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Exosomal miR-122 derived

from M2 macrophages induces osteogenic
differentiation of bone marrow mesenchymal
stem cells in the treatment of alcoholic
osteonecrosis of the femoral head

Guoping Le', Riyou Wen', Huaixi Fang', Zhifa Huang', Yong Wang' and Hanwen Luo'"

Abstract

Alcoholic osteonecrosis of the femoral head (AIONFH) is caused by long-term heavy drinking, which leads to
abnormal alcohol and lipid metabolism, resulting in femoral head tissue damage, and then pathological necrosis
of femoral head tissue. If not treated in time in clinical practice, it will seriously affect the quality of life of patients
and even require hip replacement to treat alcoholic femoral head necrosis. This study will confirm whether M2
macrophage exosome (M2-Exo) miR-122 mediates alcohol-induced BMSCs osteogenic differentiation, ultimately
leading to the inhibition of femoral head necrosis. M2 macrophages were identified by flow cytometry, and the
isolated exosomes were characterized by transmission electron microscopy (TEM) and Nanoparticle Tracking
Analysis (NTA). Next, miR-122 was overexpressed by transfecting miR-122 mimic, and the expression of miR-122
in M2 macrophages and their exosomes was evaluated. Subsequently, the effect of exosomal miR-122 on the
osteogenic differentiation ability of BMSCs was detected, including cell proliferation, expression of osteogenic-
related genes (RUNX2, BMP2, OPN, ALP), and calcium nodule formation. Finally, the therapeutic effect of M2-Exo
was analyzed in a rat model of AIONFH, and bone repair and pathological damage were evaluated by Micro-CT,
RT-gPCR, HE, Masson staining, and immunohistochemistry (COL I). The results showed that M2 macrophages
were successfully polarized, with an average M2-Exo particle size of 1564 nm and a concentration of 3.2E+12
particles/mL. The expression of miR-122 in M2 macrophages is significantly higher than that in MO macrophages,
and miR-122 mimic can increase the content of miR-122 in M2-Exo. miR-122 in M2-Exo can promote osteogenic
differentiation of rat bone marrow BMSCs, enhance cell viability, and increase the expression of osteogenesis-
related genes. After being applied to the AIONFH rat model, the injection of M2-exo and miR-122 mimics
significantly improved the repair effect of articular cartilage, alleviated pathological changes, and promoted the
regeneration of bone tissue. M2-macrophage-derived exosomal miR-122 induces osteogenic differentiation of bone
mesenchymal stem cells in treating AIONFH.
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Introduction

Long-term excessive alcohol intake is one of the com-
mon causes of non-traumatic osteonecrosis of the fem-
oral head (ONFH) [1, 2]. Alcoholic osteonecrosis of the
femoral head (AIONFH) is mainly caused by ischemic
necrosis of local bone tissue in the femoral head due to
drinking, with hip pain, functional impairment, lame-
ness, and other symptoms as the main symptoms. If not
treated promptly and effectively, it will progress to femo-
ral head collapse, seriously affecting the patient’s quality
of life. Ultimately, most patients need hip replacement
to restore joint function [2-5]. Currently, the pathogen-
esis of AIONFH is unclear, and some untreated cases
will progress to end-stage, and end-stage patients usu-
ally need artificial joint replacement [6]. The early treat-
ment of AIONFH is still quite tricky, and the commonly
used therapeutic drugs are still mainly used to alleviate
the pain, but they cannot effectively slow down the pro-
gression of the disease [7]. Therefore, it is of great signifi-
cance to study the pathogenesis of AIONFH in depth and
to find effective means to improve the condition for early
treatment.

Among the various possible pathogenic mechanisms
of AIONFH, studies on osteogenic differentiation of
bone marrow mesenchymal stem cells (BMSCs) have
received more attention [8—10]. Bone histopathological
alterations in AIONFH are manifested by changes in the
number, morphology, and differentiation of osteoblasts,
osteoclasts, and myeloid cells at different stages of necro-
sis [11]. Our previous study also found that ethanol may
ultimately contribute to the development of AIONFH by
promoting the lipogenic differentiation of BMSCs and
inhibiting their osteogenic differentiation [12]. BMSCs
are not only involved in osteogenic and lipogenic dif-
ferentiation but can also be polarised into M1 or M2
macrophages to regulate and participate in the dynamic
homeostasis of the skeleton [13]. M2 macrophages have
been reported to be involved in tissue repair and regener-
ation as well as in the healing process of injuries [14, 15].
M2 macrophages have also been a hotspot of research in
regenerative medicine [15].

Previous studies have suggested that the biological
functions of M2 macrophages may be related to the exo-
somes they secrete [16]. Exosomes can be produced by
various types of cells and play a mediating role in cell
communication by delivering information substances
(such as miRNA) [17]. Hong [18] used gene chip tech-
nology to study the differentially expressed miRNAs
in the serum of AIONFH patients and found that miR-
127-3p and miR-628-3p were downregulated in the
serum and bone tissue of AIONFH patients, miR-885-5p,

miR-483-3p, and miR-483-5p were upregulated. It is
known that miR-122 is involved in the occurrence and
development of ONFH [19, 20]. The expression of miR-
122 in BMSCs was decreased in steroid-induced necro-
sis of femoral head (SONFH) disease, and the expression
level of miR-122-3p was correlated with the progression
of SONFH [21]. Some studies have found that alcohol
can lead to a decrease in miR-122 levels in liver cells [22,
23], whether the treatment of alcoholic ONFH with M2
macrophage exosomes involves the involvement of miR-
122 remains to be studied.

This project intends to use animal experiments, cel-
lular and molecular level experiments to preliminarily
clarify whether miR-122 is the regulatory mechanism of
M2 macrophage exosomes in the treatment of AIONFH,
understand the role of the M2 macrophage exosome
miR-122 regulatory network in the disease, and provide
a basic theoretical basis for finding targets and drugs that
can effectively prevent and treat ONFH at an early stage.

Materials and methods

Polarization and identification of M2 macrophages

The femur and tibia of rats are excised, with both ends
removed to access the medullary cavity. A 10 mL syringe
injects sterile phosphate-buffered saline (PBS) to flush
out the bone marrow. Following this, a red blood cell
lysis buffer is added to resuspend the cells, which are
then subjected to lysis on ice for 10 min. M-CSF (10 ng/
ml, catalog number 315-02-10, Peprotech) is employed
to promote the differentiation of monocytes into mac-
rophages. 20 ng/mL cytokine IL-4 was used to induce
M2 polarization. After 48 h, macrophage markers CD14
(sc-515785, santacruz), M1 macrophage (CD86, 200305,
Biolegend) polarization, and M2 polarization surface
marker CD206 (sc-70585, santacruz) were detected by
flow cytometry to analyze their polarization.

Isolation and observation of M2-Exo

After inducing M2 polarization, the original induction
medium was replaced with a medium containing 10%
exosome-free FBS (C04001-500, Vivacell) (centrifuged
at 4 °C, 100,000xg for 17 h to remove exosomes in the
serum), and the culture supernatant of the cells was col-
lected after 48 h. M2-exo was extracted by ultracentrifu-
gation at 4 °C: dead cells and cell debris were removed by
centrifugation at 500xg (5 min) and 2,000xg (20 min), the
supernatant was retained, the supernatant was filtered
through a 0.22 pm filter, and the organelles were removed
by centrifugation at 10,000xg for 30 min, and the super-
natant was collected. The supernatant was transferred to
an ultracentrifuge tube. After the first ultracentrifugation



Le et al. Journal of Orthopaedic Surgery and Research

(4°C, 100 000xg, 2 h), the supernatant was discarded, the
inner wall of the tube was repeatedly rinsed with PBS, and
the resuspended exosome suspension was transferred to
a new ultracentrifuge tube. After the second ultracentri-
fugation (4°C, 100 000xg, 70 min), the supernatant was
discarded, and 100 puL PBS was added to resuspend and
collect the exosomes. The morphology and particle size
of the extracted exosomes were analyzed using transmis-
sion electron microscopy (TEM, HT-7700, Hitachi) and
nanoparticle tracking analysis (NTA, PMX120, PAR-
TICLE METRIX). The surface marker proteins CD81
(A22528, abclonal) and TSG101 (A1692, abclonal) were
identified by Western blot.

Osteogenic induction of rat BMSCs

BMSCs were cultured in a medium (CM-R131, Procell)
containing 10% fetal bovine serum (C04001-500, Viva-
cell), 1% streptomycin, and a constant temperature incu-
bator with 5% CO,. The fifth-generation BMSCs were
seeded in a 24-well plate at a density of 5x10* cells/
well. When the cells were about 60% confluent, the origi-
nal medium was replaced with an osteogenic induction
medium. 5 ug/mL M2-Exo was used to incubate BMSCs.
The working concentration of miR-122 mimic and NC
mimic (miR10000827-1-5, RIBOBIO) incubated BMSCs
was 100 nM. After 7 days of osteogenic induction,
CCK-8 detection (C0038, Beyontime), and ALP staining
(40749ES60, Yeasen) were performed, and the percentage
of ALP-positive area was analyzed using Image J software
to detect early osteogenic ability. After 21 days of osteo-
genic induction culture, the cells were fixed with para-
formaldehyde for 15 min. Subsequently, the cells were
stained with 1 mL of 1% Alizarin Red staining (C0138-
100 ml, Beyontime) solution at room temperature for
15 min, and rinsed with distilled water for 5 min. The
red mineralized nodules were analyzed by microscope,
and the absorbance was measured at 570 nm using an
enzyme marker.

Animals and grouping

24 SPF male SD rats, 8 weeks old, weighing (280+20) g,
were bred by Guangxi Medical University Experimen-
tal Animal Center, with the temperature in the breeding
room controlled at 21-27 °C and humidity at 50-60%.
This experiment has been approved by the Animal Ethics

Table 1 Primers used in this study

Primer forward primer reverse primer

B-actin gggaaatcgtgcgtgacatt gcggcagtggccatcte

ALP gtgccctggegacatgatactg atgctgctttgatcctgtcctgag
BMP2 cccctatatgctcgacctgtaccg cctcgatggcttcttcgtgatgg
OPN aacactcagatgctgtagccacttg gctttcattggagttgcttggaagag
RUNX2 cggcaagatgagcgacgtgag tgctgctgctgcetgctgttg

(2025) 20:107

Page 3 of 12

Committee of Guangxi Medical University Experimental
Animal Ethics Committee.

The experimental rats were randomly divided into the
Control group, Model group, M (model) + M2-Exo group,
and M (model) + miR-122 mimic M2-Exo group, n=6.
Except for the control group, the other rats were mod-
eled by alcohol gavage. These rats were given 56% liquor
8mL/kg.d (containing about 4 g/kg.d of pure alcohol) by
gavage for 12 weeks to establish the rat AIONFH model.
The control group was treated with an equal amount of
saline. From the 6th week of modeling, the M + M2-Exo
group and the M+ miR-122 mimic M2-Exo group were
injected with 200ul PBS (containing 100ug exosomes)
containing exosomes (M2-Exo/miR-122 mimic M2-Exo)
through the tail vein, once a week. miR-122 mimic
M2-Exo are exosomes obtained by incubating M2 macro-
phages with 100 nM miR-122 mimic. After 12 weeks, the
rats were dissected, and the femoral tissue of the rats was
collected for the next experiment.

RT-qPCR experiments

Total RNA from M2 macrophages/M2-Exo/BMSCs/
rat bone tissue was extracted using the Trizol method
(19221ES50,YEASEN), and the purity and concentra-
tion of RNA were detected using a spectrophotometer.
RNA was reverse transcribed into cDNA using a reverse
transcription kit (RR047A, Takara). Real-time quantita-
tive PCR was performed according to the instructions of
SYBR Green Real-time PCR Reagent (RR820A, Takara)
and reaction time and temperature were determined
in the preliminary experiment. The expression level of
mRNA was calculated by 2722¢T in our laboratory. The
complete set of primers for the quantitative detection
of miR-122 (miR-122, U6) is also included in the Bulge-
Loop™ miRNA qRT-PCR Starter Kit (R10211-1, RIBO-
BIO). The rat primer sequences of the genes used in this
study are shown in Table 1.

Micro-CT testing

Rat femur tissue samples were scanned using the Scan-
ner software of Micro-CT. For 3D analysis, femur tissue
were analyzed by the CT-AN software (Bruker Micro-
CT) to get the following parameters: trabecular thickness
(Tb.Th), bone volume to total volume ratio (BV/TV), tra-
becular bone number (Tb. N), and trabecular separation
(Tb. Sp).

HE staining

The femoral heads of rats from each experimental group
were preserved in a 10% formaldehyde solution for 24 h.
Following this fixation period, the specimens underwent
decalcification using a decalcifying solution for 72 h.
Subsequently, a dehydration process was implemented
utilizing alcohols (100%, 95%, 90%, 80%, and 70%). The
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samples were then embedded in paraffin with a melt-
ing point of 60 °C, and sections of 5 pm thickness were
prepared. Dewaxing and hydration of the sections were
performed, after which they were stained with hematoxy-
lin and eosin (HE, C0105S, Beyotime, China). Finally, the
sections were sealed with neutral rubber. The alterations
in the bone structure of the femoral heads were exam-
ined microscopically.

Masson staining

The sections were treated with a dewaxing solution for
30 min, followed by gradient dehydration with anhydrous
ethanol, 95%, 85%, and 75% alcohol, and rinsed with tap
water for 5 min. Next, the sections were incubated in
potassium dichromate overnight and heated in a 63 °C
oven for 1 h. Next, they were stained with Ponceau fuch-
sin staining solution for 10 min and then rinsed slightly,
followed by treatment with phosphomolybdic acid solu-
tion for a few seconds to 2 min until the collagen fibers
faded. Subsequently, aniline blue staining was used for
about 2 min to stain the collagen fibers. Finally, the sec-
tions were treated with a transparent agent and sealed
with neutral gum. The complete set of Masson stain-
ing kit was purchased from servicebio (G1006, Wuhan,
China). The sections were imaged using a microscopic
camera system, first observing the tissue at low magnifi-
cation, and then collecting 400x microscopic images.
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Immunohistochemistry assay

The decalcified femoral tissue was used for immunobhis-
tochemical staining. The sections were deparaffinized,
microwaved for antigen retrieval, and blocked with
bovine serum (BSA, GC305010, Servicebio). Next, the
sections were incubated with primary antibody COLI
(GB11022-3, Servicebio) for 24 h. After the primary anti-
body was washed off, the biotinylated secondary anti-
body (GB22303, Servicebio) was added dropwise for
incubation. Finally, the sections were stained with DAB
and counterstained with hematoxylin.

Statistical analysis

The experimental data were analyzed using GraphPad
Prism8 software and expressed as mean + standard devia-
tion £ &= SD. One-way ANOVA was used for comparison
among multiple groups, and t-test was used for compari-
son between two groups. P<0.05 was considered statisti-
cally significant.

Results

Polarization of M2 macrophages and extraction and
identification of exosomes

Rat bone marrow-derived macrophages were extracted
and stimulated with IL-4 to obtain M2 macrophages.
M2 macrophage exosomes (M2-exo) were extracted and
further purified by density gradient centrifugation. As
shown in Fig. 1A, after IL-4 stimulation of MO macro-
phages, CD86 accounted for 9.61% and CD206 accounted

D
— CD81
- TSG101
M2-Exo NC
I I I

Fig.1 Polarization of M2 macrophages and isolation, identification of exosomes. A: Macrophage clustering by flow cytometry. B: Results of M2-exo under
TEM. C: Particle size distribution of M2-Exo. D: Exosome signature protein identification
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for 85.3% under CD14 + cells, indicating that M2 macro-
phages were successfully induced. The average particle
size of M2-exo obtained was 156.4 (nm) and the concen-
tration (Particles/mL) was 3.2E +12 (Fig. 1B and C). The
proteins in the medium were taken as NC, and from the
results in Fig. 1D, the marker proteins of M2-Exo (CD81
and TSG101), were not enriched in the medium. The
above experimental results show the successful polariza-
tion of M2 macrophages and the separation of secreted
exosomes.

Identification of miR-122 in M2-Exo

Compared with MO macrophages, we detected higher
expression of miR-122 in M2 macrophages (Fig. 2A).
The miR-122 mimic was used to increase the content of
miR-122 in M2 macrophages. The expression of miR-
122 in the control group and the NC-mimic transfection
group was almost the same, and the expression of miR-
122 in the miR-122 mimic transfection group increased
(Fig. 2B). Furthermore, miR-122 was detected in both
M2-Exo and M2-Exo transfected with NC-mimic, and
high expression of miR-122 was detected in M2-Exo
transfected with miR-122 mimic. These experimental
results indicate that miR-122 can be secreted into exo-
somes by M2 macrophages, and miR-122 mimic can
increase the amount of miR-122 in exosomes.

Effect of exosomal miR-122 derived from M2 macrophages
on the osteogenic differentiation of BMSCs

To demonstrate that M2-Exo miR-122 can promote
osteogenic differentiation of stem cells, rat BMSC
was selected as the study subject. As shown in Fig. 3A,

A B
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compared with cells in a normal medium (NM), osteo-
genic differentiation medium (OM) induced the expres-
sion of miR-122. Compared with the OM group, the
expression of miR-122 in BMSCs incubated with M2-Exo
and miR-122 mimic M2-Exo increased (Fig. 3A). As
shown in Fig. 3B, compared with the NM group, cell via-
bility increased after OM induction. Compared with the
OM group, cell viability became stronger after incuba-
tion with M2-Exo and miR-122 mimic M2-Exo. In addi-
tion, the osteogenic differentiation-related genes Col-2,
Runx2, OPN, and ALP were determined by RT-PCR.
Compared with the NM group, the expression of Col-
2, Runx2, OPN, and ALP in the OM group increased.
Compared with the OM group, the expressions of Col-2,
Runx2, OPN, and ALP were further increased in M2-Exo
and miR-122 mimic M2-Exo group, and the BMSCs incu-
bated with miR-122 mimic M2-Exo expressed the highest
levels ( Fig. 3C-F ). Alizarin red staining results showed
that the number of positive cells incubated with OM
increased, and M2-Exo and miR-122 mimic M2-Exo had
a synergistic effect on OM (Fig. 4A and B). ALP staining
showed that the number of positive cells incubated with
OM increased, and miR-122 mimic M2-Exo and OM had
the best synergistic induction effect. The above experi-
mental results show that exosomal miR-122 derived from
M2 macrophages has a positive effect on the bone differ-
entiation ability of BMSCs.

Effect of exosomal miR-122 from M2 macrophages on
articular cartilage repair in rats with AIONFH

On the premise of completing the induction of osteo-
genic differentiation by M2-Exo in vitro, we established
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122 content in M2-Exo. * Comparison between the two groups, *** p <0.001
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Fig. 3 Effect of miR-122 in M2-Exo on the osteogenic differentiation ability of BMSCs. A: miR-122 expression in BMSC. B: cell viability after miR-122 mimic
M2-Exo incubation. c: cell viability after miR-122 mimic M2-Exo incubation. d: cell viability after miR-122 mimic M2-Exo incubation. e: expression of ALP
(C). Expression of ALP (C), BMP2 (D), OPN (E), and RUNX2 (F) in femoral tissues. * Compared with the NM group, *P<0.05, **P<0.01, and ***P<0.001

the AIONFH rat model. We determined the ability of
M2-Exo miR-122 to repair articular cartilage in AIONFH
rats. As shown in Fig. 5A, compared with the con-
trol rats, the expression of miR-122 in AIONFH rats
decreased, and the expression of miR-122 in the M2-Exo
and miR-122 mimic M2-Exo injection groups increased.
Next, femoral head tissues were evaluated by Micro-CT,
as shown in Fig. 5B-F. Compared with the control group,
the percentage of bone volume, trabecular thickness,
and bone mineral density decreased in the model group,
and trabecular separation increased. Compared with the
model group, Percent bone volume, Trabecular thick-
ness, and Bone mineral density scores increased after
M2-Exo and miR-122 mimic M2-Exo intervention, and
Trabecular separation decreased.

To further evaluate the histopathological changes,
H&E staining was performed (Fig. 6A). Compared with
the control group, the lesions in the model group were
relatively severe. In the model group, rat chondrocytes
showed degeneration and necrosis, local bone tissue
defects, pyknosis, and fragmentation of necrotic cell
nuclei, cytoplasm lysis, and more basophilic necrotic
cell fragments and vacuoles were deposited. Compared
with the model group, the lesions in the M2-Exo group
and the miR-122 mimic M2-Exo group were alleviated,
among which the M2-Exo group was slightly relieved,
and the miR-122 mimic M2-Exo group was significantly
alleviated. The results of Masson staining are shown in
Fig. 6B and C. Compared with the control group, the
expression percentage of bone tissue in the model group
was significantly decreased. Compared with the model
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Fig. 4 Effect of M2-Exo on osteogenic differentiation of BMSCs in vitro. A: Representative images of Alizarin red staining. B: Statistical results of Alizarin

red staining. C: Representative images of ALP staining. D: Statistical results of ALP staining. * Compared with the NM group, *P<0.05, **P<0.01, and
***p<0.001
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Fig. 5 Protection of bone tissue of AIONFH rats by M2-Exo. A: M2-Exo miR-122 mimic induction of miR-122 in rats. B: Percent bone volume. C: Trabecular
thickness. D: Trabecular separation. E: Bone mineral density. F: Micro-CT imaging of femur. * compared with the control group, * p < 0.05. # compared with

model group, #p < 0.05, ##p <0.01, ###p < 0.001

group, the expression percentage of bone

M2-Exo group and miR-122 mimic M2-Exo group was
significantly increased. COL I is a marker protein for
osteogenic differentiation. Compared with the control

tissue in the

group, the positive expression of COL I in the femoral tis-
sue of rats in the model group was decreased. Compared
with the model group, the positive expression of COL I
in the femoral tissue of rats in the M2-Exo and miR-122
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Fig. 6 Effect of M2-Exo miR-122 mimic on bone histopathological changes. A: Representative pictures of H&E staining. B: Representative pictures of
Masson staining. C: Statistical results of Masson staining. D: Representative pictures of Collagen | (COL I) immunohistochemistry. E: Statistical results of
Collagen | (COL I) expression. * compared with the control group, * p <0.05. # compared with model group, # p <0.05, ## p <0.01, ### p <0.001
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mimic M2-Exo groups was increased (Fig. 6D and E). The
above experiments showed that miR-122 in M2 macro-
phage exosomes regulated the osteogenic differentiation
of BMSCs in the treatment of AIONFH.

Discussion

Surgical treatment and various non-surgical treatment
strategies for AIONFH have certain effects, but each
has advantages and disadvantages. In clinical practice, if
AIONFH is not treated in time, it will seriously affect the
patient’s quality of life and even require hip replacement
to treat AIONFH [18, 24—26]. In addition, the treatment
of AIONFH is limited and the effect is not ideal. Hence,
the development of treatment drugs for alcoholic femo-
ral head necrosis and its pathogenesis is still one of the
main clinical and basic research tasks. With the devel-
opment of cell biology, biological agents based on bone
marrow mesenchymal stem cells have also been used
to treat alcoholic ONFH, and the efficacy is remarkable
[27]. Currently, rats are the most commonly used small
experimental animals because they are reasonably priced,
easy to obtain, and simple to raise. The gene similar-
ity between rats and humans is as high as 90%, and the
mechanism and pathological process of bone necrosis
are also very similar to those of humans [28]. Since rats
maintain epiphyseal cartilage throughout their lives, they
are often used to simulate clinical femoral head diseases
[29]. This study illustrates at the animal and cell levels
that M2 macrophages induce osteogenic differentiation
of bone mesenchymal stem cells through the exosome
pathway to treat AIONFH.

The role of macrophages and the immune system in
musculoskeletal diseases is a broad and complex research
field. In recent years, with the development of immunol-
ogy and molecular biology techniques, more and more
new evidence has revealed their important role in this
field [30-32]. BMSCs are a group of cells found in the
bone marrow stroma of mammals that can differenti-
ate into cartilage, bone, fat, myoblasts, and nerves [21,
33-35]. They are widely used in many research fields
such as immune regulation, tissue repair, organ recon-
struction, tissue engineering, and drug development [36].
Previous studies have shown that the number and activ-
ity of BMSCs in AIONFH patients are reduced, and their
osteogenic differentiation ability is weakened [37]. In
addition, the study also found that the apoptosis rate of
osteoblasts and osteocytes in the necrotic area increased
[38]. The application of BMSCs in AIONFH has gradu-
ally attracted attention. Alcohol can directly induce the
adipogenic differentiation of BMSCs, reduce osteogenic
differentiation, cause fat accumulation in bone cells, and
lead to osteocyte apoptosis [39]. In this study, M2-Exo
can promote the osteogenic differentiation of rat bone
marrow mesenchymal stem cells (BMSCs). M2-Exo
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played a positive role in promoting the osteogenic differ-
entiation of rat BMSCs. M2-Exo can enhance cell viability
and promote the expression of osteogenic-related genes
(BMP2, Runx2, OPN, and ALP) [39, 40]. In addition, the
results of Alizarin red staining and ALP staining showed
that there was a synergistic effect between M2-Exo and
osteogenic induction medium, further supporting the
importance of M2-Exosomes in bone differentiation.

BMP2 is a type of growth factor that is mainly involved
in the formation and repair of bone tissue. It can stim-
ulate the proliferation, differentiation, and osteogenic
activity of osteoblasts and promote osteogenesis [41].
Runx2 is a type of transcription factor that is essential
for the differentiation of osteoblasts. It plays a key role
in bone development and mineralization and is the main
regulator of osteogenic gene expression [42]. OPN is an
extracellular matrix protein that participates in bone
remodeling and promotes the mineralization of bone
matrix. It also plays a role in cell adhesion and immune-
related processes [43]. ALP is an enzyme that plays a
major role in bone formation and mineralization. It pro-
motes the hydrolysis of organophosphates, helps release
inorganic phosphate, and thus promotes bone mineral-
ization [44]. In osteogenic differentiation medium (OM),
the expression of miR-122 by BMSCs was significantly
increased. The expression of osteogenesis-related genes
such as Col-2, Runx2, OPN, and ALP was up-regulated
in the OM group. In the M2-Exo and miR-122 mimic
M2-Exo treatment groups, the expression of these genes
was further enhanced, especially the miR-122 mimic
M2-Exo group showed the highest level of gene expres-
sion. Alizarin red and ALP staining suggested that the
combined culture of OM and miR-122 mimic M2-Exo
had the best osteogenic induction effect.

M2 macrophages can stimulate bone marrow mes-
enchymal stem cells to become mature osteoblasts and
increase bone mineralization in vitro [45], which is
because the secretions of M2 macrophages (TGF-f and
insulin-like growth factor 1) can induce osteogenic dif-
ferentiation [46]. The biological functions of M2 macro-
phages may be related to the exosomes they secrete [16].
Specific nutritional factors that exosome release could
include anti-inflammatory, immunomodulatory, exosome
homeostasis restoration, and cartilage regeneration-
promoting effects [47]. In addition, exosomes can repair
articular cartilage, improve knee arthritis symptoms, and
delay disease progression [48]. The research on exosomes
in the field of joint orthopedics has been recognized. C.
Jorgensen’s study showed that exosomes from human
mesenchymal stem cells can repair osteoarthritis carti-
lage degeneration [49]. ZhaxiDawa’s study reported that
exosomes from M2-macrophages inhibited the PI3K/
AKT/mTOR pathway in rats with knee osteoarthritis
[13]. We successfully induced rat bone marrow-derived
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M2 macrophages after IL-4 stimulation, extracted and
purified their exosomes, and confirmed the characteris-
tics and particle size distribution of M2-Exo. In addition,
as M0 macrophages transformed into M2, the expression
of miR-122 increased and was detected in M2-Exo. miR-
122 mimic can induce high expression of miR-122 in M2
macrophages and M2-Exo. At present, the early diagno-
sis of AIONFH is mainly based on imaging changes, and
there is a lack of diagnostic methods that precede imag-
ing changes. Whether changes in hematological indica-
tors (miR-122) in drinkers can predict the occurrence of
AIONFH is worth further exploration.

BMSCs undergo a complex process of differentiation
from osteoprogenitor cells, osteoblast precursor cells,
osteoblasts, and finally into osteocytes, which involves
multiple types of intercellular and intracellular signal
transduction, such as signal pathways, transcription
factors, growth factors, microRNA [50, 51]. As small
non-coding RNAs, miRNAs function by inhibiting the
translation of target mRNAs [52]. Studies have shown
that exosomes contain high levels of miRNAs, and that
exosomal miRNAs are associated with the osteogenic
and adipogenic differentiation of mesenchymal stem cells
[53]. miRNA plays a crucial role in bone-related diseases
such as ONFH by participating in the proliferation, dif-
ferentiation, and apoptosis of osteoclasts, osteoblasts,
and osteocytes, affecting angiogenesis and adipogenic
differentiation of BMSCs [54]. miR-320 is overexpressed
in patients with steroid-induced osteonecrosis of the
femoral head (SONFH) and can inhibit the development
of SONFH [55]. miR-889 inhibits the osteogenic dif-
ferentiation of BMSCs by targeting Wnt-7a, leading to
decreased ALP activity and reduced calcium salt deposi-
tion in late-stage BMSCs [56]. Moreover, the expression
of miR-122 is reduced in AIONFH [19, 20]. Our in vivo
experiments also confirmed that the expression of miR-
122 is reduced, and M2-Exo and miR-122 mimic M2-Exo
can increase the content of miR-122. By increasing miR-
122 expression, it promoted bone tissue production,
increased bone volume percentage, trabecular thickness,
and bone density, and decreased trabecular separation. In
addition, miR-122 mimic M2-Exo and also significantly
reduces histopathological changes, such as chondrocyte
degeneration, necrosis, and local bone tissue defects. The
expression of COL I was particularly increased after the
action of M2-Exo miR-122 mimic. Type I collagen (COL
I) provides mechanical support for the organism, main-
tains the integrity of organs and tissues and ensures their
normal functions [57]. These results indicate that miR-
122 mimic M2-Exo plays a vital role in the treatment of
AIONFH by regulating the osteogenic differentiation of
BMSCs.
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Conclusions

This project analyzed the role of M2 macrophages, exo-
somes, and miRNA in the occurrence of AIONFH. Tak-
ing macrophage exosomes and miR-122 as the starting
point, from the perspective of BMSC osteogenic dif-
ferentiation, combined with cell and animal in vivo
experiments, it is proposed that miR-122 molecules in
macrophage exosomes regulate BMSC adipogenic dif-
ferentiation to mediate the occurrence of AIONFH and
analyze the relationship between the three. However, the
effect of M2-Exo on AIONFH requires long-term obser-
vation, and the molecular regulatory mechanism of miR-
122 still needs to be studied.
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