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Abstract: Exosome-mediated intercellular communication has become a critical mechanism in the pathogenesis, progression, and
regenerative repair of orthopedic diseases. By delivering bioactive molecules, exosomes dynamically regulate bone remodeling,
cartilage homeostasis, and inflammatory responses—processes that are commonly disrupted in conditions such as osteoporosis,
osteoarthritis, and bone non-union. Current therapeutic approaches often fail to achieve complete tissue repair or reverse disease
progression, representing a major clinical challenge in orthopedics. This systematic review examines how exosome secretion, cargo
loading, and cellular uptake are modulated by physical, chemical, biological, and pharmacological factors, thereby influencing disease
progression and tissue repair. Furthermore, we evaluate the translational potential of engineered exosomes as targeted therapeutic
strategies and analyze the dual dilemmas currently faced in exosome research and clinical translation: on one hand, exosomes
themselves encounter technical bottlenecks such as standardization of isolation, drug-loading efficiency, large-scale production, and
targeted delivery; on the other hand, their clinical application remains limited by unclear in vivo metabolic mechanisms, lack of
efficacy evaluation systems, and insufficient clinical validation. Overcoming these challenges will be essential to advancing the real-
world clinical application of exosomes in orthopedics.
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Introduction

Orthopedic diseases pose a significant threat to global health, with rising incidences in recent years. They are primarily
classified according to the affected anatomical region: joint-related disorders such as osteoarthritis (OA) and rheumatoid
arthritis (RA); bone-related diseases including osteoporosis (OP), osteonecrosis of the femoral head (ONFH), osteone-
crosis (OS), and fractures; and spinal pathologies such as intervertebral disc degeneration (IVDD).

While the clinical manifestations of orthopedic diseases vary, these conditions undoubtedly have a significant impact on
patients’ daily lives.' Patients commonly experience pain, restricted mobility, and, in severe cases, varying degrees of functional
loss.> Epidemiological data indicates that over the past three decades, not only osteoarthritis and rheumatoid arthritis but also other
orthopedic diseases have shown a continuous upward trend in incidence.” Although the pathogenic mechanisms differ among
these diseases, they generally involve the following key pathological processes: immune-inflammatory responses, imbalance
between osteogenesis and osteoclastogenesis, abnormal angiogenesis, and involvement of the tumor microenvironment.®™"!

In addressing the adverse impacts of orthopedic diseases, current treatment approaches primarily rely on two
modalities: pharmacological therapy and surgical intervention. Pharmacological treatment mainly involves the use of
nonsteroidal anti-inflammatory drugs (NSAIDs), analgesics, glucocorticoids, disease-modifying antirheumatic drugs

(DMARD:s), anti-osteoporotic agents, and biologics. However, these medications are primarily employed to alleviate
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pain and slow disease progression, rather than to target the underlying pathological mechanisms of the disease. In
contrast, surgical intervention is highly effective in addressing structural issues caused by orthopedic conditions, such as
local mechanical disorders, structural damage, trauma, deformities, severe degeneration, and tumors. Nonetheless, it also
carries the risk of more significant adverse effects, including unavoidable tissue damage, nonunion of bones, and
difficulties in cartilage repair.' "'

In recent years, extracellular vesicles (EVs) have become a forefront direction in orthopedic research. These
membrane-bound structures are released by cells and carry bioactive molecules such as proteins, nucleic acids, and
lipids. They facilitate intercellular communication and regulate key processes essential for maintaining tissue home-
ostasis in orthopedics, including osteogenesis, cartilage protection, angiogenesis, and immunomodulation.

EVs exhibit significant heterogeneity, primarily comprising three subtypes: exosomes, microvesicles, and apoptotic
bodies. They differ fundamentally in origin, size, and function: exosomes (30—-150 nm) are generated via the endocytic
pathway and participate in precise signal transduction under homeostatic conditions; microvesicles (100-1000 nm) are
released through plasma membrane budding and often mediate prominent signaling events during cellular stress; while
apoptotic bodies (500-5000 nm) are products of apoptosis, responsible for clearing cellular debris.'>'” Given that current
research on orthopedic diseases primarily focuses on exosomes and microvesicles among EVs, this article will provide an
overview of EVs and then focus specifically on recent advances in the study of exosomes and microvesicles.

However, the clinical translation of natural exosomes faces inherent limitations, including low yield, cargo hetero-
geneity, lack of tissue-specific targeting, and rapid in vivo clearance. These challenges necessitate the development of
strategies to enhance exosome production, engineer their cargo, and improve delivery efficiency.

The integration of biomaterials science and exosome engineering has opened new avenues for tailored exosome-based
therapies.'® Approaches such as cytokine preconditioning, incorporation of metallic ions, and combination with bioactive
materials are being explored to optimize exosome function for orthopedic applications.'®

This review systematically examines the role of exosome-mediated intercellular communication in orthopedic diseases,
with emphasis on how modulation strategies can overcome existing limitations and enhance therapeutic potential. Current
challenges and future directions for clinical translation are also discussed.

Biological Characterization of Exosomes

Exosomes, nanoscale EVs with diameters ranging from 40 to 160 nm (average ~100 nm), are formed through the
endosomal pathway.”® Their biogenesis involves four key stages: (1) endocytic internalization of molecular cargo; (2)
early endosomal sorting; (3) maturation into multivesicular bodies (MVBs); (4) Rab-GTPase-dependent fusion with the
plasma membrane for extracellular release.”' During this process, cargo designated for recycling traffics to the Golgi
apparatus or plasma membrane via recycling endosomes>* (Figure 1).

Exosomal cargos comprise three principal biomolecular classes: proteins, nucleic acids, and lipids.>> The proteins in
exosomes can be mainly categorized as responsible for cell adhesion and targeting, membrane fusion, endosomal sorting
complexes required for transport proteins (ESCRT), transport binding and other proteins. The tetraspanins (CD9, CD37,
CD53, CD63, CDS81, CD82) and integrin proteins are mainly used for cell adhesion; Ras-associated binding (Rab-
GTPase), membrane associated proteins, and heat shock proteins (HSP) are used for membrane fusion; tumor suscept-
ibility gene 101 (TSG101), and vacuolar protein sorting 4 (VPS4) are responsible for cellular transport.”* The nucleic
acid repertoire predominantly includes messenger RNAs (mRNAs) and non-coding RNAs, particularly microRNAs
(miRNAs). Emerging evidence demonstrates that exosomal miRNAs regulate critical cellular processes such as osteo-
genic differentiation, angiogenesis, metastatic niche formation, and disease pathogenesis through cross-species gene
silencing.”®

Mechanisms and Roles of Exosome-Mediated Intercellular Communication

in Orthopedic Diseases
Skeletal homeostasis is not a static state but a dynamic equilibrium maintained through the coordinated interplay of multiple
tissues—including bone, cartilage, synovium, immune cells, and vasculature. This balance is fundamentally regulated by
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Figure | Processes of exosome formation and secretion. The process of exosome-mediated intercellular communication includes: (a) Formation of early sorting endosome;
(b)The intraluminal vesicle (ILV) of an MVB are released into the extracellular space through exocytosis, forming exosomes; (c) Uptake of exosomes by recipient cells.
(d) The contents of exosomes mainly include proteins, lipids, nucleic acids, as well as carbohydrates, metabolites, etc.

a complex and orderly network of intercellular communication, where cells exchange information via direct contact, soluble
factors, and extracellular vesicles such as exosomes.”® ?® These interactions govern core processes like bone remodeling,
cartilage integrity, injury repair, and immune surveillance. Disruption of this communicative network shifts the microenvir-
onment from a state of orderly repair to a pathological trajectory of chronic destruction and functional loss.

Exosomes have emerged as central mediators in this context, carrying bioactive cargoes (miRNAs, proteins, lipids)
that can reprogram cellular behavior.?**° Their therapeutic potential lies in their ability to restore disrupted communica-
tion circuits in various orthopedic diseases, which can be broadly categorized into the following pathophysiological
themes (Figure 2). In the context of the pathogenic mechanisms underlying orthopedic diseases, exosomes primarily
exert therapeutic effects across different types of orthopedic conditions by targeting immune-inflammatory dysregulation,
restoring osteoblast-osteoclast balance, promoting tissue regeneration and matrix repair, and modulating the tumor
microenvironment. These processes exhibit both overlap and distinctiveness.

Targeting Immune-Inflammatory Dysregulation
Bone serves not only as the structural support of the human body but also as a crucial immune organ, maintaining the
stability of the bone microenvironment through the secretion of various inflammatory factors. In fact, many key factors
leading to orthopedic diseases, such as aging, metabolic dysfunction, and cellular genetic mutations, originate from an
imbalance in immune-inflammatory interactions.’’

In the pathogenesis of OA, common triggers like mechanical stress, injury, and metabolic dysregulation disrupt
intercellular homeostasis. This dysregulation sends signals recognized by macrophages, leading to their activation and
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Figure 2 Strategies for treating orthopedic diseases with exosomes. Exosomes and their cargoes primarily exert therapeutic effects on orthopedic diseases by promoting
bone formation, enhancing anti-inflammatory capabilities, facilitating angiogenesis, and inducing tumor cell apoptosis. In the figures, upward arrows indicate a promoting or
enhancing effect, while downward arrow represent an inhibitory or suppressive effect. The plus sign (+) denotes an increase in secretion, and the minus sign (-) signifies
a decrease in production.

the release of a series of inflammatory factors, such as interleukin-1p (IL-1p) and tumor necrosis factor-a (TNF-q).*>3?
These cytokines establish a destructive positive feedback loop with chondrocytes and synovial fibroblasts: they not only
directly inhibit the synthesis of type II collagen and proteoglycans by chondrocytes and activate matrix metalloprotei-
nases (MMPs) to accelerate matrix degradation, but also further induce chondrocytes to secrete more inflammatory
factors, promoting synovial hyperplasia and pannus formation.** Consequently, a local “low-grade inflammatory” state
becomes a self-perpetuating chronic destructive process. A strikingly similar mechanism of chronic low-grade inflam-
mation dominates the progression of intervertebral disc degeneration. Nutrient deprivation and abnormal mechanical
stress cause cellular stress in nucleus pulposus cells®>. This, in turn, activates pathways such as NF-xB, leading to the
secretion of inflammatory factors and matrix-degrading enzymes. This process creates a self-perpetuating catabolic
environment, ultimately resulting in dehydration of the nucleus pulposus and rupture of the annulus fibrosus.
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The inflammatory dialogue in RA begins with the “erroneous recognition” by the autoimmune system. Triggered by
autoantigens, adaptive immunity is activated, involving interactions between T/B cells and macrophages. Fibroblast-like
synoviocytes (FLSs) are activated and secrete large amounts of inflammatory factors such as IL-6, IL-17, and RANKL,
exacerbating chondrocyte damage.*®

Furthermore, the relationship between immunity and inflammation also influences fracture healing, and this relation-
ship is dynamic. In the early stages of fracture healing, a moderate inflammatory response helps clear necrotic tissue at
the fracture site and promotes angiogenesis. At this stage, released TNF-a and IL-6 primarily assist in recruiting cells
necessary for tissue regeneration, such as bone mesenchymal stem cells, to the fracture area. However, excessive
inflammatory cytokines can disrupt the bone repair process, potentially leading to bacterial infection at the fracture
site, delayed union, or non-union.” However, in diseases such as osteonecrosis of the femoral head, the intense
inflammatory storm induced by ischemia (eg, TNF-a, IL-1B) is destructive. It not only suppresses osteoblast function
and stimulates excessive osteoclast activation but also alters the fate of bone marrow mesenchymal stem cells, promoting
their differentiation toward adipocytes rather than osteoblasts. Together, these effects disrupt the coupling of “bone
formation and bone resorption”, which constitutes the core mechanism leading to structural collapse of the femoral head.

For orthopedic diseases triggered by immune-inflammatory responses, commonly used treatments include NSAIDs.
These medications broadly inhibit inflammatory factors and alleviate disease-related pain. However, their drawbacks are
evident: due to their broad suppression of inflammatory factors, they cannot precisely target the specific sites requiring
inflammation resolution and may hinder some beneficial inflammatory responses.®’ For severe damage or functional loss
caused by orthopedic diseases, joint replacement surgery is also a common therapeutic approach. However, studies
indicate that after joint replacement, the prosthesis inevitably creates friction with surrounding tissues. This mechanical
damage can further exacerbate the inflammatory response, potentially leading to more severe prosthetic synovitis.>*~°

Exosomes demonstrate core regulatory potential in the immunoinflammatory treatment of orthopedic diseases. Their
essential role lies in serving as key carriers of intercellular communication, delivering bioactive substances such as
miRNAs and proteins to reshape the disordered immune microenvironment, thereby halting the “inflammatory storm”
and initiating repair programs.*® Despite differences in species of cellular origin, the potent immunosuppressive proper-
ties of mesenchymal stem cell (MSC)-derived exosomes enable them to effectively inhibit inflammation and promote
bone regeneration across various orthopedic conditions. For instance, exosomes regulate synovial immune responses via
the targeted delivery of anti-inflammatory cytokines and non-coding RNAs, promoting cartilage matrix regeneration.*'
Additionally, M2 macrophage-derived exosomes modified with oligo-lysine and MMP-cleavable polyethylene glycol
(PEG) exhibit enhanced enrichment within inflammatory regions due to their membrane structure, enabling targeted
exosome therapy for rheumatoid arthritis.*> To address periprosthetic osteolysis induced by prostheses, existing research
has utilized bone marrow mesenchymal stem cell (BMSC)-derived exosomes encapsulated within M2 macrophage
membranes to inhibit inflammation at the joint site.*

Restoring Osteogenic-Osteoclastic Balance
The homeostasis and health of the skeletal system fundamentally rely on the dynamic balance between bone formation,
led by osteoblasts, and bone resorption, carried out by osteoclasts. This intricate process is known as “bone remodeling”.
These two cell types are tightly coupled through a complex intercellular communication network: osteoblasts and their
precursor cells express RANKL, which binds to the RANK receptor on osteoclast precursors, driving their differentiation
and activation. Simultaneously, osteoblasts secrete osteoprotegerin (OPG), which acts as a “decoy” receptor, competi-
tively inhibiting RANKL and thus negatively regulating bone resorption. Additionally, signaling pathways such as Wnt/
B-catenin are deeply involved in modulating osteoblast activity.** Under physiological conditions, the activities of these
two cell types are highly coordinated in time and space, ensuring stable bone mass and microstructural renewal.*’
However, this core balance is disrupted in various orthopedic diseases. In postmenopausal osteoporosis, estrogen
deficiency leads to an increase in pro-inflammatory cytokines, causing an imbalance in the RANKL/OPG ratio. This
results in excessive enhancement of osteoclast activity and progressive bone loss.*® In rheumatoid arthritis, inflamed
synovial tissue produces large amounts of RANKL and inflammatory factors, activating osteoclasts and leading to
periarticular bone erosion.*’

International Journal of Nanomedicine 2026:21 https: 5



Zhang et al

The pivotal role of exosomes in maintaining skeletal homeostasis is most prominently reflected in their exquisite
regulation of the “osteogenic-osteoclastic balance”—the core unit of bone remodeling. Exosomes, particularly those
derived from mesenchymal stem cells (MSCs), can bidirectionally correct this imbalance through the specific “cargo”
they carry. On one hand, they can deliver pro-osteogenic miRNAs (such as miR-29a) to activate osteogenic signaling
pathways like Wnt/B-catenin, thereby promoting the osteogenic differentiation of bone marrow mesenchymal stem cells
and enhancing osteoblast activity.**** On the other hand, by transferring molecules such as miR-223 or mimicking the
function of OPG, they can inhibit the RANKL/RANK signaling pathway, effectively curbing the differentiation and
activation of osteoclasts.*”>® This dual-faceted regulation, which simultaneously targets both bone formation and bone
resorption in a “promote formation while curbing resorption” manner, positions exosomes as a highly promising
intelligent therapeutic tool. They possess the potential to fundamentally restore the dynamic balance of bone metabolism
at the level of cellular communication, offering novel strategies for treating diseases characterized by bone loss, such as

osteoporosis and periprosthetic osteolysis.

Promoting Tissue Regeneration and Matrix Repair
The pathogenesis of many degenerative and traumatic orthopedic conditions, such as OA, critical-sized bone defects, and
intervertebral disc degeneration, is characterized by a failure of intrinsic tissue repair. This failure stems from a hostile
microenvironment that disrupts the normal anabolic-catabolic balance.’’ In OA, for instance, chronic low-grade
inflammation drives chondrocytes and synovial cells to produce excessive matrix-degrading enzymes (eg, MMP-13,
ADAMTS-5) while suppressing the synthesis of essential matrix components like type II collagen and aggrecan.”® In
non-healing fractures or large bone defects, impaired angiogenesis, insufficient stem cell recruitment, and persistent
inflammation create a regenerative deficit.> Similarly, in disc degeneration, nutrient deprivation and inflammatory stress
lead to nucleus pulposus cell senescence and apoptosis, resulting in progressive loss of proteoglycans and disc height.>*
Exosomes offer a powerful, cell-free strategy to overcome these regenerative barriers by reprogramming the
pathological microenvironment towards a pro-repair state. They function as multifaceted signaling hubs that deliver
a synchronized combination of bioactive cargoes—including pro-angiogenic miRNAs (eg, miR-126), anabolic growth
factors (eg, TGF-P), and survival-promoting miRNAs (eg, miR-21)—directly to resident and progenitor cells.” In OA,
stem cell-derived exosomes can suppress catabolic signaling pathways in chondrocytes, reduce the expression of MMPs,
and simultaneously upregulate the production of collagen and aggrecan, thereby shifting the balance from degradation to
matrix synthesis.’® In disc repair, exosomes can inhibit nucleus pulposus cell apoptosis, mitigate inflammation, and
stimulate the synthesis of extracellular matrix components to restore disc hydration and mechanical function.”’ By
integrating these coordinated pro-regenerative signals, exosomes effectively convert a stagnant or catabolic tissue niche
into one conducive to structured and functional tissue restoration.

Modulating the Tumor Microenvironment
The progression of tumors within the skeletal system is far from being merely the proliferation of isolated cancer cells;
rather, it is a “vicious dialogue” meticulously orchestrated by tumor cells and co-opted by the normal bone microenvir-
onment. Bone tumor cells establish a complex pro-tumorigenic communication network with osteoclasts, osteoblasts,
immune cells, and stromal cells by secreting various signaling molecules (such as RANKL, PTHrP, CCLS5, etc).’® The
core function of this network is to construct a self-reinforcing “malignant niche”: tumor signals continuously activate
osteoclasts, leading to osteolytic destruction while simultaneously releasing growth factors stored within the bone matrix,
which in turn further nourish tumor growth.>®

In response to this mechanism, modern therapeutic strategies are shifting from “killing tumor cells” to “disrupting
their communication alliance”. For example, emerging strategies use exosomal miRNAs, such as miR-144, to suppress
the proliferation and metastasis of 0S.°° Furthermore, integrin-modified exosomes can be used to deliver IncRNA
MEG3, demonstrating tumor-targeting efficacy.®’
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Targeting and Modulating Exosomal Intercellular Communication in

Orthopedic Diseases

Exosome-mediated intercellular communication constitutes a sophisticated biological cascade comprising three core
phases: (1) vesicle biogenesis and secretion, (2) cargo composition and functional programming, (3) recipient cell
recognition and signal transduction. Modulation of these regulatory nodes enables exosomes to exert control over
orthopedic disease progression.

For instance, preconditioning infrapatellar fat pad-derived mesenchymal stem cells (IPFP-MSCs) with TNF-a
significantly enhances exosome secretion. Mechanistic studies reveal that TNF-o-primed IPFP-MSC exosomes exhibit
enrichment of low-density lipoprotein receptor-related protein 1 (LRP1)—a key mediator of proteoglycan aggregation in
articular cartilage—which potentiates extracellular matrix (ECM) homeostasis and mitigates OA-induced cartilage
degeneration.®

The intercellular communication mediated by exosomes is a precisely orchestrated process, which amplifies the
influence of external factors. These factors can modulate exosomal communication—and thereby influence the progres-
sion of orthopedic diseases—by regulating exosome secretion, biogenesis, cargo composition, and recipient cell uptake.

Mechanism of Exosome Secretion

The secretion of bone-associated exosomes involves multiple links, and in this process, many external factors can affect
the secretion of exosomes. Some of these factors can regulate the secretion of exosomes by affecting the sorting-related
proteins in exosomes, such as the Rab family, which is the main protein group responsible for intracellular localization
and the regulation of intracellular endocytosis and extracellular transport®® which can regulate exosome secretion and
have an impact on disease.®**> Some factors, including icariin, regulate exosome secretion by promoting the production
of its precursors. For instance, icariin enhances exosome production in osteoclasts by increasing the cytoplasmic
formation of MVBs, which in turn improves bone healing in defect areas.®®

Regulation of Exosomal Precursor MVBs (or ILVs)

The biogenesis of MVBs and ILVs is classified into ESCRT-dependent and ESCRT-independent pathways. The ESCRT
system comprises a cascade of protein complexes that cooperatively mediate the sorting of ubiquitinated proteins and
lipids into ILVs. Within this system, ESCRT-0 and ESCRT-I recognize and sequester ubiquitinated cargo,®”*® while
ESCRT-II and ESCRT-III drive membrane curvature and scission, ultimately facilitating MVB maturation.®” TSG101,
a core component of ESCRT-I, synergizes with ESCRT-0 and ESCRT-II to sort endosomal membrane components into
ILVs through inward budding. Genetic ablation of TSG101 significantly impairs MVB biogenesis and subsequent
exosome secretion, highlighting its essential role in this pathway.”’

In contrast, the ESCRT-independent pathway bypasses canonical protein complexes and instead relies on lipid-driven
mechanisms. This pathway utilizes ceramide-enriched microdomains, tetraspanin family proteins (eg, CD63 and CD?9),
and HSP (eg, HSP70) to promote spontaneous membrane invagination and cargo packaging into ILVs.”! For instance,
pharmacological modulation of neutral sphingomyelinase (nSMase) activity directly regulates ceramide biosynthesis,
thereby controlling the efficiency of MVB membrane budding.”?

Biological Factors

The use of the nSMase inhibitor GW4869 reduces ceramide production and decreases the production of MVB and
exosomes. In addition, phospholipase D2 has the ability to break down the lipid lecithin on exosome membranes into
phosphatidic acid, which is similar to ceramide and promotes inward outgrowth of MVB membranes, which in turn
promotes MVB production.””

Pharmaceutical Factors

Some herbal components can also regulate the amount of MVBs and ILVs and influence osteoblast function. For
example, Icariin increased the presence of MVB in the cytoplasm, led to an increase in exosomes secreted by osteoclasts,
and enhanced bone healing in areas of bone defects.®®
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Regulating the Intracellular Transport of the Exosomal Precursor MVB

The intracellular transport of MVBs requires the synergistic action of the cytoskeleton, kinesins, and Rab proteins. In the
presence of kinesins, MVBs move along the cytoskeleton, while Rab proteins regulate their localization and transport
direction, determining whether MVBs are degraded in lysosomes or fuse with the plasma membrane to secrete
exosomes.”> Rab proteins play critical roles in this process. For example, Rab27a and Rab27b are key regulators of
exosome secretion by facilitating MVB trafficking to the cell periphery and their docking at the plasma membrane.
Knockdown of Rab27b reduces MVB size, whereas knockdown of Rab27a increases it.®>

Rab39 regulates MVB localization through interaction with the BLOC-One Related Complex (BORC), which
promotes basolateral exosome release.”* Additionally, ubiquitination—a common post-translational modification—reg-
ulates protein degradation and exosome secretion. The ESCRT complex recognizes ubiquitinated proteins and sorts them
intolLVs of MVBs, which are subsequently released as exosomes. Recently, ISGylation, a ubiquitination-like modifica-
tion, was found to inhibit exosome secretion by promoting MVB-lysosome fusion and ILV degradation.”

MVB acidification critically determines their fate: low-pH MVBs are targeted for lysosomal degradation, whereas
neutral-pH MVBs migrate to the cell periphery for exosome release. This acidification is mediated by vacuolar-type H'-
ATPase (V-ATPase), a proton pump that transports protons into the MVB lumen via ATP hydrolysis. nSMase2 activity
inhibits V-ATPase assembly, reducing MVB acidification and thereby promoting exosome secretion. Calcium ion
concentration also modulates exosome secretion, with elevated Ca®" levels enhancing release.’® Furthermore, SNARE
proteins regulate MVB trafficking by generating mechanical forces that drive MVB-plasma membrane fusion.”’

Biological Factors

The inflammatory factor TNF-a activates nSMase2 on endosomes, which counteracts V-ATPase activity on MVB
membranes, reducing endosomal acidification and promoting small exosome secretion.”® Furthermore, pretreatment of
infrapatellar fat pad-derived IPFP-MSCs with TNF-a enhances exosome secretion, thereby alleviating OA-induced
cartilage damage.®

Autophagy-Mediated Exosome Secretion

Autophagy is an intracellular degradation method, which mainly involves wrapping the cytoplasm, proteins, and
organelles to form an autophagosome through a bilayer membrane and transporting damaged organelles, cytoplasmic
contents, and proteins to lysosomes to complete decomposition and recycling.”” Autophagy can be categorized into
macroautophagy, microautophagy, and molecular chaperone-mediated autophagy. Among them, macroautophagy mainly
involves the formation of autophagosomes; microautophagy refers to the fact that lysosomes can directly phagocytose
cytoplasmic components without autophagosomes; and molecular chaperone-mediated autophagy mainly leads proteins
with specific amino acid sequences to lysosomes for degradation and recycling by selectively targeting them.®

Current studies have found that autophagy and exosome secretion share the same molecular mechanism, for example,
autophagosomes generated by autophagy fuse with MVB formed by exosome endocytosis to form amphiphilic bodies,
a structure that integrates autophagic degradation and exosome secretion; in addition to this, autophagy and exosome
secretion both depend on lysosomal function; autophagy requires the autophagosome to interact with the lysosome to
expel waste products, and exosome secretion is affected by the lysosome, exosome secretion increases when acidification
of lysosomes is interrupted with the pro-lysosomal agents chloroquine and bafilomycin.®'

After plasma membrane invagination to form ILVs, MVBs can either bind to the plasma membrane to deliver
exosomes to the extracellular compartment or to the lysosome to degrade the contents, and in this way the amount of
exosomes secreted is regulated.®” Thus autophagy-related proteins as well as signaling pathways can regulate exosome
secretion and maturation. Common autophagy-related proteins that regulate exosome secretion mainly include
Autophagy-related gene 5 (ATGS), Microtubule-associated protein light chain 3 (LC3), and it was found that knockdown
of ATGS5 on MVBs can reduce exosome secretion, on the other hand, LC3 mainly regulates MVB membrane growth and
exosome sorting by binding to ESCRT complexes such as TSG101.** Common signaling pathways mainly include AMP-
activated protein kinase pathway (AMPK) and Mechanistic Target of Rapamycin Complex 1 signaling pathway
(mTORC1), and AMPK activation promotes autophagy by inhibiting mTORCI1, while enhancing exocytosis.
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Autophagy while enhancing exosome secretion to transmit stress signals to neighboring cells. For example, mTORCI1 is
a key negative regulator of autophagy, and activation of mTORC 1 inhibits exosome secretion, which is enhanced after
mTORCI inhibition by rapamycin.®*

Pharmaceutical Factors

The Scutellarin primarily activates autophagy in nucleus pulposus cells (NPCs) by inhibiting the PI3K/PTEN/Akt
pathway. Additionally, it upregulates Rab8a expression, which promotes the release of exosomes from rat NPCs.
These findings suggest a potential mechanism for utilizing exosomes in the treatment of IVDD.

Physical Factors

Low-intensity pulses promoted the release of exosomes from MSCs by activating autophagy and enhanced the positive
effects of MSCs on cartilage.®® Under 2% hypoxic conditions, the upregulation of HIF-lo. modulates mitophagy to
maintain mitochondrial function, promotes the secretion of exosomes, and alleviates disc degeneration.”’

Exosomes derived from plasma of cold-stressed mice decrease autophagy markers (LC3-II/LC3-I ratio) and increase
P62/SQSTM1 accumulation in BMSCs through the action of their cargo miR-25-3p, which leads to cellular senescence
and bone loss. Importantly, pharmacological inhibition of exosome release using GW4869 alleviates cold-induced bone
loss.’

Regulation of Exosome Secretion Numbers

Fine-tuning the regulation of exosome secretion quantity is a crucial strategy for optimizing their biological functions and
therapeutic potential. The level of secretion directly determines the intensity of intercellular signaling mediated by
exosomes, thereby influencing downstream physiological or pathological processes. Current research indicates that their
secretion can be modulated at multiple levels: first, by regulating key nodes in their biogenesis pathway, such as the
formation of MVBs, the activity of ESCRT complexes, or Rab protein-mediated transport; second, by directly stimulating
parental cells with physical, chemical, or biological factors (eg, hypoxia, mechanical stress, cytokine preconditioning, or
specific drugs) to upregulate exosome production and release; and third, by employing engineering approaches (eg, gene
editing or pharmacological intervention) to modify parental cells to enhance their basal secretion efficiency. These
regulatory strategies aim to dynamically and controllably increase the yield of therapeutically active exosomes according
to the demands of specific disease microenvironments, thereby laying the foundation for their effective application in
regenerative medicine and disease treatment.

Chemical Factors (Including Pharmaceutical Factors)
It was found that pretreatment of Synovium-Derived Mesenchymal Stem Cells (SMSCs) with the metallic element
strontium (Sr) resulted in an increase in the number of Sr-SMSC-Exo secretion, inhibition of chondrocyte iron apoptosis,
and enhancement of the protection of bone microstructure, which enhanced the therapeutic efficacy of the exosomes in
OA.*®

Treatment of human MSC exosomes with GuiLu-ErXian Glue extract (GLEXG) was found to promote MSC-induced
cartilage formation in vitro by increasing the release of exosomes and to play a role in delaying aging.®® Treatment of
fibroblast-like synoviocytes (FLSs) with the phytoestrogen genistein (GEN) alleviated RA by reducing exosome release
from these cells.’® In addition, alendronate (ALN), a commonly used therapeutic agent in orthopedics, has been shown to
regulate the osteogenic-osteoclastic balance and promote bone formation by inhibiting the generation of osteoclast-

. 91
derived exosomes.

Physical Factors

Studies have shown that mechanical stimulation of bone cells promotes the production and release of exosomes
containing bone-regulating proteins. These bone-regulating protein-enriched exosomes can effectively enhance bone
formation. By comparing Human Umbilical Cord Mesenchymal Stem Cells (HucMSCs) cultured under normoxic and
hypoxic conditions, researchers found that hypoxic conditions effectively promote exocytosis, enhance exosome secre-
tion, and thereby facilitate fracture healing.””
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Biological Factors

The current study found Cytokines play an important role in promoting exosome secretion, and some cytokines can
regulate exosome secretion by activating specific signaling pathways. Certain pro-inflammatory factors can not only
enhance the anti-inflammatory efficacy of exosomes but also effectively boost their production.

For example, pretreatment with TNF-a can activate the PI3K/AKT signaling pathway in IPFP-MSCs, which in turn
promotes exosome secretion, and improves OA therapeutic efficacy.>** IL-1p can also increase exosome secretion and
induce the expression of genes related to OA in articular cartilage.”*

Tropoelastin (TE), a lipolytic protein with a high molecular weight, pretreatment with proelastin increased the ability
of Adipose-Derived Stem Cells (ADSCs) to secrete exosomes. Furthermore, compared to untreated ADSC-Exo,
Tropoelastin-Pretreated ADSC-Exo demonstrated enhanced therapeutic efficacy in an OA model.”

Pretreatment of MSC-derived exosomes with tauroursodeoxycholic acid (TUDCA)—an amphiphilic molecule that helps
maintain cholesterol homeostasis—was found to enhance exosome production by upregulating exocytosis-related proteins.
Additionally, it promoted the release of more anti-inflammatory factors and osteogenic proteins from the exosomes. As
a result, researchers believe that TUDCA-preprocessed MSC-exosomes represent a promising material for bone regeneration
therapy in the future.”® Furthermore, the adenosine A2A receptor (A2AR) has been found to regulate exosome secretion. The
A2AR agonist CGS21680 effectively promotes the release of macrophage-derived exosomes, thereby enhancing vascular
formation within the fracture microenvironment. In contrast, the A2AR antagonist ZM241385 not only inhibits the production
of macrophage-derived exosomes but may also contribute to non-union of bone (Table 1).”

Table | Factors Regulating Exosome Secretion

Regulating Factors Exosomal Mechanisms Regulating Exosome Functions References
Secretion Secretion
TNF-a Promote Activation of nSMase 2 on endosomes, which in | Combating OA-induced cartilage [62]
turn counteracts V-ATPase activity on MVB damage
membranes and reduces endosome acidification
to promote sEV secretion
Icariin Promote Increasing the presence of MVB in the cytoplasm | Enhanced bone healing in areas of [66]
promotes exosome secretion by osteoclasts bone defects
GW4869 Promote Reduction of exosomal precursor MVB / [72]
production by decreasing ceramide production
Low-intensity loading Promote Release of MVB via calcium ions, thereby Inhibits osteoclast formation [98]
promoting exocytosis
Low-Intensity Pulsed Promote Activating autophagy Enhanced positive effects of MSCs [86]
Ultrasound on OA cartilage
Strontium Promote / Sr promotes exosome release from | [88]
SMSC for OA via miRNA therapy
GuiLu-ErXian Glue Promote Activation of Ca2*-Dependent Contraction and Promotes cartilage formation and [89]
extract Enhanced Production and Release of EVs slows down aging
Containing Bone Regulatory Proteins
Mechanical stimulus Promote Promoting exosome release from osteoblasts by | Promote cartilage formation [99]
activating Ca2+-dependent contraction
Hypoxic conditions Promote Hypoxic conditions trigger the paracrine pathway | Promote fracture healing [92]
in MSCs
IL-1B Promote / Induced expression of genes [94]
associated with OA in articular
cartilage
Tropoelastin Promote / Treatment of anterior cruciate [95]
ligament transection-induced OA
(Continued)
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Table | (Continued).

Regulating Factors Exosomal Mechanisms Regulating Exosome Functions References
Secretion Secretion

Tauroursodeoxycholic | Promote Increased expression of the cytotoxicity- Increasing osteogenic and anti- [96]

Acid associated protein CAV| protein. inflammatory factors in exosomes of

mesenchymal stem cells for OA

therapy
A2AR Promote Promotes the secretion of macrophage-derived Facilitates angiogenesis at fracture [97]
exosomes upon activation sites during bone healing

Regulation of Substances Transported in Exosomes
Exosomes contain various bioactive components, including proteins, nucleic acids, and lipids. Nucleic acids encompass
miRNA, mRNA, long non-coding RNA, and circular RNA, while proteins such as CD9, CD81, TSG101, and ALIX
facilitate exosome-cell fusion and signal transduction. Studies have shown that exosomal bioactive components demon-
strate efficacy in regulating bone metabolism, promoting bone regeneration, and accelerating fracture healing.
Leveraging these characteristics, recent experimental work has increasingly shifted toward investigating the impact of
external factors on exosomal cargo delivery. This encompasses the regulation of exosomal cargo loading (miRNAs,
proteins) and the subsequent uptake processes by recipient cells.

Altering miRNAs in Exosomes

Current studies demonstrate that exosomal miRNAs from diverse tissue sources exhibit remarkable therapeutic potential
in orthopedic diseases. Modifying the composition of miRNAs carried by exosomes is one of the core strategies for
precisely regulating their biological functions and therapeutic specificity. As key components of exosomal signaling
“cargo”, miRNAs can regulate gene expression at the post-transcriptional level by targeting specific mRNAs in recipient
cells, thereby influencing critical physiological and pathological processes such as cell proliferation, differentiation,
metabolism, and inflammatory responses. Currently, researchers primarily alter the miRNA profile of exosomes by
intervening in the state of parental cells or engineering the exosomes themselves. Common approaches include treating
parental cells with physical stimuli (eg, hypoxia, mechanical stress), chemical factors (eg, metal ions, specific drugs), or
biological factors (eg, cytokine preconditioning) to upregulate or downregulate the enrichment of specific miRNAs in
exosomes. Alternatively, synthetic or selected therapeutic miRNAs can be directly loaded into isolated exosomes via
methods such as electroporation, sonication, or transfection. In the field of orthopedic diseases, engineered exosomes
loaded with osteogenic miRNAs, anti-inflammatory miRNAs, or pro-angiogenic miRNAs can more precisely modulate
immune-inflammatory responses, osteoblast-osteoclast balance, and angiogenesis within the skeletal microenvironment.
This offers targeted and efficient novel therapeutic avenues for conditions such as osteoarthritis, osteoporosis, and bone
defects.

Pharmaceutical Factors

Numerous drugs for orthopedic diseases are known to regulate exosomal miRNAs, including both herbal and chemical agents.
Herbal compounds such as psoralen (a key active ingredient in traditional OP treatments) downregulate hsa-miR-125b-5p in
periodontal ligament stem cell exosomes.'**'°" Similarly, fucoidan (a seaweed-derived sulfated polysaccharide) exerts anti-
osteoporotic effects by suppressing macrophage M1 polarization and osteoclast differentiation. Pretreatment of MSC-derived
exosomes with fucoidan upregulates miR-146b-5p.'*>'%* Other herbal components, including icariin (from Epimedium) and
quercetin (a polyhydroxy flavonoid), elevate miR-331-3p in osteoclast exosomes and miR-124-3p in BMSC exosomes,
respectively.*®'%* Notably, cinobufagin (a toad venom compound) upregulates miR-3102-5p in RAW-Exos, demonstrating
antitumor and anti-inflammatory properties.'®> Additionally, Morinda officinalis polysaccharide (MOP), traditionally used for

bone strengthening, enhances exosomal miR-101-3p, providing insights into glucocorticoid-induced OP management.'%°
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Furthermore, numerous traditional Chinese herbal formulations modulate exosomal miRNAs. For instance, Wen-Shen-Tong-
Luo-Zhi-Tong Decoction (WSTLZT), a widely prescribed formula for OP, upregulates miR-122-5p in adipose-derived
exosomes.'*’ Similarly, Zhuanggu Busui Formula (composed of Epimedium, Astragalus, Cortex Eucommiae, Panax ginseng,
and Salvia miltiorrhiza) enhances osteogenic differentiation and suppresses bone loss in orthopedic diseases.'® Further studies
demonstrate that this formula elevates miR-5100, miR-450b-5p, and miR-126a-3p in myogenic exosomes while reducing miR-
669a-5p levels, highlighting its regulatory role in bone metabolism.'%

In addition to traditional Chinese medicine, chemical agents can modulate exosomal miRNA expression. Digoxin
(DIG), a cardiac glycoside, exhibits novel therapeutic potential in orthopedic diseases by downregulating miR-146b-5p in
M1 macrophage-derived exosomes.''® Chondroitin sulfate (CS), a common OA therapeutic administered via intra-
articular injection, faces efficacy limitations due to variability in purity and sourcing. To address this, researchers semi-
synthesized CS derivatives (CS-semi) with controlled molecular weights using CS-A, which enhance miR-122-5p levels
in serum exosomes.''" Pretreatment of BMSC-exosomes with thyroid hormone effectively promotes the enrichment of
let-7a-5p in exosomes and significantly inhibits the expression of MMPs, leading to increased ECM expression and

ultimately delaying the progression of osteoarthritis.''?

Chemical Factors
Multiple metallic elements regulate exosomal miRNA expression, influencing bone disease therapeutics. Magnesium ions
suppress miR-381 in macrophage-derived exosomes via autophagy,''® while high zinc concentrations (eg, 50 pM) elevate
miR-146b-5p in senescent BMSC exosomes.'* Sr, a trace element, enhances bone regeneration through Sr-substituted calcium
silicate, which upregulates miR-146a in BMSC exosomes.'"”> Furthermore, Sr pretreatment of SMSCs optimizes exosomal
miRNA profiles by increasing miR-143-3p and suppressing miR-146a and miR-26a-5p, thereby ameliorating chondrocyte
dysfunction.®®

Metallic biomaterials similarly modulate miRNAs. Lithium-containing biomaterials upregulate miR-455-3p in BMSC
exosomes,''® while the ionic products of 45S5 Bioglass® downregulate miR-342-5p and upregulate miR-1290 in MSC-

derived exosomes.'!’

Physical Factors

Hypoxic pulp stem cell exosomes show elevated miR-210-3p."'® Hypoxic preconditioning of human umbilical cord MSCs
(HucMSCs) enhances exosomal miR-126 production.”® Temperature also modulates miRNAs: cold exposure increases miR-
25-3p in cold temperature-induced exosomes (CT-Exo).®” Mechanical stimuli, such as strain on osteoblasts or synovial joints,

119

elevate miR-3110-5p and miR-3058-3p to promote bone repair,” ~ while reducing miR-214-3p in bone marrow mesenchymal

stem cell (BMMSC)-Exo to improve bone vascularization and density.'* Additionally, Fe;0, nanoparticles combined with

a static magnetic field (SMF) enhance osteogenesis and angiogenesis via exosomal miR-1260a upregulation.'?'

Biological Factors

Inflammatory cytokines regulate exosomal miRNAs. IL-1p treatment increases miR-147b in MSC-Exo,'** while TGF-B1
stimulation elevates miR-135b.'** Conversely, pathological factors like RAS activation in breast cancer cells upregulate
exosomal miR-494-3p, driving osteolytic bone metastasis.'** Muscle growth inhibitors suppress osteoblast exosomal

miR-218, impairing osteogenic differentiation,'*’

126
S.

and glucocorticoids (GCs) elevate miR-1a-3p in M1 macrophage
exosomes, exacerbating femoral head O

Tropoelastin approaches modulate miRNAs in adipose-derived stem cell exosomes (eg, upregulated miR-451-5p for
cartilage regeneration®” (Table 2).

Altering the Proteins in Exosomes

Exosomes are nanosized extracellular vesicles secreted by cells, characterized by a phospholipid bilayer membrane
enriched with specific proteins such as tetraspanins (eg, CD9, CD81), integrins, and immunomodulatory molecules.
These surface proteins facilitate exosome targeting, cellular adhesion, immune modulation, and intercellular commu-
nication. Strategies to enhance exosome therapeutic efficacy include modifying their protein composition to improve
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Table 2 Factors Affecting miRNAs in Bone-Associated Exosomes

Regulating Factors miRNA-Derived miRNA Expression References
Icariin Osteoclast-derived exosomes miRNA-331-3p Up-regulation [66]
Cold exposure CT-exo miR-25-3p Up-regulation [87]
Sr SMSC-exo miR-143- 3p Up-regulation [88]
Tropoelastin-Pretreated ADSC-exo miR-451-5p Up-regulation [95]
Psoralen periodontal stem cells-derived exosomes hsa-miR-125b-5p Down-regulation [100,101]
Fucoidan MSC-exo miR-146b-5p Up-regulation [102,103]
Quercetin-Treated BMSCs-exo miR-124- 3p Up-regulation [104]
Cinobufagin RAW-exo miR-3102-5p Up-regulation [105]
Morinda officinalis Msc-exo miR-101- 3p Up-regulation [106]
WSTLZT Adipocyte-derived exosomes miR-122-5p Up-regulation [107]
Zhuang-Gu-Fang Myoblast-derived exosomes miR-5100 Up-regulation [109]

miR-450b-5p

miR-126a-3p

miR-669a-5p Down-regulation
Digoxin MI Macrophage-exosomes miR-146b-5p Down-regulation [110]
CS-semi Sera-exo miR-122-5p Up-regulation [
Mg2+ Macrophage-derived exosomes miR-381 Down-regulation [113]
Dominoes BMSC-exo miR-146b-5p Up-regulation [114]
Sr-CS BMSC-exo miR-146a Up-regulation [115]
BG MSC-exo miR-342-5p Down-regulation [117]
Hypoxia DPSC-exo miR-210-3p Up-regulation [118]

HucMSC-exo miR-126 Up-regulation [92]

Mechanically strained Osteocyte-derived exosomes miR-3110-5p, miR-3058-3p Up-regulation [119]
Mechanical loading BMMSC-exo miR-214- 3p Down-regulation [120]
Fe;0,&SMF MSC-exo miR-1260a Up-regulation [121]
IL-1B MSC-exo miR-147b Up-regulation [122]
RAS-stimulated Breast cancer cells-derived exosomes miR-494-3p Up-regulation [124]
Myostatin inhibits Osteocyte-derived exosomes miR-218 Down-regulation [125]

targeting and cellular uptake. For example, engineered exosomes encapsulating Bone Morphogenetic Protein-2 (BMP-2)

within hydrogels exhibit prolonged BMP-2 stability and significantly enhanced bone regeneration capacity.'*’

Pharmaceutical Factors

Methotrexate (MTX) and sulfasalazine (SASP), both antifolate antirheumatic drugs, are frequently used in combination
therapy. Studies reveal that MTX and SASP synergistically modify the protein profile of exosomes derived from the
human synovial sarcoma cell line SW982. These modified exosomes show increased levels of Rab7B, a protein
associated with anti-inflammatory macrophage activation, and reduced oxidative stress markers, offering a potential
therapeutic strategy for RA.'2* 130

Chemical Factors

Hydrogen sulfide (H,S) plays a protective role in OA by mitigating chondrocyte damage and promoting cartilage
integrity."*! Recent research demonstrates that H,S induces M2 macrophage polarization and alters exosomal protein
composition, particularly enriching moesin. This moesin-enriched exosomal cargo enhances MSC endocytosis and bone
regeneration via immune microenvironment remodeling.'** Additionally, lithium (Li) enhances Wntl0a secretion by
facilitating its transport through Rablla and Rabl1 FIP1 complexes, thereby augmenting exosome-mediated osteogen-
esis (Table 3).'%
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Table 3 Factors Affecting Proteins in Bone-Associated Exosomes

Factors Exosomal Proteins in Functions Reference
Sources Exosomes
MTX&SASP SW 982 Rab-7b Altered protein profile of SW 982 promotes uptake of exosomes by [130]
macrophages for RA treatment.
H,S M2 Macrophage Moesin Promotes uptake of exosomes by MSC and bone regeneration [132]
Li BMSC Whnt 10a Enhanced role of exosomes in promoting bone regeneration [133]

Regulation of Receptor Cells by Exosomes

Exosome uptake by recipient cells occurs through three primary mechanisms: (1) Ligand-receptor interaction: Ligands on
the exosomal membrane bind to cell surface receptors, activating receptor-mediated signaling pathways. This triggers
endocytosis, allowing the internalization of exosomal cargo into the recipient cell; (2) Direct endocytosis: Recipient cells
engulf exosomes via endocytic pathways. Following internalization, exosomal components (eg, proteins, nucleic acids)
are released into the cytoplasm, with some participating in the biogenesis of new MVB (3) Membrane fusion: The
exosomal membrane fuses or undergoes hemi-fusion with the plasma membrane, directly releasing proteins, mRNAs,
miRNAs, and other cargo into the cytosol.'**

Exosomes Regulate Their Ability to Bind to Receptor Cells

The binding capacity of exosomes to recipient cells is governed by multiple factors, including membrane fusion-associated
proteins, interactions between exosomal surface proteins and cellular receptors, and bioactive cargo components (proteins,
nucleic acids, lipids) that modulate recipient cell phenotypes and functions.'** Notably, nucleic acids such as miRNAs exert
regulatory effects by post-transcriptionally silencing target genes in recipient cells. Current strategies to enhance exosome-
recipient cell binding primarily utilize genetic engineering approaches. For example, studies have genetically modified
exosomal glycosylation patterns to upregulate E-selectin ligands (eg, CD44), improving their affinity for E-selectin receptors
on bone endothelial cells. Additionally, chemical conjugation of bone-targeting peptides (eg, (DSS)e) to exosome membranes
enhances skeletal tropism, effectively mitigating bone loss in murine models of smoking-associated OP. However, these
genetic modifications predominantly induce transient effects, limiting their long-term therapeutic efficacy.'*

Exosomes Alter Receptor Cell Function by Delivering miRNAs

Different types of miRNAs in exosomes have distinct mechanisms to alter the function of recipient cells. Common
mechanisms primarily include (1) regulating gene expression, where exosomal miRNAs affect cellular biological functions
by modulating key signaling pathways in recipient cells; (2) influencing cell function through promoting proliferation,
migration, or inducing apoptosis; and (3) immunomodulation, in which exosomal miRNAs suppress inflammatory responses
by inhibiting inflammatory factors and key genes within inflammatory signaling pathways. For example, mechanical stress-
induced exosomal miR-92a-3p promotes the proliferation and differentiation of BMSCs via targeted delivery. This pathway
demonstrates significant potential as a therapeutic target for treating glucocorticoid-induced OP."*’

Pharmaceutical Factors

In the treatment of OA, fucoidan reduces chondrocyte inflammation by upregulating exosomal miR-146b-5p and
targeting tumor necrosis factor receptor-associated factor 6 (TRAF6), thereby inhibiting the PI3K/AKT/mTOR pathway.
This enhances autophagy activation in chondrocytes, demonstrating significant therapeutic effects on OA.'® Compound
CS-semi 5 inhibits p38 and MMP expression through upregulation of serum exosomal miR-122-5p, which binds
specifically to the p38 3” UTR region, promoting cartilage matrix synthesis and homeostasis to exert therapeutic effects
in OA."'" Digoxin (DIG) downregulates miR-146b-5p in M1 macrophage exosomes and directly targets the 3° UTR of
USP3 (ubiquitin-specific protease 3). USP3 knockdown activates the NF-kB signaling pathway, thereby regulating the
pro-inflammatory and catabolic state of chondrocytes and improving the osteoarthritic microenvironment.''® By inhibit-
ing the delivery of exosomal miR-155 from M1 macrophages to CD4" T cells, berberine (BBR) modulates CD4" T cell

immunometabolism and differentiation, thereby exerting anti-arthritic effects.'*®

14 https: International Journal of Nanomedicine 2026:21



Zhang et al

In the treatment of OP, Wen Shen Tong Luo Zhi Tong Tang (WSTLZT) upregulates miR-122-5p in adipose-derived
exosomes, regulates the SPRY?2 protein-mediated MAPK signaling pathway, enhances osteogenic differentiation, inhibits
adipogenic differentiation, delays bone necrosis, and exerts therapeutic effects on OP.'°” Cinobufagin upregulates miR-
3102-5p in exosomes derived from RAW264.7 cells, targeting the 3° UTR of the lipid-oxidizing protein ALOX15 to
suppress its expression and reduce lipid peroxidation in osteoblasts of osteoporotic mice.'® Icariin plays a critical role in
treating bone defects by inducing miRNA-331-3p upregulation in osteoclast-derived exosomes (OC-exo), which targets
fibroblast growth factor 23 (FGF23), reduces Dickkopf-related protein 1 (DKK1), and subsequently upregulates alkaline
phosphatase (ALP) to stimulate osteoclast activity and enhance osteoblast function.®® Treatment with MQEF in a mouse
model of hormone-induced ischemic OS of the femoral head significantly altered microRNA expression in bone tissue-
derived exosomes. Specifically, miR-185-3p (7.2-fold increase) and miR-1b-5p were upregulated, while miR-129b-5p
(2.2-fold decrease) and miR-223-5p were downregulated.'*® Triptolide, a key active component of thunder god vine
(Tripterygium wilfordii), demonstrates potent anti-inflammatory and immunomodulatory effects against RA.
Furthermore, treatment of synoviocytes with triptolide inhibits the secretion of exosomes containing miR-221."*

Biological Factors

Biological factors such as myostatin promote osteoblast differentiation and bone formation by upregulating miR-218 in
osteoblast-derived exosomes.'*> Muscle-derived exosomal miR-27a-3p regulates osteoblast differentiation by targeting adeno-
matous polyposis coli (APC), activating the B-catenin pathway to mediate bone homeostasis.'*' Inflammatory factor-treated
exosomes alter miRNA profiles; for instance, TGF-B1-treated exosomes significantly increase miR-135b expression, which
downregulates specificity protein 1 (SP1), an inhibitor of chondrocyte proliferation, thereby promoting chondrocyte proliferation
and mitigating OA-induced cartilage damage.'** Pretreatment of ADSC-Exos with TE increases miR-451-5p expression and
enhances exosome release capacity.” Glucocorticoid-stimulated M1 macrophage exosomes elevate miR-1a-3p levels, promoting
adipogenic differentiation of BMSCs and inducing glucocorticoid-associated OS of the femoral head,'*® suggesting a novel
therapeutic target for glucocorticoid-related bone diseases.

Chemical Factors

Lithium-substituted bioactive glass-ceramics (Li-BGC) promote cartilage repair by modulating BMSC-derived exo-
somes. Li-BGC upregulates exosomal miR-455-3p, which inhibits histone deacetylase 2 (HDAC?2) to enhance histone
H3 acetylation and gene transcription.!'® Sr-substituted calcium silicate upregulates miR-146a in BMSC-derived exo-
somes, inhibits SMAD4 and NF2 translocation, enhances angiogenesis in human umbilical vein endothelial cells
(HUVECsS), and accelerates fracture healing.''

Physical Factors

Mechanical stress increases exosomal miR-92a-3p expression, which is internalized by MSCs to inhibit phosphatase and
tensin homolog (PTEN) activity, activating the PI3K/AKT pathway and promoting osteogenic gene expression for bone
regeneration.'?’ Temperature and oxygen also modulate exosomal miRNAs. Cold exposure elevates miR-25-3p in
chondrocyte-derived exosomes (CT-exo0), inhibiting BMSC autophagy and osteogenic differentiation by downregulating
SATB?2, leading to bone loss.*” Hypoxia preconditioning enhances exosomal miR-126 through HIF-1a, boosting HUVEC
proliferation, angiogenesis, and migration for fracture healing.”” HIF-1a induced exosomal miR-21-5p promotes adipose
stem cell differentiation and ectopic osteogenesis. Low-dose Fe;O4 nanoparticles combined with SMF upregulate
exosomal miR-1260a, targeting HDAC7 inhibition for bone growth and COL4A2 inhibition for angiogenesis.'?’
Hypoxia elevates the level of the epigenetic factor miR-221-3p in MSC-exos and facilitates its transfer to senescent

NPCs, where it regulates the DDIT4/NF-kB signaling pathway to delay NPC senescence'** (Figure 3).

Exosomes Regulate Recipient Cells Through Modulation of Proteins

Exosomes can modulate recipient cell function through multiple mechanisms after delivery. These include: (1) regulating
intracellular signaling pathways to alter cellular behavior; (2) influencing exosome uptake efficiency by modifying the
endocytic capacity and cytoskeletal dynamics of recipient cells. Recent studies revealed that Qiangguyin (QGY)-treated
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Figure 3 Regulation of exosomal miRNAs by external factors. Several external factors—such as fucoidan, digoxin (DIG), TGF-BI, hypoxia, strontium-substituted calcium
silicate ceramics (Sr-CS), lithium-substituted bioactive glass-ceramics (Li-BGC), and Wen Shen Tong Luo Zhi Tong Tang (WSTLZT)—influence the uptake of exosomes by
recipient cells through the modulation of exosomal miRNAs. In the figure, blue arrows represent negative effects, while red arrows indicate positive effects.

osteoclast-derived exosomes activate f-catenin signaling in BMSCs, thereby counteracting the inhibitory effects of

osteoclast exosomes on BMSC osteogenic differentiation and ameliorating OP in rat models.'*

Chemical Factors (Including Pharmaceutical Factors)

Moesin, a protein significantly enriched in H,S-induced exosomes, promotes exosome uptake by MSCs, thereby
activating the p-catenin signaling pathway and enhancing osteogenic differentiation.'** H,S facilitates the enrichment
of membrane synaptic proteins in BMMSC-derived exosomes, which increases exosomal uptake by MSCs and promotes
bone regeneration via f-catenin signaling. Extracellular signal-regulated kinase 1 (ERK1), a mitogen-activated protein
kinase (MAPK), is present in exosomes and induces osteoclast differentiation. Guizhi Fuling Decoction (GZFL) reduces
bone destruction, modulates the bone tumor microenvironment, and inhibits myeloma progression by suppressing ERK1
activity in myeloma cell-derived exosomes.'**
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Biological Factors

Irisin, an exercise-induced myokine, exerts bone-protective effects by being transported to osteoblasts via exosomes. It
binds to caveolin-1 (Cavl) on osteoblast membranes to promote exosome endocytosis, subsequently forming a FNDCS5/
irisin-Cav1-AMPKa complex that activates the AMPK pathway. This pathway reduces ferroptosis, enhances osteoblast
proliferation, and rescues bone loss Irisin, an exercise-induced myokine, exerts bone-protective effects by being
transported to osteoblasts via exosomes. It binds to Cavl on osteoblast membranes to promote exosome endocytosis,
subsequently forming a FNDC5/irisin-Cavl-AMPKa complex that activates the AMPK pathway. This pathway reduces
ferroptosis, enhances osteoblast proliferation, and rescues bone loss.'*> TNF-o enhances exosomal secretion by upregu-
lating Wnt-3a in adipose-derived stem cell (ASC) exosomes. Wnt-3a synergizes with other TNF-a induced factors (eg,
BMP-2) to activate osteogenic genes (eg, type I collagen) in human osteoblasts (HOBs) via exosomal delivery,

promoting bone regeneration.”

Physical Factors

Cationic exosomes generated by anchoring cations and anti-biotin proteins to lipid bilayers exhibit enhanced uptake by
deep-layer chondrocytes compared to anionic exosomes. Although the precise mechanism remains unclear, this strategy
demonstrates potential for targeted exosome therapies in OA.'*® Hypoxia alters exosomal protein composition; hypoxia-
stimulated BMSCs release EVs enriched with BCL2/adenovirus E1B 19 kDa interacting protein 3 (BNIP3). BNIP3
interacts with annexin A2 (ANXA2), displacing transcription factor EB (TFEB) from the ANXA2-TFEB complex. This
promotes TFEB nuclear translocation, activates autophagy/lysosomal genes, mitigates mitochondrial autophagic flux
impairment, and attenuates IVDD’’ (Figure 4).

,:“ > Factors
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Osteoblasts
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Figure 4 Regulation of exosomal proteins by external factors. External factors such as hydrogen sulfide (H,S), Guizhi Fuling Decoction (GZFL), irisin, and TNF-a influence
bone metabolism through the modulation of exosomal proteins. In the figure, blue arrows represent negative effects, while red arrows indicate positive effects.
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Discussion
This article provides a systematic examination of the roles of exosomes in orthopedic diseases. We specifically focus on
how exosomes-mediated intercellular communication modulates pathological processes in conditions such as osteoar-
thritis (OA), osteoporosis (OP), osteosarcoma (OS), rheumatoid arthritis (RA), intervertebral disc degeneration (IVDD),
osteonecrosis of the femoral head (ONFH), and fractures—diseases that collectively represent a major source of global
morbidity. The limitations of conventional surgical and pharmacological treatments, including severe systemic toxicity,
adverse side effects, and inconsistent therapeutic efficacy, underscore the urgent need for novel therapeutic strategies.'*”

Exosomes have emerged as a highly promising avenue in this context. This review synthesizes their therapeutic
potential by analyzing how they restore tissue homeostasis through the targeted regulation of four core pathological
themes: (1) modulating immune-inflammatory dysregulation, (2) restoring osteogenic-osteoclastic balance, (3) promoting
tissue regeneration and matrix repair, and (4) reshaping the tumor microenvironment. Clinical instances of exosome
application are incorporated to highlight their translational promise.'**!°

Furthermore, acknowledging the inherent challenges in using natural exosomes—such as low yield, heterogeneity,
and lack of targeting—this review dedicates significant analysis to strategies that enhance their therapeutic efficacy. We
detail how external physical, chemical, biological, and pharmacological factors can be harnessed to precisely modulate
the exosome lifecycle. This includes boosting their biogenesis and secretion (eg, via cytokine preconditioning or
mechanical stimuli) and engineering their cargo composition (eg, enriching specific miRNAs or proteins), thereby
amplifying their therapeutic impact in orthopedic diseases.'>!

The biogenesis of exosomes is tightly regulated by multifactorial inputs that dictate their pathophysiological roles.
External stimuli—including pharmacological agents (eg, epimedium glycosides), inflammatory cytokines (eg, TNF-a),
and physical triggers (eg, low-intensity pulsed ultrasound, hypoxia)—alter exosome secretion by modulating multi-

12 . . . g .
66.78.98.125 Bor instance, TNF-a enhances exosome release via endosomal acidification

vesicular body (MVB) dynamics.
inhibition and MVB trafficking regulation,”® while mechanical or hypoxic stimuli directly augment exosome
production.®***% These findings highlight strategies to optimize exosome yield for therapeutic applications.

At the pharmacological level, beyond natural compounds, synthetic small molecules and the repurposing of already
approved drugs demonstrate significant potential. For instance, anti-rheumatic drugs such as Methotrexate (MTX) and
Sulfasalazine (SASP) can alter the proteome of exosomes derived from synovial cells, enhancing their anti-inflammatory
properties. Digoxin has been found to improve the arthritic microenvironment by modulating miRNAs within macro-
phage-derived exosomes. In the future, systematically screening FDA-approved drug libraries to discover their effects on
exosome biology represents a promising shortcut to accelerating clinical translation.'*%'3°

In previous studies, safety investigations have been conducted on BMSC-derived EVs for the treatment of combat-
related post-traumatic osteoarthritis in humans. Despite limitations such as the small number of participants and the lack
of randomized control groups, it cannot be denied that the injection of BMSC extracellular vesicle isolate product
effectively alleviated osteoarthritis-related pain with only mild side effects, thereby providing direction for the clinical
application of exosomes.'*? Although the specific role of exosomes has not been detailed, it still provides confidence in
future.

However, uncontrolled biodistribution potentially leading to off-target effects, along with safety concerns arising from
the heterogeneity of exosomal cargo—including immunogenicity and unintended pro-inflammatory signaling (eg,
amplification of TNF-a in osteoarthritis)—remain critical challenges limiting the clinical translation of exosome-based
therapies.”? Engineering approaches, such as surface modification with targeting ligands (eg, magnetic nanoparticles) or
cargo engineering (eg, miRNA/Rab-7b enrichment), are being developed to enhance tissue specificity and therapeutic
efficacy, 103:130:153

Notably, exosome-mediated effects often exhibit biphasic responses: while moderate mechanical loading promotes
osteogenesis, excessive stress accelerates cartilage degradation via MMP-13 upregulation, underscoring the need for
disease-stage-specific dosing''’.

Exosome cargo modulation represents another critical regulatory layer. For example, hydrogen sulfide (H,S) enhances
MSC exosome uptake via membrane protein enrichment, promoting bone regeneration.'*> However, miRNA pleiotropy
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complicates their clinical application, necessitating single-cell omics approaches to resolve context-dependent sorting
mechanisms and identify disease-specific signatures.'>*

At the receptor-cell interface, exosome internalization efficiency depends on surface marker recognition (eg, CD44
downregulation in OA chondrocytes may impair targeting). Strategies to improve specificity include magnetic field-
guided delivery of iron oxide-labeled exosomes or exploiting receptor-mediated endocytosis pathways (eg, arginine-rich
CPPs for membrane fusion enhancement).'”* Nevertheless, the spatiotemporal dynamics of exosome-cell interactions
remain poorly defined, particularly in heterogeneous patient populations.

In summary, exosome-based therapies require precise control over biosynthesis, cargo composition, and delivery
mechanisms. Future research should prioritize resolving single-cell exosome heterogeneity, optimizing engineered
exosomal targeting, and establishing standardized protocols for clinical translation.

Conclusion

As key mediators orchestrating intercellular communication within the skeletal system, exosomes have emerged as central
players in elucidating pathological mechanisms and advancing therapeutic strategies in orthopedic diseases. Current research
into exosome-mediated therapy primarily focuses on restoring tissue homeostasis and promoting repair by strategically
modulating pathological cell-cell dialogues. This is achieved through three principal approaches targeting the communication
process itself: regulating exosome biogenesis and secretion to influence signal output, enhancing their targeting specificity to
ensure precise signal delivery, or engineering their cargo to carry corrective instructions (eg, proteins, miRNAs, mRNAs). The
entire lifecycle of an exosome—from its biogenesis and secretion by donor cells to its uptake by recipient cells—constitutes
a complete cycle of intercellular signaling. This cycle is susceptible to regulation by various physical, chemical, and biological
factors, which can alter the “message” being sent. Therefore, the advancement of exosome-based therapies critically depends
on gaining precise control over this communicative process—specifically, by programming the information content (cargo),
optimizing the signal release (secretion), and ensuring accurate reception (targeting and uptake)—to achieve the desired
therapeutic outcome.

This review has synthesized the role of exosomes as communication vehicles in orthopedics. Their innate biological
features—low immunogenicity, biocompatibility, andtropism—make them ideal for delivering intercellular signals in
a therapeutic context. However, several barriers related to their nature as communication tools hinder clinical translation:
(1) the lack of standardized methods for obtaining consistent “signal carriers” (isolation/production); (2) the need for more
sophisticated “address codes” for tissue-specific delivery (targeting); and (3) the inherent “message variation” depending on
the donor cell’s state (functional heterogeneity). Furthermore, while research has extensively decoded miRNA-based
“messages”, the roles of other molecular languages within exosomes, such as lipids, mRNAs, and other non-coding RNAs,
remain poorly translated, representing a significant gap in fully understanding this communication system.

Overcoming these challenges is fundamental to evolving exosomes from promising biological messengers into reliable
therapeutic agents. Future research must prioritize: establishing robust manufacturing protocols to ensure batch-to-batch
consistency of the communication vehicle; developing next-generation engineering techniques to install precise targeting
directives and load optimized cargo; and implementing integrated multi-omics analyses to fully decipher the complex
language of exosomal communication. By systematically addressing these bottlenecks, we can transition from merely
observing intercellular crosstalk to actively and precisely reprogramming it, ultimately harnessing the power of exosome-
mediated communication to develop transformative treatments for orthopedic diseases.
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