122-5p may work by activating the interrelated genes of the Runx2
signalling axis and CXCR4 signalling axis. At the same time, the expression of these genes was greater in
the presence of ICA. In summary, these results demonstrate that miR-122-5p plays a pivotal role in the
effect of ICA.

We suggest that miR-122-5p is a target miRNA that regulates the differentiation and migration of BMSCs.
The mechanism may be as follows:  ICA promotes the osteogenic differentiation and migration of
BMSCs through miR-122-5p;  miR-122-5p is an effect medium of OB-exos. However, understanding how
ICA and miR-122-5p target genes related to the Runx2 and CXCR4 signalling axes for activation requires
further study.

5. Conclusion
Both ICA and OB-exos alone could effectively promote the osteogenic differentiation and migration of
BMSCs. And the combination of ICA and OB-exos enhanced their effects. Furthermore, miR-122-5p maybe
a target miRNA involved in this process.
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Figures

Figure 1

Cultivation and identi�cation of BMSCs. (A) The morphology of P3 BMSCs was observed by microscopy
at different magni�cations. (B) Flow cytometry was used to identify cell surface markers (CD29, CD44,
CD45).
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Figure 2

Cultivation and identi�cation of OBs. (A) OBs were examined by microscopy. Primary OBs were extracted
and cultured, and we recorded the condition of the cells after their culture on the 3rd day to the 10th day.
Cells migrated slowly and continued to proliferate rapidly. (B) OBs were observed by microscopy at
different magni�cations though Giemsa staining. (C) The mineralized nodules of OBs were screened by
alizarin red staining and observed by microscopy at different magni�cations after culture for 2 weeks. 
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Figure 3

Extraction and identi�cation of OB-exos. (A) Exosomes were identi�ed by transmission electron
microscopy in different �elds. (B) Western blot was used to identify marker proteins for exosomes:
Tsg101, Hsp70, and CD63.
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Figure 4

High-throughput sequencing and analysis of OB-exos. (A) Distribution of the internal components of
exosomes and the percentage of the top 20 miRNAs among the total miRNAs in the exosomes. (B) The
number of target genes the top 20 miRNAs were determined with four software programs. (C) The
intersections of the target genes of the top four most abundant miRNAs determined with four software
programs are displayed in a Venn diagram. From left to right: let-7a-5p, miR-100-5p, miR-21-5p and miR-
122-5p.
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Figure 5

Detection of the activity, proliferation and of mineralization BMSCs under the action of ICA. (A) BMSCs
treated with different concentrations of ICA were observed by microscopy under different magni�cations.
(B) A CCK-8 assay kit was used to detect the effects of ICA at various concentrations on BMSCs at 24 h
and 48 h. The inhibitory effects on activity and proliferation are shown. (C) After 2 weeks of culture and
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staining with Alizarin Red, the mineralized nodules of BMSCs cultured with different concentrations of
ICA were observed by microscopy.

Figure 6

The effects of different concentrations of ICA on the osteogenic differentiation and migration of BMSCs.
(A) and (B) show the mRNA expression of genes related to osteogenic differentiation and migration was
detected by qPCR. (C-E) show the protein expression of genes related to osteogenic differentiation and
migration was detected by Western blot.
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Figure 7

Effects of ICA on the osteogenic differentiation and migration of BMSCs during different stages. (A) The
mRNA expression of osteogenic-related genes and migration-related genes on the 3rd day, 7th day, and
14th day. (B) ICA at a concentration of 1×10-7 M affected the mRNA expression of osteogenic-related
genes and migration-related genes from days 1-7. (C) and (D) ICA at a concentration of 1×10-7 M affected
the proteins expression of osteogenic-related and migration-related genes from days 1-7. * or # p<0.05, **
or ## p<0.01, *** or ### p<0.001;
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Figure 8

The role of ICA on osteogenic differentiation and migration through signalling pathway detection. BMSCs
were treated with 0 M ICA, 1×10-7 M ICA, 1×10-7 M ICA +si-Runx2 and 1×10-7 M ICA +AMD3100. ## p<0.01,
### p<0.001.
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Figure 9

ICA combined with OB-exos affected the osteogenic differentiation and migration of BMSCs. (A) The
mRNA expression of osteogenesis-related and migration-related genes was examined by qPCR. (B-C) The
protein expression of osteogenesis-related and migration-related genes was examined by Western blot. #
p<0.05, ## p<0.01, ### p<0.001.
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Figure 10

Detection the effects of combing treatment with ICA and miR-122-5p mimic on the osteogenic
differentiation and migration of BMSCs. (A) The mRNA expression of osteogenic differentiation-related
and migration-related genes in the miR-122-5p mimic NC group, miR-122-5p mimic group, miR-122-5p-
mimic NC+ICA group, and miR-122-5p mimic +ICA group. (B-C) The proteins expression of osteogenic
differentiation-related and migration-related genes. # p<0.05.
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Figure 11

Investigation of the effects of combination treatment with ICA and miR-122-5p inhibitor on the osteogenic
differentiation and migration of BMSCs. (A) The mRNA expression of genes related to osteogenic
differentiation and migration in the miR-122-5p inhibitor NC group, miR-122-5p inhibitor NC+ICA group,
miR-122-5p inhibitor group, and miR-122-5p inhibitor +ICA group. ## p<0.01, ### p<0.001. (B-C) The
proteins expression of osteogenic differentiation-related and migration-related genes. * p<0.05, ** p<0.01.


