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Abstract: Musculoskeletal disorders are a series of diseases involving bone, muscle, cartilage, and tendon, mainly caused by chronic
strain, degenerative changes, and structural damage due to trauma. The disorders limit the function of patients due to pain and
significantly reduce their quality of life. In recent years, adipose-derived mesenchymal stem cells have been extensively applied in
regeneration medicine research due to their particular abilities of self-renewal, differentiation, and targeted homing and are more easily
accessed compared with other sources. The paracrine effect of ADSCs plays a crucial role in intercellular communication by releasing
mass mediators, including cytokines and growth factors, particularly the exosomes they secrete. Not only do these exosomes possess
low immunogenicity, low toxicity, and an enhanced ability to penetrate a bio-barrier, but they also inherit their parent cells’
characteristics and carry various bioactive molecules to release to targeted cells, modulating their biological process. Meanwhile,
these characteristics also make exosomes a natural nanocarrier capable of targeted drug delivery to specific sites, enhancing the
bioavailability of drugs within the body and achieving precision therapy with fewer toxic side effects. Furthermore, the integration of
exosomes with tissue engineering and chemical modification strategies can also significantly enhance their efficacy in facilitating
tissue repair. However, the current research on ADSC-Exos for improving MSDs remains at an early stage and needs further
exploration. Therefore, this review summarized the ADSC-Exo as a nanodrug carrier characteristics and mechanism in the treatment
of fracture, osteoporosis, osteoarthritis, intervertebral disc degeneration, and tendon injury, which push forward the research progress
of ADSC-Exo therapy for MSDs.
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Introduction

Musculoskeletal disorders (MSDs) are pain and function limitations in bones, joints, cartilage, muscles, and ligaments
that cause a lower quality of life, including osteoporosis (OP), osteoarthritis (OA), rotator cuff tears, and sports injuries."
Globally, the number of cases of MSDs is about 1.3 billion, and the female prevalence rates are higher than those of
males and increase with age. Low back pain (36.8%) makes up the greatest proportion of MSD cases, while osteoarthritis
(19.3%) is the second most prevalent.” The major function of the skeleton is to act as mechanical levers for muscles to
maintain normal locomotion, an operation that also involves the internal interactions between tendons, ligaments, and
cartilage, reflecting a holistic musculoskeletal system.” Therefore, patients with MSDs usually have limitations in
mobility in different parts of their body with much pain, and typically undergo various treatments, such as pharmaco-
logical treatment, sports therapy, complementary medicine, and surgery, which can ease the symptoms. However, in
addition to the risks of surgery, the curative effect of medicine is still unclear and inconsistent, and may have side-effects
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that induce other adverse reactions.* Currently, as one of the rising fields in regenerative medicine, cell therapy has
become an efficacious and practical method to improve MSDs.’

Mesenchymal stem cells (MSCs), also called multipotent mesenchymal stromal cells, are plastic adherent cells with
a fibroblast-like morphology, extracted from multiple tissues in the human body, and have the potential to self-renew and
differentiate into adipose, cartilage, and bone.®” MSCs leverage their low immunogenicity and anti-inflammatory
properties to execute critical functions in tissue regeneration, including directed migration to damaged areas, promotion
of angiogenesis for blood supply restoration, and suppression of immune reactions to foster a healing environment.®
Moreover, the unique differentiation capacity of MSCs enables the rapid replacement of damaged cell and remodels the
dynamic cycles of degeneration and regeneration, thereby maintaining tissue function and integrity, approving injury
repair.’ So far, MSCs have been instrumental in research pertaining to tissue reconstruction in the musculoskeletal,
nervous, hepatic, myocardial, and dermal realms.'® Recent research indicated that the pleiotropic functions are attributed
to the paracrine effect, to a large extent, and the major mediators secreted from MSCs contain cytokines and growth
factors, particularly exosomes.'""'? As extracellular vesicles, exosomes (Exos) can be detected in most biological fluids
and tissues, such as blood, urine, amniotic fluid, and malignant ascites.'> Of these sources, due to rich reserves, easy
access, and minimally invasive extraction, adipose mesenchymal stem cells (ADSCs) have become one of the primary
sources of exosomes in cell therapy.'* In addition to lipids and protein, Exos have been found to carry various nucleic
acids, such as mRNA, microRNAs, and noncoding RNA, which are released into the intracellular space after fusion with
the recipient cells to modulate many biological activities.'> However, the low toxicity, high targeting efficiency, favorable
bio-barrier penetration, and environmental adaptability of exosomes themselves hold the potential to make them an
excellent nanoscale drug delivery vehicle.'® The ADSC-Exos have been shown to improve the repair of musculoskeletal
diseases through autoplastic transplantation or in combination with tissue engineering, showing their significant promise
in the field of regenerative medicine.'”'® In this review, we summarize the functional features of ADSC-Exos and the
current studies in musculoskeletal disease treatments and discuss the development of ADSC-Exo-based therapies for
clinical setting (Figure 1).

Exosomes

Exosomes are single membrane-bound nanovesicles with a topology resembling that of cells and usually participate in
intercellular communication (Figure 2).2° As early as the late 1960s, extracellular vesicles, varying from ~100 nm in the
maximum dimension, were first identified under electron microscopy by Anderson in the cartilage matrix of the tibial
upper epiphyseal plate.”’ With the deepening of research, Johnstone isolated the vesicles in sheep reticulocytes through
centrifugation and named them “exosomes” in 1986.%* Today, exosomes are confirmed to be the smallest type of
extracellular vesicles, about 40-120 nm in diameter, with the size differing significantly from different sources.”® The
process of generating exosomes is primarily through a paracrine manner of the parent cell. First, the plasma membrane
will invaginate inward and intraluminal vesicles (ILVs), formed by early endosomes, accumulate in the cell, constituting
large multivesicular bodies (MBVs). After mature MBVs fuse with the cell membrane, the internal ILVs are secreted into
the extracellular space, which are then defined as exosomes.**** However, there is evidence demonstrating that exosomes
are also directly released by ILVs budding from the plasma membrane, indicating that endosomal budding is not the only
means by which exosomes arise.”® Furthermore, the exosomes inherit the difficult-to-change characteristics and parti-
cular RNA expression of the parent cells.”’* A recent study found that MSCs cultured in an adipocyte extracellular
matrix with osteoblast-derived exosomes expressed osteogenic differentiation potential, reflecting that the pedigree-
specific exosomes may have more of an impact on MSC differentiation than did the extracellular matrix.?° For isolating
exosomes in different extracellular matrices, the size-based ultrafiltration technique is the gold standard, but other
alternative methods have been developed, such as immunoaffinity capture, exosomal precipitation, zonal rate centrifuga-
tion, and microfluidic isolation techniques.>® Moreover, extracted exosomes were initially characterized through their
expression of protein, especially ESCRT proteins, TSG101, Alix, and chaperones (Hcs70, Hsp90).*! As the research of
exosomes became deeper, physical analyses for determining the particle size or concentration have also been performed
by electron microscopy, nanoparticle tracking analysis, and dynamic light scattering.’® In addition, adipose-derived
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Figure | Overview of action mechanisms of ADSC-Exos therapy in musculoskeletal disease.

exosomes were discovered to contain adipogenesis-related gene transcripts (leptin, adiponectin, PPARY2), and the RNA
from special sources also became unique biomarkers.*

In comparison to traditional treatments such as drugs, exercise and surgery, exosome therapy has certain advantages
due to its biological nature, and can be classified by five aspects. First, exosomes have low immunogenicity. Human bone
marrow mesenchymal stem cells (BMSCs)-derived exosomes can promote osteogenesis without any adverse reactions
during animal experiments; in contrast, the expression of the surface marker MHC I from hBMSCs will lead to immune
rejection.’® Second, the toxicity of exosomes is relatively low. Compared to the inevitable toxic effect of most nanoscale
drug carriers in lipid membrane synthesis, exosomes have not shown to be toxic either in vivo or in vitro, greatly pushing
forward the application of nanomedicine.>*® Third, exosomes are highly targeting and transfer signals to recipient cells
mainly through direct membrane fusion, phagocytosis, or ligand-receptor interactions. Exosomes not only target specific
organs due to their inheriting the homing ability of parent cells but also directly participate in cell-to-cell communication
by surface receptors.>” Fourth, exosomes have an enhanced ability to penetrate bio-barriers, and therefore they can act as
effective medicine carriers to improve modulation of target tissue.’® Fifth, exosomes remain stable in circulation and
retain their integrity in a pathological environment, such as mildly hyperthermic, acidic, high-glucose, and systemic
disease environments, in which various environment factors also modify exosomes to regulate positive or negative
effects.”® In conclusion, exosomes have a strong potential to treat musculoskeletal disorders through targeted carrier
transport.
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Figure 2 The structure and content of exosomes.

ADSC-Exos

MSCs have been widely applied in the related research of tissue repair due to their self-renewability and the capacity of
differentiating into multiple cell types. The potential remains to further exploit exosomes in genomic manipulation and
combination therapy of MSCs with scaffolds or drugs and the use of secreted exosomes.'® Currently, the research on
exosomes from BMSCs is comparatively mature. BMSC-Exos have been demonstrated to improve OA through the
regulation of immune homeostasis, the dampening of inflammatory reactions, and the stimulation of cellular proliferation
and differentiation.** Meanwhile, BMSC-Exos encapsulate a plethora of bioactive molecules, including proteins, miRNA
and transcription factors, which are capable of modulating the microenvironment in a transorgan manner, thus fostering
the reparative mechanisms within compromised tissues.*’ In a study by Zhenyu Li et al, the miR-23a-3p in BMSC-Exos
improved the polarization of macrophages from M1 to M2 and decreased the early inflammatory response in the knee
joint by inhibiting the IRF1 and NF-«kB pathways, thus promoting bone-tendon repair, showing the potential of BMSC-
Exos in the treatment of MSDs.*' Furthermore, human umbilical-derived MSC exosomes (UCMSC-Exos) improved
osteoporosis by promoting the proliferation and differentiation of osteoblasts, an effect that was similar to estrogen
supplementation with less adverse reactions.*? Despite the benefits, both the bone marrow and human umbilical cord are
difficult to access, have limited reserves and can be easily damaged during isolation, limiting their exosome clinical
use.*? In contrast, adipose tissue is extensively present in our bodies, with renewability and no ethical concerns, and its
use greatly reduces the complexity and cost of isolation in a sustainable manner, which is a more desirable source of
exosome.>? In addition, the ADSCs from subcutaneous adipose tissue are an optimal reservoir of exosomes that show
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a higher osteogenic tendency and increased stemness properties compared to ADSCs from deep regions.** These attribute
position ADSC-Exos as a promising therapeutic agent for MSDs, offering a more viable solution in the future clinical
therapy.

According to the research of Han et al, most ADSC-Exos have a circular shape with concave sides ranging from 20 to
300 nm, larger than the 30—120 nm range noted in earlier studies.** This observation with extensive research highlighting
the diversity of exosome characteristics among various cellular sources.*” It was established that ADSC-Exos participate
in cell-to-cell exchange of signaling and metabolism altered in vivo by the protein, DNA, miRNA, and lipid molecules
enclosed in the exosomes.*® A horizontal bioinformatics analysis of diversely sourced exosomes found 457, 771, and 431
proteins in ADSC-Exos, BMSC-Exos, and UCMSC-Exos, respectively. Regarding biological function, ADSC-Exo and
UCMSC-Exo proteins are both mainly involved in the immune response of leukocyte activation and adhesion molecule
binding, whereas BMSC-Exos are enriched in regulating cell migration and activating granulocytes.*” Moreover, the
RNA in MSC-Exos, generally ranging from 200 to 400 nt, is too short to carry information for coding proteins, while
miRNAs containing pri-miRNA and pre-miRNA have increasingly shown an intercellular transfer role by loading onto
the RNA-induced silencing complex (RISCs).***° Interestingly, the five common miRNAs (miR-10a-5p, miR-486-5p,
miR-222-3p, miR-10b-5p, and miR-191-5) account for 43-59% of all ADSC-Exo miRNAs reads, which is completely
different from BMSC-Exos.?” Table 1 shows distinctive features of Exos from familiar MSC sources (Table 1).

356 abdominal aortic aneurysms,’’

ADSC-Exo therapeutic effects have been demonstrated in diabetic complications,
myocardial infarctions,’® hepatic fibrosis,”® Parkinson’s disease,’® Alzheimer’s disease,®! lung infection injuries,62 and
musculoskeletal diseases. ADSC-Exos mediate these effects by alleviating inflammation, reducing immune responses,
accelerating angiogenesis, regulating metabolism, and promoting tissue regeneration.'*®® In addition, exosomes also
modulate the proliferation and differentiation of key immune cell (B and T cells) in autoimmune diseases, suppressing
inflammation and regulating cytotoxicity, thereby mitigating pathological immune responses.'® In the bone tissue
engineering field, ADSC-Exos also reportedly enhance the efficacy of biomaterials as an osteoinductive factor.”* The

combination between ADSC-Exo treatments and magnesium-organic nanocomposite scaffolds promoted the formation

Table 1 A Comparison of MSC-Exos Derived from Different Sources

Exosome | Sources | Morphology Markers Advantages Common applications Ref
type
ADSC- Adipose A circular shape | CD9, CD63, This source is rich in reserves Wound healing, inflammation [44,47]
Exos tissue and | with concave CD8lI, TSGI10I, | and easy to access. The proteins | suppression, and
inguinal sides ranging Hsp70, Hsp90, of ADSC-Exos mainly involve musculoskeletal disorder
fat pads from 20-300 PPARY?2, leptin, immune responses of leukocyte treatment; eg, osteoporosis,
nm diameter. adiponectin activation. osteoarthritis, and tendon injury.
BMSC- Bone A round or CD9, CD44, BMSC-Exos have good Organ tissue regeneration and [50,51]
Exos marrow elliptical shape CDeé63, CD8l, osteogenesis and bone metabolism-related
ranging from Alix, TSGI0I, chondrogenicity potential and disease; eg, osteoporosis,
50-150 nm Hsp70, flotillin- excellent biocompatibility (B7). fracture, and incomplete bone
diameter. I, snteninl healing.
HUCMSC- | Umbilical | A spherical CD9, CDé63, HucMSC-Exos have high Brain injury and kidney disease [52,53]
Exos cord morphology CD8l, Alix, proliferation and self-renewal repair and wound healing; eg,
ranging from TSGI10I rates. They alleviate oxidative photodamage, burns, skin injury,
40—100 nm stress and strengthen vascular and scar formation.
diameter. remodeling.
SFMSCs- Synovial Diameters CD9, CDé63, Local MSC-Exos may have Mainly applied to localized joints | [14,54]
Exos fluid in ranging from CD8lI, TSGlol priority in promoting remodeling. | for disease treatment; eg,
arthritis 60-120 nm. They express the hyaluronan rheumatoid arthritis, gout, and
receptor CD44 and synthesize osteoarthritis.
enzymes.
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and osseointegration of new bone by stabilizing the bone microenvironment and improving osteogenic differentiation,
which showed the potential therapeutic value of MSDs.®

ADSC-Exos Therapy in MSDs

Bone Repair

The skeletal system is composed of hard cortical bone and sponge-like cancellous bone, serving functions such as body
support, protection of internal organs, facilitation of movement, mineral storage, and blood cell production. As a dynamic
tissue, bone maintains favorable strength and the correct mineral balance via continual self-remodeling; various cells,
such as osteoblasts, osteoclasts, MSCs, and endothelial cells, promote this complex process.’® The osteoblasts play an
important role in bone matrix synthesis and mineralization, and osteoclasts are the predominant bone resorption cells,
both of which maintain bone microenvironment homeostasis.®” The precise bone regeneration cycle is comprised of
quiescence, activation, resorption, reversal, formation, mineralization, and termination, seven sequential phases in total.
While osteoclasts are resorbing irregular bone callus, osteoblasts are depositing new lamellar bone, restoring it to
a standard cortical structure®® (Y72). In addition to the familiar systemic hormones, namely calcitonin, parathyroid
hormone, vitamin D3, and estrogen, the manipulation of growth factor pathways has been used to improve bone
regeneration.”” Diverse growth factor pathways, such as the BMP/TGF-p, MAPK, P13K/Akt/mTOR, and Wnt/p-
catenin pathways, stimulate intracellular biological processes to mediate bone embryogenesis development and fracture
repair.”’ The Wnt proteins activate B-catenin in a downstream pathway after binding with their seven-pass transmem-
brane frizzled receptors, and the signaling participates throughout the bone remodeling as an osteoinductive factor,
improving the adult bone mass.”"’? In the fracture nonunion model of a type 2 diabetes mellitus rat, ADSC-Exos
enhanced the expression of Wnt/B-catenin protein to promote osteogenic differentiation in BMSCs after being injected
around the fracture sites, reinforcing the ability of bone regeneration in vivo.”> Furthermore, after ADSCs were
preconditioned for 3 days with tumor necrosis factor-alpha (TNF-a), the Wnt-3a content was elevated in secreted
exosomes and human primary osteoblastic cells (HOBs) internalizing the TNF-ADSC-Exos, thus promoting migration,
proliferation, and osteogenic functions more than that of HOBs grown in ADSC-Exos without preconditioning.”

The vascular system is critical for osteoblast differentiation with an increased oxygen supply in the local regions,
which is necessary for hard callus formation during bone regeneration.”” Recent studies have shown that ADSC-Exos
may stimulate bone vessel formation by promoting endothelial cell migration, proliferation, and tube formation, thereby
regulating osteogenesis and further preventing medication-related osteonecrosis of the jaw.”®’”” Furthermore, in osteo-
necrosis of the femoral head (ONFH), ADSC-Exos with miR-378 overexpression increased the angiogenic capacity of
human vein endothelial cells and promoted BMSC osteogenic differentiation in vitro by negatively regulating Sufu and
activating the Shh signaling pathways.”® It has also been discovered that miR-378 can compete with the same seed region
of the vascular endothelial growth factor (VEGF) 3'-UTR to affect VEGF expression and mediate endochondral bone
formation.”” Moreover, under a pathological environment of hypoxia and ischemia, osteocyte apoptosis increased,
inducing an elevation in the receptor activator of nuclear factor kappa-B ligand (RANKL) and a reduction in osteopro-
tegerin (OPG), which activated high expression of osteoclasts.***' However, under the same conditions, ADSC-Exos
lowered the levels of reactive oxygen species to reduce osteocyte apoptosis by promoting the expression of anti-apoptotic
Bcl-2 mRNA and decreasing pro-apoptotic Bax mRNA, cytochrome ¢ protein, and cleaved caspase-3 and caspase-9
protein levels, as well as inhibiting osteoclastogenesis by controlling the ratio of RANKL/OPG.** Furthermore, the
exosomes from ADSCs with low-level laser irradiation treatment efficiently suppressed osteocyte apoptosis induced via
a hypoxic and serum-deprived environment.*?

Autologous and allogeneic bone grafts, the current gold standard therapy for bone regeneration, may result in various
complications, including bone non-union, infections, and graft-versus-host disease.”® However, bone tissue engineering
can provide alternative traditional bone grafts by combining biomaterials, signaling factors, and cells, with a lower
incidence of complications; exosomes as a new cargo has also attracted attention in this field.** Recent research shows
that ADSC-Exos and their included miRNA not only have significant osteoinductive potential but also regulate their

release to promote bone regeneration when added to tissue engineered constructs as biological factors.®® In calvarial
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defect models, hydrogel mixed with miRNA-375 overexpressing ADSC-Exos (50 pg/mL) enhanced the bone repair
capacity through the targeted release of the miRNA to inhibit IGFBP3 in vivo.®® Furthermore, miRNA-451a in ADSC-
Exos in a gelatin nanoparticle hydrogel promoted the polarization of macrophages towards the M1 phenotype, reducing
the inflammatory response resulting from biomaterial implantation and accelerating bone healing.*” Of the frequently
used BMSCs in cell therapy, ADSC-Exos play an osteoinductive role in the differentiation process and recruited host
MSCs to newly formed bone tissue by immobilizing on polydopamine-coating PLGA scaffolds.'” Meanwhile, a gelatin
sponge polydopamine scaffold after ADSC-Exo modification also enhanced the migration and proliferation of BMSCs to
improve bone repair.*® Additionally, exosomes can induce the activation of regulatory T cells, promote tissue repair, and
secrete anti-inflammatory cytokines (IDO, PGE2, and TGF-B) to regulate immune tolerance in the body, suppress
lymphocyte proliferation, and thereby alleviate graft-versus-host disease (GVHD).*** In the fat grafting model, ADSC-
Exos that have undergone hypoxia treatment can effectively promote the survival of transplanted grafts, enhance blood
vessel formation, and reduce the infiltration of local inflammatory cells, demonstrating their substantial potential in the
field of allogeneic transplantation.**

Osteoporosis is a common chronic skeletal disease characterized by bone mineral density decreases, microarchitec-
tural destruction, and an increased risk of fracture, and results from a dynamic bone turnover imbalance between bone
resorption and formation.’' In osteoporosis patients, post-menopausal women are the largest proportion due to estrogen
deficiency, in whom fragility fracture of hip, vertebrae, or distal radius easily occur.”? During the osteoporosis repair
process, osteoblasts secrete osteoids to fill the resorption cavity formed by osteoclasts and ultimately become miner-
alized, preserving normal strength.”® Evidence has indicated that IncRNA-KCNQ10T1-modified ADSC-Exos sponge the
expression of the target-binding site and miRNA-141-5p and attenuate TNF-o-induced cytotoxicity and apoptosis of
primary osteoblasts to improve osteoporosis.”* Moreover, both ADSCs and BMSCs have the ability to differentiate into
osteoblast cells via the osteogenic lineage, and the balance with adipogenic and osteogenic differentiation directly affects
the bone remodeling process.”>”® ADSC-Exos overexpressing miRNA-130a-3p downregulate SIRT7 expression and
activate the Wnt signaling pathway while promoting the osteogenic differentiation of ADSCs.”” Under Wen-Shen-Tong-
Luo-Zhi-Tong decoction induction, ADSC-Exos also improved the bone-fat balance in osteoporosis mice via their
miRNA-122-5p cargo that targeted SPRY2 and MAPK pathways to regulate osteogenesis and adipogenic
differentiation.”® In diabetic osteoporosis patients, inflammation caused by hyperglycemia, oxidative stress, and advanced
glycation products is the primary contributor to bone mineral loss.”” However, a recent study has confirmed that ADSC-
Exos alleviated diabetic osteoporosis in rat models by suppressing NLRP3 inflammasome activation and the expression
levels of related proteins, such as ASC, Caspase-1, IL-1p, and IL-18.'°° In addition, miR-146a overexpression by ADSC-
Exos effectually exerted an anti-inflammation effect in osteoclasts and inhibited the production of pro-inflammatory
cytokines, thereby reversing streptozotocin-induced bone loss.'®! Table 2 shows new research in which ADSC-Exos
improved bone repair through treatment (Table 2).

Cartilage Regeneration

Cartilage is primarily composed of chondrocytes, a matrix rich in collagen and proteoglycans, and may contain elastic
fibers or collagen fibers, forming a connective tissue with elasticity and resilience. During joint movement, cartilage
provides a gliding motion as a smooth surface, and the lubricin and hyaluronic acid produced by chondrocytes and
synovial cells provides a boundary layer of lubricants that lower the friction coefficient.'> However, the intrinsic
reparative ability of cartilage tissues is limited due to the lack of direct nutrition supplied by blood and the distribution of
nerves or lymphatics, which are finally replaced by scar tissue or fibrocartilage with poor function after damage, easily
leading to post-traumatic osteoarthritis.'®> As the solo constituent cells of cartilage, chondrocytes play a primary role in
the response to chemical or mechanical extracellular perturbations, and regulate the cartilage composition, although
making up only 1-5% by volume of the articular cartilage.'®*'%° In recent decades, the paracrine effect of MSCs has
become highlighted in cartilage engineering, as the Exos carrying miRNA have the ability to promote chondrocyte
proliferation and matrix regeneration and reduced inflammation to improve cartilage repair.'°® The miRNA-486-5p-
modified ADSC-Exos have been demonstrated to alleviate chondrocyte apoptosis and accelerate matrix secretion via
inhibiting endoplasmic reticulum stress in OA progression.'’” Based on ADSC chondrogenesis characteristics, ADSC-
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Table 2 Studies of ADSC-Exos in Bone Defect Models

Disease | Related pathway | Mechanism Dose and delivery Subject | Ref
ONFH Overexpression of | Promoting proliferation, migration, and osteogenic 50 pg/mL in vitro; 100 pg via Rat [78]
miR-378, Sufu, Shh | differentiation; improving angiogenesis and osteogenesis. | intravenous tail injection in vivo.
Fracture | Wnt3a/B-catenin Promoting osteogenic differentiation; improving femur 200 pg/mL in vitro; 600 pL Rat [73]
fracture healing. (200 pg/mL) via local injection
in vitro.
OP MIR-146a Inhibiting inflammatory responses and bone resorption 1.6 mg/kg via intravenous tail Rat [roi]
in osteoclasts. injection in vivo.
OP MIR-122-5p, WSTLZT pre-treatment; regulating differentiation; 30 pg via intravenous tail Mice [98]
SPRY2, MAPK improving bone microarchitecture and bone-fat balance | injection in vitro.
OP NLRP3 Suppressing pro-inflammatory cytokine secretions of 0.1, 0.2, 0.5, and 1.0 pg/uL Rat [100]
osteoclasts; reversing bone mineral loss. in vitro; 1.6 mg/kg via
intravenous tail injection in vivo.

Abbreviations: ONFH: osteonecrosis of the femoral head, OP: osteoporosis.

Exos with karyogenic pretreatment also significantly promoted ADSC differentiation to chondrocytes by enhancing cell
proliferation and activity while enhancing the expression of chondrogenic-related genes and inhibiting chondrolysis-
related genes.'*® Furthermore, in a 3D culture of porous Gelma hydrogel, overexpressed exosomes, isolated from passage
4 ADSCs with miR-23a-3p transfection, enhanced microtia chondrocyte proliferation and attenuated apoptosis in vivo
and in vitro, improving cartilage regeneration.'® Interestingly, after RNA sequence analysis, the Exos from differentiated
chondrogenic ADSCs had 23 upregulated and 163 downregulated IncRNA compared with the Exos from the undiffer-
entiated ADSC. Among the results, the largest changes were in PDLIM5 and CRADD expression, which was similar to
the expression trend during chondrogenesis, and reflected the potential of Exos and associated IncRNA in the cartilage
regeneration domain.''°

Of all the cartilage diseases, OA is the most familiar chronic arthritis form and is caused by long-term joint wear and
aberrant remodeling of cartilage tissue under the influence of inflammatory mediators within the impaired joint."'' In
addition to risk factors such as sex, obesity, heredity, and mechanical damage, OA is strongly associated with age,
affecting about 18% of women and 9.6% of men over 60 years ago.''> The characteristics of OA joints include the
inflammation and degradation of articular cartilage, osteophyte formation, sclerosis of the subchondral bone, and a series
of pathological changes of periarticular tissues, which most commonly occur in the hip or knee.''® However, existing
treatments for patients with osteoarthritis, such as drugs, surgery and exercise therapy, mainly tend to decrease pain and
manage stiffness and slow down the progress of OA.''* Currently, therapy based on MSCs provides more chondropro-
tective and anti-inflammatory effects, especially via the exosomes of paracrine signaling to more efficiently regulate
impaired joints."'> The most common MSC sources, involving bone marrow, adipose tissue, and placenta, have been
shown to play an important part in treating the progression of OA through trophic effects, anti-apoptotic activity,
chondrogenesis, immunomodulation, and other mechanisms.''® Among them, ADSCs exhibit greater activity of indo-
leamine 2.3-dioxygenase compared with BMSCs in the same environment and possess more immunoregulatory potential,
which indicates that ADSCs may be an ideal exosome source for OA.""” In the arthritic mouse model, ADSC-derived
exosomal miR-93-5p have been confirmed to reduce the release of pro-inflammatory factors (TNF-a, IL-1pB, IL-6) by
targeting ADAMTSO and activating the PI3K/AKT/mTOR signaling pathway to inhibit autophagy and apoptosis in IL-
1B-treated chondrocytes, preventing the further development of OA.''® In the same model, the exosomes derived from
ADSCs transfected with miR-338-3p not only decreased the expression of related inflammatory factors, such as MMP3
and MMP13, but also inhibited RUNX2 expression to promote the repair of impaired chondrocytes.''” Furthermore,
miR-376¢-3p of the ADSC-Exos suppressed the Wnt-f-catenin signaling pathway by targeting Wnt3 and Wnt9, and then
regulating chondrocyte and synovial fibroblast function, improving OA.'** To optimize the ADSC-Exos regenerative
potential, we can also modulate its biological function by changing environment factors. ADSC-Exos pretreated with
tropoelastin for 48 h enhanced the COL II and ACAN expression of chondrocytes more remarkably than untreated
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ADSC-Exos and promoted regeneration and cartilage extracellular matrix (ECM) deposition in vitro. Furthermore, the
TE-ADSC-Exo intro-articular injection also alleviated cartilage impairment of rats with knee osteoarthritis in vivo, which
may be related to differentially upregulated miR-451-5p."*! Moreover, the inducement of a pulsed electromagnetic field
(PEMF) enhanced the inhibitory effect of ADSC-Exos on chondrocyte inflammation and matrix degeneration, signifi-
cantly alleviating OA in the same rat models.'** In addition to familiar MSCs, many nonclassical sources of MSC-Exos
have been demonstrated to have treatment potential for OA, including the infrapatellar fat pad (IPFP) and synovial and
platelet-rich plasma.>* As a branch of adipose tissue, IPFP-MSC-derived exosomes heightened chondrocyte catabolism
to alleviate the cartilage destruction of OA, improving gait patterns and promoting the mTOR autophagy pathway
through miR-100-5p mediation, providing a potential strategy for OA therapy.'**

Intervertebral discs between the vertebrae provide sufficient flexibility to the spine and are composed of three
anatomical parts: the fibrous annulus, the central nucleus pulposus (NP), and the cartilaginous endplates.'** With
aging and ongoing degeneration, disc height decreases, endplates become damaged, the fibrous nucleus dehydrates,
and the loss of proteoglycans and other lesions result in intervertebral disc degeneration (IVDD), which is strongly
connected to low back pain.'?® During the process of IVDD, the proinflammatory cytokines (IL-1a, IL-1f, IL-6, IL-17,
and TNF) secreted by intervertebral disc cells are higher than normal levels, and these changes promote ECM
degradation and an imbalance of catabolic and anabolic responses in intervertebral disc, inducing functional cells to
undergo autophagy, senescence, or apoptosis.'**'?” Today, MSC-EVs, including exosomes, have been a new focus of cell
therapy for IVDD, which avoids the peripheral inflammatory response caused by dead MSCs under the ischemic and
inflammatory microenvironment of IVDD.'?® In an in vitro experiment, ADSC-EVs were found to promote proliferation
and the expression of chondrocyte RNA (Sox-9, collagen-II, and aggrecan) in human NP cells, and significantly inhibit
the release of associated inflammatory cytokines.'?” The latest research showed that pyroptosis of NP cells was activated
by NLRP3 in an IVDD mouse model induced by lipopolysaccharide. At the same time, miR-410 of ADSC-Exos directly
bound to NLRP3 to suppress the pyroptosis response in NP cells, offering a new opportunity to treat IVDD.'*°
Furthermore, ADSC-Exos transfected with miR-155-5p decreased the level of pyroptosis and increased the expression
of autophagy markers (LC3, p62) by targeting the TGFBR2 signaling pathway in NP cells, which alleviated IVDD
in vivo."*" In addition to traditional exosome transplants, injection of hydrogel coupled with ADSC-Exos into the ECM
provided sustained release of exosomes into each disc to regulate the synthesis and degradation of the matrix and control
NP cell pyroptosis, simultancously maintaining microenvironment homeostasis in early IVDD via this novel drug
delivery system.'” Table 3 shows new research in which ADSC-Exos improved cartilage damage through treatment
(Table 3).

Table 3 Studies of ADSC-Exos in Cartilage Damage Models

Disease | Related Mechanism Dose and delivery Subject | Ref
pathway

OA miR-376c¢- Regulating chondrocyte and synovial fibroblast function; | 10 pg/mL in vitro; 100 g via intra- Mice [120]
3p, Wnt/B- mitigating OA processes. articular injection in vivo.
catenin

OA COL2Al, PEMF pre-treatment; suppressing the degeneration and 1x108 particles/mL in vitro; 10 pL Rat [122]
SOX9, inflammation of chondrocytes; reversing cartilage (I%109 particles/mL) via intra-
ACAN damage. articular injection in vivo.

OA miR-451-5p TE pre-treatment; maintaining the chondrocyte 5%108 particles/mL in vitro; 10 pL Rat [121]

phenotype; promoting cartilage repair. (I%1010 particles/mL) via intra-
articular injection in vivo.

IVDD miR-155-5p, | Promoting autophagy and inhibiting pyroptosis in NPCs; | 100 pg/mL in vitro; 1.5%106 particles/ | Rat [131]

TGFBR2 alleviating IVDD symptoms. mL via local injection in vivo.

Abbreviations: OA: osteoarthritis, IVDD: intervertebral disc degeneration, NPC: nucleus pulposus cell.
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Tendon Healing

Tendons, composed of collagen fibers arranged in parallel, also contain a small number of elastic fibers and proteogly-
cans, which provide them with a degree of elasticity and toughness. In our daily activities, tendons transmit the force
generated by muscle to bone as a load bearing medium to bring about normal joint movements.'* During the process,
tendon tissue is required to withstand and store substantial energy, while long-time overuse will induce abnormalities of
the tendon microstructure and multiple overlapping pathological changes, resulting in pain and functional impairment.'*?
Tendon injury mainly occurs in athletes and workers in specific occupations who perform repetitive or high force
activities and commonly involves the rotator cuff tendon, lateral and medial humerus condyles, gluteal tendons, patellar
tendon, and the Achilles tendon.'** Today, cell-free therapy based on exosomes is widely applied to treat tendon injuries
with a high safety profile and plays a significant role in the overlapping stages of repair, especially for the rotator cuff tear
(RCT)."® In the first phase after injuries, the inflammatory stage, ADSC-Exos have been shown to regulate endothelial tip
cells to promote angiogenesis with their miR-125a cargo, ultimately accelerating the efficiency of tendon healing.'*'* In
order to restore the intracellular metabolic balance caused by inflammation, ADSC-Exos remarkably augmented M2
macrophage polarization, inhibited M1 polarization, and alleviated relevant inflammatory reactions to improve chronic
rotator cuff tendinopathy.136 Although glucocorticoids (GCs), the most common conservative therapy, have potent
analgesic and anti-inflammatory effects, they may also accelerate degeneration of the impaired tendon.'*’ Synergistic
therapy using ADSC-Exos and GCs significantly decreased RAW cell senescence, apoptosis, the transcription of
tenocytic degradative enzymes caused by GCs, and improved cellular activity, thus reducing inflammation, which
overrode the GC-induced detrimental effects.'*® During the subsequent fibroblastic phase, tendon stem cells (TSCs)
are found to absorb inoculated ADSC-Exos to increase migration and proliferation in the damaged tendon through the
activation of SMAD2/3 and SMAD1/5/9 and lessened the inflammatory response, promoting tendon healing."*® A local
injection of hydrogel combined with ADSC-Exos upregulated the miRNA expression of tenogenesis markers (TNC,
TNMD, Scx) and improved osteogenic and adipogenesis differentiation as well as biomechanical properties of a rotator
cuff tendon injury.'*® After granulation tissues have matured, a provisional scar is replaced by matrix- and organ-specific
cells to restore the original properties; however, tendon tissue is deficient in full regeneration potential as it is difficult to
effectively remodel type III into a type I collagen matrix.'*' Zhang et al demonstrated that ADSC-Exos were able to
promote the expression of type I and III collagen-encoding genes and increase the type I/III ratio to maintain metabolic
homeostasis in torn human rotator cuff tendon in in vitro experiments, which may have been achieved via activating the
AMPK pathway to suppress Wnt/B-catenin signaling.'*> Moreover, a hypoxic environment triggered ADSCs and
tenocyte-derived exosomes to release mass regenerative factors into the ECM and protected the tendons from damage.
Among the mediators, the key proteins related to ECM homeostasis included MMP2, CTSD, TN-C, and COL6A from
hypoxic ADSC-Exos; these proteins remain to be further explored for their association with signaling pathways in tendon
remodeling.'*?

Rotator cuff tear patients typically have degenerative changes that commonly include rotator cuff atrophy and fatty
infiltration, which significantly decrease the viability and elasticity of the injured tissues and increase the re-tear rates,
which is a critical cause of repair failures and poor clinical outcomes.'** However, ADSC-Exos have been verified to
stimulate myoblast proliferation, migration, and myogenic differentiation, and improve protein synthesis via multiple
signaling pathways, including the Wnt, MAPK, PI3K/Akt, and JAK/STAT pathways, thus promoting muscle
regeneration.'*’ Furthermore, Wang et al found that ADSC-Exos have the potential to prevent fatty infiltration and
atrophy and improve biomechanical properties in rotator cuff tear rat models.'*® In subsequent experiments using a rabbit
model, the ADSC-Exo injection group produced more collagen I deposition and revealed markedly lower fatty infiltra-
tion rates and more continuous fibrous tissues at the tendon—bone interface than the saline group did."*” Table 4 shows
new research in which ADSC-Exos improved tendon injury through treatment (Table 4).

Discussion
Exosomes, with their biocompatibility and low immunogenicity, are adept at delivering a variety of bioactive molecules
such as proteins, nucleic acids, and lipids directly to target tissues to alleviate local inflammation and promote tissue
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Table 4 Studies of ADSC-Exos in Tendon Injury Models

Disease Related Mechanism Dose and delivery Subject | Ref
pathway

Tendon injury SMAD2/3, Promoting proliferation, migration, and tenogenic 50 pg/mL in vitro; 200 pg Rat [139]
SMADI/5/9 differentiation of TSCs; regulating inflammation and via local injection in vivo.

improving tendon healing.
RCT TNMD, TND, Scx | Promoting proliferation and differentiation of TSCs; 0.3 mg/mg in vitro; 100 uL | Rat [140]

improving tendon biomechanics and repair. (0.3 mg/mL) via local

injection in vivo.

Abbreviations: RCT, rotator cuff tear, TSC, tendon stem cell.

repair. Moreover, these characteristics make exosomes an ideal nanoscale drug delivery vehicle, capable of enhancing the
precision and efficiency of drug targeted delivery, providing effective strategies for the treatment of musculoskeletal
diseases. Currently, the therapeutic efficiency of ADSC-Exos has been increased via diverse regulatory pathways. The
fusion of exosomal surface proteins involving signaling peptides, the recruitment of specific proteins or RNAs by
molecule sorting modules in exosomes, and small nucleic acid molecule loading all effectively demonstrate the potential
of exosomes, such as for targeted drug delivery, gene treatment, and tissue regeneration.'*® Recent studies have
suggested that local MSC-derived exosomes may preferentially accelerate healing and microenvironment remodeling
at injured sites using different means, which may make exosomes an ideal source in the future.’*'*’ In the tissue
engineering field, the combination of biological scaffolds, including decellularized matrices, ceramics, natural polymers,
and hybrid scaffolds with ADSC-Exos, showed better vascularization and integration and mediated local tissue regen-
eration, especially through the release of the carried miRNAs.*® Furthermore, pre-conditioning of ADSCs directly
enhanced secreted exosome performance with cytokines, agonists, or pharmacological molecules, and the use of
customized conditioned media with trophic factors also showed a beneficial effect in cell growth process.'*%'"!

However, most of the exosome extraction methods still lack standardization, are complicated operations, require
a high budget, and may include irrelevant components from the extra-cellular space due to their nanosize.®® To overcome
these challenges, there is a need to develop cost-effective exosome extraction kits and automate the process to reduce
human error and enhance the efficiency and simplicity of exosome isolation. A significant advancement in this field is the
ultrafast exosome isolation system invented by Chen et al, which employs negative pressure oscillation and dual-coupled
harmonic oscillators to vibrate membranes, achieving automated extraction and efficient purification, thus offering
a favorable solution for exosome research.'>® Currently, research on ADSC-Exos is largely confined to rodent models,
necessitating a transition to larger experimental animals such as pigs or non-human primates to enhance clinical
relevance and facilitate the establishment of a database to advance ADSC-Exos research. In the clinic studies, recent
concerns of ADSC-Exos are mainly focused on wound healing and skin repair and also referred less to MSDs. It is
imperative to enhance foundational research on the impact of ADSC-Exos on cellular bioactivity and tissue repair, based
on the anatomy and functionality of the musculoskeletal system, which drives the translation to clinical trials, aimed at
validating the therapeutic efficacy and safety of ADSC-Exos in the context of MSDs. In addition, the translation of
exosome treatment is related to the optimisation of various parameters, such as the delivery method, injection concen-
tration, and treatment frequency. These experimental conditions also require meticulous refinement and validation to
ensure consistent and standardized outcomes across clinical applications. Therefore, for further efforts to be enhanced,
the overall process should be standardized so that ADSC-Exo therapy can be applied more extensively to the clinic
treatment of MSDs.

Conclusion

Adipose mesenchymal stem cell-derived exosomes have been shown to have powerful therapeutic potential in the field of
musculoskeletal disorders. These exosomes can more efficiently reach impaired sites and communicate with surrounding
cells via their unique low immunogenicity and high targeting. The various nucleic that is carried by ADSC-Exos as their
intercellular transfer signal directly mediates the biological processes of receptor cells, thus promoting injured tissue
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regeneration and repair. Moreover, due to the accessibility, sufficient reserves, and renewability of adipose tissue, ADSC-
Exos have been used for more applications in the treatment of MSDs with their sustainable development than bone
marrow and other familiar sources. Presently, there is a lot of animal research devoted to exploring the underlying
mechanisms of ADSC-Exos in the MSDs treatment and clinical studies to explore safety and efficacy in the human body
are still further refined. ADSC-Exos therapy is thus a promising direction for the treatment of MSDs with potential to be
explored in the future.
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