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Abstract

Gouty arthritis (GA) is a debilitating autoinflammatory disorder precipitated by the deposi-
tion of monosodium urate (MSU) crystals, leading to intense, recurrent joint inflammation
and systemic metabolic dysregulation. While hyperuricemia is a prerequisite, the transition
to clinical gout involves complex intercellular signaling cascades that are not fully under-
stood. Emerging evidence has identified exosomes,— nanoscale extracellular vesicles, —as
critical mediators in this pathological process. Exosomes function as intercellular carriers,
transporting a diverse cargo of bioactive molecules, including proteins, lipids, and nucleic
acids (e.g., microRNAs), which profoundly influence immune cell activation, inflamma-
some regulation, and metabolic pathways. This review provides a critical analysis of the
dual role of exosomes in both propagating and potentially resolving inflammation in GA.
We delve into the intricate mechanisms of exosome-mediated pathogenesis, including the
modulation of purine metabolism, lysosomal function, and complement-inflammasome
crosstalk. Furthermore, we explore the burgeoning field of exosome-based therapeutics,
critically evaluating strategies such as engineered exosomes for targeted drug delivery,
mesenchymal stem cell (MSC)-derived exosomes for immunomodulation, and the devel-
opment of exosomal biomarkers for diagnostics. Additionally, we examine how chemical
drugs and herbal compounds may exert therapeutic effects by modulating exosome path-
ways, offering new insights into integrative treatment approaches. By synthesizing recent
findings from proteomic, transcriptomic, and functional studies, we aim to unravel the
complexities of exosome signaling in GA and to propose innovative therapeutic avenues
that target these pathways to improve patient outcomes.

Keywords: gouty arthritis; exosomes; intercellular communication; monosodium urate; NLRP3
inflammasome; microRNA; therapeutic targeting; complement system; immunomodulation

1. Introduction

Gouty arthritis, one of the most prevalent forms of inflammatory arthritis, is character-
ized by recurrent episodes of acute inflammation due to monosodium urate (MSU) crystal
deposition in the joints and surrounding tissues [1]. MSU crystals primarily deposit in
the joints and periarticular tissues, where they are recognized by resident macrophages
and other innate immune cells via surface receptors (e.g., Toll-like receptors) and by direct
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phagocytosis. This interaction triggers the initial innate immune signaling cascade, cul-
minating in NLRP3 inflammasome activation and IL-1( release, which drives the acute
inflammatory response characteristic of GA [2]. The pathophysiology of gout is com-
plex and primarily involves chronic hyperuricemia, which results from increased uric
acid production and/or decreased renal excretion of uric acid [3,4]. Hyperuricemia leads
to the formation of MSU crystals, triggering an innate immune response mediated by
the nucleotide-binding oligomerization domain-, leucine-rich repeat-, and pyrin domain-
containing protein 3 (NLRP3) inflammasome [5]. Activation of NLRP3 results in the
cleavage of pro-interleukin-1 (IL-1) into its active form, which is a key pro-inflammatory
cytokine in gout pathology [6,7]. The inflammatory response is characterized by the recruit-
ment of neutrophils and other immune cells, which contribute to the acute inflammatory
episodes observed in patients with gout [8].

Moreover, the systemic implications of gout extend beyond joint inflammation, as
gout is associated with various comorbid conditions, including renal, cardiovascular, and
metabolic disorders. This systemic aspect suggests that intercellular communication plays
a crucial role in the pathogenesis of gout, as inflammatory mediators can influence distant
organs and potentially exacerbate comorbidities. Recent studies have highlighted the
importance of exosomes in mediating intercellular communication, particularly in chronic
inflammatory diseases [9]. Exosomes, small membrane-bound vesicles ranging from 30 to
150 nm, are released by various cell types and carry proteins, lipids, and RNA, facilitating
the transfer of bioactive molecules between cells [10]. This unique characteristic of exo-
somes positions them as pivotal mediators of the inflammatory processes associated with
gouty arthritis.

The role of exosomes in gouty arthritis is emerging as a significant area of research,
as they may contribute to the propagation of inflammatory signals and the modulation
of immune responses. For instance, exosome proteins derived from neutrophils and
macrophages can influence the behavior of surrounding cells [11], enhancing or dampening
inflammatory responses. Furthermore, alterations in the composition of exosome cargo in
patients with gout could potentially serve as biomarkers of disease activity and therapeutic
response [12,13]. The exploration of exosome-mediated intercellular communication in the
context of gouty arthritis not only aids in understanding the underlying mechanisms of the
disease but also opens avenues for novel therapeutic strategies targeting these vesicles to
modulate inflammation and improve patient prognosis.

In this review, we focus on exosomes, operationally defined as small extracellular vesi-
cles (sEVs) with a size range of ~30-150 nm that are derived from the endosomal pathway
and bear typical markers (e.g., CD9, CD63, TSG101) as per the Minimal Information for
Studies of Extracellular Vesicles (MISEV) guidelines [14]. While earlier studies may have
used the term more broadly, we have critically evaluated the cited literature to ensure that
the discussed vesicles align with this definition in the context of gouty arthritis.

The interplay between MSU crystal deposition, innate immune activation, and
exosome-mediated signal amplification is summarized in Figure 1.

This diagram illustrates the dual regulatory role of immune cells (macrophages and
neutrophils) and their secreted exosomes in the inflammatory process, along with engi-
neered exosome-based therapeutic strategies. The left panel depicts the interactive network
of pro-inflammatory and anti-inflammatory immune cells and their mediators. The right
panel presents therapeutic approaches involving engineered exosomes loaded with specific
inflammation-related molecules for targeted delivery to affected tissues (e.g., synovial
membrane) to achieve precise immune modulation.
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Figure 1. Gouty Arthritis Pathogenesis and Exosome-Mediated Intercellular Communication.

2. The Biomechanism of Exosomes and Gouty Arthritis
2.1. Basic Characteristics and Biological Functions of Exosomes

Exosomes are nanosized extracellular vesicles, typically ranging from 30 to 150 nm in
diameter, and play a critical role in intercellular communication [15]. They are secreted by
various cell types and contain a diverse array of biomolecules, including proteins, lipids,
and nucleic acids, which reflect the physiological state of their parent cells. Exosomes are
formed by the inward budding of the endosomal membrane, leading to the formation of
multivesicular bodies (MVBs), which subsequently fuse with the plasma membrane to
release exosomes into the extracellular space [16]. This process is regulated by various
proteins, including Rab guanosine triphosphatases (GTPases), which are crucial for vesicle
trafficking and fusion processes [17]. The composition of exosomes can vary significantly
depending on the cell type and physiological or pathological conditions, making them
valuable tools for diagnostic and therapeutic purposes [18].

2.1.1. Composition and Biological Roles of Exosomes

Exosomes are composed of a lipid bilayer that encapsulates various bioactive
molecules, including proteins, lipids, mRNAs, and non-coding RNAs such as microR-
NAs (miRNAs) [19]. The specific composition of exosomes is determined by the parent cell
type and its physiological state, allowing them to serve as indicators of cellular health and
disease. For instance, exosomes derived from immune cells can carry immunomodulatory
proteins and miRNAs that influence the immune response, whereas those derived from can-
cer cells may contain oncogenic factors that promote tumorigenesis, such as IncRNAs [20].
The biological functions of exosomes are diverse, ranging from mediating cell-to-cell com-
munication and influencing cellular behavior to acting as vehicles for drug delivery in
therapeutic applications [21]. Their ability to transfer functional biomolecules to recipi-
ent cells enables them to play significant roles in various physiological and pathological
processes, including inflammation [22], tissue repair, and cancer metastasis [23].
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2.1.2. Isolation and Characterization of Exosomes

The isolation and characterization of exosomes are critical for understanding their
roles in gout and other conditions. Exosomes can be separated from biological fluids,
such as plasma, serum, and synovial fluid, using techniques such as ultracentrifugation
and size exclusion chromatography [24]. These methods allow for the concentration of
exosomes while minimizing contamination by other extracellular vesicles and proteins.
Characterization is typically performed using nanoparticle tracking analysis (NTA) [14],
which provides information on the size and concentration of exosomes, and electron
microscopy [25], which allows the visualization of their morphology. In addition, the
presence of specific exosome markers, such as CD9, CD63, and TSG101, was confirmed
using Western blotting [26]. These markers are essential for verifying the identity of isolated
exosomes and ensuring that they have the characteristics typical of exosomes rather than
other types of vesicles.

2.1.3. Biogenesis and Pathological Cargo Loading in Gout

The formation and secretion of exosomes are complex processes that begin with the
invagination of the endosomal membrane, leading to the creation of intraluminal vesicles
within MVBs. These MVBs can either fuse with lysosomes for degradation or with the
plasma membrane to release exosomes into the extracellular environment [27]. The sorting
of cargo into exosomes is a highly regulated process influenced by various factors, including
cellular context and external stimuli. Key proteins involved in this process include the
endosomal sorting complex required for transport (ESCRT) machinery, which facilitates the
incorporation of specific proteins and RNAs into budding vesicles [28]. Additionally, Rab
GTPases, particularly Rab27, are essential for the transport of MVBs to the cell membrane
and their subsequent fusion, ensuring efficient release of exosomes [17]. This mechanism
allows exosomes to deliver their cargo to distant cells, influencing various biological
processes, including immune modulation and cell-to-cell communication.

In the inflammatory milieu of a gouty joint, exosome biogenesis and cargo loading
are significantly altered. The presence of MSU crystals and pro-inflammatory cytokines
stimulates cells to release exosomes with distinct characteristics [29]. For instance, plasma
exosomes from a rat model of GA were significantly smaller and present in lower concen-
trations compared to healthy controls, suggesting that the disease state profoundly impacts
exosome biogenesis and release dynamics [11].

Recent proteomic and transcriptomic studies have systematically compared exosomal
cargo between GA patients and healthy controls, revealing distinct molecular signatures
associated with disease activity. Table 1 summarizes key exosomal molecules identified
through omics approaches, along with their expression trends. For instance, proteomic
analyses of synovial fluid-derived exosomes from GA patients show upregulation of
proteins involved in neutrophil degranulation (e.g., SI00A8/A9) and lysosomal dysfunction
(e.g., Cathepsin D), while enzymes like HPRT1 are downregulated, reflecting impaired
purine salvage pathways [30]. Similarly, miRNA sequencing of plasma exosomes has
identified a panel of differentially expressed miRNAs, including pro-inflammatory miR-
155 and miR-17, which correlate with disease severity and may serve as non-invasive
biomarkers [31]. These omics-driven insights not only validate the pathological relevance
of exosomal cargo but also highlight potential targets for therapeutic intervention.
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Table 1. Key Exosomal Cargo Molecules Identified in Gouty Arthritis and Their Pathological Roles.

Cargo Type Key Molecules Pathological Role in Gout szﬁfieiszlgz Key References
Proteins S100A8/A9, Lysozyme  Associated with neut‘rop}.ul degranulation " [32]
C and activation
. Upregulated; indicates lysosomal
Cathepsin D (CTSD) dysfunction T [11]
Downregulated; links exosomes to purine
HPRT1 metabolism dysregulation + (1]
Complement . o
Components C3a, C5a; amplify inflammatory responses T [33]
NLRP3 Inflammasome Can be transferred to recipient cells to 4 [30,34]
Components activate NF-«B "
miRNAs m1R—1$5, miR-17, Upregulated; promote pro.—mﬂammatory 4 [35]
miR-18a macrophage polarization
Transferred from neutrophils to inhibit
miR-1246 osteoblast function, promoting bone T [36]
erosion
miR-223 Paradoxically uprggulated; may l?e a 1 (paradoxical) [35]
compensatory anti-inflammatory signal
.. Phosphatidylserine Exposed on pro-resolving microvesicles;
Lipids (PS) engages MerTK receptor T 371

2.2. The Involvement and Regulatory Mechanisms of Exosomes in the Pathogenesis of Gout
2.2.1. Characteristics of Exosomes and Their Sources in Gout

In the context of gout, exosomes originate from several key cell types, including
synovial macrophages, neutrophils, endothelial cells [11], renal tubular cells, hepatocytes,
adipocytes, and stromal cells. Each of these cells contributes to the inflammatory milieu
characteristic of gout, an inflammatory arthritis caused by monosodium urate crystal
deposition in the joints. The involvement of synovial macrophages and neutrophils is par-
ticularly significant, as they are the primary responders to inflammation and are involved
in the phagocytosis of monosodium urate crystals [8]. Endothelial cells contribute to the
vascular aspect of inflammation, whereas renal tubular and hepatocyte-derived exosomes
may reflect systemic metabolic responses to hyperuricemia, a common precursor of gouty
arthritis [38]. Adipocytes and stromal cells also play roles in the inflammatory response,
potentially influencing the secretion profiles of exosomes and their cargo, including pro-
teins and microRNAs, which can modulate inflammation and tissue repair processes [39].
A summary of the major cellular sources of exosomes in GA, along with their key cargo
and proposed pathological or therapeutic roles, is provided in Table 2.

Table 2. Sources of Exosomes in Gouty Arthritis and Their Proposed Roles.

Cell Source

Synovial Macrophages
Neutrophils
MSCs
Renal Tubular Cells

Hepatocytes

Adipocytes
Chondrocytes

Exosome Cargo/Characteristics Proposed Role in GA Key References
Pro-inflammatory cytokines, NLRP3 Amplify inflammation, promote [34]
components neutrophil recruitment
. . .. Inhibit osteoblast function,
miR-1246, pro-resolving lipids (e.g., PS) modulate resolution [37]
Anti-inflammatory miRNAs, Potential immunomodulation, 1]
tissue-repair factors tissue protection

Proteins linked to purine metabolism Communicate systemic [12]

(e.g., HPRTT) metabolic dysregulation
Xanthine oxidase, acute-phase proteins Mc?dulate sys.termc [40]

inflammation

Adipokines, inflammatory miRNAs Link metabolic syndrome to GA [41]
Cartilage-degrading enzymes Contribute to joint damage [42]
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2.2.2. Changes in Protein and miRNA Profiles of Exosomes in Gout Models

In gout models, the protein and microRNA (miRNA) profiles of exosomes exhibit
significant changes compared to those of healthy controls [13]. These alterations reflect the
underlying inflammatory processes and may provide insights into disease progression and
potential therapeutic targets for the disease. For instance, studies have identified differen-
tially expressed proteins associated with inflammation and oxidative stress in exosomes
derived from patients with gouty arthritis. Similarly, the miRNA content of exosomes
can indicate the activation of specific signaling pathways involved in the inflammatory
response [31]. Such changes in exosome cargo not only serve as potential biomarkers for
the diagnosis and monitoring of gout but also highlight the role of exosomes in mediating
communication between cells in the inflammatory environment of gouty arthritis. Identify-
ing specific proteins and miRNAs that are upregulated or downregulated in gout can aid
in the development of targeted therapies aimed at modulating the inflammatory response
and improving patient outcomes.

2.2.3. The Role of Exosomes in Uric Acid Crystal-Induced Inflammatory Response

The inflammatory response in gouty arthritis is primarily driven by the deposition
of MSU crystals in the joints, which activates the innate immune system, particularly
through the actions of macrophages and neutrophils [43]. Exosomes released from these
activated immune cells have been shown to contain pro-inflammatory cytokines and
microRNAs that can propagate inflammatory signals to neighboring cells [44,45]. For
instance, exosomes derived from MSU-stimulated neutrophils inhibit osteoblast viability
and promote inflammatory responses, thereby contributing to joint damage and pain [46].
Additionally, proteomic analyses have identified that exosomes in the synovial fluid of
patients with gout exhibit altered protein expression profiles, including increased levels
of inflammatory mediators such as IL-6 and IL-8, which correlate with the severity of
inflammation and joint damage [47]. These findings highlight the dual role of exosomes in
enhancing the inflammatory response and potentially serving as biomarkers of GA severity.

2.2.4. Activation of Inflammatory and Complement Pathways

Activation of inflammatory and complement pathways is a hallmark of gout. Upon de-
position of MSU crystals, the innate immune system is activated, leading to the recruitment
of neutrophils and macrophages to the site of inflammation. This response is primarily
mediated by the NLRP3 inflammasome, which facilitates the processing and release of
pro-inflammatory cytokines, such as IL-1f3 [48]. Furthermore, the complement system
plays a critical role in amplifying inflammatory responses. Complement components,
particularly C3a and Cba, are generated during the activation of the complement cascade
and contribute to immune cell recruitment and activation. Recent research has indicated
that dysregulation of complement activation is associated with increased severity of gout
flares [49]. The interplay between the complement system and inflammatory mediators
underscores the complexity of gout pathogenesis and highlights potential therapeutic
targets for managing acute gouty attacks. Therapeutic strategies aimed at modulating these
pathways may offer new avenues for gout treatment.

2.2.5. Lysosomal and Autophagic Dysfunction

Lysosomal and autophagic dysfunction are significant contributors to the pathogenesis
of gout [50]. The autophagy-lysosomal pathway is crucial for cellular homeostasis, includ-
ing the degradation of damaged organelles and proteins. In gout, the accumulation of MSU
crystals impairs lysosomal function, leading to decreased autophagy. This impairment
not only affects uric acid clearance but also promotes inflammation through the release of
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pro-inflammatory cytokines. Studies have shown that lysosomal-associated proteins are
differentially expressed in the exosomes of patients with gout [11], indicating that lysoso-
mal dysfunction may serve as a biomarker for acute gout flares. Moreover, the activation of
the NLRP3 inflammasome by MSU crystals is closely linked to autophagic dysfunction [34],
suggesting that restoring autophagic activity may be a potential therapeutic approach for
mitigating gouty inflammation. Enhancing lysosomal function and autophagic flux may
reduce inflammatory responses and improve the outcomes of patients with gout.

2.2.6. Regulation of Purine and Uric Acid Metabolism

The regulation of purine and uric acid metabolism is pivotal to the pathogenesis of
gout. Purines, derived from dietary sources and cellular turnover, are metabolized to
uric acid, the accumulation of which can lead to hyperuricemia and subsequent gout [51].
Genetic factors, particularly variations in urate transporter genes, significantly influence
uric acid levels [52]. For instance, the ATP-binding cassette transporter ABCG2 plays a
critical role in urate excretion, and polymorphisms in this gene are associated with an
increased risk of gout [30]. Furthermore, recent studies have identified that dysregulation
of the balance between uric acid production and excretion is exacerbated by environmental
factors, such as diet, obesity, and alcohol consumption [41]. The interplay between these
factors and the resultant increase in uric acid levels can trigger the activation of the NLRP3
inflammasome, which is central to the inflammatory response in patients with gout [48].
Therefore, understanding the mechanisms regulating purine metabolism and uric acid
levels is essential for developing effective therapeutic strategies to manage gout.

Exosomes serve as a critical link between systemic metabolic dysfunction and local
joint inflammation [53]. Proteomic studies have identified significant alterations in proteins
related to purine metabolism within GA-associated exosomes. For example, a significant
downregulation of Hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT1), a key
enzyme in the purine salvage pathway, was found in the renal tissues of GA model rats [11].
This suggests that exosomes may communicate signals from the inflamed joint back to the
kidney, potentially exacerbating the systemic hyperuricemia that drives the disease.

2.2.7. The Impact of Exosomes on Joint Cells and Their Signaling Pathways

Exosomes not only modulate inflammation but also directly affect joint cells, such
as chondrocytes and synoviocytes [42]. They can alter the signaling pathways within
these cells, influencing processes such as apoptosis, proliferation, and matrix remodeling.
For instance, exosomal miRNAs have been implicated in the regulation of chondrocyte
function, whereby specific miRNAs can suppress catabolic pathways while promoting
anabolic processes in the cartilage [54]. Furthermore, exosomes derived from bone marrow
mesenchymal stem cells (MSCs) have shown potential in enhancing cartilage repair and
reducing inflammation in animal models of osteoarthritis [55], suggesting a therapeu-
tic avenue for GA. The interaction between exosomes and joint cells underscores their
importance in the pathogenesis of gouty arthritis, as they can either exacerbate the in-
flammatory milieu or promote repair mechanisms depending on their cellular origin and
content. Therefore, understanding the precise roles of exosomes in these processes could
lead to the development of novel therapeutic strategies aimed at modulating their effects on
gouty arthritis.

2.3. Exosomes and Their Interaction with Immune Cells

Exosomes, nanosized extracellular vesicles, play a crucial role in intercellular com-
munication and have significant implications for immune responses [56]. Their ability to
transfer proteins, lipids, and nucleic acids allows them to influence the behavior of recipient
cells, including immune cells, such as macrophages and T cells. These vesicles are secreted
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by various cell types and carry a diverse array of molecular cargo, including proteins,
lipids, and RNAs. This cargo can modulate the behavior of recipient cells, thereby affecting
immune activation and inflammation.

2.3.1. Role of Exosomes in Macrophage Activation

Exosomes derived from various cell types have been shown to modulate macrophage
activation and function [57]. For instance, exosomes released from mesenchymal stem cells
(MSCs) can enhance macrophage polarization towards an anti-inflammatory phenotype
(M2), which is beneficial for tissue repair and regeneration [58]. In rtheumatoid arthritis
(RA), exosomes have been implicated in the regulation of macrophage activity, influenc-
ing cytokine production and phagocytosis. Studies have demonstrated that exosomes
can carry microRNAs and proteins that alter the inflammatory response of macrophages,
promoting a shift from a pro-inflammatory (M1) to an anti-inflammatory (M2) pheno-
type [59]. This modulation is particularly relevant in chronic inflammatory conditions,
where macrophages play a pivotal role in sustaining the inflammation and tissue damage.
Moreover, exosomes can serve as carriers of disease-specific biomarkers, allowing the
identification of macrophage activation states in various diseases [33]. The therapeutic
potential of exosomes is further underscored by their ability to deliver anti-inflammatory
agents directly to macrophages, thereby enhancing their efficacy in the treatment of
inflammatory diseases.

2.3.2. Regulation of T Cell Function by Exosomes

Exosomes also play a critical role in modulating T cell function by influencing their
activation, proliferation, and differentiation [60]. For instance, exosomes derived from
tumor cells can carry immunosuppressive factors that inhibit T cell responses, contributing
to tumor immune evasion. In various cancers, tumor-derived exosomes have been shown
to induce T cell exhaustion by upregulating inhibitory receptors, such as PD-1 and TIM-3,
on T cells, thereby impairing their cytotoxic functions [61]. This mechanism highlights
the dual role of exosomes as mediators of intercellular communication and as potential
therapeutic targets in cancer immunotherapy. Additionally, exosomes derived from acti-
vated T cells enhance the immune response by transferring functional proteins and RNAs
that promote T cell activation and proliferation [62]. For example, exosomal miRNAs have
been identified as key regulators of T cell differentiation and function, influencing the
pathways involved in T cell activation and memory formation [63]. The ability of exosomes
to modulate T cell responses offers exciting opportunities for therapeutic interventions,
particularly to enhance antitumor immunity and restore T cell function in patients with
autoimmune diseases.

2.3.3. How Exosomes Affect the Activation of Immune Cells and Cytokine Production

Exosomes are key players in immune cell activation and modulation of cytokine
production. They can deliver specific miRNAs and proteins that influence the signaling
pathways within recipient immune cells, such as T cells, B cells, and macrophages. For ex-
ample, exosomal miRNAs can regulate the expression of cytokines by targeting messenger
RNAs (mRNAs) of these cytokines, effectively altering the immune landscape [19]. Studies
have shown that exosomes derived from dendritic cells can enhance T cell activation by
presenting antigens and co-stimulatory signals, whereas exosomes from regulatory T cells
can suppress the activation of effector T cells and promote tolerance [62]. Furthermore,
exosomes can carry inflammatory cytokines that further propagate the inflammatory re-
sponse in recipient cells. This dual role of exosomes in promoting and inhibiting immune
responses underscores their complexity and potential as therapeutic targets for immuno-
logical disorders.
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2.3.4. The Role of Exosomes in Regulating Macrophage and Neutrophil Responses

Exosomes play a pivotal role in modulating the responses of macrophages and neu-
trophils [64], which are critical components of innate immunity. Macrophages secrete
exosomes containing pro-inflammatory cytokines and miRNAs, which enhance the inflam-
matory response and promote the differentiation of other immune cells [65]. For instance,
exosomes derived from M1 macrophages (classically activated macrophages) can stimulate
the polarization of naive macrophages towards a pro-inflammatory phenotype, thereby am-
plifying the immune response during infection or tissue injury [66]. In contrast, exosomes
from M2 macrophages (alternatively activated macrophages) can promote tissue repair
and resolution of inflammation by delivering anti-inflammatory signals and promoting
the polarization of other macrophages towards a healing phenotype [58]. Neutrophils,
which are known for their rapid response to infection, also interact with exosomes. Studies
have demonstrated that neutrophil-derived exosomes can influence macrophage behavior
and promote inflammation by releasing pro-inflammatory mediators [67]. Conversely,
macrophage-derived exosomes can modulate neutrophil activity by enhancing their abil-
ity to respond to pathogens or by promoting apoptosis to resolve inflammation [6,68].
This intricate interplay between exosomes, macrophages, and neutrophils illustrates the
importance of exosomes in orchestrating immune responses and maintaining immune
system homeostasis.

2.4. The Potential Impact of Exosomes in the Progression of Gouty Arthritis

Exosomes, small extracellular vesicles secreted by various cell types, play a significant
role in the pathophysiology of gouty arthritis. Recent studies have highlighted their role in
mediating intercellular communication and influencing inflammatory processes associated
with GA [69]. Exosomes carry various biomolecules, including proteins, lipids, and nucleic
acids, which reflect the physiological state of their parent cells. In the context of GA,
exosomes have been shown to contain specific miRNAs and proteins involved in regulating
inflammation and immune responses, suggesting their potential utility as biomarkers
for disease progression and therapeutic targets. Characterization of exosome contents
from the synovial fluid of patients with GA revealed distinct profiles that correlated with
disease severity, indicating that exosomes could serve as noninvasive diagnostic tools for
monitoring disease activity and treatment response [30].

2.4.1. The Prospective Application of Exosomes as Biomarkers

Exosomes hold great promise as biomarkers for gouty arthritis due to their stability
in biological fluids and their ability to encapsulate and transport diverse biomolecules.
Research has identified specific exosomal miRNAs and proteins that are differentially
expressed in GA patients compared to healthy controls, suggesting their potential as
diagnostic markers [31]. The integration of proteomic and metabolomic analyses with
exosome profiling can provide insights into the underlying mechanisms of GA and aid
in identifying novel therapeutic targets. For instance, urinary exosomes from GA pa-
tients exhibit altered levels of proteins involved in lysosomal function (e.g., Cathepsin
D) and ferroptosis (e.g., ACSL4, VDAC2), which may serve as indicators of acute gout
flares [12,13,70]. Similarly, distinct signatures of exosomal miRNAs in plasma, such as
elevated miR-155 and miR-17 alongside altered miR-223 levels, correlate with disease
severity [35]. The feasibility of isolating exosomes from accessible biofluids like blood
and synovial fluid enhances their clinical utility [24], paving the way for non-invasive
monitoring of disease progression and therapeutic efficacy in GA.
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2.4.2. The Potential Applications of Exosomes in Therapy

Exosomes are promising biomarkers and therapeutic agents for GA treatment. Their
natural ability to transport bioactive molecules makes them ideal candidates for targeted
drug delivery. Recent advancements have focused on engineering exosomes to enhance
their therapeutic potential, such as loading them with anti-inflammatory agents or uricase
to directly address elevated uric acid levels, which are characteristic of GA [71]. Moreover,
exosomes derived from M2 macrophages have been shown to possess anti-inflammatory
properties [6], suggesting that they can be used to effectively modulate the immune re-
sponse in GA. The development of exosome-based therapies could lead to innovative
treatments that not only alleviate symptoms but also target the underlying mechanisms
of the disease. Furthermore, the incorporation of exosomes in combination therapies
could enhance the efficacy of existing treatments, providing a multifaceted approach to
GA management. Overall, the therapeutic applications of exosomes in GA present a
novel avenue for research and clinical practice, with the potential to significantly improve
patient outcomes.

2.5. The Relationship Between Exosomes and Drug and Herbal Treatments

Exosomes, small extracellular vesicles that facilitate intercellular communication, have
gained attention for their roles in drug delivery and therapeutic applications in recent
years. Chemical drugs can modulate exosome secretion, cargo composition, and uptake to
exert therapeutic effects. For instance, studies have shown that certain chemotherapeutic
agents can influence the release of exosomes from cancer cells, which carry therapeutic
biomolecules that enhance drug efficacy [72]. This is particularly relevant in the context
of cancer treatment, where exosomes can transport chemotherapeutic agents or RNA
molecules that can modify the tumor microenvironment, thereby improving drug delivery
and reducing side effects. For example, exosomes derived from mesenchymal stem cells
(MSCs) have been shown to possess immunomodulatory properties and promote tissue
repair, making them promising candidates for targeted drug delivery systems. Furthermore,
exosome characterization can provide insights into the mechanisms by which drugs exert
their effects, as exosomal content can reflect the metabolic state of the cells from which they
originate [36].

Herbal components also significantly influence exosome-mediated signaling path-
ways, thereby enhancing therapeutic outcomes [73]. Various studies have shown that
herbal extracts can alter the composition and function of exosomes, thereby modulating
their effects on target cells [74]. For instance, certain herbal medicines have been shown
to enhance the release of exosomes containing microRNAs that regulate the gene expres-
sion involved in inflammation and cancer progression. In the context of gouty arthritis,
herbal treatments have been found to affect exosome-mediated pathways, suggesting
that these treatments can modulate the inflammatory response by regulating the exosome
cargo. Additionally, herbal-derived exosome-like nanovesicles have emerged as a novel
approach in cancer therapy, exhibiting therapeutic benefits by directly delivering bioactive
compounds to target cells. This highlights the potential of combining herbal treatments
with exosome technology to develop more effective therapeutic strategies that leverage the
natural properties of exosomes and herbal compounds.

In conclusion, the relationship between exosomes and both chemical drugs and herbal
treatments is a burgeoning area of research that requires further investigation. Understand-
ing how chemical agents and herbal compounds influence exosome dynamics can lead to
innovative therapeutic strategies that enhance drug delivery and efficacy, while minimizing
adverse effects. This integrated approach may pave the way for the development of more
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effective and personalized treatment modalities for various diseases, particularly cancer
and inflammation.

2.6. Therapeutic Potential of Exosomes in Gouty Arthritis

Exosome research has witnessed significant advancements in recent years, particularly
in understanding the role of exosomes in various diseases and their therapeutic poten-
tial [75]. Exosomes, small extracellular vesicles, are involved in intercellular communication
and carry a diverse array of biomolecules, including proteins, lipids, and RNAs. Recent
studies have highlighted the potential of exosomes as biomarkers for diseases such as can-
cer, inflammatory conditions, and neurodegenerative disorders, as well as their utility in
drug delivery systems [21]. As research progresses, the focus is shifting towards harnessing
exosomes for therapeutic applications, including their use in regenerative medicine and
targeted therapies.

2.6.1. Engineered Exosomes for Targeted Drug Delivery

Exosome-related therapeutic strategies are emerging as novel approaches for various
diseases, demonstrating significant potential in promoting tissue regeneration and repair
in conditions such as diabetic wounds, spinal cord injury, and neurodegenerative diseases.
As a near-ideal natural drug delivery system, exosomes offer superior biocompatibility, low
immunogenicity, and the ability to cross biological barriers, making them advantageous
over many synthetic nanoparticles [21]. Engineered exosomes further enhance these ca-
pabilities through modifications that improve stability and targeting precision [76]. In the
context of gouty arthritis (GA), several strategies are being explored: loading exosomes
with conventional anti-inflammatory agents like colchicine or corticosteroids, or with bi-
ologics such as IL-1 receptor antagonists (IL-1Ra) to achieve localized anti-inflammatory
effects [77]; encapsulating urate-lowering enzymes like uricase to create a targeted “urate
sink” within the joint; and engineering exosome surfaces with specific ligands (e.g., anti-
bodies or peptides) to enhance binding to receptors highly expressed on inflamed synovial
tissues or activated immune cells [78]. Beyond GA, the ability of exosomes to cross barriers
such as the blood-brain barrier underscores their broader therapeutic potential for central
nervous system disorders. However, challenges remain in standardizing production, en-
suring consistent therapeutic outcomes, and addressing safety concerns. Future research
will likely focus on optimizing exosome engineering techniques, exploring their role in
combination therapies, and validating their efficacy through clinical trials across diverse
therapeutic contexts.

2.6.2. MSC-Derived Exosomes as Inmunomodulatory Agents

Mesenchymal stem cell-derived exosomes (MSC-exos) represent a promising cell-
free therapeutic strategy for GA due to their intrinsic anti-inflammatory and tissue-repair
properties [79]. Unlike exosomes derived from inflamed joint cells, MSC-exos carry a
distinct cargo enriched in anti-inflammatory miRNAs (e.g., miR-223, miR-146a), cytokines
(e.g., TGF-B, IL-10) [80], and enzymes that modulate immune responses. In experimental
GA models, MSC-exos have been shown to suppress NLRP3 inflammasome activation,
promote M2 macrophage polarization, reduce neutrophil infiltration, and attenuate carti-
lage degradation. These effects are mediated through the transfer of bioactive molecules
that reprogram immune cells and restore joint homeostasis. Importantly, MSC-exos cir-
cumvent the safety concerns associated with whole-cell therapies, such as tumorigenicity
and immunogenicity, making them attractive candidates for clinical translation. Ongoing
research is focused on optimizing exosome isolation protocols, enhancing targeting effi-
ciency [81], and developing scalable production methods to facilitate their application in
GA management [82].
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2.6.3. Herbal Compounds and Exosome Modulation in GA Therapy

Traditional herbal medicines have long been used in the management of gout and
inflammatory arthritis. Emerging evidence suggests that certain herbal extracts can mod-
ulate exosome biogenesis, cargo loading, and recipient cell responses, thereby exerting
anti-inflammatory and immunomodulatory effects [83]. For instance, bioactive compounds
such as berberine (from Coptis chinensis), curcumin (from Curcuma longa), and paeoni-
florin (from Paeonia lactiflora) have been reported to alter the miRNA and protein profiles
of exosomes released from macrophages and synoviocytes, favoring an anti-inflammatory
phenotype. Additionally, herbal-derived exosome-like nanovesicles (ELNs) have been
investigated as natural drug carriers capable of delivering phytochemicals directly to in-
flamed joints [84]. These ELNs exhibit low immunogenicity and high biocompatibility,
offering a novel avenue for integrative GA therapy. Further research is needed to eluci-
date the specific mechanisms by which herbal components influence exosome-mediated
communication and to validate their efficacy in clinical settings.

2.6.4. Challenges and Future Directions

Despite the promising advances in exosome research, several challenges and opportu-
nities remain in this field. One of the primary challenges is the standardization of exosome
isolation and characterization methods, which can significantly affect the reproducibility
and reliability of the research findings. Additionally, the biological variability of exosomes
derived from different cell types poses a challenge to their clinical application. Comprehen-
sive studies are needed to elucidate the mechanisms by which exosomes exert their effects
in various biological contexts, particularly in disease progression and therapeutic response.
However, these challenges present opportunities for innovation in the field of exosome
research. The development of novel isolation techniques, such as microfluidic devices and
nanotechnology-based approaches, may enhance exosome yield and purity. Furthermore,
interdisciplinary collaboration among researchers, clinicians, and industry stakeholders
can facilitate the translation of exosome-based therapies from bench to bedside [33]. As the
field continues to evolve, addressing these challenges will be crucial for unlocking the full
potential of exosomes in medicine and improving patient outcomes.

The potential applications of exosomes in the clinical diagnosis and treatment of gout
have gained attention in the medical field. Exosomes, nanoscale extracellular vesicles, can
carry various biomolecules, including proteins, lipids, and nucleic acids, making them
promising candidates for non-invasive diagnostic tools. Recent studies have indicated that
specific proteins associated with lysosomal function and ferroptosis are differentially ex-
pressed in the urinary exosomes of patients with gouty arthritis. For instance, proteins such
as Cathepsin Z (CTSZ) and AP-1 complex subunit beta-1 (AP1B1) have shown significant
predictive value for acute gout attacks, with areas under the curve (AUC) exceeding 0.8 in
receiver operating characteristic (ROC) analyses [12]. This suggests that exosomal proteins
could serve as biomarkers for diagnosing acute gout and monitoring disease progression
and response to therapy. Future research should focus on validating these findings in larger
cohorts and exploring the mechanistic roles of these proteins in the pathophysiology of
gout. Additionally, the integration of exosome analysis into routine clinical practice could
enhance the accuracy and efficiency of gout diagnosis and management.

Further exploration of exosomes as potential biomarkers is warranted, particularly
for gout. Exosomes reflect the physiological and pathological states of their parent cells,
providing insights into disease mechanisms. For example, the identification of specific
miRNAs within exosomes has been proposed as a novel approach for monitoring disease
activity and therapeutic responses in various conditions, including gouty arthritis [85]. The
stability and resistance to degradation of exosomal miRNAs make them ideal candidates
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for biomarker development. Future research should aim to identify miRNA signatures
associated with gout and assess their clinical utility [86]. Furthermore, the development
of standardized protocols for exosome isolation and characterization is crucial to advance
this field of research. By leveraging the unique properties of exosomes, researchers can
potentially uncover new biomarkers that can revolutionize the diagnosis and treatment of
gout, leading to more personalized and effective therapeutic strategies.

3. Conclusions

The exploration of exosomes in the pathogenesis of gouty arthritis has unveiled a
crucial dimension of intercellular communication that significantly influences the inflam-
matory processes. While exosomes play a central role in propagating inflammation in
GA, they also represent promising therapeutic targets and vehicles for drug delivery.
Notably, MSC-derived exosomes and herbal-modulated exosomes offer novel strategies
for immunomodulation and inflammation resolution, distinct from conventional anti-
inflammatory drugs. This review highlights the multifaceted roles of exosomes, not only
as mediators of cellular communication but also as potential biomarkers and therapeutic
targets for the management of gout. As our understanding of the molecular mechanisms
underlying gout continues to evolve, it has become evident that exosomes serve as vi-
tal conduits for the transfer of inflammatory mediators, genetic material, and signaling
molecules among cells in the affected joints.

The role of exosomes in the pathogenesis of gouty arthritis is a pivotal advancement in
our understanding of this complex disease. Exosomes, small extracellular vesicles, play an
integral role in mediating inflammatory responses and modulating immune cell function.
Their capacity to transport and transfer a diverse array of bioactive molecules, including
proteins, lipids, and nucleic acids, underscores their potential as key mediators of the
inflammatory cascade characteristic of gouty arthritis. The interaction between exosomes
and immune cells suggests that these vesicles influence disease progression by regulating
inflammatory pathways.

From an expert perspective, it is essential to balance the various research findings on
exosomes in patients with gout. While current studies have established the involvement
of exosomes in the pathophysiology of this disease, further investigation is warranted
to delineate their exact roles and mechanisms of action. This includes understanding
the diverse populations of exosomes derived from different cell types and their specific
contributions to the inflammatory milieu characteristic of gouty arthritis. Moreover, the
interplay between exosome content and immune response in gouty arthritis presents a
complex landscape that requires careful analysis to avoid oversimplification of the results.

Exosomes represent a promising therapeutic target for the management of gout. By
harnessing these capabilities, we can develop innovative strategies to mitigate inflamma-
tion and modify disease progression. This necessitates a concerted effort from both basic
researchers and clinicians to translate these findings into clinical practice. Future investi-
gations should prioritize elucidating the specific mechanisms through which exosomes
contribute to gout pathophysiology, with particular attention to their potential as diagnostic
biomarkers. The identification of exosomal biomarkers could facilitate the development of
novel diagnostic tools and targeted therapeutic strategies, ultimately enhancing patient
outcomes. Additionally, exploring exosome-based therapeutic approaches offers promising
avenues for modulating inflammatory responses and restoring immune homeostasis in
patients with IBD.

Achieving these objectives necessitates a collaborative interdisciplinary approach
involving researchers, clinicians, and pharmaceutical developers. Such collaboration is
essential to bridge the gap between laboratory discoveries and clinical applications, ensur-
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ing that insights into exosome function translate into tangible benefits for patients with
cancer. In conclusion, the integration of exosome research into the broader context of gouty
arthritis opens new avenues for understanding and treating this disease. Balancing the
various research perspectives on exosomes will be pivotal in developing a comprehen-
sive approach to gout management, ultimately improving patient outcomes. The journey
towards leveraging exosomes in clinical practice is just beginning, and the promise they
hold underscores the importance of continued research in this dynamic field. Ongoing
research on exosomes in gouty arthritis holds significant promise for unveiling innovative
therapeutic options, improving disease management, and enhancing patient prognosis.

Author Contributions: Conceptualization, Z.L.; literature research, W.Z. (Wenren Zhao) and W.Z.
(Wenhao Zhong); literature curation, W.Z. (Wenren Zhao); writing original draft preparation, W.Z.
(Wenren Zhao), W.Z. (Wenhao Zhong), Q.Z. and Z.W.,; reviewing and editing, B.Z., YW. and Z.L.;
supervision, B.Z., YW. and Z.L. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (NSFC)
(82274117). This study was funded by the High-Level Key Discipline Construction Program of the
National Administration of Traditional Chinese Medicine (ZYYZDXK-2023257).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

GA Gouty arthritis

MSU monosodium urate

NLRP3 nucleotide-binding oligomerization domain-, leucine-rich repeat-, and pyrin
domain-containing protein 3

IL-13 interleukin-1f3

MVBs multivesicular bodies

GTPases guanosine triphosphatases

miRNAs  microRNAs

MSCs mesenchymal stem cells

HPRT1 Hypoxanthine-guanine phosphoribosyltransferase 1

1. Ahn, E\Y,; So, M.W. The pathogenesis of gout. ]. Rheum. Dis. 2025, 32, 8-16. [CrossRef]

2. Ehirchiou, D.; Bernabei, I.; Pandian, V.D.; Nasi, S.; Chobaz, V.; Castelblanco, M.; So, A.; Martinon, F.; Li, X.; Acha-Orbea, H.;
et al. The integrin CD11b inhibits MSU-induced NLRP3 inflammasome activation in macrophages and protects mice against
MSU-induced joint inflammation. Arthritis Res. Ther. 2024, 26, 119. [CrossRef]

3.  Xiao, N, Xie, Z.; He, Z.; Xu, Y.; Zhen, S.; Wei, Y.; Zhang, X,; Shen, J.; Wang, ].; Tian, Y.; et al. Pathogenesis of gout: Exploring more
therapeutic target. Int. . Rheum. Dis. 2024, 27, e15147. Correction in Int. |. Rheum. Dis. 2024, 27. https://doi.org/10.1111/1756-1

85X.15296. [CrossRef]

4. Zhang, S.; Duan, Z,; Liu, F; Wu, Q.; Sun, X.; Ma, H. The impact of exosomes derived from distinct sources on rheumatoid arthritis.
Front. Immunol. 2023, 14, 1240747. [CrossRef]
5. Sun, S,; Liang, L.; Tian, R.; Huang, Q.; Ji, Z.; Li, X,; Lin, P; Zheng, S.; Peng, Y.; Yuan, Q.; et al. LncRNA expression profiling in

exosomes derived from synovial fluid of patients with rheumatoid arthritis. Int. Immunopharmacol. 2024, 130, 111735. [CrossRef]

[PubMed]

https://doi.org/10.3390/ijms27041656


https://doi.org/10.4078/jrd.2024.0054
https://doi.org/10.1186/s13075-024-03350-5
https://doi.org/10.1111/1756-185X.15296
https://doi.org/10.1111/1756-185X.15296
https://doi.org/10.1111/1756-185X.15147
https://doi.org/10.3389/fimmu.2023.1240747
https://doi.org/10.1016/j.intimp.2024.111735
https://www.ncbi.nlm.nih.gov/pubmed/38412675
https://doi.org/10.3390/ijms27041656

Int. J. Mol. Sci. 2026, 27, 1656 15 0f 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

Jiao, Y,; Zhang, T.; Liu, M.; Zhou, L.; Qi, M.; Xie, X.; Shi, X.; Gu, X.; Ma, Z. Exosomal PGE2 from M2 macrophages inhibits
neutrophil recruitment and NET formation through lipid mediator class switching in sepsis. J. Biomed. Sci. 2023, 30, 62. [CrossRef]
Lee, E.S.; Ko, H.; Kim, C.H.; Kim, H.C.; Choi, SK; Jeong, SW.; Lee, S.G.; Lee, S.J.; Na, HK.; Park, ].H.; et al. Disease-
microenvironment modulation by bare- or engineered-exosome for rheumatoid arthritis treatment. Biomater. Res. 2023, 27, 81.
[CrossRef] [PubMed]

Busso, N.; So, A. Mechanisms of inflammation in gout. Arthritis Res. Ther. 2010, 12, 206. [CrossRef] [PubMed]

Tavasolian, F.; Moghaddam, A.S.; Rohani, E; Abdollahi, E.; Janzamin, E.; Momtazi-Borojeni, A.A.; Moallem, S.A.; Jamialahmadi,
T.; Sahebkar, A. Exosomes: Effectual players in rheumatoid arthritis. Autoimmun. Rev. 2020, 19, 102511. [CrossRef]

Lau, N.C.H.; Yam, ]. W.P. From Exosome Biogenesis to Absorption: Key Takeaways for Cancer Research. Cancers 2023, 15, 1992.
[CrossRef]

Lu, C,; Yang, X.; Wang, X.; Wang, Y.; Zhang, B.; Lin, Z. Exploring Exosome Contributions to Gouty Arthritis: A Proteomics and
Experimental Study. Int. ]. Mol. Sci. 2025, 26, 5320. [CrossRef] [PubMed]

Wang, J.; Liu, N.; Hu, M.; Zhang, M. Lysosome-related proteins may have changes in the urinary exosomes of patients with acute
gout attack. Eur. J. Med. Res. 2025, 30, 41. [CrossRef] [PubMed]

Wang, J.; Lin, Y,; Liu, N.; Hu, M.; Zhang, M. Differential expression of ferroptosis-related proteins in urinary exosomes: Potential
indicators for monitoring acute gout attack. Front. Mol. Biosci. 2024, 11, 1476631. [CrossRef]

Théry, C.; Witwer, KW.; Aikawa, E.; Alcaraz, M.].; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F,;
Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. . Extracell. Vesicles 2018, 7, 1535750.
[CrossRef]

Bharti, P.S.; Rani, K.; Singh, R.; Rai, S.; Rastogi, S.; Batra, M.; Mishra, A.; Zehra, S.; Gorai, PK.; Sasidhar, M.V,; et al. A simplified
and efficient method for isolating small extracellular vesicles for comparative and comprehensive translational research. Sci. Rep.
2025, 15, 16367. [CrossRef] [PubMed]

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]

Wang, T.T.; Li, Z.Z; Cai, Y.; Ren, ].G.; Zhao, ].H. Emerging roles of Rab27 proteins: From normal to cancer stem cells. Biochem.
Biophys. Res. Commun. 2025, 775, 152109. [CrossRef]

Fang, Z.; Ding, Y.X,; Li, F. Exosomes: Promising biomarkers and targets for cancer. World ]. Gastrointest. Oncol. 2022, 14, 1594-1596.
[CrossRef]

Zakeri, Z.; Salmaninejad, A.; Hosseini, N.; Shahbakhsh, Y.; Fadaee, E.; Shahrzad, M.K.; Fadaei, S. MicroRNA and exosome: Key
players in rheumatoid arthritis. J. Cell Biochem. 2019, 120, 10930-10944. [CrossRef]

Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
Zhao, W.; Li, K,; Li, L.; Wang, R.; Lei, Y.; Yang, H.; Sun, L. Mesenchymal Stem Cell-Derived Exosomes as Drug Delivery Vehicles
in Disease Therapy. Int. J. Mol. Sci. 2024, 25, 7715. [CrossRef]

Buzas, E.I. The roles of extracellular vesicles in the immune system. Nat. Rev. Immunol. 2023, 23, 236-250. [CrossRef] [PubMed]
Becker, A.; Thakur, B.K.; Weiss, ].M.; Kim, H.S.; Peinado, H.; Lyden, D. Extracellular Vesicles in Cancer: Cell-to-Cell Mediators of
Metastasis. Cancer Cell 2016, 30, 836-848. [CrossRef]

Li, S.; Zhang, S.; Chen, Z.; Zhang, X.; Ou, R.; Wei, S.; Liu, Y,; Xu, Y.; Chen, K.; Chen, Z.; et al. How to process synovial fluid
samples of gouty arthritis and extract its exosomes for subsequent cytokine analysis. Medicine 2023, 102, e34552. [CrossRef]
Hsu, C.Y,; Hsieh, TH.; Lin, H.Y; Lu, C.Y,; Lo, HW,; Tsai, C.C.; Tsai, E.M. Characterization and Proteomic Analysis of Endometrial
Stromal Cell-Derived Small Extracellular Vesicles. J. Clin. Endocrinol. Metab. 2021, 106, 1516-1529. [CrossRef]

Wen, Z.; Mai, Z.; Zhu, X.; Wu, T.; Chen, Y.; Geng, D.; Wang, ]. Mesenchymal stem cell-derived exosomes ameliorate cardiomyocyte
apoptosis in hypoxic conditions through microRNA144 by targeting the PTEN/AKT pathway. Stem Cell Res. Ther. 2020, 11, 36.
[CrossRef] [PubMed]

van Niel, G.; Carter, D.R.F; Clayton, A.; Lambert, D.W.; Raposo, G.; Vader, P. Challenges and directions in studying cell-cell
communication by extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2022, 23, 369-382. [CrossRef]

Cen, X.; Chen, Q.; Wang, B.; Xu, H.; Wang, X.; Ling, Y.; Zhang, X_; Qin, D. UBE20 ubiquitinates PTRF/CAVINI1 and inhibits the
secretion of exosome-related PTRF/CAVIN1. Cell Commun. Signal. 2022, 20, 191. [CrossRef] [PubMed]

Bouchareychas, L.; Duong, P.; Covarrubias, S.; Alsop, E.; Phu, T.A.; Chung, A.; Gomes, M.; Wong, D.; Meechoovet, B.; Capili, A.;
et al. Macrophage Exosomes Resolve Atherosclerosis by Regulating Hematopoiesis and Inflammation via MicroRNA Cargo. Cell
Rep. 2020, 32, 107881. [CrossRef]

Huang, Y; Liu, Y,; Huang, Q.; Sun, S.; Ji, Z.; Huang, L.; Li, Z.; Huang, X.; Deng, W.; Li, T. TMT-Based Quantitative Proteomics
Analysis of Synovial Fluid-Derived Exosomes in Inflammatory Arthritis. Front. Immunol. 2022, 13, 800902. [CrossRef]

https://doi.org/10.3390/ijms27041656


https://doi.org/10.1186/s12929-023-00957-9
https://doi.org/10.1186/s40824-023-00418-2
https://www.ncbi.nlm.nih.gov/pubmed/37635253
https://doi.org/10.1186/ar2952
https://www.ncbi.nlm.nih.gov/pubmed/20441605
https://doi.org/10.1016/j.autrev.2020.102511
https://doi.org/10.3390/cancers15071992
https://doi.org/10.3390/ijms26115320
https://www.ncbi.nlm.nih.gov/pubmed/40508129
https://doi.org/10.1186/s40001-025-02272-5
https://www.ncbi.nlm.nih.gov/pubmed/39838438
https://doi.org/10.3389/fmolb.2024.1476631
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1038/s41598-025-99822-y
https://www.ncbi.nlm.nih.gov/pubmed/40350518
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1016/j.bbrc.2025.152109
https://doi.org/10.4251/wjgo.v14.i8.1594
https://doi.org/10.1002/jcb.28499
https://doi.org/10.1126/science.aau6977
https://doi.org/10.3390/ijms25147715
https://doi.org/10.1038/s41577-022-00763-8
https://www.ncbi.nlm.nih.gov/pubmed/35927511
https://doi.org/10.1016/j.ccell.2016.10.009
https://doi.org/10.1097/MD.0000000000034552
https://doi.org/10.1210/clinem/dgab045
https://doi.org/10.1186/s13287-020-1563-8
https://www.ncbi.nlm.nih.gov/pubmed/31973741
https://doi.org/10.1038/s41580-022-00460-3
https://doi.org/10.1186/s12964-022-00996-z
https://www.ncbi.nlm.nih.gov/pubmed/36443833
https://doi.org/10.1016/j.celrep.2020.107881
https://doi.org/10.3389/fimmu.2022.800902
https://doi.org/10.3390/ijms27041656

Int. J. Mol. Sci. 2026, 27, 1656 16 of 18

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Chen, X.M.; Zhao, Y.; Wu, X.D.; Wang, M.].; Yu, H.; Lu, J.J.; Hu, YJ.; Huang, Q.C.; Huang, R.Y.; Lu, C.J. Novel findings
from determination of common expressed plasma exosomal microRNAs in patients with psoriatic arthritis, psoriasis vulgaris,
rheumatoid arthritis, and gouty arthritis. Discov. Med. 2019, 28, 47-68.

Yang, S.; Liu, H.; Fang, X.M.; Yan, F.; Zhang, Y. Signaling pathways in uric acid homeostasis and gout: From pathogenesis to
therapeutic interventions. Int. Immunopharmacol. 2024, 132, 111932. [CrossRef]

Heydari, R.; Koohi, F; Rasouli, M.; Rezaei, K.; Abbasgholinejad, E.; Bekeschus, S.; Doroudian, M. Exosomes as Rheumatoid
Arthritis Diagnostic Biomarkers and Therapeutic Agents. Vaccines 2023, 11, 687. [CrossRef] [PubMed]

Mouasni, S.; Gonzalez, V.; Schmitt, A.; Bennana, E.; Guillonneau, F.; Mistou, S.; Avouac, J.; Ea, HK.; Devauchelle, V.; Gottenberg,
J.E.; et al. The classical NLRP3 inflammasome controls FADD unconventional secretion through microvesicle shedding. Cell
Death Dis. 2019, 10, 190. [CrossRef]

Abdel Mageed, S.S.; Elimam, H.; Elesawy, A.E.; Abulsoud, A.IL; Raouf, A.A.; Tabaa, M.M.E.; Mohammed, O.A.; Zaki, M.B,;
Abd-Elmawla, M.A; El-Dakroury, W.A.; et al. Unraveling the impact of miRNAs on gouty arthritis: Diagnostic significance and
therapeutic opportunities. Naunyn Schmiedebergs Arch. Pharmacol. 2025, 398, 3433-3450. [CrossRef]

Ji, Z.; Zheng, S.; Liang, L.; Huang, L.; Sun, S.; Huang, Z.; He, Y.; Pan, X,; Li, T.; Huang, Y. TMT-based quantitative proteomics
analysis of serum-derived exosomes in patients with juvenile gout. Front. Endocrinol. 2025, 16, 1460218. [CrossRef] [PubMed]
Cumpelik, A.; Ankli, B.; Zecher, D.; Schifferli, ].A. Neutrophil microvesicles resolve gout by inhibiting C5a-mediated priming of
the inflammasome. Ann. Rheum. Dis. 2016, 75, 1236-1245. [CrossRef]

Zeng, T.; Wang, X.; Wang, W.; Feng, Q.; Lao, G.; Liang, Y.; Wang, C.; Zhou, J.; Chen, Y,; Liu, ].; et al. Endothelial cell-derived
small extracellular vesicles suppress cutaneous wound healing through regulating fibroblasts autophagy. Clin. Sci. 2019, 133,
CS20190008. [CrossRef]

Cosenza, S.; Toupet, K.; Maumus, M.; Luz-Crawford, P.; Blanc-Brude, O.; Jorgensen, C.; Noél, D. Mesenchymal stem cells-derived
exosomes are more immunosuppressive than microparticles in inflammatory arthritis. Theranostics 2018, 8, 1399-1410. [CrossRef]
Zhang, B.; Zhao, J.; Jiang, M.; Peng, D.; Dou, X.; Song, Y.; Shi, J. The Potential Role of Gut Microbial-Derived Exosomes in
Metabolic-Associated Fatty Liver Disease: Implications for Treatment. Front. Immunol. 2022, 13, 893617. [CrossRef] [PubMed]
Nieradko-Iwanicka, B. The role of alcohol consumption in pathogenesis of gout. Crit. Rev. Food Sci. Nutr. 2022, 62, 7129-7137.
[CrossRef]

Fang, W.; Vangsness, C.T., Jr. Implications of Anti-Inflammatory Nature of Exosomes in Knee Arthritis. Cartilage 2021, 13,
204s-212s. [CrossRef]

So, A K.; Martinon, F. Inflammation in gout: Mechanisms and therapeutic targets. Nat. Rev. Rheumatol. 2017, 13, 639-647.
[CrossRef]

Zhang, R.; Li, M; Li, H.; Ran, X;; Jin, F; Tan, Q.; Chen, Z. Immune Cell-Derived Exosomes in Inflammatory Disease and
Inflammatory Tumor Microenvironment: A Review. J. Inflamm. Res. 2024, 17, 301-312. [CrossRef]

Wang, F.; Wang, X.; Zhang, X.; Hu, M. Immune activation and regulation mediated by immune cell-derived EVs (iEVs). Essays
Biochem. 2025, 69, 147-160. [CrossRef]

Jia, E;; Zhu, H,; Geng, H.; Zhong, L.; Qiu, X; Xie, J.; Xiao, Y,; Jiang, Y.; Xiao, M.; Zhang, Y.; et al. The Inhibition of Osteoblast
Viability by Monosodium Urate Crystal-Stimulated Neutrophil-Derived Exosomes. Front. Immunol. 2022, 13, 809586. [CrossRef]
[PubMed]

Huang, Z.; Zhong, X.; Zhang, Y.; Li, X.; Liu, M.; Huang, Y.; Yue, J.; Yi, G.; Liu, H.; Yuan, B.; et al. A targeted proteomics screen
reveals serum and synovial fluid proteomic signature in patients with gout. Front. Immunol. 2024, 15, 1468810. [CrossRef]
Zhang, W.Z. Uric acid en route to gout. Adv. Clin. Chem. 2023, 116, 209-275. [CrossRef]

Sanchez, C.; Campeau, A.; Liu-Bryan, R.; Mikuls, T.R.; O'Dell, ].R.; Gonzalez, D.J.; Terkeltaub, R. Effective xanthine oxidase
inhibitor urate lowering therapy in gout is linked to an emergent serum protein interactome of complement and inflammation
modulators. Sci. Rep. 2024, 14, 24598. [CrossRef] [PubMed]

Fu, W.; Ge, M; Li, J. Phospholipase A2 regulates autophagy in gouty arthritis: Proteomic and metabolomic studies. J. Transl. Med.
2023, 21, 261. [CrossRef] [PubMed]

Skoczyniska, M.; Chowaniec, M.; Szymczak, A.; Langner-Hetmanczuk, A.; Maciazek-Chyra, B.; Wiland, P. Pathophysiology of
hyperuricemia and its clinical significance—A narrative review. Reumatologia 2020, 58, 312-323. [CrossRef]

Major, T.J.; Dalbeth, N.; Stahl, E.A.; Merriman, T.R. An update on the genetics of hyperuricaemia and gout. Nat. Rev. Rheumatol.
2018, 14, 341-353. [CrossRef]

Jin, T.; Wu, L.; Wang, J.; Wang, X.; He, Z.; Di, W.; Yang, Q.; Wei, X. Exosomes derived from diabetic serum accelerate the
progression of osteoarthritis. Arch. Biochem. Biophys. 2024, 755, 109960. [CrossRef]

Liu, Y.; Jiang, P.; Qu, Y,; Liu, C.; Zhang, D.; Xu, B.; Zhang, Q. Exosomes and exosomal miRNAs: A new avenue for the future
treatment of rheumatoid arthritis. Heliyon 2024, 10, €28127. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27041656


https://doi.org/10.1016/j.intimp.2024.111932
https://doi.org/10.3390/vaccines11030687
https://www.ncbi.nlm.nih.gov/pubmed/36992270
https://doi.org/10.1038/s41419-019-1412-9
https://doi.org/10.1007/s00210-024-03603-9
https://doi.org/10.3389/fendo.2025.1460218
https://www.ncbi.nlm.nih.gov/pubmed/40444241
https://doi.org/10.1136/annrheumdis-2015-207338
https://doi.org/10.1042/CS20190008
https://doi.org/10.7150/thno.21072
https://doi.org/10.3389/fimmu.2022.893617
https://www.ncbi.nlm.nih.gov/pubmed/35634340
https://doi.org/10.1080/10408398.2021.1911928
https://doi.org/10.1177/1947603520904766
https://doi.org/10.1038/nrrheum.2017.155
https://doi.org/10.2147/JIR.S421649
https://doi.org/10.1042/EBC20253005
https://doi.org/10.3389/fimmu.2022.809586
https://www.ncbi.nlm.nih.gov/pubmed/35655781
https://doi.org/10.3389/fimmu.2024.1468810
https://doi.org/10.1016/bs.acc.2023.05.003
https://doi.org/10.1038/s41598-024-74154-5
https://www.ncbi.nlm.nih.gov/pubmed/39426967
https://doi.org/10.1186/s12967-023-04114-6
https://www.ncbi.nlm.nih.gov/pubmed/37069596
https://doi.org/10.5114/reum.2020.100140
https://doi.org/10.1038/s41584-018-0004-x
https://doi.org/10.1016/j.abb.2024.109960
https://doi.org/10.1016/j.heliyon.2024.e28127
https://www.ncbi.nlm.nih.gov/pubmed/38533025
https://doi.org/10.3390/ijms27041656

Int. J. Mol. Sci. 2026, 27, 1656 17 of 18

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Pang, L.; Jin, H.; Lu, Z,; Xie, E; Shen, H.; Li, X,; Zhang, X; Jiang, X.; Wu, L.; Zhang, M.; et al. Treatment with Mesenchymal Stem
Cell-Derived Nanovesicle-Containing Gelatin Methacryloyl Hydrogels Alleviates Osteoarthritis by Modulating Chondrogenesis
and Macrophage Polarization. Adv. Healthc. Mater. 2023, 12, €2300315. [CrossRef] [PubMed]

Console, L.; Scalise, M.; Indiveri, C. Exosomes in inflammation and role as biomarkers. Clin. Chim. Acta 2019, 488, 165-171.
[CrossRef]

McHugh, J. Modifying exosomes to target macrophages in arthritis. Nat. Rev. Rheumatol. 2021, 17, 443. [CrossRef]

Chen, X.; Wei, Q.; Sun, H.; Zhang, X.; Yang, C.; Tao, Y.; Nong, G. Exosomes Derived from Human Umbilical Cord Mesenchy-
mal Stem Cells Regulate Macrophage Polarization to Attenuate Systemic Lupus Erythematosus-Associated Diffuse Alveolar
Hemorrhage in Mice. Int. ]. Stem Cells 2021, 14, 331-340. [CrossRef] [PubMed]

Lin, W.T.; Wu, H.H.; Lee, CW.; Chen, Y.F; Huang, L.; Hui-Chun Ho, J.; Kuang-Sheng Lee, O. Modulation of experimental acute
lung injury by exosomal miR-7704 from mesenchymal stromal cells acts through M2 macrophage polarization. Mol. Ther. Nucleic
Acids 2024, 35, 102102. [CrossRef]

Deng, L.H.; Gong, Y.; Huang, X.L.; Chao, H.C. Exosomes in the Pathogenesis of Rheumatoid Arthritis. Zhongguo Yi Xue Ke Xue
Yuan Xue Bao 2019, 41, 556-561. [CrossRef]

Bi, W,; Li, X; Jiang, Y.; Gao, T.; Zhao, H.; Han, Q.; Zhang, J. Tumor-derived exosomes induce neutrophil infiltration and
reprogramming to promote T-cell exhaustion in hepatocellular carcinoma. Theranostics 2025, 15, 2852-2869. [CrossRef]
Wahlgren, J.; Karlson Tde, L.; Glader, P.; Telemo, E.; Valadi, H. Activated human T cells secrete exosomes that participate in IL-2
mediated immune response signaling. PLoS ONE 2012, 7, e49723. [CrossRef]

Chen, M.; Li, M.H.; Zhang, N.; Sun, W.W.; Wang, H.; Wang, Y.A.; Zhao, Y.; Wei, W. Pro-angiogenic effect of exosomal microRNA-
103a in mice with rheumatoid arthritis via the downregulation of hepatocyte nuclear factor 4 alpha and activation of the
JAK/STATS3 signaling pathway. J. Biol. Regul. Homeost. Agents 2021, 35, 629-640. [CrossRef]

Wei, S.; Dai, Z.; Wu, L.; Xiang, Z.; Yang, X,; Jiang, L.; Du, Z. Lactate-induced macrophage HMGB1 lactylation promotes neutrophil
extracellular trap formation in sepsis-associated acute kidney injury. Cell Biol. Toxicol. 2025, 41, 78. [CrossRef] [PubMed]

Kurt, S.; Kimiz-Gebologlu, I.; Oncel, S.S. MSC-Exosomes as Novel Therapeutics in Asthma and Allergic Airway Inflammation.
Thorac. Res. Pract. 2025, 26, 34-36. [CrossRef]

Shi, Y.; Luo, P; Wang, W.; Horst, K.; Blasius, E; Relja, B.; Xu, D.; Hildebrand, F.; Greven, J. M1 But Not MO Extracellular Vesicles
Induce Polarization of RAW264.7 Macrophages Via the TLR4-NF«B Pathway In Vitro. Inflammation 2020, 43, 1611-1619. [CrossRef]
[PubMed]

Jiao, Y;; Zhang, T.; Zhang, C.; Ji, H.; Tong, X.; Xia, R.; Wang, W.; Ma, Z.; Shi, X. Exosomal miR-30d-5p of neutrophils induces
M1 macrophage polarization and primes macrophage pyroptosis in sepsis-related acute lung injury. Crit. Care 2021, 25, 356.
[CrossRef] [PubMed]

Pei, X,; Liu, L.; Wang, J.; Guo, C.; Li, Q.; Li, J.; Ren, Q.; Ma, R.; Zheng, Y.; Zhang, Y.; et al. Exosomal secreted SCIMP regulates
communication between macrophages and neutrophils in pneumonia. Nat. Commun. 2024, 15, 691. [CrossRef]

Yang, L.; Liu, C.; Xiao, J.; Song, Y.; Chen, H.; Li, D.; Zou, C.; Hong, T.; Liu, Y,; Qi, D.; et al. Mast cell-expressed Mrgprb2 /MRGPRX2
mediates gout pain and inflammation via a neuroimmune axis. JCI Insight 2026, 11, e201781. [CrossRef]

Ostrowski, M.; Carmo, N.B.; Krumeich, S.; Fanget, I.; Raposo, G.; Savina, A.; Moita, C.F; Schauer, K.; Hume, A.N.; Freitas, R.P;
et al. Rab27a and Rab27b control different steps of the exosome secretion pathway. Nat. Cell Biol. 2010, 12, 19-30. [CrossRef]
Pillinger, M.H.; Mandell, B.F. Therapeutic approaches in the treatment of gout. Semin. Arthritis Rheum. 2020, 50, S24-S30.
[CrossRef] [PubMed]

Wang, X.; Qiao, D.; Chen, L.; Xu, M.; Chen, S.; Huang, L.; Wang, F.; Chen, Z.; Cai, ].; Fu, L. Chemotherapeutic drugs stimulate the
release and recycling of extracellular vesicles to assist cancer cells in developing an urgent chemoresistance. Mol. Cancer 2019, 18,
182. [CrossRef] [PubMed]

Chu, K;; Liu, J.; Zhang, X.; Wang, M.; Yu, W.; Chen, Y,; Xu, L.; Yang, G.; Zhang, N.; Zhao, T. Herbal Medicine-Derived
Exosome-Like Nanovesicles: A Rising Star in Cancer Therapy. Int. ]. Nanomed. 2024, 19, 7585-7603. [CrossRef]

Lin, TY,; Huang, T.Y.; Chiu, H.C.; Chung, Y.Y,; Lin, W.C,; Lin, H.Y,; Lee, S.Y. 2,354/ -tetrahydroxystilbene-2-O-f3-D-glucoside-
stimulated dental pulp stem cells-derived exosomes for wound healing and bone regeneration. J. Dent. Sci. 2025, 20, 154-163.
[CrossRef] [PubMed]

Kapogiannis, D. Exosome Biomarkers Revolutionize Preclinical Diagnosis of Neurodegenerative Diseases and Assessment of
Treatment Responses in Clinical Trials. Adv. Exp. Med. Biol. 2020, 1195, 149. [CrossRef]

Zhu, Q.; Chen, R.; Wu, X.; Zhou, Y.; Wang, Z.; Zhang, H.; Zhu, H.; Sun, L.; Shuai, Z. Bioinspired exosome-5iO(2) nanohybrid
therapeutic for rheumatoid arthritis treatment. Theranostics 2025, 15, 6553-6571. [CrossRef]

Peng, Z.; Meng, F; Deng, Q.; Huang, Y.; Mao, D.; Long, Y.; Yan, W.; Peng, J.; Wang, X.; Liu, N. Advances in drug delivery systems
for the management of gout and hyperuricemia. Front. Pharmacol. 2025, 16, 1660890. [CrossRef]

Akbari, A.; Nazari-Khanamiri, F.; Ahmadi, M.; Shoaran, M.; Rezaie, ]. Engineered Exosomes for Tumor-Targeted Drug Delivery:
A Focus on Genetic and Chemical Functionalization. Pharmaceutics 2022, 15, 66. [CrossRef]

https://doi.org/10.3390/ijms27041656


https://doi.org/10.1002/adhm.202300315
https://www.ncbi.nlm.nih.gov/pubmed/36848378
https://doi.org/10.1016/j.cca.2018.11.009
https://doi.org/10.1038/s41584-021-00651-w
https://doi.org/10.15283/ijsc20156
https://www.ncbi.nlm.nih.gov/pubmed/33906978
https://doi.org/10.1016/j.omtn.2023.102102
https://doi.org/10.3881/j.issn.1000-503X.10648
https://doi.org/10.7150/thno.104557
https://doi.org/10.1371/journal.pone.0049723
https://doi.org/10.23812/20-537-A
https://doi.org/10.1007/s10565-025-10026-6
https://www.ncbi.nlm.nih.gov/pubmed/40304798
https://doi.org/10.4274/ThoracResPract.2025.s013
https://doi.org/10.1007/s10753-020-01236-7
https://www.ncbi.nlm.nih.gov/pubmed/32323096
https://doi.org/10.1186/s13054-021-03775-3
https://www.ncbi.nlm.nih.gov/pubmed/34641966
https://doi.org/10.1038/s41467-024-44714-4
https://doi.org/10.1172/jci.insight.201781
https://doi.org/10.1038/ncb2000
https://doi.org/10.1016/j.semarthrit.2020.04.010
https://www.ncbi.nlm.nih.gov/pubmed/32620199
https://doi.org/10.1186/s12943-019-1114-z
https://www.ncbi.nlm.nih.gov/pubmed/31830995
https://doi.org/10.2147/IJN.S477270
https://doi.org/10.1016/j.jds.2024.09.010
https://www.ncbi.nlm.nih.gov/pubmed/39873051
https://doi.org/10.1007/978-3-030-32633-3_19
https://doi.org/10.7150/thno.108296
https://doi.org/10.3389/fphar.2025.1660890
https://doi.org/10.3390/pharmaceutics15010066
https://doi.org/10.3390/ijms27041656

Int. J. Mol. Sci. 2026, 27, 1656 18 of 18

79.

80.

81.

82.

83.

84.

85.

86.

Zhao, Z.; Zhang, L.; Ocansey, D.K.W.; Wang, B.; Mao, F. The role of mesenchymal stem cell-derived exosome in epigenetic
modifications in inflammatory diseases. Front. Immunol. 2023, 14, 1166536. [CrossRef]

Phinney, D.G.; Di Giuseppe, M.; Njah, J.; Sala, E.; Shiva, S.; St Croix, C.M.; Stolz, D.B.; Watkins, S.C.; Di, Y.P; Leikauf, G.D.; et al.
Mesenchymal stem cells use extracellular vesicles to outsource mitophagy and shuttle microRNAs. Nat. Commun. 2015, 6, 8472.
[CrossRef]

Chen, Y.S.; Lin, E.Y.; Chiou, TW.; Harn, H.J. Exosomes in clinical trial and their production in compliance with good manufacturing
practice. Tzu Chi Med. J. 2020, 32, 113-120. [CrossRef] [PubMed]

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] [PubMed]

Wang, K.; Chen, Q.; Shao, Y;; Yin, S.; Liu, C.; Liu, Y.; Wang, R.; Wang, T.; Qiu, Y.; Yu, H. Anticancer activities of TCM and their
active components against tumor metastasis. Biomed. Pharmacother. 2021, 133, 111044. [CrossRef] [PubMed]

Zhuang, X.; Deng, Z.B.; Mu, ].; Zhang, L.; Yan, J.; Miller, D.; Feng, W.; McClain, C.J.; Zhang, H.G. Ginger-derived nanoparticles
protect against alcohol-induced liver damage. J. Extracell. Vesicles 2015, 4, 28713. [CrossRef]

Hussain, M.Z.; Haris, M.S.; Rizwan, M.; Ashraf, N.S.; Arshad, M.; Mahjabeen, I. Deregulation of exosomal miRNAs in rheumatoid
arthritis patients. PLoS ONE 2023, 18, e0289301. [CrossRef]

Yang, X.; Wang, Z.; Zhang, M.; Shuai, Z. Differential Expression Profiles of Plasma Exosomal microRNAs in Rheumatoid Arthritis.
J. Inflamm. Res. 2023, 16, 3687-3698. [CrossRef]

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/ijms27041656


https://doi.org/10.3389/fimmu.2023.1166536
https://doi.org/10.1038/ncomms9472
https://doi.org/10.4236/cm.2020.113007
https://www.ncbi.nlm.nih.gov/pubmed/32269942
https://doi.org/10.1038/s41565-021-00931-2
https://www.ncbi.nlm.nih.gov/pubmed/34211166
https://doi.org/10.1016/j.biopha.2020.111044
https://www.ncbi.nlm.nih.gov/pubmed/33378952
https://doi.org/10.3402/jev.v4.28713
https://doi.org/10.1371/journal.pone.0289301
https://doi.org/10.2147/JIR.S413994
https://doi.org/10.3390/ijms27041656

	Introduction 
	The Biomechanism of Exosomes and Gouty Arthritis 
	Basic Characteristics and Biological Functions of Exosomes 
	Composition and Biological Roles of Exosomes 
	Isolation and Characterization of Exosomes 
	Biogenesis and Pathological Cargo Loading in Gout 

	The Involvement and Regulatory Mechanisms of Exosomes in the Pathogenesis of Gout 
	Characteristics of Exosomes and Their Sources in Gout 
	Changes in Protein and miRNA Profiles of Exosomes in Gout Models 
	The Role of Exosomes in Uric Acid Crystal-Induced Inflammatory Response 
	Activation of Inflammatory and Complement Pathways 
	Lysosomal and Autophagic Dysfunction 
	Regulation of Purine and Uric Acid Metabolism 
	The Impact of Exosomes on Joint Cells and Their Signaling Pathways 

	Exosomes and Their Interaction with Immune Cells 
	Role of Exosomes in Macrophage Activation 
	Regulation of T Cell Function by Exosomes 
	How Exosomes Affect the Activation of Immune Cells and Cytokine Production 
	The Role of Exosomes in Regulating Macrophage and Neutrophil Responses 

	The Potential Impact of Exosomes in the Progression of Gouty Arthritis 
	The Prospective Application of Exosomes as Biomarkers 
	The Potential Applications of Exosomes in Therapy 

	The Relationship Between Exosomes and Drug and Herbal Treatments 
	Therapeutic Potential of Exosomes in Gouty Arthritis 
	Engineered Exosomes for Targeted Drug Delivery 
	MSC-Derived Exosomes as Immunomodulatory Agents 
	Herbal Compounds and Exosome Modulation in GA Therapy 
	Challenges and Future Directions 


	Conclusions 
	References

