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Exosomes: Roles and Therapeutic Potential in Pain

Yuting Wen !, Rui Zhang !, Jitong Wang !, Zhouyun Ma !, Changsheng Dong >*{, Ruixiang Li 1*

and Jiange Zhang 1-*

W) Check for updates

Received: 2 January 2026

Revised: 5 February 2026

Accepted: 10 February 2026
Published: 11 February 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1 Innovation Research Institute of Traditional Chinese Medicine (IRT), Shanghai University of Traditional

Chinese Medicine, Shanghai 201203, China; wenyuting@shutcm.edu.cn (Y.W.);

rui_zhang@shutcm.edu.cn (R.Z.); wangjitong@shutcm.edu.cn (J.W.); mjf2mjf@163.com (Z.M.)

Cancer Institute of Traditional Chinese Medicine, Longhua Hospital, Shanghai University of Traditional

Chinese Medicine, Shanghai 200032, China

*  Correspondence: csdong@shutcm.edu.cn (C.D.); ruixiangli@shutem.edu.cn (R.L.);
jgzhang@shutcm.edu.cn (J.Z.)

Abstract

Pain is a signal that the human body is being damaged or attacked by disease. It signifi-
cantly impacts quality of life and imposes a substantial economic burden. Current analgesic
drugs fail to meet clinical application standards due to limited choice, inadequate efficacy,
and side effects. Consequently, the development of new treatment strategies for pain relief
is essential. Pain signals are conveyed by nociceptors via the central nervous system to
the brain, with cell-to-cell communication serving as a crucial step in the sensory nocicep-
tive process. Exosomes are extracellular vesicles involved in intercellular communication,
capable of transporting and delivering biological macromolecules. Growing evidence sug-
gests that exosomes contribute significantly to the pathological processes associated with
pain-related diseases. Summarizing the characteristics of exosomes and their molecular
cargo under various pain conditions, along with identifying specific exosomal signatures, is
essential for the early diagnosis and treatment of such diseases. This review systematically
elucidates the molecular and cellular mechanisms of exosomes in pain relief and evaluates
their potential therapeutic value in pain management. We aim to deepen the understanding
of exosome—pain interactions, thereby laying the foundation for developing novel and
promising therapeutic strategies. Furthermore, we scrutinize the current status of clinical
research on exosome-mediated analgesia and dissect the prevailing technical challenges
and future research directions. Our objective is to provide clear scientific guidance and a
theoretical basis to facilitate the clinical translation of exosome therapies.
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1. Introduction

Pain is characterized as an unpleasant sensory and emotional experience linked to
actual or potential tissue damage. It has emerged as the third leading health issue following
cardiovascular disease, cerebrovascular diseases, and tumors [1]. Pain is projected to im-
pact about 20% of the worldwide population, resulting in significant health and economic
consequences [2]. Pain acts as a critical mediator between primary diseases and secondary
pathological outcomes. This can lead to a complex and harmful interaction among bio-
logical, social, and psychological factors, imposing disability and unfavorable outcomes
for patients. Analgesic drugs serve as the primary approach for managing both acute and
chronic pain. Although effective in the short term, there are considerable concerns about
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drug dependence, addiction, and other adverse effects [3,4]. In addition to the creation
of innovative analgesic drugs to reduce pain, emerging therapeutic approaches may offer
significant benefits in pain management.

Pain signals are conveyed by nociceptors via the central nervous system to the brain,
with cell-to-cell communication being an essential step in the sensory nociceptive pro-
cess [5]. Recent years have seen a growing interest in extracellular circulation vesicles
and their involvement in various pain states, particularly exosomes, which have garnered
the most focus. Exosomes are present in various bodily fluids, secreted by diverse cell
types, and they participate in information exchange between cells by carrying signaling
substances [6]. In addition, exosomes can be administered locally or systemically, exhibit
low tumorigenicity and immunogenicity, and serve as potential vectors and therapeutic
agents for pain regulation.

Exosomes are nanoscale vesicles derived from endosomes that fuse with the plasma
membrane, mediating the transfer of various cargoes, such as proteins, lipids, nucleic acids,
and other active substances, to the extracellular environment or target cells [7]. Exosomes
are generated by nearly all cell types in mammals and can be identified in various body flu-
ids, including blood, urine, joint fluid, saliva, and breast milk. This highlights their function
as mediators of intercellular communication and their involvement in both pathological and
physiological disease processes, demonstrating a significant capacity for transferring [8,9].
Studies have demonstrated the involvement of exosomes in the pain process across various
chronic pain disorders, particularly osteoarthritis (OA) [10], rheumatoid arthritis (RA) [11],
inflammatory bowel disease (IBD) [12], and neurodegenerative and complex regional pain
syndrome (CRPS) [13]. Evidence suggests that exosomes can alleviate pain symptoms with
reduced adverse reactions and exhibit immunoprotective and anti-inflammatory proper-
ties [14]. Therefore, exosomes are regarded as a potential therapeutic option for pain. In
addition, exosomes serve as a carrier tool that can benefit patients with a specific treatment,
enabling precise diagnosis and treatment [15]. This state-of-the-art review provides a
comprehensive synthesis of the molecular and cellular mechanisms of exosomes, empha-
sizing their therapeutic potential in pain management. Beyond summarizing foundational
signaling pathways, this work critically evaluates current clinical advancements and the
formidable bottlenecks hindering translational progress. By elucidating the sophisticated
analgesic mechanisms of exosomes, we aim to provide a robust theoretical framework and
evidence-based support for their integration into clinical practice.

2. Literature Search and Selection

A systematic literature search was conducted across the PubMed, Web of Science,
X-mol, and Google Scholar databases, covering all relevant literature published up to
October 2025. The search strategy employed “exosomes” or “extracellular vesicles” as
core terms, logically combined with keywords including “pain”, “neuropathic pain”,
“inflammatory pain”, and “cancer pain”. Inclusion criteria focused on studies utilizing
exosomes or extracellular vesicles for pain intervention, while non-English publications and
studies lacking sufficient experimental evidence were excluded. To ensure scientific rigor
and timeliness, priority was given to original research articles providing clear exosome
characterization in accordance with the International Society for Extracellular Vesicles
guidelines. Furthermore, high-impact findings from the past five years (2020-2025) were

emphasized to provide a comprehensive, in-depth, and high-quality academic landscape.

3. Exosomes

Extracellular vesicles (EVs) are tiny vesicles released into the extracellular environ-
ment via cell membrane fusion, following the formation of multivesicular bodies through
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endocytosis under both physiological and pathological conditions [16]. The International
Society for Extracellular Vesicles classifies them into three types based on their biogenesis
and size. These are microvesicles (MVs), exosomes, and apoptotic bodies, respectively. MVs
and apoptotic bodies typically range in size from 100 to 1000 nm and 1 to 4 um, respectively,
and are released via plasma membrane budding [17]. In contrast, exosomes, measuring
30-150 nm in diameter, bud inward from late endosomes to form a multivesicular body;,
which subsequently fuses with the plasma membrane for release [13]. Exosomes and MVs
share similar size (100-150 nm) and density (1.08-1.19 g/mL) characteristics, making dif-
ferentiation challenging. Consequently, exosomes are typically identified by the presence
of endosome-associated proteins, which include the tetraspanins CD9, CD63, and CD81
(Figure 1A) [18].
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Figure 1. Biogenesis of exosomes. (A) Exosomes carry a diverse molecular cargo, including proteins
and nucleic acids. (B) The biogenesis process involves the formation of the early sorting endosomes
(ESEs) via endocytosis and plasma membrane invagination (Step 1); maturation into the late sorting
endosomes (LSEs) (Step 2); the generation of MVBs containing intraluminal vesicles (ILVs) through
secondary membrane invagination and cargo sorting (Step 3); mature MVBs are either targeted to
lysosomes for enzymatic degradation (Step 4) or trafficked along the cytoskele-ton to the plasma
membrane to secrete ILVs into the extracellular microenvironment (Step 5). (C) Exosomes carry
cargoes to target cells through various mechanisms. (Created in Biorender. Wen, Y. (2026) https:
/ /BioRender.com/u59y127).

Exosomes are nanoscale extracellular vesicles that originate from endosomes and
are released by almost all types of cells, including blood cells, immune cells, tumor cells,
and stem cells. Once released, exosomes are easily distributed into the body’s internal
environment, where they transfer biological signaling molecules, including proteins, lipids,
and nucleic acids, from donor cells to recipient cells [19]. The chronic development of
pain is the result of the interaction between neuronal cells, glial cells, and immune cells,
suggesting that intercellular communication and signal transmission play an important
role in the regulation of the nociceptive pain signal transduction pathway [20]. Exosomes
serve as crucial agents in intercellular communication and play significant roles in diverse
physiological and pathological processes. Exosomes are closely linked to various chronic
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pain conditions, exhibiting fewer adverse reactions while providing immune protection
and anti-inflammatory effects [10,11,13].

4. Biogenesis of Exosomes

Exosomes, similar to liposomes, feature a lipid membrane and an internal aqueous
environment; however, research has indicated that exosomes exhibit greater complexity,
encompassing a higher concentration of proteins and lipids. Exosomes are generated within
the endosomal compartment of most eukaryotic cells and are subsequently released into
the extracellular environment following fusion with the plasma membrane [21]. Exosomes
were initially considered to serve a role in lysosomal degradation, the recovery of cellular
components, and the excretion of cellular waste [22]. However, recent studies have revealed
that exosomes are of critical importance in various physiological and pathological processes
within the body and exhibit diverse functions. Most cells are capable of releasing exosomes
through endocytosis and biogenic synthesis pathways [23]. The endocytosis pathway
commences upon the reception of external or internal signals from the surrounding envi-
ronment. Afterwards, the cell membrane begins to invaginate, leading to the formation
of the ESEs. The early endosome transitions to the LSEs under the regulation of multiple
cellular signaling pathways. Multivesicular bodies (MVBs) created by LSEs merge with the
cell membrane to release exosomes or are subjected to degradation (Figure 1B) [24-26].

The endosomal sorting complex required for transport (ESCRT) and the gene-2-
interacting protein X, associated with apoptosis and tumor susceptibility gene 101, primarily
facilitate the formation and release of exosomes [27-30]. The ESCRT complex primarily
consists of ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III [27]. ESCRT-0, -, and -II are all
composed of ubiquitin-binding subunits that have the ability to seize ubiquitin-tagged
cargoes. On the other hand, ESCRT-III is involved in the process of vesicle budding and
scission [31,32]. Nevertheless, under some circumstances, the production of exosomes
might take place independently of the ESCRT complex of cells. Exosome production can
be facilitated by the lipids. In a ceramide-activated model, for instance, the transfer of
exosome-associated domains into the endosome lumen does not depend on the operation
of the ESCRT [32]. Exosomes function as cell secretory vesicles that transport nucleic
acids, proteins, and lipids in a paracrine or endocrine manner, thus modulating the bio-
logical functions of recipient cells [33]. Exosomes, upon release, convey information to
recipient cells through various mechanisms, including fusion with plasma membranes,
clathrin-coated pits, receptor-mediated entry, and lipid rafts (Figure 1C).

5. Exosomes and Pain
5.1. Exosomes and Inflammatory Pain

Inflammation represents an immune response by the body to infection or injury, aimed
at restoring homeostasis within tissues. However, an uncontrolled inflammatory response
can lead to disease and multiple pain reactions throughout the body [34]. Exosomes pos-
sess significant therapeutic potential in various inflammatory diseases, including OA, RA,
IBD, and chronic pain, owing to their capacity to transport biological macromolecules like
miRNAs and proteins [35-37]. Here, we summarize the roles of exosomes in different
inflammatory pain conditions (Table 1). Arthritis is caused by inflammation, infection,
degeneration, trauma and other inflammatory injuries, and occurs in the joints and sur-
rounding tissues. Patients often suffer from long-term chronic pain due to joint injury,
which can result in permanent disability in severe cases [38,39].

OA represents the most prevalent type of arthritis, marked by the degeneration of
cartilage. Exosomes play a significant role as mediators of intercellular communication,
contributing substantially to the onset and progression of OA, and exhibit considerable po-
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tential for therapeutic intervention in this condition [40]. Lu et al. examined the interactions
between chondrocytes and neural cells, assessing the effect and mechanism of exosomes
miR-204 in the treatment of OA pain. Their findings indicated that miR-204 may alleviate
OA pain by downregulating low-density lipoprotein receptor-related protein 1 (LRP1)
expression through the inhibition of transcription factor specificity protein 1 (S5P1), thereby
disrupting neuro-cartilage interactions within the joint. They loaded exosome simulators
with miR-204 and injected them into the joint cavity of OA mice, and found that miR-
204 significantly alleviated mechanical allodynia and improved the motion track-related
indices in a destabilization of the medial meniscus (DMM) mouse model. In addition,
miR-204 may suppress the expression of neuron makers to alleviate osteoarthritic pain
through the inhibition of nociceptor sprouting (Figure 2A) [41]. Another study showed that
intra-articular M2 macrophage-derived exosomes miR-26b-5p injection could improve gait
behavioral index and cartilage degeneration for OA mice, and the underlying mechanism
likely involved miR-26b-5p-mediated macrophage repolarization and the inhibition of
chondrocyte hypertrophy by targeting toll-like receptor 3 (TLR3)/collagen type X alpha
1 (COL10A1) (Figure 2B) [42]. Furthermore, He et al. demonstrated that chondrocytes
can internalize exosomes derived from bone marrow mesenchymal stem cells (BMSCs),
leading to reduced interleukin-1{ (IL-1f3) levels, enhanced chondrocyte proliferation and
migration, and significant promotion of extracellular matrix synthesis. These exosomes
also alleviated knee pain and facilitated cartilage repair in osteoarthritic rats [43]. More-
over, subsequent research revealed that dental pulp stem cell-derived exosomes inhibited
transient receptor potential vanilloid 4, thereby improving abnormal subchondral bone
remodeling and attenuating cartilage degradation and synovial inflammation in vivo [44].
These studies suggested that exosomes are a promising treatment for OA pain.
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Figure 2. Exosomes relieve OA pain by inhibiting neuro-cartilage interactions within the joint.
(A) miR-204 attenuates nociceptor invasion and suppresses neuronal markers via the SP1-LRP1 path-
way. (B) miR-26-5p exerts dual analgesic and chondroprotective effects by promoting M2 macrophage
polarization to reduce inflammation and inhibit COL10A1-mediated chondrocyte hypertrophy. (Cre-
ated in Biorender. Wen, Y. (2026) https://BioRender.com/26rt2p5).
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For other inflammatory pain, Marguerite et al. analyzed lipopolysaccharide-induced
macrophage-derived exosomes and serum-derived exosomes from patients with CRPS.
Their results showed significant changes in inflammation-associated miR-126-5p, miR-21-
3p, and miR-212, suggesting that exosomes play a role in dysregulated inflammation and
chronic pain states [14]. In addition, human umbilical cord mesenchymal stem cells (HUC-
MSCs)-derived exosomes containing miR-146a-5p improve the expression of autophagy-
related proteins and inhibit the NOD-like receptor thermal protein domain-associated
protein 3 (NLRP3) inflammasome in the spinal dorsal horn through the regulation of TNF
receptor-associated factor 6 (TRAF6), thus mitigating neuroinflammation and reducing the
inflammatory pain caused by complete Freund’s adjuvant (CFA) [45]. Ni et al. demon-
strated that miR-134 played a role in CFA-induced inflammatory pain by balancing the
expression of opioid receptor mu 1 (OPRM1) in dorsal root ganglions (DRGs) [46]. In
addition, exosomes also have therapeutic effects against cystitis-induced bladder pain. The
study demonstrated that miR-9-enriched mesenchymal stem cell (MSC)-derived exosomes
mitigate neuroinflammation and cystitis-induced bladder pain by inhibiting the toll-like
receptor 4 (TLR4)/nuclear factor kappa-B (NF-«B)/NLRP3 signaling pathway in interstitial
cystitis mice [47]. Exosomes have also been implicated in IBDs, a collection of chronic
diseases resulting from disruptions in gut homeostasis. One pathogenesis of IBDs involves
the immune response regulated by macrophages. Exosomes derived from macrophages
play a role in the pathogenesis of IBDs through immunosuppression [48]. The attenuation
of experimental colitis by pioglitazone is dependent on the cleavage of annexin Al released
by macrophages. Interestingly, serum analysis of patients with IBDs revealed an elevated
amount of exosomes containing membrane connexin-1, a protein crucial for mucosal repair
and known to be overexpressed during IBD-related inflammation [49].

Table 1. Summary of exosomes and inflammatory pain.

Targets/Signaling

Donor Cells Cargo Animals Disease Model Recipient Cells P Ref.
athway
Huc-MSCs miR-146a-5p Mouse CFA-induced BV2 TRAF6 [45]
miR-126-5p
RAW264.7 miR-21-3p Mouse CFA-induced - - [14]
miR-212
- miR-134 Rat CFA-induced DRG OPRM1 [46]
BMSCs - Rat OA - - [43]
MSCs miR-9 Mouse Cystitis Neuroglial cell TLR4 [47]
MSCs miR-204 Mouse DMM chondrocyte SP1-LRP1 [41]
Macrophage miR-26b-5p Mouse OA - TLR3/COL10A1 [50]

5.2. Exosomes and Neuropathic Pain

Neuropathic pain (NP) is a chronic secondary pain that is the result of a lesion or
disease of the peripheral or central nervous system [51]. The development and maintenance
of neuropathic pain are associated with interactions between neurons and glial cells, as
well as between neurons and immune cells. Exosomes containing various cargoes function
as key regulators that synchronize immune and neuronal activities, indicating their role in
the pathological mechanisms of neuropathic pain (Table 2) [52,53]. Both the release and
reuptake of exosomes by neurons depend on synaptic activity, and reports of their interneu-
ronal communication suggested the importance of exosomes in neuropathic pain states [54].
Exosome cargos comprise various miRNAs, and recent findings demonstrated notable
dysregulation of miRNAs in the DRGs and spinal cord following nerve injury [55-57].
These miRNAs can influence nociception; for example, intrathecal administration of miR-

https:/ /doi.org/10.3390/biomedicines14020414


https://doi.org/10.3390/biomedicines14020414

Biomedicines 2026, 14,414

7 of 26

124, miR-103, and miR-23b reduces inflammatory and neuropathic pain by modifying the
intracellular activities of neurones, astrocytes, and microglia [45,58,59].

DRGs serve as the primary afferent nodes in the pain pathway. By integrating and
transmitting signals from sensitized peripheral tissues to the central nervous system,
they contribute significantly to the pathogenesis of NP [60]. The neuron—-neuron cross-
excitation that is mediated by miR-let7b is responsible for the pronociceptive effect. The
miR-let7b, after being released by DRG neurones as a result of their activity, activates
TRPA1 channels, which, in turn, provide sensory neurones with positive feedback [61].
Similarly, miR-134, expressed in DRGs, exhibits pronociceptive properties in chronic pain
models, while the miR-183 cluster regulates genes associated with neuropathic pain in
DRGs [46,62]. Simeoli et al. showed that DRG neuron cell bodies release exosomes,
including containing miR-21-5p, upon activity after nerve injury. Macrophage phagocytosis
of exosomes containing miR-21-5p results in phenotypic transformation, thereby sensitizing
nociceptive neurons (Figure 3A). However, intrathecal miR-21-5p antagonist injection can
block pain hypersensitivity in spared nerve injury (SNI) mice [63]. Interestingly, Zhang
et al. also investigated the mechanism by which miR-21-5p reduces neuropathic pain,
revealing that miR-21 expression is elevated in DRG neurones following spinal nerve
ligation (SNL). This expression was found to colocalize with toll-like receptor 8 (TLRS)
in small- and medium-sized neurones, but not in large neurones. Finally, their results
revealed that miR-21 reduces neuronal excitability by regulating TLR8, which, in turn,
mitigates mechanical allodynia in SNL mice [64]. In addition, exosomes carrying miR-16-
5p released from DRGs facilitated microglial activation and enhanced the production of
pro-inflammatory cytokines IL-1p and Interleukin-6 (IL-6) through the HECT domain E3
ubiquitin protein ligase 1 (HECTD1)-mediated ubiquitination of heat shock protein 90«,
thereby exacerbating the SNL-induced neuropathic pain in mice [65].
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Figure 3. Exosomes relieve neuropathic pain in NP and CCI-ION models. (A) In SNI models, DRG
neuron-derived exosomal miR-21-5p drives macrophage polarization toward a pro-inflammatory
state. (B) SHED-Exos carrying miR-24-3p alleviate CCI-ION-induced pain by targeting the IL1R1/p-
P38 MAPK axis. This action inhibits microglial activation and reduces the release of inflammatory
factors in the STN mice. (Created in Biorender. Wen, Y. (2026) https://BioRender.com/6kppel2).
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NP states involve the long-term sensitization of spinal cord neurones that transmit
nociceptive signals to the brain, resulting in significant activation of glial cells, such as
astrocytes and microglia, within the spinal cord. This activation leads to the upregulation of
proinflammatory cytokines and chemokines, which contribute to neuropathic pain [66—-69].
Lu’s research indicated that miR-146a-5p may reduce neuropathic pain by partially de-
creasing TRAF6 and its downstream signaling pathway involving c-Jun N-terminal kinase
and C-C motif chemokine ligand 2 in spinal glial cells [45]. Another study indicated that
exosomes derived from Huc-MSCs produced analgesic effects on neuropathic pain by
inhibiting the activation of the toll-like receptor 2 (TLR2)/myeloid differentiation primary
response protein 88 (MyD88)/NF-«kB signaling pathway in the spinal microglia. The mech-
anism underlying these antinociceptive effects involved exosome-mediated interference
with the radical S-adenosyl methionine domain-containing 2 (Rsad2) expression, which sub-
sequently inhibited microglial activation [70]. Similarly, BMSC-derived exosomal glial cell
line-derived neurotrophic factor (GDNF) inhibits the same TLR2/MyD88/NF-kB pathway,
thereby alleviating pain in a CCI rat model [71]. Recent research found that the microglia-
derived exosome miR-124-3p in the hippocampus regulates microglia polarization to reduce
postoperative mechanical hyperalgesia in aged mice [50]. Furthermore, sphingosine-1-
phosphate (S1P) functions as a pivotal molecular switch regulating exosome biogenesis
and release, while also serving as a potent bioactive lipid mediator that directly activates
glial cells and neurons [72]. Following nerve injury, intracellular S1P levels are elevated
in spinal glial cells. This hyperactivation of S1P signaling drives the extensive release of
exosomes loaded with algogenic cargos from glia, thereby exacerbating neuroinflammation
and central sensitization, ultimately leading to persistent neuropathic pain [73,74].

Moreover, there is some evidence to suggest that exosomes are involved in neuropathic
pain. For instance, autologous conditioned serum (ACS), which is rich in anti-inflammatory
cytokines and growth factors, has been used to successfully treat trigeminal neuralgia [75].
Buchheit et al. reported that a single intrathecal injection of human conditioned serum
(hCS) resulted in the prolonged inhibition of mechanical allodynia associated with pacli-
taxel chemotherapy-induced neuropathic pain (CIPN) in mice, without inducing motor
impairment, potentially through a reduction in nerve conduction damage. Importantly,
the removal of exosomes through high-speed centrifugation significantly reduced the pain
relief produced by CS, indicating a crucial role of exosomes in the therapeutic effects of
CS [76]. In addition, another investigation indicated that exosomes derived from stem cells
of human exfoliated deciduous teeth (SHED) significantly reduce microglial activation and
neuronal hyperactivity in the spinal trigeminal nucleus (STN) of mice subjected to chronic
constriction injury of the infraorbital nerve (CCI-ION), potentially via the involvement
of the miR-24-3p/Interleukin 1 receptor type 1 (IL1R1)/p38 mitogen-activated protein
kinase (p38 MAPK) axis (Figure 3B) [77]. Beyond the aforementioned molecules, circular
RNAs constitute another critical category of exosomal cargo. For instance, CircHIPK3
is highly expressed in the DRGs of diabetic patients suffering from neuropathic pain,
and its upregulation is positively correlated with pain intensity. Intrathecal injection of
CircHIPK3 shRNA has been shown to significantly alleviate neuropathic pain in diabetic
rats. Further mechanistic studies have demonstrated that this effect is mediated by the
interaction between circHIPK3 and miR-124, which leads to the negative regulation of
miR-124 expression [78]. Zhang et al. revealed that pain hypersensitivity induced by nerve
injury is closely associated with the upregulation of circAnksla. Mechanistically, in the
cytoplasm, circAnksla functions as a molecular sponge for miR-324-3p and facilitates the
nuclear translocation of YBX1 by promoting its interaction with transportin-1. Upon enter-
ing the nucleus, circAnksla enhances the recruitment of YBX1 to the vascular endothelial
growth factor B (VEGFB) promoter, thereby upregulating VEGFB expression. This resultant
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elevation in VEGFB levels heightens neuronal excitability in the dorsal horn, suggesting
that the circAnksla/VEGEFB axis represents a promising therapeutic target [79].

Table 2. Summary of exosomes and neuropathic pain.

Donor Cargo Animal Disease Model Recipient Targets/Signaling Ref.
Pathway

- miR-let-7 Mouse Formalin DRG TLR7/TRPA1 [61]

- miR-183 Mouse SNI - CACNA2D1/2 [62]

DRG miR-21-5p Mouse SNI Macrophage - [63]

DRG miR-16-5P Mouse SNL BV2 HECTD1 [65]

- miR-146a-5P Mouse SNL Astrocyte TRAF6 [45]

Huc-MSCs - Rat CCI BV2 Rsad2 [70]

BMSCs GDNF Rat CCI - TLR2/MyD88/NF-«B [71]

BV2 miR-124-3p Mouse POStOp;fgge pain BV2 - [50]

Astrocyte S1P Mouse CCI/SNI Astrocyte - [74]

SHED miR-24-3p Mouse CCI-ION BV2 IL1R1/p38 MAPK [77]

) CircHIPK3 Rat D1abet1.c neuropathic ) ) (78]

pain model

- circAnksla Rat SNL - VEGFB [79]

UCMSCs - Rat SNL Neuroglia cells - [37]

- miR-124 Mouse SNI BV2 GRK2 [59]

miR-103 Rat SNL - CaV1.2 [58]

5.3. Exosomes and Cancer Pain

Severe pain is present in over 60% of individuals diagnosed with primary or metastatic
bone cancer [80]. The mechanisms that contribute to bone cancer pain involve distinct
tumorigenic elements [81,82]. Osteolytic tumor growth has been shown in experimental
models of bone cancer pain to sensitize C-fiber nociceptors and dorsal horn neurons [83-86].
Moreover, Khasabova et al. demonstrated via in vitro models of cancer cell-neuron in-
teractions that substances produced by cancer cells directly sensitize DRG neurons [87].
Tumor-derived exosomes contain parental tumor cell material and affect intracellular signal-
ing pathways by transporting their contents to recipient cells, thus contributing significantly
to tumor development [88]. Numerous studies indicate that exosomes, functioning as a
medium for cellular communication, can promote bone metastasis of tumors [89-94]. Sev-
eral studies have also shown that exosomes are associated with cancer pain (Table 3).
Lysophosphatidic acid (LPA) enhances the proliferation of fibrosarcoma cells in vitro and
serves as a pain-signaling molecule that activates LPA receptors on nociceptive neurons and
satellite cells in DRGs [95-98]. Studies have shown that the binding of exosomes secreted by
cancer cells NCTC 2472 and autotaxin promoted the production of LPA and then promoted
calcium inflow to sensitize neuronal nociceptive receptors [99]. In addition, Bhattacharya
et al. reported elevated expression of pain and metastasis-related genes, specifically matrix
metalloprotease 1 and Thrombospondin-1, in hypoxic exosomes derived from human oral
tongue squamous OSC-20 cells. These exosomes were found to induce mechanical allody-
nia and thermal hyperalgesia in a mouse model [100]. Studies also provide evidence that
DRG neurons can take up let-7d-5p from non-small-cell lung cancer cell-derived exosomes,
decrease the protein level of the target gene OPRM1, and enhance cancer-induced bone
pain (CIBP) [101].

Gandla et al. performed a genome-wide screen for miRNAs differentially expressed in
DRG neurons within a mouse model of bone metastatic pain. They identified miR-34c-5p
as a critical pronociceptive miRNA and demonstrated that it modulates cancer pain via
the targeting of the voltage-gated calcium channel 2.3 (Cav2.3) [102]. In addition, the
results indicated that miR-135-5p could mitigate CIBP in mice by inhibiting astrocyte-
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mediated neuroinflammation and blocking the janus kinase-2 (JAK2)/signal transducer
and activator of the transcription 3 (STAT3) signaling pathway. This suggests that the up-
regulation of miR-135-5p could serve as a therapeutic target in the treatment of CIBP [103].
Another independent study demonstrated that BMSCs-derived miR-5-9p suppresses neu-
roinflammation in the spinal cord of CIBP mice and alleviates pain-related behaviors. This
effect is achieved by downregulating the expression of RE1-silencing transcription factor
and pro-inflammatory cytokines, while simultaneously upregulating mu-opioid receptor
(MOR) [104]. Emerging evidence highlights the pivotal role of circular RNAs in the patho-
genesis of CIBP. A study profiling the expression landscape in the spinal cord of CIBP
model rats identified multiple differentially expressed circRNAs, among which circSlc7all
exhibited the most significant alteration. Notably, the overexpression of circSlc7all was
found to inhibit tumor cell apoptosis and exacerbate the development of pain [105].

Table 3. Summary of exosomes and cancer pain.

Donor Cargo Animal IID\/IIS()?sle Recipient Targ;t:t/:f:;llng Ref.
NCTC 2472 - - - DRG ATX [99]

HSC-3/05C-20 - Mouse - - - [100]

A549/NCI-H1299 let-7d-5p Mouse CIBP DRG OPRM1 [101]

DRG miR-34c-5p Mouse CIBP - Cav2.3 [102]

- miR-135-5p Mouse CIBP Astrocyte JAK2/STAT3 [103]

BMSCs miR-5-9p Mouse CIBP - MOR [104]

- circSlc7all Rat CIBP - - [105]

Currently, clinical research has predominantly focused on the direct eradication of tumor
cells, leaving the management of CIBP—a primary and debilitating complication—relatively
sidelined. Consequently, investigations into exosome-based interventions for cancer pain
remain in their infancy. Nevertheless, CIBP represents the most prevalent and clinically chal-
lenging form of cancer pain, encompassing both primary bone tumors and the more frequent
agonizing pain associated with skeletal metastases. In the pathophysiology of CIBP, the
disruption of bone remodeling homeostasis is recognized as the core mechanism [106]. Tumor
cells break the physiological coupling between osteoblasts and osteoclasts by secreting key
factors such as the receptor activator of the nuclear factor B ligand, leading to the pathological
activation of osteoclasts. This process not only constructs an acidic microenvironment via
proton (H™) secretion, which directly irritates sensory nerve endings within the bone marrow
cavity, but also causes mechanical instability and breakthrough pain due to osteolytic destruc-
tion [107]. Concurrently, impaired osteoblast function further exacerbates bone remodeling
disorders and tissue damage. This cytokine-mediated vicious “tumor-bone-nerve” cycle
constitutes the biological foundation for the generation and maintenance of CIBP [108].

Notably, substantial research has accumulated regarding the role of exosomes in regu-
lating bone remodeling. For instance, Mathieu et al. reported that exosomes derived from
human prostate cancer cells (C4-2B and PC-3) carry the phospholipase D2 protein, which
stimulates extracellular signal-regulated kinases 1 and 2 phosphorylation and significantly
upregulates tissue-nonspecific alkaline phosphatase activity and osteogenic differentiation
markers, thereby promoting osteoblast proliferation and differentiation [109]. Regarding
osteolysis, Yuan et al. demonstrated that exosomes derived from breast cancer cells (SCP28)
play a pivotal role in establishing the pre-metastatic niche, primarily through the horizontal
transfer of miR-21 to osteoclasts, and clinical data further show elevated serum miR-21
levels in breast cancer patients, correlating with the severity of bone destruction [89]. Addi-
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tional evidence supports the regulatory role of exosomes in bone remodeling within the
context of bone cancer [110].

In summary, accumulating evidence suggests that exosomes serve as critical mes-
sengers mediating the imbalance between osteoblasts and osteoclasts within the bone
microenvironment. Targeting these exosomal regulatory pathways has significant thera-
peutic potential, not only for inhibiting bone metastasis but also for alleviating CIBP by
breaking the pathological vicious cycle.

5.4. Bidirectional Exosomal Crosstalk Between Neurons and Non-Neuronal Cells

The current literature on the pathological role of exosomes in pain has predomi-
nantly focused on the unidirectional modulation of neurons by non-neuronal cells, such as
macrophages, microglia, and astrocytes. However, the exosome-mediated transmission
of pain signals is defined by a sophisticated bidirectional dialogue rather than a simple
unidirectional secretion. During the onset of pain, exosomes derived from non-neuronal
cells activate neurons. Subsequently, these activated neurons actively release specific exo-
somes acting as “retrograde” signals to stimulate non-neuronal cells. This feedback forces
an alteration in the composition of non-neuronal exosomes, thereby establishing a vicious
cycle that perpetuates pain.

Initially, activated non-neuronal cells release exosomes encapsulated with algogenic
cargos, including specific miRNAs and metabolic enzymes. These exosomes target pre-
or post-synaptic neurons to suppress inhibitory Gama-aminobutyric acid receptors or
potentiate excitatory N-methyl-D-aspartic acid receptor function, resulting in neuronal
disinhibition and hyperexcitability. In response, activated neurons release “feedback”
exosomes to prevent glial cells from returning to a resting state. For instance, Simeoli
et al. demonstrated that injured DRG neurons release exosomes enriched with miR-21.
Upon phagocytosis by macrophages, these exosomes activate TLR8, promoting a transition
toward a pro-inflammatory phenotype, thereby highlighting the critical role of miR-21
in sensory neuron-macrophage communication following peripheral nerve injury [64].
Similarly, neuronal exosomes transfer miR-124a to astrocytes, selectively upregulating
glutamate transporter-1 protein expression. By enhancing glutamate uptake and preventing
excitotoxicity, this pathway modulates synaptic stability, offering a potential mechanism by
which to reverse central sensitization in chronic pain states [111].

This reciprocal interaction creates a positive feedback loop: activated macrophages or
glia escalate the secretion of pro-inflammatory exosomes, which further amplifies neuronal
excitability. Higher neuronal excitability, in turn, generates stronger feedback signals to
glia, inducing the release of more algogenic exosomes and ultimately maintaining central
sensitization. In summary, while exosomes play an indispensable role in signal transduction
between non-neuronal cells and nociceptors, the feedback regulation of non-neuronal
cells by nociceptors warrants further investigation. Future studies are essential to fully
characterize this bidirectional exosomal modulation in the pathogenesis of chronic pain.

5.5. Sex Differences as a Key Factor in Exosomal Pain Therapy

Historically, pain processing mechanisms were considered to be evolutionarily con-
served across sexes. However, recent breakthrough studies have fundamentally overturned
this assumption, revealing distinct cellular immune pathways governing the maintenance
of neuropathic pain in males versus females. This fundamental sexual dimorphism within
pain transmission pathways represents a critical biological variable that profoundly influ-
ences translational efficacy, yet it remains grossly underestimated in current preclinical
research. Pioneering work by Sorge et al. demonstrated that neuropathic pain in male mice
hinges on the activation of the TLR4-p38 MAPK signaling pathway in spinal microglia.
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Conversely, the development of mechanical allodynia in females bypasses microglial in-
volvement, relying instead on T cells of the adaptive immune system and peroxisome
proliferator-activated receptor gamma signaling [112]. Subsequent investigations have
further corroborated that, compared to female mice in the SNI model, male spinal microglia
exhibit more extensive differential gene expression changes, reflecting a more robust inflam-
matory activation profile [113]. This conclusion is strongly supported by transcriptomic
evidence from Tansley et al. Employing RNA sequencing analysis on spinal microglia from
models of nerve injury and CIPN, their study revealed that while both sexes upregulated
genes associated with inflammation, phagosome, and lysosome activation, only male mice
exhibited a prominent global transcriptional shift. This unique molecular signature indi-
cates that male microglia undergo a specific state of acute activation, whereas females do
not experience an equivalent degree of transcriptional reprogramming [114].

These disparities in cellular and molecular mechanisms directly challenge the uni-
versal applicability of existing exosome-based therapies. Given that the vast majority of
current therapeutic strategies aim to deliver specific cargoes to suppress microglial polar-
ization toward the M1 pro-inflammatory phenotype, this treatment paradigm targeting the
“microglia—neuroinflammation” axis is likely to be highly effective in males but may show
compromised efficacy in females due to target absence or signaling pathway mismatches.
Consequently, future translational research on exosomes must abandon the traditional
“male-as-norm” paradigm and mandate the inclusion of sex-balanced models. Only by
elucidating the regulatory specificity of exosomes within sexually dimorphic immune
microenvironments can we achieve the goal of precision analgesia.

6. Exosome Application for Pain
6.1. Exosomes as Delivery Carriers for Pain Management

MSCs exhibit immunomodulatory, anti-inflammatory, and nutritional properties [115].
In recent years, MSC transplantation has offered a potential therapeutic strategy for man-
aging pain, especially neuropathic pain associated with nerve injury [116,117]. However,
there are limitations associated with the use of MSCs for pain relief. First of all, MSC
processing and storage are not convenient. Second, transplanted MSCs exhibit limited
homing efficiency to target tissues and poor viability in inflammatory environments. Third,
potential risks associated with MSC therapy include pulmonary embolism and tumorigene-
sis. Third, potential risks associated with MSC therapy include pulmonary thrombosis and
endogenous tumor formation [118]. MSC-derived exosome transplantation offers several
advantages over MSC therapy, including non-immunogenicity, non-tumorigenicity, and im-
proved ease of storage and transportation [117]. Utilizing exosomes for pain management
represents a promising novel therapeutic approach. This cell-free strategy recapitulates
the therapeutic efficacy of MSCs while circumventing their inherent limitations [37]. Ex-
osomes are acknowledged as a viable therapeutic approach or drug delivery system for
the transfer of diverse substances, such as proteins and regulatory genes, to target cells.
The non-immunogenic characteristics of these nanovesicles enable them to safeguard their
cargoes from serum proteases and immune reactions [37,119-121].

OA affects multiple joint issues and is associated with severe pain, inflammation, and
chronic cartilage degeneration [122]. Gene therapy can enable the precise expression of
therapeutic proteins to enhance cartilage regeneration in osteoarthritis. The dense, avascu-
lar cartilage, rich in aggrecan and glycosaminoglycans (GAGs), presents a challenge for the
effective transport of substances to chondrocytes due to its negative charge [123,124]. To ad-
dress these issues, Zhang et al. developed surface-modified cartilage-targeting exosomes as
non-viral carriers for gene therapy. Cationic exosomes traversed the full thickness of early-
stage arthritic mouse cartilage due to weak-reversible ionic interactions with GAGs and
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effectively transported the encapsulated enhanced green fluorescent protein eGFP mRNA
to chondrocytes located in the deep layers of tissue to facilitate cartilage regeneration [125].

Due to the limitations of the blood-brain barrier (BBB), delivering drugs to the brain
has been a major challenge in the treatment of central nervous pain. As a new type of
natural drug delivery carrier, exosomes can effectively cross the main biological barriers
including cytoplasmic membrane and blood-brain barrier [126]. Ziconotide (ZIC) func-
tions as an N-type calcium channel antagonist, utilized for the management of severe
chronic pain that is either intolerable or inadequately responsive to alternative treatments,
including intrathecal morphine and systemic analgesics. Intrathecal injection is the sole
administration route for ZIC as it functions exclusively within the brain and cerebrospinal
fluid [127-129]. Nevertheless, the injection equipment and devices utilized for intrathecal
administration may pose specific risks. Song et al. combined prepared borneol (BOR)-
modified liposomes (LIPs) with exosomes derived from MSCs and loaded ZIC to create
microneedles (MNs). Then, the authors demonstrated that exosome-mediated delivery
significantly enhanced the translocation of ZIC across the BBB and into the cerebrospinal
fluid (Figure 4). To assess the local analgesic effects of MNs, behavioral pain sensitivity to
thermal and mechanical stimulation was evaluated in animal models. The results indicated
that the MN#ZIC@MSCEXO/LIP-BOR administration system effectively delivers ZIC to the
cerebrospinal fluid and demonstrated analgesic efficacy across various pain models, includ-
ing peripheral nerve injury, diabetes-induced neuropathic pain, chemotherapy-induced
pain, and ultraviolet-B radiation-induced neurogenic inflammatory pain. This study on the
delivery of drugs provides a safe and effective administration for chronic pain treatment,
as well as demonstrates great potential for clinical application of exosomes [130].
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Figure 4. Exosomes are used for the delivery of analgesic drugs through the BBB. BOR-modified
ZIC-loaded LIPs were fused with the exosomal membrane and converted into gelatin-based soluble
MNs, forming a ZIC drug delivery system, which has proven effective in promoting ZIC penetration
through the BBB. (Created in Biorender. Wen, Y. (2026) https://BioRender.com/p01mh0g).

The versatility of exosomes to be engineered for carrying different molecules has
been demonstrated in multiple studies and under varied experimental conditions [32].
In sensory phenotypes where irritable nociceptors cause chronic pain, exosomes cargoes
might be controlled to transport tiny peptides or anti-inflammatory compounds to modify
the function of thermoreceptors, mechanoreceptors, and chemoreceptors. For instance,
curcumin encapsulated with exosomes, in comparison to free curcumin, exhibited strong
anti-inflammatory activity in vitro and in vivo against lipopolysaccharide [131]. In ad-
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dition, exosomes, as natural drug carriers, can be engineered to achieve targeted drug
delivery, elevated drug concentration at the disease site, and enhanced therapeutic efficacy,
minimizing the adverse effects associated with systemic drug administration [132]. Certain
researchers have utilized exosomes derived from MSCs as repair vectors to create “G-C”
DNA tetrahedral nanostructures on their surfaces, aiming to mitigate doxorubicin-induced
toxicity [133]. Additionally, exosomes can be engineered with myocardial-targeting pep-
tides to mitigate chemotherapy-induced cardiotoxicity [134]. These studies suggest the use
of modified exosomes to deliver analgesics to reduce dosage and side effects.

6.2. Advantages of Exosomes over Existing Analgesic Therapies and Challenges in Translation

Compared with current pharmacological interventions, exosomes offer unique thera-
peutic dimensions. Traditional medications, such as non-steroidal anti-inflammatory drugs
and opioids, primarily achieve transient symptomatic relief by blocking pain signaling
pathways. However, these therapies lack the capacity for substantial tissue repair and
are often associated with severe adverse effects, including addiction and gastrointestinal
toxicity. In contrast, as bioactive vehicles, exosomes can deliver specific growth factors and
miRNA cargoes to promote cartilage regeneration, neural repair, and the remodeling of
the immune microenvironment. By exerting these potential “disease-modifying” effects,
exosomes can fundamentally intervene in pathological processes to achieve long-lasting
analgesia [135]. Furthermore, the BBB remains a significant bottleneck in the treatment of
central pain. However, exosomes exhibit superior biobarrier-penetrating capabilities due to
their nanoscale size and natural lipid bilayer structure. This allows them to serve as highly
efficient delivery systems, precisely transporting therapeutic molecules to spinal or cerebral
targets, thereby offering a promising intervention strategy for refractory central pain [136].

As a “cell-free” therapeutic strategy, exosomes significantly circumvent the risks
associated with live cell transplantation (such as MSCs), including potential tumorigenicity,
vascular embolism, and immune rejection. This exceptional biosafety profile, combined
with their physicochemical stability (e.g., resistance to freeze-thaw cycles and ease of
storage), makes exosomes better suited for development into standardized “off-the-shelf”
pharmaceutical products [137,138].

Despite these dual advantages in efficacy and safety, exosomes still face feasibility
challenges in clinical translation. Compared to small-molecule chemical drugs, conven-
tional medications currently maintain a significant edge in terms of large-scale production
and cost-effectiveness. The large-scale manufacturing of good manufacturing practice
(GMP)-grade exosomes involves complex upstream cell culture and downstream purifica-
tion processes. The high production costs and the lack of unified quality control standards
constitute substantial barriers to clinical entry [139]. Consequently, establishing standard-
ized, high-yield manufacturing processes remains a critical issue that must be addressed to
facilitate the clinical application of exosomes.

7. Clinical Trials and Challenges of Exosomes in Pain Management
7.1. Clinical Investigations of Exosomes for Pain Treatment

Currently, the clinical translation of exosomes in pain management is in its nascent
stage, primarily focusing on the treatment of NP and low back pain. Preliminary evidence
indicates a favorable safety profile and several potential clinical benefits. Prospective stud-
ies conducted by Phillips et al. and Wilson et al. demonstrated that the administration of
BM-MSC-derived exosomes via epidural or facet joint injection significantly improved pain
scores and functional disability during short-term follow-up (1-3 months). These findings
not only corroborate that exosomes can recapitulate the therapeutic benefits of MSC therapy
but also effectively circumvent the potential risks of immune rejection and tumorigenicity
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associated with live cell transplantation [140]. Additionally, although a registered clinical
trial investigating the intradiscal injection of peripheral blood-derived exosomes has been
completed, specific data have not yet been publicly released. In the realm of translational
research for diabetic neuropathic pain (DNP), the potential of exosomes as vehicles for
molecular cargo transport has garnered significant attention. Clinical analysis revealed
significantly elevated levels of IncRNA NONRATT021972 in the plasma of DNP patients,
which were positively correlated with TNF-«-mediated inflammatory responses; subse-
quent animal experiments confirmed that silencing this IncRNA significantly alleviated
pain behaviors and neuroinflammation. This finding suggests that the targeted regulation
of specific circulating IncRNAs carried by exosomes may represent a novel strategy for
future DNP interventions [141].

Despite encouraging preclinical data, the translation of exosome therapy to clinical
application remains beset by multiple hurdles, characterized primarily by limitations in
trial design and the incompleteness of data reporting. We have summarized the clinical
trials evaluating exosomes as analgesic agents in Table 4. First, existing clinical evidence
stems largely from single-center, open-label, early-stage exploratory studies; thus, we lack
high-quality evidence-based medical support. For instance, the clinical trial conducted
by Akhlaghpasand et al. (IRCT20200502047277N1) primarily aimed to assess safety and
did not include a placebo control group. Given that pain is a subjective experience highly
susceptible to psychological factors, the absence of blinding and control groups makes it
difficult to disentangle confounding factors such as the “placebo effect” and the natural
history of the disease, thereby preventing the verification of the true efficacy of exosomes.
Furthermore, the sample sizes in this phase of trials are severely insufficient to provide
adequate statistical power to evaluate the precise clinical benefits of intrathecal exosome
injection [142]. Secondly, the “opacity” of clinical data further impedes scientific assessment.
For example, clinical trial NCT04849429, designed to evaluate the safety and efficacy of
intradiscal injection of autologous peripheral blood exosomes for low back pain, is listed
as “completed”; however, no results have been disclosed on ClinicalTrials.gov or in peer-
reviewed journals to date. Similar “data black holes” exist in other trials that are recruiting
(NCT05152368) or have been terminated (NCT04202783). This publication bias makes it
difficult for the academic community to comprehensively assess the risks and benefits of
this therapy.

In summary, current clinical research on exosome therapy for pain is characterized
by being “sporadic, early-stage, and non-standardized.” Despite demonstrating superior
analgesic potential in preclinical models, a substantial gap remains before exosomes can
become a mature, routine analgesic agent, due to the lack of support from large-scale, multi-
center, randomized double-blind controlled trials, the absence of unified GMP standards
for preparation, and the opacity of clinical data reporting. Future translational research
urgently requires the establishment of strict quality control standards and the implemen-
tation of rigorously designed phase I1/11I clinical trials to confirm long-term efficacy and
safety within the framework of evidence-based medicine.

Table 4. Clinical trials of exosome-based therapies for pain.

Trial ID Condition Participants Exosomes Source Route Phase Status
IRCT20200502047277N1 Neuropathic Pain 9 HUC-MSCs Intrathecal injection I Completed
Peripheral . ) "
NCT05152368 Neuropathic Pain 20 UC-MSCs (Single dose: 300 pug) I Recruiting
NCT04849429 Neuropathic Pain 30 Evs d'erlved from the Intranasal instillation I Completed
peripheral blood
NCT04202783 Trigeminal 100 UC-MSCs (Single dose: - Suspended
neuralgia 8 x 10" partcles)
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7.2. Unique Properties of Exosomes as Ideal Pain Biomarkers

The hallmark characteristics of clinical pain disorders, namely, persistence and sub-
jectivity, pose significant challenges to objective assessment. Traditional scoring systems
often fail to effectively differentiate between the emotional and somatosensory dimensions
of pain, frequently leading to biased assessments. While neuroimaging technologies can
provide real-time radiographic evidence [143], fluid-based biomarkers offer deeper insights
into the underlying pathological mechanisms, states of neural activity, and individual
susceptibility associated with pain [143]. In this context, exosomes have emerged as a novel
liquid biopsy tool with immense application potential.

Current clinical evidence suggests that exosomes hold promise not only as predic-
tive biomarkers for persistent pain but also as tools for monitoring therapeutic responses.
Regarding prognostic assessment, Moen et al. demonstrated that the dynamic alteration
of exosomal miR-223-3p is closely associated with the risk of developing chronic pain
following lumbar disk herniation [144]. Specifically, in the recovery group (defined as a
visual analog scale score reduction > 2 over one year), miR-223-3p levels exhibited a “rise-
then-fall” trend, whereas no significant changes were observed in the persistent pain group.
This suggests that miR-223-3p may serve as a molecular signature for predicting patient
outcomes. In terms of disease diagnosis, significantly upregulated levels of circulating miR-
140-3p were identified in chronic myeloid leukemia patients suffering from musculoskeletal
pain [145]. Similarly, CRPS patients exhibited distinct differential exosomal expression
profiles [14]. Furthermore, regarding therapeutic monitoring, exosomal miRNA expression
levels demonstrate responsive changes to treatment. For instance, specific miRNAs that
were initially upregulated in the blood of osteoarthritis patients were significantly downreg-
ulated following mud-bath therapy, a change that coincided with improvements in visual
analog scale scores [146]. Another independent study confirmed that the analgesic response
to ketamine treatment in CRPS patients is correlated with specific miRNA expression pro-
files [147]. Collectively, this evidence indicates that by identifying specific molecular cargo
profiles highly correlated with pain states, exosomes can effectively distinguish between
pathological and healthy conditions, thereby facilitating the early diagnosis and therapeutic
monitoring of pain.

Compared with traditional serum biomarkers, exosomes exhibit significant technical
advantages in pain diagnosis, a potential that has already been validated in commer-
cial diagnostic assays for diseases such as prostate cancer [148]. First, traditional serum
biomarkers (particularly free RNA) are highly susceptible to degradation by RNases or
proteases present in body fluids, thereby compromising detection sensitivity. In contrast,
the robust lipid bilayer structure of exosomes provides a natural barrier that effectively
protects the encapsulated nucleic acids and proteins. This protection ensures high stability
during freeze-thaw cycles or long-term storage, guaranteeing the accuracy of quantitative
analyses [148]. Second, blood represents a heterogeneous pool of secretions from multi-
ple tissues, where traditional biomarkers are often difficult to trace back to their origin
due to the “dilution effect.” Uniquely, the exosomal surface retains specific antigens from
parental cells. Leveraging immuno-affinity capture technologies allows for the specific
enrichment of nervous system-derived exosomes from complex peripheral blood. This is
particularly crucial for chronic pain states dominated by central mechanisms as it effectively
excludes interference from peripheral tissues and significantly improves the diagnostic
signal-to-noise ratio [149]. Finally, while pain is often accompanied by central sensitiza-
tion, the BBB typically restricts the release of central pathological information into the
periphery. However, owing to their nanoscale size and lipid properties, exosomes can cross
the BBB bidirectionally, transporting algogenic molecules from spinal dorsal horn glial
cells or DRG neurons into the peripheral circulation [126]. Consequently, the detection of

https:/ /doi.org/10.3390/biomedicines14020414


https://doi.org/10.3390/biomedicines14020414

Biomedicines 2026, 14,414

17 of 26

peripheral blood exosomes serves as a proxy for the non-invasive monitoring of the central
microenvironment.

Despite these promising prospects, the clinical translation of exosomes as pain
biomarkers remains hindered by substantial objective hurdles. The field currently lacks a
unified “gold standard” for isolation techniques. The significant variability in exosomal
subpopulations and purity obtained via different methods (e.g., ultracentrifugation vs.
commercial precipitation kits) impedes the reproducibility and cross-comparison of data
between laboratories [149,150]. In addition, circulating exosomes exhibit a high degree
of heterogeneity; those genuinely associated with pain pathology may constitute only
a minute fraction of the total population. In the absence of immuno-enrichment using
specific antibodies, these faint disease-specific signals are prone to being masked by the
vast background noise, thereby compromising diagnostic specificity and sensitivity.

7.3. Current Limitations of Exosomes as Diagnostic Tools for Pain

Beyond clinical diagnosis, another core challenge in pain management lies in prog-
nostic assessment: specifically, how to accurately predict which acute pain patients will
transition to chronic pain, thereby enabling early risk stratification. A current limitation is
the scarcity of reliable longitudinal evidence validating the causal association between exo-
somal biomarkers and pain chronification. Consequently, bridging this critical knowledge
gap is urgent. Future research should prioritize prospective, longitudinal cohort designs,
implementing rigorous time-window sampling strategies (e.g., targeting the acute phase
of 24-72 h post-injury and early follow-up points), and establishing clear chronic pain
endpoints (e.g., at 3, 6, and 12 months), supplemented by multi-center external validation
to ensure generalizability.

As a “liquid biopsy” tool, exosomes offer a unique advantage in capturing the dynamic
trajectory of neuro-immune interactions in real time. By monitoring the transition of
exosomal molecular profiles from an initial pro-reparative state to a persistent, pathological
pro-inflammatory and synaptic remodeling phenotype, we may be able to identify critical
therapeutic windows prior to the consolidation of pain memory. This would allow for early
intervention to interrupt the pathological progression from acute to chronic pain.

Another unmet and pressing need in clinical pain medicine is etiology-oriented differ-
ential diagnosis, particularly when clinical manifestations are ambiguous or overlapping
among neuropathic, inflammatory, and cancer pain. Existing studies are largely confined
to a binary comparison mode of “single disease group vs. healthy controls,” lacking lateral
comparisons across different pain subtypes. However, since inflammatory responses and
tissue injury signaling pathways are widely shared across multiple pain etiologies, mere
comparisons with healthy individuals often fail to identify highly specific biomarkers.

Therefore, to overcome this pathophysiological overlap, future diagnostic studies
must incorporate etiology-matched disease controls—that is, they must directly compare
exosomal profiles among patients with inflammatory, neuropathic, and cancer pain within
the same research framework. This design strategy will facilitate the isolation of shared
background signals and the identification of specific “molecular fingerprints” capable of
precisely distinguishing specific pain subtypes.

8. Conclusions and Perspectives

Pain is a complication associated with various diseases, which seriously affects the
quality of life of patients. At present, the effect of the drugs used in clinical treatment of pain
is unsatisfactory, and the main problems are the short duration of analgesia and various
adverse reactions [151]. Exosomes serve as communication carriers between cells and offer
distinct advantages in pain treatment, potentially enhancing therapeutic outcomes.
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Exosomes’ intrinsic “homing” ability suggests their potential utility in drug deliv-
ery. Exosomes from various cellular origins can migrate directionally through specific
membrane surface receptors or extracellular matrix binding proteins, allowing for rapid
recognition, uptake, and functionality by targeted recipient cells [152]. Liu et al. investi-
gated the interaction between hepatocellular carcinoma (HCC) and adipocytes to develop a
hybrid adipocyte-derived exosome platform containing the anti-cancer prodrug docetaxel,
which serves as a targeted vehicle for HCC with significant antitumor efficacy. In vitro
and in vivo experiments demonstrate that hybrid exosomes strengthen the bioactivity
of the prodrug, extend its circulation in the bloodstream, and effectively inhibit tumor
growth by selectively targeting hepatocellular carcinoma tumor cells with minimal side
effects [153]. Similarly, analgesic drugs can also be delivered by exosomes, which prolongs
drug retention in the body and facilitates sustained analgesic effects. Additionally, the
targeting capability of exosomes minimizes potential adverse reactions.

Intrathecal drug injection is currently an internationally recognized effective means of
treating intractable pain, but its operation is complicated, most patients need multiple doses,
and repeated puncture can easily lead to reinfection [154]. Exosomes can cross the BBB due to
their cellular architecture, allowing for the delivery of analgesic drugs into the cerebrospinal
fluid for central analgesia, hence addressing issues related to intrathecal injection [155].

Furthermore, numerous studies have demonstrated the role of exosomes in various
pain-related processes; however, the molecular mechanisms underlying their action remain
incompletely understood at present. Consequently, additional research with a substantial
sample size is essential to address these deficiencies, acquire comprehensive understanding
of the significance of exosomes, and establish a reliable, standardized, and cost-effective
laboratory technique. This procedure is critical for the clinical translation of exosomes,
paving the way for precision, patient-centered medicine, with a revolutionary influence in
terms of efficacy, safety, and cost-effectiveness.
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Abbreviations

The following abbreviations are used in this manuscript:

ACS
BBB
BMSCs
BOR
Cav2.3
CCI-ION
CFA
CIBP
CIPN
COL10A1
CRPS
DMM
DNP
DRGs
ESCRT
ESEs
Evs
GAGs
GDNF
GMP
HCC
hCS
HECTD1
HUC-MSCs
IBD
IL1R1
IL-1B
ILVs
JAK2
LIPs
LPA
LRP1
LSEs
MNs
MOR
MSC
MVBs
MVs
MyD88
NF-«B
NLRP3
NP

OA
OPRM1
P38 MAPK
RA
Rsad2
S1P
SHED
SNI
SNL

Autologous conditioned serum

Blood-brain barrier

Bone marrow mesenchymal stem cells

Borneol

Voltage-gated calcium channel 2.3

Chronic constriction injury of the infraorbital nerve
Complete Freund’s adjuvant

Cancer-induced bone pain
Chemotherapy-induced neuropathic pain
Collagen type X alpha 1

Complex regional pain syndrome
Destabilization of the medial meniscus
Diabetic neuropathic pain

Dorsal root ganglions

Endosomal sorting complex required for transport
Early sorting endosomes

Extracellular vesicles

Glycosaminoglycans

Glial cell line-derived neurotrophic factor
Good manufacturing practice

Hepatocellular carcinoma

Human conditioned serum

HECT domain E3 ubiquitin protein ligase 1
Human umbilical cord mesenchymal stem cells
Inflammatory bowel disease

Interleukin 1 receptor type 1

Interleukin-13

Intraluminal vesicles

Janus kinase-2

Liposomes

Lysophosphatidic acid

Lipoprotein receptor-related protein 1

Late sorting endosomes

Microneedles

Mu-opioid receptor

Mesenchymal stem cell

Multivesicular bodies

Microvesicles

Myeloid differentiation primary response protein 88
Nuclear factor kappa-B

NOD-like receptor thermal protein domain-associated protein 3
Neuropathic pain

Osteoarthritis

Opioid receptor mu 1

P38 mitogen-activated protein kinase
Rheumatoid arthritis

Radical S-adenosyl methionine domain-containing 2
Sphingosine-1-phosphate

Stem cells of human exfoliated deciduous teeth
Spared nerve injury

Spinal nerve ligation
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SP1 Specificity protein 1

STAT3 Signal transducer and activator of transcription 3
STN Spinal trigeminal nucleus

TLR2 Toll-like receptor 2

TLR3 Toll-like receptor 3

TLR4 Toll-like receptor 4

TLR8 Toll-like receptor 8

TRAF6 TNF receptor-associated factor 6

VEGFB Vascular endothelial growth factor B

Z1C Ziconotide

References

1.  Ji, RR; Xu, Z.Z,; Gao, Y.J. Emerging targets in neuroinflammation-driven chronic pain. Nat. Rev. Drug Discov. 2014, 13, 533-548.
[CrossRef]

2. Cao, B,; Xu, Q.; Shi, Y.; Zhao, R; Li, H.; Zheng, J.; Liu, F.; Wan, Y.; Wei, B. Pathology of pain and its implications for therapeutic
interventions. Signal Transduct. Target. Ther. 2024, 9, 155. [CrossRef]

3. Moore, R.A;; Derry, S.; Aldington, D.; Wiffen, P.J. Adverse events associated with single dose oral analgesics for acute postoperative
pain in adults—An overview of Cochrane reviews. Cochrane Database Syst. Rev. 2015, 2015, Cd011407. [CrossRef]

4.  Zafeiri, A.; Mitchell, R.T.; Hay, D.C.; Fowler, P.A. Over-the-counter analgesics during pregnancy: A comprehensive review of
global prevalence and offspring safety. Hum. Reprod. Update 2021, 27, 67-95. [CrossRef]

5. Basbaum, A.L; Bautista, D.M.; Scherrer, G.; Julius, D. Cellular and molecular mechanisms of pain. Cell 2009, 139, 267-284.
[CrossRef] [PubMed]

6. Amini, H.; Rezabakhsh, A.; Heidarzadeh, M.; Hassanpour, M.; Hashemzadeh, S.; Ghaderi, S.; Sokullu, E.; Rahbarghazi, R.; Reiter,
R.J. An Examination of the Putative Role of Melatonin in Exosome Biogenesis. Front. Cell Dev. Biol. 2021, 9, 686551. [CrossRef]

7. Wang, Y.; Liu, J.; Ma, J.; Sun, T.; Zhou, Q.; Wang, W.; Wang, G.; Wu, P; Wang, H.; Jiang, L.; et al. Exosomal circRNAs: Biogenesis,
effect and application in human diseases. Mol. Cancer 2019, 18, 116. [CrossRef]

8. Xie, Q.H.; Zheng, ].Q.; Ding, J.Y.; Wu, Y.F; Liu, L.; Yu, Z.L.; Chen, G. Exosome-Mediated Immunosuppression in Tumor
Microenvironments. Cells 2022, 11, 1946. [CrossRef]

9.  Al-Madhagi, H. The Landscape of Exosomes Biogenesis to Clinical Applications. Int. ]. Nanomed. 2024, 19, 3657-3675. [CrossRef]
[PubMed]

10. Zhou, Q.F; Cai, Y.Z.; Lin, X.J. The dual character of exosomes in osteoarthritis: Antagonists and therapeutic agents. Acta Biomater.
2020, 105, 15-25. [CrossRef] [PubMed]

11.  Ju, C,; Liu, R;; Zhang, Y.; Zhang, F; Sun, J.; Lv, X.B.; Zhang, Z. Exosomes May Be the Potential New Direction of Research in
Osteoarthritis Management. Biomed. Res. Int. 2019, 2019, 7695768. [CrossRef] [PubMed]

12.  Jiang, L.; Shen, Y,; Guo, D.; Yang, D.; Liu, J.; Fei, X.; Yang, Y.; Zhang, B.; Lin, Z.; Yang, F.; et al. EpCAM-dependent extracellular
vesicles from intestinal epithelial cells maintain intestinal tract immune balance. Nat. Commun. 2016, 7, 13045, Erratum in Nat.
Commun. 2020, 11, 3655. [CrossRef]

13.  Ramanathan, S.; Douglas, S.R.; Alexander, G.M.; Shenoda, B.B.; Barrett, J.E.; Aradillas, E.; Sacan, A.; Ajit, S.K. Exosome microRNA
signatures in patients with complex regional pain syndrome undergoing plasma exchange. J. Transl. Med. 2019, 17, 81. [CrossRef]

14. McDonald, M.K;; Tian, Y.; Qureshi, R.A.; Gormley, M.; Ertel, A.; Gao, R.; Aradillas Lopez, E.; Alexander, G.M.; Sacan, A.; Fortina,
P, et al. Functional significance of macrophage-derived exosomes in inflammation and pain. Pain 2014, 155, 1527-1539. [CrossRef]

15. Yang, X.; Xie, X;; Liu, S.; Ma, W.; Zheng, Z.; Wei, H.; Yu, C.Y. Engineered Exosomes as Theranostic Platforms for Cancer Treatment.
ACS Biomater. Sci. Eng. 2023, 9, 5479-5503. [CrossRef] [PubMed]

16. El Andaloussi, S.; Méger, 1.; Breakefield, X.O.; Wood, M.]. Extracellular vesicles: Biology and emerging therapeutic opportunities.
Nat. Rev. Drug Discov. 2013, 12, 347-357. [CrossRef]

17.  Nowak, M.; Gérczyniska, J.; Kotodziniska, K.; Rubin, J.; Choromariska, A. Extracellular Vesicles as Drug Transporters. Int. J. Mol.
Sci. 2023, 24, 10267. [CrossRef] [PubMed]

18.  Jeppesen, D.K.; Fenix, A.M.; Franklin, ].L.; Higginbotham, ].N.; Zhang, Q.; Zimmerman, L.J.; Liebler, D.C.; Ping, J.; Liu, Q.; Evans,
R.; et al. Reassessment of Exosome Composition. Cell 2019, 177, 428-445.e18. [CrossRef]

19. Zipkin, M. Exosome redux. Nat. Biotechnol. 2019, 37, 1395-1400. [CrossRef]

20. Cohen, S.P; Vase, L.; Hooten, WM. Chronic pain: An update on burden, best practices, and new advances. Lancet 2021, 397,
2082-2097. [CrossRef]

21. Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Théry, C. Specificities of secretion and uptake of exosomes and other extracellular

vesicles for cell-to-cell communication. Nat. Cell Biol. 2019, 21, 9-17. [CrossRef]

https:/ /doi.org/10.3390/biomedicines14020414


https://doi.org/10.1038/nrd4334
https://doi.org/10.1038/s41392-024-01845-w
https://doi.org/10.1002/14651858.CD011407.pub2
https://doi.org/10.1093/humupd/dmaa042
https://doi.org/10.1016/j.cell.2009.09.028
https://www.ncbi.nlm.nih.gov/pubmed/19837031
https://doi.org/10.3389/fcell.2021.686551
https://doi.org/10.1186/s12943-019-1041-z
https://doi.org/10.3390/cells11121946
https://doi.org/10.2147/IJN.S463296
https://www.ncbi.nlm.nih.gov/pubmed/38681093
https://doi.org/10.1016/j.actbio.2020.01.040
https://www.ncbi.nlm.nih.gov/pubmed/32006653
https://doi.org/10.1155/2019/7695768
https://www.ncbi.nlm.nih.gov/pubmed/31781642
https://doi.org/10.1038/ncomms13045
https://doi.org/10.1186/s12967-019-1833-3
https://doi.org/10.1016/j.pain.2014.04.029
https://doi.org/10.1021/acsbiomaterials.3c00745
https://www.ncbi.nlm.nih.gov/pubmed/37695590
https://doi.org/10.1038/nrd3978
https://doi.org/10.3390/ijms241210267
https://www.ncbi.nlm.nih.gov/pubmed/37373411
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1038/s41587-019-0326-5
https://doi.org/10.1016/S0140-6736(21)00393-7
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.3390/biomedicines14020414

Biomedicines 2026, 14, 414 21 of 26

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Jia, G.; Sowers, ].R. Targeting endothelial exosomes for the prevention of cardiovascular disease. Biochim. Biophys. Acta Mol. Basis
Dis. 2020, 1866, 165833. [CrossRef]

Gao, M.; Gao, W.; Papadimitriou, ].M.; Zhang, C.; Gao, J.; Zheng, M. Exosomes-the enigmatic regulators of bone homeostasis.
Bone Res. 2018, 6, 36, Erratum in Bone Res. 2019, 25, 3. [CrossRef] [PubMed]

Théry, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and function. Nat. Rev. Immunol. 2002, 2, 569-579.
[CrossRef] [PubMed]

Batista, B.S.; Eng, W.S.; Pilobello, K.T.; Hendricks-Muifioz, K.D.; Mahal, L.K. Identification of a conserved glycan signature for
microvesicles. J. Proteome Res. 2011, 10, 4624—4633. [CrossRef] [PubMed]

Heijnen, H.E,; Schiel, A.E.; Fijnheer, R.; Geuze, H.J.; Sixma, J.J. Activated platelets release two types of membrane vesicles:
Microvesicles by surface shedding and exosomes derived from exocytosis of multivesicular bodies and alpha-granules. Blood
1999, 94, 3791-3799. [CrossRef] [PubMed]

Henne, W.M.; Stenmark, H.; Emr, S.D. Molecular mechanisms of the membrane sculpting ESCRT pathway. Cold Spring Harb.
Perspect. Biol. 2013, 5, a016766. [CrossRef]

Hurley, ].H.; Odorizzi, G. Get on the exosome bus with ALIX. Nat. Cell Biol. 2012, 14, 654-655. [CrossRef]

Mayers, J.R.; Audhya, A. Vesicle formation within endosomes: An ESCRT marks the spot. Commun. Integr. Biol. 2012, 5, 50-56.
[CrossRef]

Nabhan, J.E; Hu, R.; Oh, R.S.; Cohen, S.N.; Lu, Q. Formation and release of arrestin domain-containing protein 1-mediated
microvesicles (ARMMs) at plasma membrane by recruitment of TSG101 protein. Proc. Natl. Acad. Sci. USA 2012, 109, 4146—4151.
[CrossRef]

Raiborg, C.; Stenmark, H. The ESCRT machinery in endosomal sorting of ubiquitylated membrane proteins. Nature 2009, 458,
445-452. [CrossRef] [PubMed]

Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
Lin, Z.; Rodriguez, N.E.; Zhao, J.; Ramey, A.N.; Hyzy, S.L.; Boyan, B.D.; Schwartz, Z. Selective enrichment of microRNAs in
extracellular matrix vesicles produced by growth plate chondrocytes. Bone 2016, 88, 47-55. [CrossRef]

Cook, A.D,; Christensen, A.D.; Tewari, D.; McMahon, S.B.; Hamilton, ].A. Immune Cytokines and Their Receptors in Inflammatory
Pain. Trends Immunol. 2018, 39, 240-255. [CrossRef] [PubMed]

Chen, H.X,; Liang, EC.; Gu, P;; Xu, B.L.; Xu, H.J.; Wang, W.T.; Hou, J.Y,; Xie, D.X; Chai, X.Q.; An, S.]. Exosomes derived from
mesenchymal stem cells repair a Parkinson’s disease model by inducing autophagy. Cell Death Dis. 2020, 11, 288. [CrossRef]
[PubMed]

Wang, G.; Yuan, J.; Cai, X.; Xu, Z.; Wang, ]J.; Ocansey, D.K.W.,; Yan, Y.; Qian, H.; Zhang, X.; Xu, W.; et al. HucMSC-exosomes
carrying miR-326 inhibit neddylation to relieve inflammatory bowel disease in mice. Clin. Transl. Med. 2020, 10, e113. [CrossRef]
Shiue, S.J.; Rau, R.H.; Shiue, H.S.; Hung, YYW.,; Li, Z.X; Yang, K.D.; Cheng, ]. K. Mesenchymal stem cell exosomes as a cell-free
therapy for nerve injury-induced pain in rats. Pain 2019, 160, 210-223. [CrossRef]

van Nies, ].A.; Krabben, A.; Schoones, ].W.; Huizinga, T.W.; Kloppenburg, M.; van der Helm-van Mil, A.H. What is the evidence
for the presence of a therapeutic window of opportunity in theumatoid arthritis? A systematic literature review. Ann. Rheum. Dis.
2014, 73, 861-870. [CrossRef]

Scherer, H.U.; Haupl, T.; Burmester, G.R. The etiology of rheumatoid arthritis. J. Autoimmun. 2020, 110, 102400. [CrossRef]
Wang, J.; Li, X.; Wang, S.; Cui, ].; Ren, X,; Su, J. Bone-Targeted Exosomes: Strategies and Applications. Adv. Healthc. Mater. 2023,
12, €2203361. [CrossRef]

Lu, K.; Wang, Q.; Hao, L.; Wei, G.; Wang, T.; Lu, WW,; Xiao, G.; Tong, L.; Zhao, X.; Chen, D. miR-204 ameliorates osteoarthritis
pain by inhibiting SP1-LRP1 signaling and blocking neuro-cartilage interaction. Bioact. Mater. 2023, 26, 425-436. [CrossRef]
Qian, Y.; Chu, G.; Zhang, L.; Wu, Z.; Wang, Q.; Guo, J.J.; Zhou, F. M2 macrophage-derived exosomal miR-26b-5p regulates
macrophage polarization and chondrocyte hypertrophy by targeting TLR3 and COL10A1 to alleviate osteoarthritis. J. Nanobiotech-
nol. 2024, 22, 72. [CrossRef] [PubMed]

He, L.; He, T; Xing, J.; Zhou, Q.; Fan, L.; Liu, C.; Chen, Y.; Wu, D,; Tian, Z; Liu, B.; et al. Bone marrow mesenchymal stem
cell-derived exosomes protect cartilage damage and relieve knee osteoarthritis pain in a rat model of osteoarthritis. Stem Cell Res.
Ther. 2020, 11, 276. [CrossRef]

Fu, Y; Cui, S.; Zhou, Y.; Qiu, L. Dental Pulp Stem Cell-Derived Exosomes Alleviate Mice Knee Osteoarthritis by Inhibiting
TRPV4-Mediated Osteoclast Activation. Int. . Mol. Sci. 2023, 24, 4926. [CrossRef] [PubMed]

Lu, Y,; Cao, D.L,; Jiang, B.C.; Yang, T.; Gao, Y.J. MicroRNA-146a-5p attenuates neuropathic pain via suppressing TRAF6 signaling
in the spinal cord. Brain Behav. Immun. 2015, 49, 119-129. [CrossRef]

Ni, J.; Gao, Y.; Gong, S.; Guo, S.; Hisamitsu, T.; Jiang, X. Regulation of p-opioid type 1 receptors by microRNA134 in dorsal root
ganglion neurons following peripheral inflammation. Eur. J. Pain 2013, 17, 313-323. [CrossRef]

https:/ /doi.org/10.3390/biomedicines14020414


https://doi.org/10.1016/j.bbadis.2020.165833
https://doi.org/10.1038/s41413-018-0039-2
https://www.ncbi.nlm.nih.gov/pubmed/30534458
https://doi.org/10.1038/nri855
https://www.ncbi.nlm.nih.gov/pubmed/12154376
https://doi.org/10.1021/pr200434y
https://www.ncbi.nlm.nih.gov/pubmed/21859146
https://doi.org/10.1182/blood.V94.11.3791
https://www.ncbi.nlm.nih.gov/pubmed/10572093
https://doi.org/10.1101/cshperspect.a016766
https://doi.org/10.1038/ncb2530
https://doi.org/10.4161/cib.18208
https://doi.org/10.1073/pnas.1200448109
https://doi.org/10.1038/nature07961
https://www.ncbi.nlm.nih.gov/pubmed/19325624
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1016/j.bone.2016.03.018
https://doi.org/10.1016/j.it.2017.12.003
https://www.ncbi.nlm.nih.gov/pubmed/29338939
https://doi.org/10.1038/s41419-020-2473-5
https://www.ncbi.nlm.nih.gov/pubmed/32341347
https://doi.org/10.1002/ctm2.113
https://doi.org/10.1097/j.pain.0000000000001395
https://doi.org/10.1136/annrheumdis-2012-203130
https://doi.org/10.1016/j.jaut.2019.102400
https://doi.org/10.1002/adhm.202203361
https://doi.org/10.1016/j.bioactmat.2023.03.010
https://doi.org/10.1186/s12951-024-02336-4
https://www.ncbi.nlm.nih.gov/pubmed/38374072
https://doi.org/10.1186/s13287-020-01781-w
https://doi.org/10.3390/ijms24054926
https://www.ncbi.nlm.nih.gov/pubmed/36902356
https://doi.org/10.1016/j.bbi.2015.04.018
https://doi.org/10.1002/j.1532-2149.2012.00197.x
https://doi.org/10.3390/biomedicines14020414

Biomedicines 2026, 14, 414 22 of 26

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Cui, X,; Bi, X,; Zhang, X.; Zhang, Z.; Yan, Q.; Wang, Y,; Huang, X.; Wu, X,; Jing, X.; Wang, H. MiR-9-enriched mesenchymal stem
cells derived exosomes prevent cystitis-induced bladder pain via suppressing TLR4/NLRP3 pathway in interstitial cystitis mice.
Immun. Inflamm. Dis. 2024, 12, e1140. [CrossRef] [PubMed]

Ocansey, D.K.W,; Zhang, L.; Wang, Y.; Yan, Y.; Qian, H.; Zhang, X.; Xu, W.; Mao, F. Exosome-mediated effects and applications in
inflammatory bowel disease. Biol. Rev. Camb. Philos. Soc. 2020, 95, 1287-1307. [CrossRef]

da Rocha, G.H.O.; de Paula-Silva, M.; Broering, M.E,; Scharf, P.; Matsuyama, L.; Maria-Engler, S.S.; Farsky, S.H.P. Pioglitazone-
Mediated Attenuation of Experimental Colitis Relies on Cleaving of Annexin Al Released by Macrophages. Front. Pharmacol.
2020, 11, 591561. [CrossRef]

Kong, E.; Geng, X.; Wu, E; Yue, W.; Sun, Y.; Feng, X. Microglial exosome miR-124-3p in hippocampus alleviates cognitive
impairment induced by postoperative pain in elderly mice. J. Cell Mol. Med. 2024, 28, €18090. [CrossRef]

Bannister, K.; Sachau, J.; Baron, R.; Dickenson, A.H. Neuropathic Pain: Mechanism-Based Therapeutics. Annu. Rev. Pharmacol.
Toxicol. 2020, 60, 257-274. [CrossRef]

Vicario, N.; Turnaturi, R.; Spitale, EM.; Torrisi, F.; Zappala, A.; Gulino, R.; Pasquinucci, L.; Chiechio, S.; Parenti, C.; Parenti, R.
Intercellular communication and ion channels in neuropathic pain chronicization. Inflamm. Res. 2020, 69, 841-850. [CrossRef]
Yu, X.; Liu, H; Hamel, K.A; Morvan, M.G,; Yu, S.; Leff, J.; Guan, Z.; Braz, ].M.; Basbaum, A.I. Dorsal root ganglion macrophages
contribute to both the initiation and persistence of neuropathic pain. Nat. Commun. 2020, 11, 264. [CrossRef]

Zhang, K; Li, P; Jia, Y.; Liu, M.; Jiang, J. Concise review: Current understanding of extracellular vesicles to treat neuropathic pain.
Front. Aging Neurosci. 2023, 15, 1131536. [CrossRef]

Niederberger, E.; Kynast, K.; Lotsch, J.; Geisslinger, G. MicroRNAs as new players in the pain game. Pain 2011, 152, 1455-1458.
[CrossRef] [PubMed]

Bali, K.K; Selvaraj, D.; Satagopam, V.P; Lu, J.; Schneider, R.; Kuner, R. Genome-wide identification and functional analyses of
microRNA signatures associated with cancer pain. EMBO Mol. Med. 2013, 5, 1740-1758. [CrossRef]

Kress, M.; Hiittenhofer, A.; Landry, M.; Kuner, R.; Favereaux, A.; Greenberg, D.; Bednarik, J.; Heppenstall, P.; Kronenberg, F.;
Malcangio, M.; et al. microRNAs in nociceptive circuits as predictors of future clinical applications. Front. Mol. Neurosci. 2013,
6, 33. [CrossRef]

Favereaux, A.; Thoumine, O.; Bouali-Benazzouz, R.; Roques, V.; Papon, M. A ; Salam, S.A.; Drutel, G.; Léger, C.; Calas, A.; Nagy,
F.; et al. Bidirectional integrative regulation of Cav1.2 calcium channel by microRNA miR-103: Role in pain. EMBO ]. 2011, 30,
3830-3841. [CrossRef] [PubMed]

Willemen, H.L.; Huo, X.J.; Mao-Ying, Q.L.; Zijlstra, J.; Heijnen, C.J.; Kavelaars, A. MicroRNA-124 as a novel treatment for
persistent hyperalgesia. J. Neuroinflamm. 2012, 9, 143. [CrossRef] [PubMed]

Xu, Y; Jiang, Z.; Chen, X. Mechanisms underlying paclitaxel-induced neuropathic pain: Channels, inflammation and immune
regulations. Eur. |. Pharmacol. 2022, 933, 175288. [CrossRef]

Park, CK.; Xu, Z.Z.; Berta, T.; Han, Q.; Chen, G.; Liu, X.J.; Ji, R.R. Extracellular microRNAs activate nociceptor neurons to elicit
pain via TLR7 and TRPA1. Neuron 2014, 82, 47-54. [CrossRef]

Peng, C.; Li, L.; Zhang, M.D.; Bengtsson Gonzales, C.; Parisien, M.; Belfer, I.; Usoskin, D.; Abdo, H.; Furlan, A.; Haring, M.; et al.
miR-183 cluster scales mechanical pain sensitivity by regulating basal and neuropathic pain genes. Science 2017, 356, 1168-1171.
[CrossRef]

Simeoli, R.; Montague, K.; Jones, H.R.; Castaldi, L.; Chambers, D.; Kelleher, ].H.; Vacca, V.; Pitcher, T.; Grist, J.; Al-Ahdal, H.; et al.
Exosomal cargo including microRNA regulates sensory neuron to macrophage communication after nerve trauma. Nat. Commun.
2017, 8, 1778. [CrossRef]

Zhang, Z.].; Guo, ].S.; Li, S.S.; Wu, X.B.; Cao, D.L,; Jiang, B.C,; Jing, P.B.; Bai, X.Q.; Li, C.H.; Wu, Z.H.; et al. TLR8 and its
endogenous ligand miR-21 contribute to neuropathic pain in murine DRG. J. Exp. Med. 2018, 215, 3019-3037. [CrossRef]

Xing, Y.; Li, P; Jia, Y.; Zhang, K.; Liu, M.; Jiang, J. Dorsal root ganglion-derived exosomes deteriorate neuropathic pain by
activating microglia via the microRNA-16-5p/HECTD1/HSP90 axis. Biol. Res. 2024, 57, 28. [CrossRef] [PubMed]

Hu, LY,; Zhou, Y,; Cui, W.Q.; Hu, XM,; Du, L.X,; Mi, WL.; Chu, Y.X.;; Wu, G.C.; Wang, Y.Q.; Mao-Ying, Q.L. Triggering receptor
expressed on myeloid cells 2 (TREM2) dependent microglial activation promotes cisplatin-induced peripheral neuropathy in
mice. Brain Behav. Immun. 2018, 68, 132-145. [CrossRef]

Ji, RR.; Berta, T.; Nedergaard, M. Glia and pain: Is chronic pain a gliopathy? Pain 2013, 154, S10-528. [CrossRef] [PubMed]
Robinson, C.R.; Zhang, H.; Dougherty, PM. Astrocytes, but not microglia, are activated in oxaliplatin and bortezomib-induced
peripheral neuropathy in the rat. Neuroscience 2014, 274, 308-317. [CrossRef] [PubMed]

Luo, X; Fitzsimmons, B.; Mohan, A.; Zhang, L.; Terrando, N.; Kordasiewicz, H.; Ji, R.R. Intrathecal administration of antisense
oligonucleotide against p38a but not p383 MAP kinase isoform reduces neuropathic and postoperative pain and TLR4-induced
pain in male mice. Brain Behav. Immun. 2018, 72, 34—44. [CrossRef]

https:/ /doi.org/10.3390/biomedicines14020414


https://doi.org/10.1002/iid3.1140
https://www.ncbi.nlm.nih.gov/pubmed/38415918
https://doi.org/10.1111/brv.12608
https://doi.org/10.3389/fphar.2020.591561
https://doi.org/10.1111/jcmm.18090
https://doi.org/10.1146/annurev-pharmtox-010818-021524
https://doi.org/10.1007/s00011-020-01363-9
https://doi.org/10.1038/s41467-019-13839-2
https://doi.org/10.3389/fnagi.2023.1131536
https://doi.org/10.1016/j.pain.2011.01.042
https://www.ncbi.nlm.nih.gov/pubmed/21353390
https://doi.org/10.1002/emmm.201302797
https://doi.org/10.3389/fnmol.2013.00033
https://doi.org/10.1038/emboj.2011.249
https://www.ncbi.nlm.nih.gov/pubmed/21804529
https://doi.org/10.1186/1742-2094-9-143
https://www.ncbi.nlm.nih.gov/pubmed/22731384
https://doi.org/10.1016/j.ejphar.2022.175288
https://doi.org/10.1016/j.neuron.2014.02.011
https://doi.org/10.1126/science.aam7671
https://doi.org/10.1038/s41467-017-01841-5
https://doi.org/10.1084/jem.20180800
https://doi.org/10.1186/s40659-024-00513-1
https://www.ncbi.nlm.nih.gov/pubmed/38750549
https://doi.org/10.1016/j.bbi.2017.10.011
https://doi.org/10.1016/j.pain.2013.06.022
https://www.ncbi.nlm.nih.gov/pubmed/23792284
https://doi.org/10.1016/j.neuroscience.2014.05.051
https://www.ncbi.nlm.nih.gov/pubmed/24905437
https://doi.org/10.1016/j.bbi.2017.11.007
https://doi.org/10.3390/biomedicines14020414

Biomedicines 2026, 14, 414 23 of 26

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Gao, X.; Gao, L.F; Zhang, Y.N.; Kong, X.Q.; Jia, S.; Meng, C.Y. Huc-MSCs-derived exosomes attenuate neuropathic pain by inhibit-
ing activation of the TLR2/MyD88/NF-«kB signaling pathway in the spinal microglia by targeting Rsad2. Int. Immunopharmacol.
2023, 114, 109505. [CrossRef]

Zhang, X.; Liu, H,; Xiu, X.; Cheng, J.; Li, T.; Wang, P; Men, L.; Qiu, J; Jin, Y.; Zhao, ]J. Exosomal GDNF from Bone Marrow
Mesenchymal Stem Cells Moderates Neuropathic Pain in a Rat Model of Chronic Constriction Injury. NeuroMol. Med. 2024, 26, 34.
[CrossRef]

Kajimoto, T.; Okada, T.; Miya, S.; Zhang, L.; Nakamura, S. Ongoing activation of sphingosine 1-phosphate receptors mediates
maturation of exosomal multivesicular endosomes. Nat. Commun. 2013, 4, 2712. [CrossRef]

Benarroch, E.E. What Is the Role of Sphingosine-1-Phosphate Receptors in Pain? Neurology 2021, 96, 525-528. [CrossRef]

Chen, Z.; Doyle, TM.; Luongo, L.; Largent-Milnes, T.M.; Giancotti, L.A.; Kolar, G.; Squillace, S.; Boccella, S.; Walker, ] K,;
Pendleton, A.; et al. Sphingosine-1-phosphate receptor 1 activation in astrocytes contributes to neuropathic pain. Proc. Natl. Acad.
Sci. USA 2019, 116, 10557-10562. [CrossRef]

Aghamohammadi, D.; Sharifi, S.; Shakouri, S.K.; Eslampour, Y.; Dolatkhah, N. Autologous conditioned serum (Orthokine)
injection for treatment of classical trigeminal neuralgia: Results of a single-center case series. J. Med. Case Rep. 2022, 16, 183.
[CrossRef]

Buchheit, T.; Huh, Y.; Breglio, A.; Bang, S.; Xu, J.; Matsuoka, Y.; Guo, R.; Bortsov, A.; Reinecke, J.; Wehling, P.; et al. Intrathecal
administration of conditioned serum from different species resolves Chemotherapy-Induced neuropathic pain in mice via
secretory exosomes. Brain Behav. Immun. 2023, 111, 298-311. [CrossRef] [PubMed]

Guo, R;; Fang, Y,; Zhang, Y.; Liu, L.; Li, N.; Wu, J.; Yan, M,; Li, Z.; Yu, J. SHED-derived exosomes attenuate trigeminal neuralgia
after CCI of the infraorbital nerve in mice via the miR-24-3p /IL-1R1/p-p38 MAPK pathway. J. Nanobiotechnol. 2023, 21, 458.
[CrossRef] [PubMed]

Wang, L.; Luo, T.; Bao, Z.; Li, Y.; Bu, W. Intrathecal circHIPK3 shRNA alleviates neuropathic pain in diabetic rats. Biochem. Biophys.
Res. Commun. 2018, 505, 644-650. [CrossRef]

Zhang, S.-B.; Lin, S.-Y;; Liu, M.; Liu, C.-C,; Ding, H.-H.; Sun, Y.; Ma, C.; Guo, R.-X,; Lv, Y.-Y;; Wu, S.-L,; et al. CircAnksla in the
spinal cord regulates hypersensitivity in a rodent model of neuropathic pain. Nat. Commun. 2019, 10, 4119. [CrossRef] [PubMed]
Mercadante, S. Malignant bone pain: Pathophysiology and treatment. Pain 1997, 69, 1-18. [CrossRef]

Scheff, N.N.; Ye, Y.; Bhattacharya, A.; MacRae, ]J.; Hickman, D.N.; Sharma, A K.; Dolan, J.C.; Schmidt, B.L. Tumor necrosis
factor alpha secreted from oral squamous cell carcinoma contributes to cancer pain and associated inflammation. Pain 2017, 158,
2396-2409. [CrossRef] [PubMed]

Haroun, R.; Wood, J.N.; Sikandar, S. Mechanisms of cancer pain. Front. Pain Res. 2022, 3, 1030899. [CrossRef]

Cain, D.M.; Wacnik, PW.; Eikmeier, L.; Beitz, A.; Wilcox, G.L.; Simone, D.A. Functional interactions between tumor and peripheral
nerve in a model of cancer pain in the mouse. Pain Med. 2001, 2, 15-23. [CrossRef] [PubMed]

Cain, D.M.; Wacnik, PW.,; Turner, M.; Wendelschafer-Crabb, G.; Kennedy, W.R.; Wilcox, G.L.; Simone, D.A. Functional interactions
between tumor and peripheral nerve: Changes in excitability and morphology of primary afferent fibers in a murine model of
cancer pain. J. Neurosci. 2001, 21, 9367-9376. [CrossRef]

Khasabova, I.A.; Golovko, M.Y.; Golovko, S.A.; Simone, D.A.; Khasabov, S.G. Intrathecal administration of Resolvin D1 and E1
decreases hyperalgesia in mice with bone cancer pain: Involvement of endocannabinoid signaling. Prostaglandins Other Lipid
Mediat. 2020, 151, 106479. [CrossRef]

Urch, E.C.; Donovan-Rodriguez, T.; Dickenson, H.A. Alterations in dorsal horn neurones in a rat model of cancer-induced bone
pain. Pain 2003, 106, 347-356. [CrossRef]

Khasabova, I.A.; Stucky, C.L.; Harding-Rose, C.; Eikmeier, L.; Beitz, A.J.; Coicou, L.G.; Hanson, A.E.; Simone, D.A.; Seybold, V.S.
Chemical interactions between fibrosarcoma cancer cells and sensory neurons contribute to cancer pain. J. Neurosci. 2007, 27,
10289-10298. [CrossRef]

Yu, D,; Li, Y.; Wang, M.; Gu, J.; Xu, W,; Cai, H.; Fang, X.; Zhang, X. Exosomes as a new frontier of cancer liquid biopsy. Mol. Cancer
2022, 21, 56. [CrossRef]

Yuan, X,; Qian, N.; Ling, S.; Li, Y.; Sun, W.; Li, J.; Du, R.; Zhong, G.; Liu, C.; Yu, G.; et al. Breast cancer exosomes contribute to
pre-metastatic niche formation and promote bone metastasis of tumor cells. Theranostics 2021, 11, 1429-1445. [CrossRef]

Zhu, G.; Xia, Y.; Zhao, Z.; Li, A.; Li, H.; Xiao, T. LncRNA XIST from the bone marrow mesenchymal stem cell derived exosome
promotes osteosarcoma growth and metastasis through miR-655/ACLY signal. Cancer Cell Int. 2022, 22, 330. [CrossRef] [PubMed]
Dai, J.; Escara-Wilke, J.; Keller, ].M.; Jung, Y.; Taichman, R.S.; Pienta, K.J.; Keller, E.T. Primary prostate cancer educates bone
stroma through exosomal pyruvate kinase M2 to promote bone metastasis. J. Exp. Med. 2019, 216, 2883-2899. [CrossRef]

Yu, L.; Sui, B.; Fan, W.; Lei, L.; Zhou, L.; Yang, L.; Diao, Y,; Zhang, Y.; Li, Z.; Liu, J.; et al. Exosomes derived from osteogenic tumor
activate osteoclast differentiation and concurrently inhibit osteogenesis by transferring COL1A1-targeting miRNA-92a-1-5p. J.
Extracell. Vesicles 2021, 10, €12056. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biomedicines14020414


https://doi.org/10.1016/j.intimp.2022.109505
https://doi.org/10.1007/s12017-024-08800-6
https://doi.org/10.1038/ncomms3712
https://doi.org/10.1212/WNL.0000000000011605
https://doi.org/10.1073/pnas.1820466116
https://doi.org/10.1186/s13256-022-03393-9
https://doi.org/10.1016/j.bbi.2023.04.013
https://www.ncbi.nlm.nih.gov/pubmed/37150265
https://doi.org/10.1186/s12951-023-02221-6
https://www.ncbi.nlm.nih.gov/pubmed/38031158
https://doi.org/10.1016/j.bbrc.2018.09.158
https://doi.org/10.1038/s41467-019-12049-0
https://www.ncbi.nlm.nih.gov/pubmed/31511520
https://doi.org/10.1016/S0304-3959(96)03267-8
https://doi.org/10.1097/j.pain.0000000000001044
https://www.ncbi.nlm.nih.gov/pubmed/28885456
https://doi.org/10.3389/fpain.2022.1030899
https://doi.org/10.1046/j.1526-4637.2001.002001015.x
https://www.ncbi.nlm.nih.gov/pubmed/15102313
https://doi.org/10.1523/JNEUROSCI.21-23-09367.2001
https://doi.org/10.1016/j.prostaglandins.2020.106479
https://doi.org/10.1016/j.pain.2003.08.002
https://doi.org/10.1523/JNEUROSCI.2851-07.2007
https://doi.org/10.1186/s12943-022-01509-9
https://doi.org/10.7150/thno.45351
https://doi.org/10.1186/s12935-022-02746-0
https://www.ncbi.nlm.nih.gov/pubmed/36309693
https://doi.org/10.1084/jem.20190158
https://doi.org/10.1002/jev2.12056
https://www.ncbi.nlm.nih.gov/pubmed/33489015
https://doi.org/10.3390/biomedicines14020414

Biomedicines 2026, 14, 414 24 of 26

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Yu, P; Han, Y,; Meng, L.; Tian, Y,; Jin, Z; Luo, J.; Han, C.; Xu, W.; Kong, L.; Zhang, C. Exosomes derived from pulmonary
metastatic sites enhance osteosarcoma lung metastasis by transferring the miR-194/215 cluster targeting MARCKS. Acta Pharm.
Sin. B 2024, 14, 2039-2056. [CrossRef]

Xu, S.; Wu, S.; Zhang, M.; Xie, J.; Lin, M,; Jin, L.; Zhang, J.; Wang, Y.; Fan, M.; Fang, Z.; et al. Pharmacological profiling of a
berbamine derivative for lymphoma treatment. Blood Adv. 2024, 8, 309-323. [CrossRef]

Inoue, M.; Rashid, M.H.; Fujita, R.; Contos, ].J.; Chun, J.; Ueda, H. Initiation of neuropathic pain requires lysophosphatidic acid
receptor signaling. Nat. Med. 2004, 10, 712-718, Erratum in Nat. Med. 2004, 7, 755. [CrossRef] [PubMed]

Lin, M.E,; Rivera, R.R.; Chun, J. Targeted deletion of LPA5 identifies novel roles for lysophosphatidic acid signaling in development
of neuropathic pain. J. Biol. Chem. 2012, 287, 17608-17617. [CrossRef]

Ma, L.; Uchida, H.; Nagali, J.; Inoue, M.; Chun, J.; Aoki, J.; Ueda, H. Lysophosphatidic acid-3 receptor-mediated feed-forward
production of lysophosphatidic acid: An initiator of nerve injury-induced neuropathic pain. Mol. Pain 2009, 5, 64. [CrossRef]
Yung, Y.C.; Stoddard, N.C.; Chun, J. LPA receptor signaling: Pharmacology, physiology, and pathophysiology. J. Lipid Res. 2014,
55,1192-1214. [CrossRef]

Khasabova, I.A.; Khasabov, S.G.; Johns, M.; Juliette, J.; Zheng, A.; Morgan, H.; Flippen, A.; Allen, K.; Golovko, M.Y.; Golovko,
S.A; et al. Exosome-associated lysophosphatidic acid signaling contributes to cancer pain. Pain 2023, 164, 2684-2695. [CrossRef]
Bhattacharya, A.; Janal, M.N.; Veeramachaneni, R.; Dolgalev, I.; Dubeykovskaya, Z.; Tu, N.H.; Kim, H.; Zhang, S.; Wu, AK,;
Hagiwara, M.; et al. Oncogenes overexpressed in metastatic oral cancers from patients with pain: Potential pain mediators
released in exosomes. Sci. Rep. 2020, 10, 14724. [CrossRef] [PubMed]

Li, X.; Chen, Y.; Wang, ].; Jiang, C.; Huang, Y. Lung Cancer Cell-Derived Exosomal let-7d-5p Down-Regulates OPRM1 to Promote
Cancer-Induced Bone Pain. Front. Cell Dev. Biol. 2021, 9, 666857. [CrossRef]

Gandla, J.; Lomada, S.K.; Ly, J.; Kuner, R.; Bali, K.K. miR-34c-5p functions as pronociceptive microRNA in cancer pain by
targeting Cav2.3 containing calcium channels. Pain 2017, 158, 1765-1779. [CrossRef]

Liu, M.; Cheng, X,; Yan, H.; Chen, J.; Liu, C.; Chen, Z. MiR-135-5p Alleviates Bone Cancer Pain by Regulating Astrocyte-Mediated
Neuroinflammation in Spinal Cord through JAK2/STAT3 Signaling Pathway. Mol. Neurobiol. 2021, 58, 4802—-4815. [CrossRef]
[PubMed]

Zhu, C.; Wang, K.; Chen, Z.; Han, Y,; Chen, H.; Li, Q.; Liu, Z.; Qian, L.; Tang, J.; Shen, H. Antinociceptive effect of intrathecal
injection of miR-9-5p modified mouse bone marrow mesenchymal stem cells on a mouse model of bone cancer pain. ].
Neuroinflamm. 2020, 17, 85. [CrossRef] [PubMed]

Chen, HW.,; Zhang, X.X; Peng, Z.D.; Xing, Z.M.; Zhang, Y.W.; Li, Y.L. The circular RNA circSlc7all promotes bone cancer pain
pathogenesis in rats by modulating LLC-WRC 256 cell proliferation and apoptosis. Mol. Cell Biochem. 2021, 476, 1751-1763.
[CrossRef]

Falk, S.; Dickenson, A.H. Pain and nociception: Mechanisms of cancer-induced bone pain. J. Clin. Oncol. 2014, 32, 1647-1654.
[CrossRef]

Zheng, X.Q.; Wu, Y.H.; Huang, ].E; Wu, A.M. Neurophysiological mechanisms of cancer-induced bone pain. J. Adv. Res. 2022, 35,
117-127. [CrossRef]

Zhen, G.; Fu, Y,; Zhang, C.; Ford, N.C.; Wu, X.; Wu, Q.; Yan, D.; Chen, X.; Cao, X.; Guan, Y. Mechanisms of bone pain: Progress in
research from bench to bedside. Bone Res. 2022, 10, 44. [CrossRef]

Borel, M.; Lollo, G.; Magne, D.; Buchet, R.; Brizuela, L.; Mebarek, S. Prostate cancer-derived exosomes promote osteoblast
differentiation and activity through phospholipase D2. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2020, 1866, 165919. [CrossRef]
[PubMed]

Ghosh, S.; Mahajan, A.A.; Dey, A.; Rajendran, R.L.; Chowdhury, A.; Sen, S.; Paul, S.; Majhi, S.; Hong, C.M.; Gangadaran, P; et al.
Exosomes in Bone Cancer: Unveiling their Vital Role in Diagnosis, Prognosis, and Therapeutic Advancements. J. Cancer 2024, 15,
4128-4142. [CrossRef]

Morel, L.; Regan, M.; Higashimori, H.; Ng, S.K.; Esau, C.; Vidensky, S.; Rothstein, J.; Yang, Y. Neuronal exosomal miRNA-
dependent translational regulation of astroglial glutamate transporter GLT1. J. Biol. Chem. 2013, 288, 7105-7116. [CrossRef]
Sorge, R.E.; Mapplebeck, ]J.C.; Rosen, S.; Beggs, S.; Taves, S.; Alexander, ].K.; Martin, L.J.; Austin, ].S.; Sotocinal, S.G.; Chen,
D.; et al. Different immune cells mediate mechanical pain hypersensitivity in male and female mice. Nat. Neurosci. 2015, 18,
1081-1083. [CrossRef]

Tansley, S.; Uttam, S.; Urefia Guzman, A.; Yaqubi, M.; Pacis, A.; Parisien, M.; Deamond, H.; Wong, C.; Rabau, O.; Brown, N.; et al.
Single-cell RNA sequencing reveals time- and sex-specific responses of mouse spinal cord microglia to peripheral nerve injury
and links ApoE to chronic pain. Nat. Commun. 2022, 13, 843. [CrossRef] [PubMed]

Fiore, N.T; Yin, Z.; Guneykaya, D.; Gauthier, C.D.; Hayes, J.P.; D'Hary, A.; Butovsky, O.; Moalem-Taylor, G. Sex-specific
transcriptome of spinal microglia in neuropathic pain due to peripheral nerve injury. Glia 2022, 70, 675696, Erratum in Glia 2023,
71,795. [CrossRef]

Caplan, A.L; Correa, D. The MSC: An injury drugstore. Cell Stem Cell 2011, 9, 11-15. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biomedicines14020414


https://doi.org/10.1016/j.apsb.2024.01.016
https://doi.org/10.1182/bloodadvances.2023010873
https://doi.org/10.1038/nm1060
https://www.ncbi.nlm.nih.gov/pubmed/15195086
https://doi.org/10.1074/jbc.M111.330183
https://doi.org/10.1186/1744-8069-5-64
https://doi.org/10.1194/jlr.R046458
https://doi.org/10.1097/j.pain.0000000000002967
https://doi.org/10.1038/s41598-020-71298-y
https://www.ncbi.nlm.nih.gov/pubmed/32895418
https://doi.org/10.3389/fcell.2021.666857
https://doi.org/10.1097/j.pain.0000000000000971
https://doi.org/10.1007/s12035-021-02458-y
https://www.ncbi.nlm.nih.gov/pubmed/34176097
https://doi.org/10.1186/s12974-020-01765-w
https://www.ncbi.nlm.nih.gov/pubmed/32178691
https://doi.org/10.1007/s11010-020-04020-1
https://doi.org/10.1200/JCO.2013.51.7219
https://doi.org/10.1016/j.jare.2021.06.006
https://doi.org/10.1038/s41413-022-00217-w
https://doi.org/10.1016/j.bbadis.2020.165919
https://www.ncbi.nlm.nih.gov/pubmed/32800947
https://doi.org/10.7150/jca.95709
https://doi.org/10.1074/jbc.M112.410944
https://doi.org/10.1038/nn.4053
https://doi.org/10.1038/s41467-022-28473-8
https://www.ncbi.nlm.nih.gov/pubmed/35149686
https://doi.org/10.1002/glia.24133
https://doi.org/10.1016/j.stem.2011.06.008
https://www.ncbi.nlm.nih.gov/pubmed/21726829
https://doi.org/10.3390/biomedicines14020414

Biomedicines 2026, 14, 414 25 of 26

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Liu, L.; Hua, Z.; Shen, J.; Yin, Y,; Yang, J.; Cheng, K; Liu, A.; Wang, L.; Cheng, J. Comparative Efficacy of Multiple Variables of
Mesenchymal Stem Cell Transplantation for the Treatment of Neuropathic Pain in Rats. Mil. Med. 2017, 182, 175-184. [CrossRef]
[PubMed]

Ren, J.; Liu, N.; Sun, N.; Zhang, K.; Yu, L. Mesenchymal Stem Cells and their Exosomes: Promising Therapeutics for Chronic Pain.
Curr. Stem Cell Res. Ther. 2019, 14, 644-653. [CrossRef]

Trallori, E.; Ghelardini, C.; Di Cesare Mannelli, L. Mesenchymal stem cells, implications for pain therapy. Neural Regen. Res. 2019,
14, 1915-1916. [CrossRef]

Choi, H.; Kim, Y.; Mirzaaghasi, A.; Heo, J.; Kim, Y.N.; Shin, ]. H.; Kim, S.; Kim, N.H.; Cho, E.S.; In Yook, ].; et al. Exosome-based
delivery of super-repressor IkBux relieves sepsis-associated organ damage and mortality. Sci. Adv. 2020, 6, eaaz6980. [CrossRef]
D’Agnelli, S.; Gerra, M.C.; Bignami, E.; Arendt-Nielsen, L. Exosomes as a new pain biomarker opportunity. Mol. Pain 2020, 16,
1744806920957800. [CrossRef]

Song, Y.; Kim, Y.; Ha, S.; Sheller-Miller, S.; Yoo, J.; Choi, C.; Park, C.H. The emerging role of exosomes as novel therapeutics:
Biology, technologies, clinical applications, and the next. Am. J. Reprod. Immunol. 2021, 85, €13329. [CrossRef]

Sellam, J.; Berenbaum, F. The role of synovitis in pathophysiology and clinical symptoms of osteoarthritis. Nat. Rev. Rheumatol.
2010, 6, 625-635. [CrossRef]

Bajpayee, A.G.; Grodzinsky, A.]. Cartilage-targeting drug delivery: Can electrostatic interactions help? Nat. Rev. Rheumatol. 2017,
13,183-193. [CrossRef] [PubMed]

He, T,; Li, B.; Colombani, T.; Joshi-Navare, K.; Mehta, S.; Kisiday, J.; Bencherif, S.A.; Bajpayee, A.G. Hyaluronic Acid-Based
Shape-Memory Cryogel Scaffolds for Focal Cartilage Defect Repair. Tissue Eng. Part A 2021, 27, 748-760. [CrossRef]

Zhang, C.; Pathrikar, T.V.; Baby, H.M.; Li, ].; Zhang, H.; Selvadoss, A.; Ovchinnikova, A.; Ionescu, A.; Chubinskaya, S.; Miller,
R.E,; et al. Charge-Reversed Exosomes for Targeted Gene Delivery to Cartilage for Osteoarthritis Treatment. Small Methods 2024,
8, €2301443. [CrossRef]

Zhao, Z.; Zlokovic, B.V. Remote control of BBB: A tale of exosomes and microRNA. Cell Res. 2017, 27, 849-850. [CrossRef]
Manda, P.; Kushwaha, A.S.; Kundu, S.; Shivakumar, H.N.; Jo, S.B.; Murthy, S.N. Delivery of ziconotide to cerebrospinal fluid via
intranasal pathway for the treatment of chronic pain. J. Control. Release 2016, 224, 69-76. [CrossRef] [PubMed]

Schmidtko, A.; Lotsch, J.; Freynhagen, R.; Geisslinger, G. Ziconotide for treatment of severe chronic pain. Lancet 2010, 375,
1569-1577. [CrossRef]

Miljanich, G.P.,; Ramachandran, J. Antagonists of neuronal calcium channels: Structure, function, and therapeutic implications.
Annu. Rev. Pharmacol. Toxicol. 1995, 35, 707-734. [CrossRef] [PubMed]

Song, K.; Hao, Y.; Tan, X.; Huang, H.; Wang, L.; Zheng, W. Microneedle-mediated delivery of Ziconotide-loaded liposomes fused
with exosomes for analgesia. J. Control. Release 2023, 356, 448—462. [CrossRef]

Sun, D.; Zhuang, X.; Xiang, X,; Liu, Y.; Zhang, S.; Liu, C.; Barnes, S.; Grizzle, W.; Miller, D.; Zhang, H.G. A novel nanoparticle
drug delivery system: The anti-inflammatory activity of curcumin is enhanced when encapsulated in exosomes. Mol. Ther. 2010,
18, 1606-1614. [CrossRef]

Liang, Y.; Duan, L.; Lu, J.; Xia, J. Engineering exosomes for targeted drug delivery. Theranostics 2021, 11, 3183-3195. [CrossRef]
Fan, M,; Li, H.; Shen, D.; Wang, Z; Liu, H.; Zhu, D.; Wang, Z; Li, L.; Popowski, K.D.; Ou, C.; et al. Decoy Exosomes Offer
Protection Against Chemotherapy-Induced Toxicity. Adv. Sci. 2022, 9, €2203505. [CrossRef]

Wen, Z.; Qin, S.; Huang, H.; Xia, X.; Zhang, W.; Wu, W. Functional exosomes modified with chitosan effectively alleviate
anthracycline-induced cardiotoxicity. Int. |. Biol. Macromol. 2024, 277, 134495. [CrossRef]

Mianehsaz, E.; Mirzaei, H.R.; Mahjoubin-Tehran, M.; Rezaee, A.; Sahebnasagh, R.; Pourhanifeh, M.H.; Mirzaei, H.; Hamblin,
M.R. Mesenchymal stem cell-derived exosomes: A new therapeutic approach to osteoarthritis? Stem Cell Res. Ther. 2019, 10, 340.
[CrossRef]

Herrmann, L.K.; Wood, M.J.A.; Fuhrmann, G. Extracellular vesicles as a next-generation drug delivery platform. Nat. Nanotechnol.
2021, 16, 748-759. [CrossRef]

Wiklander, O.P.B.; Brennan, M.; Lotvall, J.; Breakefield, X.O.; El Andaloussi, S. Advances in therapeutic applications of extracellular
vesicles. Sci. Transl. Med. 2019, 11, eaav8521. [CrossRef]

Krakenes, T.; Sandvik, C.E.; Ytterdal, M.; Gavasso, S.; Evjenth, E.C.; Bg, L.; Kvistad, C.E. The Therapeutic Potential of Exosomes
from Mesenchymal Stem Cells in Multiple Sclerosis. Int. J. Mol. Sci. 2024, 25, 10292. [CrossRef] [PubMed]

Colao, I.L.; Corteling, R.; Bracewell, D.; Wall, I. Manufacturing Exosomes: A Promising Therapeutic Platform. Trends Mol. Med.
2018, 24, 242-256. [CrossRef] [PubMed]

Gupta, A. Exosomes for the Management of Low Back Pain: A Review of Current Clinical Evidence. Cureus 2024, 16, e57539.
[CrossRef] [PubMed]

Yu, W.; Zhao, G.-q.; Cao, R..; Zhu, Z.-h.; Li, K. LncRNA NONRATT021972 Was Associated with Neuropathic Pain Scoring in
Patients with Type 2 Diabetes. Behav. Neurol. 2017, 2017, 2941297. [CrossRef]

https:/ /doi.org/10.3390/biomedicines14020414


https://doi.org/10.7205/MILMED-D-16-00096
https://www.ncbi.nlm.nih.gov/pubmed/28291470
https://doi.org/10.2174/1574888X14666190912162504
https://doi.org/10.4103/1673-5374.259615
https://doi.org/10.1126/sciadv.aaz6980
https://doi.org/10.1177/1744806920957800
https://doi.org/10.1111/aji.13329
https://doi.org/10.1038/nrrheum.2010.159
https://doi.org/10.1038/nrrheum.2016.210
https://www.ncbi.nlm.nih.gov/pubmed/28202920
https://doi.org/10.1089/ten.tea.2020.0264
https://doi.org/10.1002/smtd.202301443
https://doi.org/10.1038/cr.2017.71
https://doi.org/10.1016/j.jconrel.2015.12.044
https://www.ncbi.nlm.nih.gov/pubmed/26732557
https://doi.org/10.1016/S0140-6736(10)60354-6
https://doi.org/10.1146/annurev.pa.35.040195.003423
https://www.ncbi.nlm.nih.gov/pubmed/7598513
https://doi.org/10.1016/j.jconrel.2023.03.007
https://doi.org/10.1038/mt.2010.105
https://doi.org/10.7150/thno.52570
https://doi.org/10.1002/advs.202203505
https://doi.org/10.1016/j.ijbiomac.2024.134495
https://doi.org/10.1186/s13287-019-1445-0
https://doi.org/10.1038/s41565-021-00931-2
https://doi.org/10.1126/scitranslmed.aav8521
https://doi.org/10.3390/ijms251910292
https://www.ncbi.nlm.nih.gov/pubmed/39408622
https://doi.org/10.1016/j.molmed.2018.01.006
https://www.ncbi.nlm.nih.gov/pubmed/29449149
https://doi.org/10.7759/cureus.57539
https://www.ncbi.nlm.nih.gov/pubmed/38707134
https://doi.org/10.1155/2017/2941297
https://doi.org/10.3390/biomedicines14020414

Biomedicines 2026, 14, 414 26 of 26

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Wei, Z.; Guo, C.; Zhou, H.; Wu, Y.; Zhou, X.; Chen, ].; Li, F. Exosome-mediated miRNA delivery: A molecular switch for reshaping
neuropathic pain therapy. Front. Mol. Neurosci. 2025, 18, 1625943, Erratum in Front. Mol. Neurosci. 2025, 18, 1668038. [CrossRef]
Tracey, I.; Woolf, C.J.; Andrews, N.A. Composite Pain Biomarker Signatures for Objective Assessment and Effective Treatment.
Neuron 2019, 101, 783-800. [CrossRef] [PubMed]

Moen, A.; Jacobsen, D.; Phuyal, S.; Legfeldt, A.; Haugen, F.; Ree, C.; Gjerstad, J. MicroRNA-223 demonstrated experimentally in
exosome-like vesicles is associated with decreased risk of persistent pain after lumbar disc herniation. J. Transl. Med. 2017, 15, 89.
[CrossRef] [PubMed]

Asano, M.; Umezu, T.; Katagiri, S.; Kobayashi, C.; Tauchi, T.; Gotoh, M.; Ando, K.; Okabe, S.; Ohyashiki, J.H.; Ohyashiki, K.
Up-regulated exosomal miRNA-140-3p in CML patients with musculoskeletal pain associated with discontinuation of tyrosine
kinase inhibitors. Int. |. Hematol. 2017, 105, 419-422. [CrossRef]

Giannitti, C.; De Palma, A.; Pascarelli, N.A.; Cheleschi, S.; Giordano, N.; Galeazzi, M.; Fioravanti, A. Can balneotherapy modify
microRNA expression levels in osteoarthritis? A comparative study in patients with knee osteoarthritis. Int. J. Biometeorol. 2017,
61,2153-2158. [CrossRef]

Luchting, B.; Heyn, J.; Hinske, L.C.; Azad, S.C. Expression of miRNA-124a in CD4 Cells Reflects Response to a Multidisciplinary
Treatment Program in Patients with Chronic Low Back Pain. Spine 2017, 42, E226-E233. [CrossRef]

Yu, W,; Hurley, J.; Roberts, D.; Chakrabortty, S.K.; Enderle, D.; Noerholm, M.; Breakefield, X.O.; Skog, ].K. Exosome-based liquid
biopsies in cancer: Opportunities and challenges. Ann. Oncol. 2021, 32, 466—477. [CrossRef] [PubMed]

Ma, C,; Jiang, F; Ma, Y.; Wang, J.; Li, H.; Zhang, J. Isolation and Detection Technologies of Extracellular Vesicles and Application
on Cancer Diagnostic. Dose Response 2019, 17, 1559325819891004. [CrossRef]

Kooijmans, S.A.A.; Schiffelers, R.M.; Zarovni, N.; Vago, R. Modulation of tissue tropism and biological activity of exosomes and
other extracellular vesicles: New nanotools for cancer treatment. Pharmacol. Res. 2016, 111, 487-500. [CrossRef]

Sisignano, M.; Parnham, M.].; Geisslinger, G. Drug Repurposing for the Development of Novel Analgesics. Trends Pharmacol. Sci.
2016, 37, 172-183. [CrossRef] [PubMed]

Ha, D; Yang, N.; Nadithe, V. Exosomes as therapeutic drug carriers and delivery vehicles across biological membranes: Current
perspectives and future challenges. Acta Pharm. Sin. B 2016, 6, 287-296. [CrossRef]

Liu, X,; Zhang, J.; Zheng, S.; Li, M.; Xu, W,; Shi, J.; Kamei, K.I.; Tian, C. Hybrid adipocyte-derived exosome nano platform for
potent chemo-phototherapy in targeted hepatocellular carcinoma. J. Control. Release 2024, 370, 168-181. [CrossRef]

Brogan, S.E.; Sindt, ].E.; Odell, D.W.; Gulati, A.; Dupoiron, D. Controversies in intrathecal drug delivery for cancer pain. Reg.
Anesth. Pain Med. 2023, 48, 319-325. [CrossRef] [PubMed]

Choi, H.; Choi, K.; Kim, D.H.; Oh, BK,; Yim, H,; Jo, S.; Choi, C. Strategies for Targeted Delivery of Exosomes to the Brain:
Advantages and Challenges. Pharmaceutics 2022, 14, 672. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/biomedicines14020414


https://doi.org/10.3389/fnmol.2025.1625943
https://doi.org/10.1016/j.neuron.2019.02.019
https://www.ncbi.nlm.nih.gov/pubmed/30844399
https://doi.org/10.1186/s12967-017-1194-8
https://www.ncbi.nlm.nih.gov/pubmed/28460630
https://doi.org/10.1007/s12185-017-2199-z
https://doi.org/10.1007/s00484-017-1420-3
https://doi.org/10.1097/BRS.0000000000001763
https://doi.org/10.1016/j.annonc.2021.01.074
https://www.ncbi.nlm.nih.gov/pubmed/33548389
https://doi.org/10.1177/1559325819891004
https://doi.org/10.1016/j.phrs.2016.07.006
https://doi.org/10.1016/j.tips.2015.11.006
https://www.ncbi.nlm.nih.gov/pubmed/26706620
https://doi.org/10.1016/j.apsb.2016.02.001
https://doi.org/10.1016/j.jconrel.2024.04.031
https://doi.org/10.1136/rapm-2022-103770
https://www.ncbi.nlm.nih.gov/pubmed/35977779
https://doi.org/10.3390/pharmaceutics14030672
https://www.ncbi.nlm.nih.gov/pubmed/35336049
https://doi.org/10.3390/biomedicines14020414

	Introduction 
	Literature Search and Selection 
	Exosomes 
	Biogenesis of Exosomes 
	Exosomes and Pain 
	Exosomes and Inflammatory Pain 
	Exosomes and Neuropathic Pain 
	Exosomes and Cancer Pain 
	Bidirectional Exosomal Crosstalk Between Neurons and Non-Neuronal Cells 
	Sex Differences as a Key Factor in Exosomal Pain Therapy 

	Exosome Application for Pain 
	Exosomes as Delivery Carriers for Pain Management 
	Advantages of Exosomes over Existing Analgesic Therapies and Challenges in Translation 

	Clinical Trials and Challenges of Exosomes in Pain Management 
	Clinical Investigations of Exosomes for Pain Treatment 
	Unique Properties of Exosomes as Ideal Pain Biomarkers 
	Current Limitations of Exosomes as Diagnostic Tools for Pain 

	Conclusions and Perspectives 
	References

