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Osteonecrosis of the femoral head (ONFH) is a progressive disease that often necessitates hip replacement if hip pres-
ervation therapy fails. ONFH places a heavy economic burden and severe psychological pressure on patients. At pre-
sent, ONFH is treated by either surgical or non-surgical methods. In clinical practice, stem cells combined with surgery
has achieved some positive results, but many problems remain to be resolved. Exosomes are small vesicles of 30—
150 nm, which are rich in various nucleic acids, proteins, and small molecules depending on the cells from which they
are derived. A growing number of studies have found that exosomes play an important role in tissue damage repair. In
comparison with stem cells, exosomes have lower immunogenicity. Also, exosomes can promote cell proliferation and
inhibit tumor growth. In addition, exosomes can also be used as natural carriers of drugs. Many studies have shown
that exosomes have therapeutic effects in hormone-induced ONFH. Exosomes have the effect of promoting vascular
regeneration and show good application prospects in ONFH. Here, we present a review of studies on the application of

exosomes in ONFH to provide a reference for future research.
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Introduction
steonecrosis of the femoral head (ONFH) is a local abnor-
mal disease of bone metabolism due to abnormal blood
supply to the femoral head. The factors that cause the abnormal
blood supply to the femoral head can be the direct destruction
of mechanics such as the fracture of the femoral neck, or possi-
bly due to the disordered metabolism of substances in the blood
circulation.' This disease usually occurs in young adults, most
of whom are within 35-55 years old.* Furthermore, this disease
is more common in males than in females, and its incidence is
increasing.” There are more than 30 million patients with
ONFH worldwide, with more than eight million patients in
China.® Therefore, it is the duty and mission of doctors to
actively explore the effective treatment means of ONFH.
The pathogenesis of ONFH remains unclear. The most
common hypotheses include fat embolism, intraosseous

vascular damage, and intraosseous hypertension.””” Although
the etiology and pathogenesis of ONFH remain unclear, the
pathological changes are consistent. When osteocytes and
stromal cells of the femoral head die, the bone repair mecha-
nism is activated. The process of ONFH repair can be
divided into limited repair, destructive repair, and recon-
structive repair.'” Many treatments are available for ONFH,
but there is no standard therapy. ONFH seriously affects a
patient’s ability to work and their quality of life and is
accompanied by a heavy psychological burden.

At present, the most commonly used staging system
for ONFH is the Association Research Circulation Osseous
(ARCO) staging method, which is divided into four stages."'
Surgical and non-surgical treatment options are available for
early ONFH (ARCO stage I and I1).»'? During these stages, the
goal is to preserve femoral head function to the maximum
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extent, prevent further progression of the disease, and delay or
prevent joint replacement. Advanced ONFH (ARCO stage III
and IV) generally requires joint replacement.? It is of great
clinical significance to explore active and effective means of hip
preservation and delay or even reverse the disease process
according to the early stage of ONFH. With the development of
medical technologies and improved understanding of ONFH,
many new methods and techniques have been applied for the
treatment of this disease.

During the normal repair of bone, there is a balance
between osteoblasts and osteoclasts. When the cell function is
abnormal, this will cause the balance of bone resorption and
bone repair to be broken, so that the femoral head structure is
abnormal. Karasuyama et al. found that the number of osteo-
clasts at the junction of necrotic area and normal area after fem-
oral head collapse was significantly higher than that without
collapse.* Li et al. found that in the middle and late stage of
femoral head necrosis, osteoclasts gathered in the repair reaction
area between the necrotic area and the normal area, which is the
common site of fracture line."” Yu et al. found that in patients
with femoral head necrosis, the angiogenesis activity and apo-
ptosis activity of bone microvascular endothelial cells were chan-
ged, which showed that the angiogenesis activity decreased and
the apoptosis increased.'® Therefore, promoting vascular regen-
eration, increasing osteogenesis, and inhibiting bone resorption
is an effective strategy for treating ONFH. Many studies have
confirmed that the apoptosis and abnormal differentiation of
bone cells and bone marrow stem cells are also one of the impor-
tant reasons for the progression of femoral head necrosis.'” After
the bone necrosis of the femoral head occurs, the number of
internal mesenchymal stem cells decreases and the osteogenic
differentiation function weakens. Therefore, mesenchymal stem
cell transplantation becomes a promising option for the treat-
ment of this disease. The most common sources of stem cells for
ONFH are bone marrow mesenchymal stem cells (BMSCs), fat
tissue-derived mesenchymal stem cells, embryonic-derived mes-
enchymal stem cells, peripheral blood hematopoietic stem
cells.'"® ' However, it was found that bone marrow mesenchy-
mal stem cells from patients with femoral head necrosis showed
decreased proliferation and increased apoptosis in vitro.**
Despite the many achievements of stem cell therapy, a number
of problems remain to be resolved in terms of the underlying
molecular mechanism of stem cell differentiation, the survival
rate after stem cell implantation, patient inclusion and exclusion
criteria, and optimal transplantation methods.

Studies have shown that mesenchymal stem cells play
a role through their paracrine function. Exosomes are
cell-secreted vesicles 30-150 nm in diameter that contain
complex mixtures of nucleic acids, proteins, and small mole-
cules.””> Exosomes were initially considered to be a means for
cells to dispose of waste. However, subsequent studies showed
that exosomes have an important effect on intercellular signal
transduction, tissue angiogenesis, and inflammatory responses.
The proteins in exosomes may mediate their specific binding
to target cells and may be related to cell signal transduction,
playing various roles in physiological and pathological
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processes, such as immunization, tumors and so
on. Exosomes contain a variety of substances derived from
cells, which can participate in the information exchange to
recipient cells and regulate their functions. It was found that
the mechanism by which mesenchymal stem cells exert their
effects is through their paracrine effects. The MSC-derived
exosomes play a similar role. At present, the application of
exosomes in the treatment of ONFH is mostly at the stage of
basic research. Here, we searched the PUBMED and
MEDLINE databases using the keywords “exosomes” or
“osteonecrosis” or “ONFH” to review studies on the role of
exosomes in ONFH and thus provide a reference for further
studies.

Characterization, Extraction, and Identification of
Exosomes

Characterization of Exosomes

Exosomes are small vesicles, which vary in morphology and
usually appear as hemispherical structures with lipid bilayers
on electron microscopy.”*™>” Exosomes contain various small
molecules, nucleic acids, and proteins and have different
receptors on their surfaces depending on their origin. Many
different proteins are present in exosomes, including
annexins associated with intercellular membrane fusion and
RAS-related GTP-binding proteins (RAB proteins), protein
kinases and heterotrimer G proteins associated with signal
transduction, and metabolism-related enzymes.”® In addi-
tion, members of the tetraspanin superfamily are abundant
in exosomes and can interact with major histocompatibil-
ity complex molecules and integrins.>® Furthermore,
exosomes are rich in cholesterol and sphingomyelin. Due
to their special mode of formation, exosomes can highly
express cellular endogenous proteins. The compositions of
exosomes differ according to the cells from which they are
derived.

Extraction of Exosomes

High purity exosome enrichment is a key step in basic
exosome research and for further clinical applications. At
present, there are many techniques for the separation and
purification of exosomes, and they are constantly improving.
Common methods include ultra-centrifugation, sucrose gra-
dient separation, precipitation, the size exclusion method
(SEC), ultrafiltration, the microfluidic chip method, and the
surface composition affinity separation method.’*>” How-
ever, most methods have the disadvantages of low extraction
efficiency and difficult to popularize.

Identification of Exosomes

Cells can secrete a wide variety of components into the external
space. Extracellular vesicles can be divided into three types
according to the mechanism and size of release: exosomes,
micro-vesicles, and apoptotic bodies, while exosomes contain
the characteristic surface protein from endosomal pathway
origin.>® Using these surface proteins can identify and isolate
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exosomes from other micro-vesicles, apoptotic bodies. Each
exosome has a unique lipid composition compared to other
vesicle types, as they are rich in cholesterol and diacylglycerol.
Currently, the identification method used for external urology
mainly conducts from three aspects: size, morphology and sur-
face marker.”” Exosome size is determined by dynamic light
scattering analysis and nanoparticle tracking analysis.***'
Morphological analysis is performed mainly by transmission
electron microscopy.”® Western blotting is the main method
used for surface marker identification, which has demon-
strated the presence of CD9, CD63, CD81on the exosome sur-
face. Gene chip and high-throughput sequencing technologies
can be used to detect nucleic acids for subsequent analysis,
while protein components are analyzed by flow cytometry and
protein chip methods. Cell co-culture systems were con-
structed to examine the effects of exosomes on target cell
function and related signaling pathways.**"**

Roles of Exosomes in ONFH
Therapeutic Mechanism of Action of Exosomes

Exosomes Can Enhance the Proliferation and

Antiapoptotic Activity of BMSCs

BMSCs are derived from the mesoderm and ectoderm at the
early stage of development and have multidirectional differenti-
ation potential. Giuliana ef al. injected BMSCs into animals with
unilateral gastrocnemius muscle injury through venous system
and found that the transplanted BMSCs can migrate to the dam-
aged gastrocnemius muscle tissue and repair the damaged mus-
cle.*” Yavuzer reported that transplantation of autogenous
BMSCs combined with fibrin glue into the area of tendon injury
in a rabbit model immediately after the injury promoted the
early histomorphological and biomechanical repair of the ten-
don.**BMSCs are excellent seed cells and have been widely used
in bone tissue engineering due to their multidirectional differen-
tiation potential and the ease of their extraction and acquisition
of immunogenicity. However, the proliferation and osteogenic
potential of BMSCs decrease with age. And the viability of mes-
enchymal stem cells decreased after implantation. Exosomes
have also been used as drug carriers."” Guo et al. reported that
BMSCs integrated with exosomes derived from human
synovium-derived mesenchymal stem cells (MSCs) showed
enhanced proliferation and antiapoptotic effects. Although fur-
ther studies are required to determine the precise mechanism of
these effects, the mechanism may involve promotion of
B-catenin nuclear translocation.*®

Ability of Exosomes to Promote Bone Formation and

Blood Vessel Formation

It was found that the mechanism by which mesenchymal
stem cells exert their effects is through their paracrine effects.
The MSC-derived exosomes play a similar role. Researcher
found that exosomes derived from BMSCs have potential
roles in the treatment of a variety of diseases. Li et al
reported that exosomes from both normal BMSCs and those
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from patients with ONFH can promote osteogenesis and
angiogenesis, although those from ONFH patients showed
reduced osteogenic and angiogenic capabilities.*” Liu et al.
reported that exosomes derived from human-induced plurip-
otent stem cell-derived MSCs may promote angiogenesis by
activating the PI3K/Akt signaling pathway.”> When phos-
phorylated, Erk and Akt activate the angiogenic signaling
pathway. Akt can induce antiapoptotic signaling,”’ and
therefore the Akt pathway is considered to be the main sur-
vival pathway in endothelial cells. Platelet-rich plasma-
derived exosomes promote angiogenesis by activating Akt
and Erk signaling pathways.’” Yeh et al. confirmed that both
hormones and ethanol reduce the expression of osteogenic
genes and proteins via Wnt signaling-related genes, while
increasing the expression of fat formation-related genes and
proteins.  Platelet-rich  plasma-derived exosomes were
shown to enhance osteogenic protein expression via the
Whnt/catenin signaling pathway. In endoplasmic reticulum
stress, platelet-rich plasma derived exosomes block CHOP
mediated inhibition of Bcl-2 protein expression through
Akt/bad/Bcl-2/caspase-3 signaling pathway.”” Xu et al.
reported that miR-224-3p was downregulated, while focal
adhesion kinase family interacting protein of 200 kDa
(FIP200) was upregulated in ONFH. Lower miR-224-3p
levels in exosomes can promote angiogenesis by promoting
the proliferation, migration, and invasion of vascular endo-
thelial cells, thereby preventing ONFH.>® The CD41/integrin
3-fak-PI3K/Akt-Runx2 pathway is an important pathway of
osteogenic differentiation of MSCs. CD41-affluent normal
exosomes can promote the osteogenic differentiation of
MSCs.** Exosomes derived from human CD34" stem cells
transfected with miR-26a can reverse the pathogenic process
of hormone-induced ONFH by increasing vascular density
and trabecular integrity.”* In addition, Li et al. reported that
plasminogen activator inhibitor 1 (PAI-1), which is obviously
malformed in the femoral head area, may be the cause of idi-
opathic ONFH susceptibility.”> BMSC-derived exosomes
promote the expression of vascular cell PAI-1 in the local
microenvironment of femoral head necrosis in rabbits, thus
providing a new perspective on the etiology of femoral head
necrosis.*® (Table 1) (Fig. 1).

Diagnostic Value of Exosomes

Early detection, early diagnosis, and early treatment are
important principles in disease management. In clinical prac-
tice, patients with ONFH often seek medical treatment due
to hip discomfort, and the diagnosis is usually ARCO stage
II or above. Furthermore, the diagnosis relies mainly on MRI
and CT. Early ONFH is often asymptomatic, and there are
no sensitive or specific hematological indicators. Therefore, it
is necessary to find a convenient laboratory test for early pre-
diction of the occurrence and development of ONFH.
Exosomes are widely present in the pleuroperitoneal and
pleural effusions of blood and urine, with high levels in body
fluids, and the number of exosomes in each microliter of
serum can reach up to 3 x 10°°° Compared with traditional
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Fig. 1 The exosomes from different tissues and their mechanisms that promote osteogenesis and promote angiogenesis ® SMSC-derived exosomes

can enhance the proliferation and anti-apoptotic capacity of BMSC; @ hiPSC-MSC-derived exosomes promote angiogenesis by activating the PI3K/Akt

signaling pathway in vascular endothelial cells; ® Platelet-rich plasma-derived exosomes enhance osteobinin expression levels through the Wnt/-

catenin signaling pathway; @ BMSC-derived exosomes containing downregulated levels of miR-224-3p can promote the proliferation of vascular

endothelial cells; ® miR-26a-CD34+ exosomes can promote angiogenesis and promote osteogenesis; Normal conditional exosomes (NOR-exos)
promote the osteogenic differentiation of the MSC through activating the CD41/integrin f3-FAK-PI3K/Akt-Runx2 pathway

circulatory markers, exosomes are stable and have a longer
half-life in body fluids. Compared with samples required for
histopathological examination, body fluid specimens can be
obtained easily, less invasively, and repeatedly. Exosomes
have been increasingly used in disease diagnosis, with most
efforts focusing on tumor-related diseases. Due to the char-
acteristics outlined above, exosomes are expected to be useful
as new circulating biomarkers with broad applicability to
assist in the diagnosis of clinical diseases.

During the early stages of ONFH, changes in the local
microenvironment and cell function may be found in blood.
Zhu et al. demonstrated that serum exosome levels were sig-
nificantly lower in patients with steroid-induced ONFH and
hormone-induced ONFH compared with healthy controls.””
Receiver operating characteristic curve analysis showed that
serum exosomes have moderate diagnostic accuracy for hor-
monal ONFH. Furthermore, through the early screening of

the serum exosome level of patients with suspected steroid
induced-femoral head necrosis, this allowed identification of
patients that may have femoral head necrosis. This was con-
firmed by definite diagnosis using CT and MRI in patients
with a history of hormone treatment. These observations
demonstrated the importance of the early detection of lesions
in the femoral head.

Conclusion
In the past decade, exosomes, as a cell-free therapy, have
achieved positive results in the research of many diseases.
This article summarizes the therapeutic effects of exosomes
from different tissue and cell sources in osteonecrosis of the
femoral head.
The main strategy of repair and regeneration of
osteonecrosis of the femoral head is to promote vascular
regeneration and bone regeneration. At present, the research
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on exosomes mainly focuses on basic research. It has been
found that exosomes derived different mesenchymal stem
cells can promote angiogenesis and bone repair through a
variety of signal pathways. Osteonecrosis of the femoral head
is mainly caused by trauma, hormones and alcohol. At pre-
sent, most animal models are hormone induced necrosis
models, and exosomes are mainly applied by caudal vein
injection. However, whether this application can make the
exosomes reach the necrotic part and play a role needs fur-
ther examination. At the same time, the interaction between
exosomes and mesenchymal stem cells, osteoblasts and oste-
oclasts in necrotic areas needs to be further explored. We
believe that with the in-depth study, it will further reveal the
mechanism of osteonecrosis of the femoral head, so as to
provide more references for the treatment of the disease.
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