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Mechanisms of intercellular communication via extracellular 
vesicles (Exosomes) in physiological systems

Introduction

One essential mechanism that underpins the synchronization of bio-
logical processes in physiological systems is intercellular communication 
(Ahmed and Xiang, 2011). In order to maintain organismal homeostasis, 
these interactions allow cells to react to changes in the internal and ex-
ternal environment in a coordinated way (Su et al., 2024). Recent studies 
have demonstrated that extracellular vesicles are essential mediators of 
more intricate and dynamic intercellular communication in addition to 
traditional communication pathways like cytokine-based signals, hor-
mones, and cell-to-cell contact (Primorac et al., 2026; Sheng et al., 2025).

Nearly all cell types release extracellular vesicles, which are lipid 
membrane structures that range in size from nanoscale to microscopic, 
into the extracellular environment (Verweij et al., 2021). These vesicles are 
divided into many categories, including as exosomes, microvesicles, and 
apoptotic bodies, according to their size and biogenesis mechanism (Li et 
al., 2026). Exosomes are a subtype of extracellular vesicles that originate 
from the endosomal pathway through the development of multivesicular 
bodies (MVBs) and range in size from 30 to 150 nm (Doyle and Wang, 
2019). The intraluminal vesicles are discharged into the extracellular envi-
ronment as exosomes when MVBs fuse with the plasma membrane (Ju et 
al., 2025). These structures reflect the physiological condition of the cells 
from which they emerge by carrying a range of molecular payloads, such 
as proteins, lipids, and nucleic acids (Chigozie, 2026).

Through a process that includes both surface contacts and the di-

rect transport of regulatory chemicals into target cells, exosomes serve 
as a physiological mode of biological information transfer between cells 
(Kalluri and LeBleu, 2020). Exosomes can shield their molecular cargo 
from enzymatic destruction during transport, which improves the du-
rability and efficacy of signal delivery in contrast to traditional soluble 
signals (Adedokun et al., 2026). Additionally, by influencing gene expres-
sion and intracellular signaling pathways, exosomes can alter a number of 
biological processes, such as proliferation, differentiation, immunological 
responses, and metabolism (Wei et al., 2025a).

Exosomes have advantages in terms of complexity and selectivity 
when compared to other communication channels like hormones and 
cytokines (Huda et al., 2021). Typically, hormones and cytokines work 
by interacting with particular receptors, which causes quick but con-
strained reactions within particular signaling pathways (Altan-Bonnet and 
Mukherjee, 2019). Exosomes, on the other hand, can transport several 
different kinds of chemicals at once, allowing for multi-level control of 
target cell activity (Si et al., 2024). Additionally, the effectiveness of inter-
cellular communication within complex tissues is improved by the selec-
tive detection of particular target cells made possible by the presence of 
particular surface molecules on exosomes (Ghaffari et al., 2023).

Even though we have learned a lot about exosomes in the last few 
decades, there are still a lot of unanswered questions. There is still much 
to learn about the mechanisms of cargo selection into exosomes, particu-
larly what influences molecular loading specificity (Aldarmahi et al., 2025). 
Additionally, more research is needed to understand the dynamics of in-
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ARTICLE INFO ABSTRACT

Through the active transfer of biomolecules, exosomes, a subtype of nanoscale extracellular vesicles, are essen-
tial for intercellular communication. The finding that exosomes play a crucial function in a number of physiolog-
ical processes has raised interest in them in recent years. This review article aimed to provide a comprehensive 
understanding of the mechanisms of exosome-mediated intercellular communication in physiological systems. 
The biogenesis, chemical makeup, and methods of exosome contact with target cells were the main topics of 
a recent literature search that was carried out using major scientific databases. The endosomal pathway, which 
includes the creation of multivesicular bodies, produces exosomes, which are then discharged into the extracel-
lular environment by exocytosis. Exosomes can alter signaling cascades and gene regulation in recipient cells 
thanks to their chemical cargo, which consists of proteins, lipids, and nucleic acids like microRNAs. Exosomes 
support a number of biological processes in a physiological setting, such as immune response regulation, neural 
communication, cardiovascular homeostasis, reproductive processes, and metabolic balance. Exosomes are ef-
fective and flexible communication mediators because of their capacity to communicate biological information 
in a targeted and safe way. By coordinating intercellular communication, exosomes are essential for preserving 
homeostasis. Future exosome applications in the biomedical area are anticipated to be supported by a fuller 
comprehension of this mechanism.
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teractions between exosomes and target cells in various physiological 
settings (Yadav et al., 2024). The diversity of exosome populations and the 
limitations of analytical techniques that can identify vesicle subpopula-
tions with different functions are further difficulties (Zhang et al., 2025a).

Against this background, this review article aimed to provide a com-
prehensive synthesis of exosome-mediated intercellular communication 
mechanisms in physiological systems. Exosome biogenesis, molecular 
makeup, target cell contact mechanisms, and the function of exosomes in 
many biological systems are the primary topics of discussion. Additional-
ly, this article discusses the difficulties encountered in exosome research 
as well as potential future growth paths to enhance their comprehension 
and application in biological settings.

Biogenesis and molecular composition of exo-
somes

The biogenesis and molecular composition of exosomes are key as-
pects that determine their function and role in intercellular communica-
tion in physiological systems.

Biogenesis of exosomes

Exosome biogenesis is a systematic process that involves the creation 
of intricate intracellular vesicular structures via the endosomal pathway 
(Kalluri and LeBleu, 2020). Early endosomes are produced by plasma 
membrane invagination at the start of this process, and these endosomes 
subsequently develop into late endosomes (Huotari and Helenius, 2011). 
MVBs, endosomal organelles with several intraluminal vesicles (ILVs) 
inside their lumen, are subsequently formed as a result of this process 
(Wang et al., 2023a). After the MVB unites with the plasma membrane, 
these ILVs are eventually discharged as exosomes into the extracellular 
environment (Kar et al., 2023).

The endosomal sorting complex required for transport (ESCRT)-de-
pendent and ESCRT-independent pathways are the two primary mecha-
nisms that regulate ILV development within MVBs (Verma and Marchese, 
2015). A number of multiprotein complexes (ESCRT-0, ESCRT-I, ESCRT-II, 
and ESCRT-III) are involved in the ESCRT-dependent pathway and are in-
volved in vesicle separation from the endosomal membrane, cargo selec-
tion, and membrane deformation (Wang et al., 2023b). Ubiquitinated pro-
teins are recognized and bound by ESCRT-0, after which they are drawn 
to particular membrane domains (Shields et al., 2009). While ESCRT-III 
facilitates membrane scission, which produces ILVs, ESCRT-I and ESCRT-II 
aid in membrane invagination (Johnson et al., 2017). Additionally, acces-
sory proteins like vacuolar protein sorting 4 (VPS4) and ALG-2-interacting 
protein X (ALIX) are essential for the intricate stability and recycling of 
ESCRT components (Wang et al., 2023b).

On the other hand, ILV production is facilitated by an ESCRT-inde-
pendent pathway that does not directly involve the ESCRT complex (Ju 
et al., 2021). This process often depends on lipid components produced 
by the enzyme neutral sphingomyelinase, especially ceramide (Wang et 
al., 2025a). Ceramide causes endosomal membrane invagination by aid-
ing in the development of negative membrane curvature (Stancevic and 
Kolesnick, 2010). Moreover, membrane microdominants that facilitate the 
loading of certain cargo into vesicles are organized by tetraspanin pro-
teins like cluster of differentiation 9 (CD9), CD63, and CD81 (Rubinstein 
et al., 2025).

MVBs can either fuse with the plasma membrane to release ILVs as 
exosomes into the extracellular environment or fuse with lysosomes to 
degrade their contents (Xu et al., 2022). Several Rab GTPase proteins, in-
cluding RAS-associated binding protein 27A (Rab27a) and Rab27b, which 
govern vesicle trafficking and docking to the plasma membrane, regulate 
this secretion process (Menaceur et al., 2023). An overview of exosome 
biogenesis through the endosomal pathway is illustrated in Figure 1.

Molecular cargo

Exosomes function as particular and focused intercellular communi-
cation mediators by carrying a range of active biomolecules that repre-
sent the physiological condition and origin of their host cells (Spinelli et 
al., 2025). During vesicle creation, the molecular cargo inside exosomes 
is packaged through a regulated selection mechanism rather than at ran-
dom, indicating intricate cargo loading regulation (Lee et al., 2024a).

One of the components of exosomes that has been studied the most 
is protein (Hu et al., 2020). These proteins include membrane proteins 
including tetraspanins (CD9, CD63, and CD81), which are frequently em-
ployed as distinctive exosome identifiers because of their prevalence on 
the vesicle surface (Andreu and Yáñez-Mó, 2014). Moreover, proteins 
involved in vesicle trafficking (like Rab GTPases), membrane fusion (like 
annexins), and cytoskeleton organization are also present in exosomes 
(Villarroya-Beltri et al., 2014). Exosomes may be able to directly alter sig-
naling pathways in target cells upon transfer since they contain enzymes, 
receptors, and signaling mediators (Corrado et al., 2013).

The form and function of vesicles are also significantly influenced by 
the lipid composition of exosomes (Ghadami and Dellinger, 2023). Certain 
lipids, including ceramide, phosphatidylserine, cholesterol, and sphingo-
myelin, are abundant in exosome membranes (Donoso-Quezada et al., 
2021). Membrane integrity, curvature creation, and effective contact with 
recipient cells are all facilitated by these lipids (Torres et al., 2021). Cer-
tain lipids serve as signaling molecules in addition to their structural role, 
which can affect target cells’ biological reactions (Horn and Jaiswal, 2019).

The primary functional elements of exosomes are nucleic acids, 
especially ribonucleic acid (RNA) (Chen et al., 2024). Because they can 
post-transcriptionally control gene expression in recipient cells, microR-
NAs (miRNAs) have been the subject of the greatest research (Ratti et al., 
2020). Exosomes can also contain long non-coding RNA (lncRNA), which 
is involved in transcriptional and epigenetic regulation, and messenger 
RNA (mRNA), which may be translated into functional proteins after 
transfer (Han et al., 2021). It is believed that RNA-binding proteins and 
certain sequence patterns that control loading selectivity are involved in 
the process of RNA selection into exosomes (Wang and Zhang, 2024).

Deoxyribonucleic acid (DNA), including pieces of mitochondrial DNA 
and double-stranded genomic DNA, has also been found in exosomes in 
recent studies (Li et al., 2026). Exosomal DNA is believed to be involved in 
the transmission of genetic information between cells and the activation 
of immunological responses through DNA recognition pathways in recip-
ient cells, while its biological function is still unclear (Schorey et al., 2015).

Mechanisms of exosome-mediated intercellular 
communication

The mechanism of exosome-mediated intercellular communication 
involves a series of coordinated processes that enable the specific trans-
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Figure 1. Exosome biogenesis through the endosomal pathway.



fer of signals and bioactive molecules from the host cell to the target cell. 
Table 1 summarizes the main mechanisms of exosome-mediated intercel-
lular communication, which include the stages of recognition and uptake 
by the target cell, activation of signal transduction pathways, and genetic 
and epigenetic regulation.

Target cell recognition and uptake

An important factor in assessing the efficacy of intercellular commu-
nication is the interaction between exosomes and target cells (Ginini et 
al., 2022). To ensure the focused and selective transfer of biological in-
formation, this procedure starts with a particular recognition mechanism 
mediated by exosome surface molecules and receptors on the receiving 
cell (Serrano et al., 2025).

Target cell recognition typically entails receptor-ligand interactions 
between certain receptors on the target cell surface and exosomal mem-
brane proteins such tetraspanins, integrins, and proteoglycans (He et al., 
2022). Without requiring vesicle internalization, this contact can activate 
early signaling pathways in addition to acting as a docking mechanism 
(Lau and Yam, 2023). The tropism of exosomes for particular cell types, 
which is dependent on the cell’s origin and molecular makeup, is influ-
enced by this recognition specificity (Gurunathan et al., 2021).

Exosomes can enter target cells via a number of internalization 
mechanisms after the identification process (McKelvey et al., 2015). Endo-
cytosis, which comes in a variety of forms such clathrin-mediated endocy-
tosis, caveolin-dependent uptake, macropinocytosis, and phagocytosis, is 
one of the primary mechanisms (Kumari et al., 2010). The type of cell, the 
microenvironment, and the properties of the exosome itself all influence 
the pathway that is employed (Saad et al., 2025). Exosomes are ingested 

into endosomal vesicles by this mechanism, allowing their contents to be 
released into the cytoplasm (Kalluri and LeBleu, 2020).

Exosomes can transmit their cargo by direct fusion with the target 
cell’s plasma membrane in addition to endocytosis (Joshi et al., 2020). By 
avoiding the endosomal pathway and releasing vesicle contents straight 
into the cytoplasm, this method speeds up cellular reactions (Kim et al., 
2024). The lipid composition of the exosome, especially the presence of 
lipids like phosphatidylserine and cholesterol, and the physiochemical 
parameters of the surrounding environment, including pH, have an im-
pact on membrane fusion (Skotland et al., 2019).

Exosomes can interact with the cell surface in some situations with-
out internalizing, but they can still affect cell activity by activating surface 
receptors (Jella et al., 2018). This implies that exosomes serve as both 
biologically active signaling units and vehicles for the transfer of cargo 
(Huda et al., 2021). The major routes by which exosomes interact with and 
deliver signals to recipient cells are summarized in Figure 2.

Signal transduction pathways

Exosomes serve as active mediators in the initiation and modulation 
of signal transduction pathways in target cells in addition to being vehi-
cles for the transfer of biomolecules (Duan et al., 2019). Exosomal cargo 
can initiate a number of intracellular signaling cascades that alter cellular 
function after connecting with recipient cells through internalization or 
binding to surface receptors (Zeng et al., 2023).

The phosphoinositide 3-kinase / protein kinase B (PI3K/AKT) pathway 
is one that is often engaged and is essential for controlling metabolism, 
cell survival, and proliferation (Hemmings and Restuccia, 2012). Trans-
ferring proteins or microRNAs from exosomes can activate this pathway 
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Mechanism 
component Subprocess Main mechanism Key molecules/Charac-

teristics Physiological impact References

Target cell 
recognition 
and uptake

Target cell 
recognition

Receptor–ligand interactions 
between exosomes and target 
cells

Tetraspanins (CD9, 
CD63, CD81), integ-
rins, proteoglycans

Target specificity and 
initiation of early signaling 
pathways

Ginini et al. (2022); Serrano et al. (2025); 
He et al. (2022); Lau and Yam (2023); 
Gurunathan et al. (2021)

Internalization
Endocytosis (clathrin-mediated, 
caveolin-dependent, macropino-
cytosis, phagocytosis)

Membrane proteins, 
microenvironmental 
conditions

Cargo transfer into recipient 
cells through endosomal 
vesicles

McKelvey et al. (2015); Kumari et al. 
(2010); Saad et al. (2025); Kalluri and 
LeBleu (2020)

Membrane 
fusion

Direct fusion with the plasma 
membrane

Phosphatidylserine, 
cholesterol, environ-
mental pH

Rapid release of exosomal 
cargo into the cytosol

Joshi et al. (2020); Kim et al. (2024); 
Skotland et al. (2019)

Surface inter-
action

Activation of target cell recep-
tors without internalization

Exosomal ligand 
proteins

Signal activation without 
cargo transfer Jella et al. (2018); Huda et al. (2021)

Signal 
transduction 
pathways

PI3K/AKT 
pathway

Activation of cellular prolifera-
tion, survival, and metabolism

Proteins, miRNAs, 
growth factors

Enhanced cell viability and 
metabolic adaptation

Duan et al. (2019); Zeng et al. (2023); 
Hemmings and Restuccia (2012); Huang 
et al. (2025a); Aheget et al. (2020)

MAPK/ERK 
pathway

Regulation of proliferation, 
differentiation, and cellular 
responses

Signaling proteins, 
regulatory RNAs

Activation of growth-related 
gene expression

Wang et al. (2022a); Greenblatt et al. 
(2022); Tomuleasa et al. (2024); Hikita 
et al. (2022)

NF-κB path-
way

Regulation of immune and 
inflammatory responses

miRNAs, cytokines, 
adaptor proteins

Modulation of immune 
function and inflammatory 
signaling

Marca et al. (2025); Oeckinghaus and 
Ghosh (2009); Gangadaran et al. (2023)

Pathway 
crosstalk

Integration of multiple signaling 
pathways

Combination of exoso-
mal cargo molecules

Complex and context-depen-
dent cellular responses

Muraleedharan et al. (2026); Mukerjee et 
al. (2025)

Genetic and 
epigenetic 
regulation

Post-tran-
scriptional 
regulation

Transfer of miRNAs that sup-
press target mRNA miRNAs Selective suppression of gene 

expression
Chigozie (2026); O’Brien et al. (2018); 
Oveili et al. (2023); Lorite et al. (2024)

Transcription-
al regulation

Activity of lncRNAs and cir-
cRNAs affecting transcription lncRNAs, circRNAs

Modulation of gene activity 
through protein interactions 
and chromatin remodeling

Wang et al. (2025b); Weinhouse (2021); 
Tsai et al. (2010)

Epigenetic 
modification Regulation of DNA methylation

DNA methyltransfer-
ases (DNMTs), demeth-
ylating enzymes

Long-term alteration of gene 
expression patterns

Papakonstantinou et al. (2024); Zhang et 
al. (2026a); Eichten et al. (2014)

DNA transfer Delivery of exosomal DNA Genomic DNA, mito-
chondrial DNA

Potential horizontal genetic 
communication Takahashi et al. (2017); Di Bella (2022)

Table 1. Mechanisms of exosome-mediated intercellular communication in physiological systems.



by altering the expression or activity of important pathway components 
(Huang et al., 2025a). Exosomes that contain growth factors or negative 
regulators of apoptosis, for instance, can boost AKT phosphorylation, 

promoting cell survival and stress adaptability (Aheget et al., 2020).
Additionally, one important target for exosome regulation is the 

mitogen-activated protein kinase / extracellular signal-regulated kinase 
(MAPK/ERK) pathway (Wang et al., 2022a). This circuit controls prolifer-
ation, differentiation, and reactions to outside stimuli (Greenblatt et al., 
2022). Through interactions with tyrosine kinase receptors or by affect-
ing the expression of genes that control the pathway, exosomal com-
ponents such as signaling proteins and regulatory RNAs can initiate 
the mitogen-activated protein kinase (MAPK) cascade (Tomuleasa et al., 
2024). Increased transcriptional activity of genes supporting growth and 
tissue-specific functions is frequently linked to exosome-induced ERK ac-
tivation (Hikita et al., 2022).

Exosomes also influence the nuclear factor kappa-light-chain-en-
hancer of activated B cells (NF-κB) pathway, which is a crucial modulator 
of inflammatory and immunological responses (Marca et al., 2025). By 
controlling the breakdown of inhibitors or promoting the translocation 
of these transcription factors into the nucleus, exosomal cargo, such as 
miRNAs, cytokines, or adaptor proteins, can affect the activation of the 
NF-κB complex (Oeckinghaus and Ghosh, 2009). Exosomes can control 

Physiological 
system

Primary role of 
exosomes Key mechanism Dominant molecules/

Cargo Physiological impact References

Immune 
system

Modulation of im-
mune responses

Transfer of immunostim-
ulatory and immunosup-
pressive signals

Cytokines, immune 
proteins, miRNAs

Regulation of immune cell 
activation and maintenance 
of immune tolerance

Essola et al. (2023); Vučemilović (2024); Kuryw-
chak et al. (2018); Chahar et al. (2015); Chen et 
al. (2025); Shao et al. (2021); Yi et al. (2025)

Antigen presen-
tation

Transfer of MHC class I/II 
complexes and cross-pre-
sentation

MHC–peptide 
complexes, antigenic 
proteins

Activation and prolifer-
ation of antigen-specific 
T cells

Zhu (2025); Gorentla and Zhong (2012); Li et al. 
(2019a)

Innate–adaptive 
immune integration

Communication among 
immune cell populations

Regulatory RNAs, 
signaling proteins

Coordinated and balanced 
immune responses

Gangadaran et al. (2023); Baquir and Hancock 
(2017); Essola et al. (2023)

Nervous 
system

Modulation of neu-
rotransmission

Transfer of synaptic mole-
cules between neurons and 
glial cells

Synaptic proteins, 
enzymes, miRNAs

Regulation of neuronal 
activity and synaptic 
plasticity

Zappulli et al. (2016); Desdín-Micó and Mittel-
brunn (2017); Dyndał et al. (2026); Frühbeis et al. 
(2012); Song et al. (2024); Han et al. (2023)

Neuroprotection Delivery of protective 
bioactive factors

Anti-apoptotic 
proteins, antioxidant 
enzymes, miRNAs

Enhanced neuronal viabili-
ty and resistance to stress

Kalani and Tyagi (2015); Chiaradia et al. (2021); 
Sun et al. (2025a); Weng et al. 2022)

Proteostasis Elimination and transport 
of abnormal proteins

Misfolded or aggre-
gated proteins

Maintenance of neuronal 
homeostasis and intracellu-
lar stability

Takahashi et al. (2017); Khan et al. (2022); Falla-
hi et al. (2024)

Cardiovascu-
lar system

Angiogenesis
Activation of endothelial 
proliferation, migration, 
and differentiation

Growth factors, 
signaling proteins, 
miRNAs

Formation of new blood 
vessels and vascular 
remodeling

Ribeiro et al. (2013); Gu et al. (2023); Zarubova 
et al. (2022); Li et al. (2025a)

Vascular homeo-
stasis

Regulation of vascular 
tone and permeability

miRNAs, nitric ox-
ide-related mediators

Maintenance of blood 
pressure and vascular flow 
stability

Chae et al. (2025); Dinc and Ardic (2026); Silva 
et al. (2025); Li et al. (2025a)

Cardiac cell com-
munication

Interactions between 
cardiomyocytes and sur-
rounding cells

Signaling proteins, 
regulatory RNAs

Adaptation to mechanical 
and metabolic stress

Zhang et al. (2024); Mao et al. (2025); Yang et 
al. (2018)

Reproductive 
system

Gamete maturation Transfer of regulatory 
molecules to germ cells

Proteins, lipids, 
miRNAs

Regulation of spermato-
genesis, oogenesis, and 
gamete competence

Chen et al. (2023); Ebrahimi et al. (2025); Feng et 
al. (2025); Zhou et al. (2021); Voros et al. (2025); 
Ezzati and Izadpanah (2025)

Embryo implan-
tation

Embryo–endometrial 
communication

Growth factors, 
signaling RNAs

Enhancement of uterine 
receptivity and implanta-
tion success

(Czernek and Düchler (2020); Chen et al. (2022a); 
Sun et al. (2025b)

Immune tolerance Modulation of maternal 
immune responses

Immunomodulatory 
molecules

Prevention of embryo 
rejection and maintenance 
of pregnancy

(Mehdinejadiani et al. (2025); Bai et al. (2022)

Metabolic 
regulation

Energy homeostasis Regulation of metabolic 
signaling pathways

Enzymes, regulatory 
proteins, miRNAs

Control of glycolysis, lipid 
metabolism, and energy 
balance

Lee et al. (2016); Sanghvi and Singh (2026); 
Mohammed et al. (2025); Hernández-Gómez et 
al. (2023); Jiao et al. (2024); Liu et al. (2025)

Inter-organ cross-
talk

Communication across 
tissues and organs

Regulatory RNAs, 
signaling proteins

Coordination of systemic 
metabolism

Isaac et al. (2021); Wang et al. (2022b); Son et al. 
(2023); Chimal-Vega et al. (2025)

Metabolic adap-
tation

Response to physiolog-
ical and environmental 
changes

Dynamic exosomal 
cargo composition

Adjustment of cellular and 
systemic energy demands

Luo et al. (2024); Li et al. (2025b); Zhang et al. 
(2025b)

Table 2. Physiological roles of exosomes across biological systems.

Figure 2. Mechanisms of exosome-mediated communication with target cells
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the expression of genes linked to tissue homeostasis, immunological de-
fense, and inflammatory response through various pathways (Gangada-
ran et al., 2023).

It’s interesting to note that these pathways are frequently activated 
in an integrated and interactive way (crosstalk) rather than independently 
(Muraleedharan et al., 2026). Because exosomes can coordinate several 
signaling pathways at once, they can provide more intricate and con-
textual cellular responses that are suited to physiological requirements 
(Mukerjee et al., 2025).

Genetic and epigenetic regulation

Through the transmission of regulatory chemicals that can affect 
genetic and epigenetic processes, exosomes serve a critical function in 
controlling gene expression in target cells (Chigozie, 2026). This meth-
od provides flexibility in physiological responses to different stimuli by 
enabling changes in cellular phenotype without necessitating long-term 
modifications to the DNA sequence (Behbahani et al., 2016).

The transfer of miRNAs, which are tiny non-coding RNA molecules 
involved in post-transcriptional control of gene expression, is one such 
pathway (O’Brien et al., 2018). The miRNAs carried by exosomes can at-
tach to particular mRNAs after they are absorbed by target cells, causing 
mRNA degradation or preventing translation (Oveili et al., 2023). Exo-
somes can influence a variety of biological processes, including prolifer-
ation, differentiation, and stress responses, by selectively suppressing or 
regulating the expression of specific proteins (Lorite et al., 2024).

Exosomes include a variety of non-coding RNAs in addition to miR-
NAs, such as circular RNAs (circRNAs) and lncRNAs, which are involved 
in epigenetic regulation (Wang et al., 2025b). By affecting chromatin 
structure or interacting with transcription factors, these compounds can 
interact with protein complexes within target cells to modify gene tran-
scriptional activity (Weinhouse, 2021). For instance, lncRNAs can operate 
as scaffolding to attract histone modification enzymes to particular gene 
locations, changing a gene’s repressive or active state (Tsai et al., 2010).

Moreover, exosomes have the ability to affect target cells’ DNA 
methylation patterns (Papakonstantinou et al., 2024). DNA methyltrans-
ferases (DNMTs) and demethylating enzymes are known to be regulated 
by certain exosomal payloads, such as regulatory RNAs and enzymatic 
proteins (Zhang et al., 2026a). The long-term control of gene expression 
in a physiological setting is influenced by these variations in methylation 
levels, which also affect chromatin accessibility and gene transcription 
rates (Eichten et al., 2014).

Additionally, there is proof that DNA fragments carried by exosomes 
may aid in the genetic information transfer between cells (Takahashi et al., 
2017). The existence of exosomal DNA raises the prospect of a more intri-
cate type of horizontal genetic communication than previously thought, 
even though the mechanics and biological significance are still being in-
vestigated (Di Bella, 2022).

Physiological roles of exosomes

Exosomes play a crucial role in various physiological systems by fa-
cilitating intercellular communication through the coordinated transfer 
of bioactive molecules. Table 2 presents a summary of the physiological 
roles of exosomes in various biological systems, including the immune, 
nervous, cardiovascular, reproductive, and metabolic systems.

Immune system

Because exosomes can transport bioactive chemicals that alter im-
mune cell interactions, they play a major role in immune system con-
trol (Essola et al., 2023). Exosomes serve as physiological communication 
mediators that facilitate immune response coordination during both ho-
meostatic and stimulated settings (Vučemilović, 2024).

Modulating immunological responses is one of exosomes’ main roles 
(Kurywchak et al., 2018). Proteins, cytokines, and regulatory RNAs that can 
affect target cell activity are carried by exosomes, which are produced by 
a variety of cell types, including immune cells such dendritic cells, macro-
phages, and lymphocytes (Chahar et al., 2015). Depending on the source 
and makeup of their payload, exosomes can be either immunosuppres-
sive or immunostimulatory (Chen et al., 2025). Exosomes that carry co-
stimulatory molecules or pro-inflammatory cytokines, for instance, can 
boost T cell activation and fortify the adaptive immune response (Shao 
et al., 2021). On the other hand, exosomes containing particular miRNAs 
or anti-inflammatory compounds can inhibit immune cell activation, pre-
serve immunological tolerance, and avoid overreaction (Yi et al., 2025).

Exosomes also play a critical role in antigen presentation, which is 
the first stage of the adaptive immune response (Essola et al., 2023). Ma-
jor histocompatibility complex (MHC) class I and II complexes containing 
bound antigenic peptides can be found in exosomes generated from an-
tigen-presenting cells, such as dendritic cells (Zhu, 2025). T-cell receptors 
on lymphocytes are able to identify these complexes, which leads to the 
activation and growth of antigen-specific T cells (Gorentla and Zhong, 
2012). It’s interesting to note that exosomes can exhibit antigens both 
directly and by transferring them to other antigen-presenting cells (a 
process known as cross-presentation), which increases the immune re-
sponse’s breadth and effectiveness (Li et al., 2019a).

Additionally, exosomes facilitate communication between innate 
and adaptive immune system components (Gangadaran et al., 2023). A 
coordinated and proportionate response to stimuli is produced by the 
integration of signals between different immune cell populations made 
possible by the transfer of chemicals via exosomes (Baquir and Hancock, 
2017). This system is essential for preserving the equilibrium between 
immune activation and tolerance under physiological conditions, which is 
essential for avoiding diseases like autoimmunity or chronic inflammation 
(Essola et al., 2023).

Nervous system

Because they facilitate communication between nerve cells and sup-
port cells in the neural environment, exosomes are essential for main-
taining nervous system function (Zappulli et al., 2016). Exosomes help 
transmit bioactive chemicals that promote signal integration, preserve 
homeostasis, and guard against cellular stress under physiological set-
tings (Desdín-Micó and Mittelbrunn, 2017).

Exosomes serve as extra mediators that enhance traditional synaptic 
communication mechanisms in the setting of neurotransmission (Dyndał 
et al., 2026). Exosomes carrying synaptic proteins, enzymes, and regu-
latory RNAs are actively released by neurons and glial cells, including 
astrocytes and oligodendrocytes (Frühbeis et al., 2012). By affecting 
neurotransmitter release, synaptic plasticity, and receptor sensitivity, 
this cargo can alter the activity of receiving neurons (Song et al., 2024). 
Additionally, exosomes facilitate the coordination of intricate neuronal 
networks without exclusively depending on direct synaptic transmission 
by facilitating the transfer of signaling molecules between neurons (Han 
et al., 2023).

Additionally, exosomes are important for neuroprotection processes 
(Kalani and Tyagi, 2015). Anti-apoptotic proteins, antioxidant enzymes, 
and microRNAs that control reactions to oxidative stress and inflamma-
tion are just a few of the beneficial elements that these vesicles may in-
clude (Chiaradia et al., 2021). Exosomes aid in maintaining neuronal sur-
vival in the face of shifting microenvironmental conditions and boosting 
nerve cell resilience to harm through the transfer of these components 
(Sun et al., 2025a). Exosomes, which provide trophic factors and metabol-
ic modulation to sustain neuronal survival, are known to be produced by 
glial cells, especially astrocytes (Weng et al., 2022).

Exosomes also contribute to the removal of extraneous or potentially 
dangerous cellular constituents (Takahashi et al., 2017). Exosomes sup-
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port the nervous system’s proteostasis processes by carrying misfolded 
or aggregated proteins (N.A. Khan et al., 2022). Maintaining intracellular 
stability and promoting the best possible brain tissue function depend on 
this function (Fallahi et al., 2024).

Cardiovascular system

Because they facilitate intercellular communication, especially be-
tween endothelial cells, vascular smooth muscle cells, and cardiomyo-
cytes, exosomes are essential for preserving cardiovascular function (Li 
et al., 2025a). Exosomes play a role in vascular balance, angiogenesis 
regulation, and hemodynamic environment adaption under physiological 
settings (Olejarz et al., 2020).

Exosomes serve as carriers of pro-angiogenic chemicals that can 
promote the development of new blood vessels during angiogenesis 
(Ribeiro et al., 2013). Growth factors, signaling proteins, and microRNAs 
that can activate molecular pathways linked to endothelial cell prolifer-
ation, migration, and differentiation are found in exosomes released by 
endothelial cells and progenitor cells (Gu et al., 2023). Increased gene 
expression that contributes to the development of new vascular struc-
tures is made possible by this cargo transfer, facilitating regulated tissue 
vascularization (Zarubova et al., 2022). Additionally, the coordinated de-
velopment of a functional blood vessel network depends on exosomes’ 
ability to promote intercellular communication within the vascular milieu 
(Li et al., 2025a).

By controlling endothelial function and interacting with smooth mus-
cle cells, exosomes also help to maintain vascular homeostasis (Chae et 
al., 2025). Molecules that can alter vascular tone, vascular permeability, 
and reactions to mechanical stress are carried by these vesicles (Dinc and 
Ardic, 2026). For instance, genes involved in the synthesis of nitric oxide, 
a crucial mediator of vasodilation, can have their expression regulated 
by microRNAs carried by exosomes (Silva et al., 2025). Exosomes thereby 
contribute to the preservation of the equilibrium between vasodilation 
and vasoconstriction, which is necessary for steady blood pressure and 
blood flow (Li et al., 2025a).

Additionally, in cardiac tissue, exosomes play a role in communica-
tion between cardiomyocytes and non-cardiomyocyte cells (Zhang et al., 
2024). Coordinated responses to mechanical and metabolic demands, 
including adaptability to variations in heart strain, are made possible by 
the interchange of chemicals via exosomes (Mao et al., 2025). The struc-
tural and functional integrity of cardiac tissue can be supported by car-
diomyocyte-derived exosomes, which can transmit signals that affect the 
activity of target cells including fibroblasts and endothelial cells (Yang et 
al., 2018).

Reproductive system

Because they facilitate communication between cells involved in ga-
metogenesis, fertilization, and embryo implantation, exosomes are es-
sential to the reproductive system (Chen et al., 2023). Exosomes serve as 
molecular signal carriers in the highly coordinated reproductive environ-
ment, supporting somatic cells and guaranteeing synchronized operation 
between germ cells (Mehdinejadiani et al., 2025).

Exosomes enable gamete growth and maturation in both the male 
and female reproductive systems within the framework of germ cell com-
munication (Ebrahimi et al., 2025). Proteins, lipids, and regulatory RNAs 
found in the exosomes secreted by Sertoli cells in the testes aid in the 
differentiation and maturation of spermatocytes (Chen et al., 2023). This 
chemical transfer supports growing germ cells metabolically and protec-
tively while assisting in the regulation of gene expression necessary for 
spermatogenesis (Feng et al., 2025). Additionally, by transferring proteins 
and RNAs that improve motility and fertilization potential, exosomes in 
epididymal fluid contribute to sperm maturation (Zhou et al., 2021).

Exosomes generated by cells surrounding the oocyte, such as gran-

ulosa and cumulus cells, help control oocyte maturation in the female 
reproductive system (Chen et al., 2023). Exosomal cargo, which includes 
growth factors and miRNAs, contributes to the development of oocytes 
capable of fertilization by controlling communication between the oocyte 
and the follicular environment (Voros et al., 2025). This process illustrates 
how crucial exosomes are in establishing the ideal milieu for gamete for-
mation (Ezzati and Izadpanah, 2025).

Additionally, exosomes are essential for the early stage of pregnancy 
known as embryo implantation, which necessitates intricate coordination 
between the embryo and the endometrium (Czernek and Düchler, 2020). 
Endometrial cells release exosomes that contain signaling molecules that 
alter uterine receptivity, including controlling the expression of genes 
related to tissue remodeling, cell adhesion, and local immunological re-
sponses (Sun et al., 2025b). On the other hand, the embryo also creates 
exosomes that have the ability to affect the endometrial environment, 
creating a two-way communication that is necessary for a successful im-
plantation (Chen et al., 2022a).

Additionally, after implantation, exosomes contribute to the pres-
ervation of immunological equilibrium in the reproductive environment 
(Mehdinejadiani et al., 2025). Exosomes aid in the development of im-
munological tolerance, which permits the maternal immune system to 
tolerate a genetically semi-allogeneic embryo without inciting a rejection 
response, by delivering immunomodulatory chemicals (Bai et al., 2022). 

Metabolic regulation

Because they make it easier for cells and organs to share molecular 
information, exosomes are essential for metabolic regulation (Lee et al., 
2016). The equilibrium of energy metabolism in physiological systems is 
dependent on coordinated communication across tissues, which is par-
tially mediated by exosomes, in addition to intracellular regulation (Sang-
hvi and Singh, 2026).

Through the transfer of bioactive substances including enzymes, reg-
ulatory proteins, and non-coding RNAs, exosomes contribute to the reg-
ulation of homeostasis in the context of energy metabolism (Mohammed 
et al., 2025). Genes linked to important metabolic pathways, including as 
glycolysis, fatty acid oxidation, and oxidative phosphorylation, can have 
their expression modulated by exosomal cargo, especially microRNAs 
(Hernández-Gómez et al., 2023). For instance, by controlling the expres-
sion of glucose transporters and metabolic enzymes, exosomes produced 
from metabolically active tissues might affect target cell sensitivity to in-
sulin (Jiao et al., 2024). Cellular responses can be modified in response 
to shifting energy requirements and dietary circumstances thanks to this 
mechanism (Liu et al., 2025).

Additionally, exosomes provide inter-organ crosstalk, which is an 
essential component of systemic metabolic coordination (Isaac et al., 
2021). To preserve metabolic balance, organs like the pancreas, skeletal 
muscle, adipose tissue, and liver communicate with one another via exo-
some-mediated signals (Wang et al., 2022b). For instance, chemicals that 
affect the liver’s and muscles’ metabolism of fats and carbohydrates can 
be carried by exosomes that are discharged from adipose tissue (Son et 
al., 2023). On the other hand, by transferring regulatory RNAs that alter 
particular metabolic pathways, liver exosomes can control peripheral tis-
sue function (Chimal-Vega et al., 2025).

Additionally, exosomes are involved in the metabolic response to 
physiological changes like fasting, exercise, or dietary alterations (Luo et 
al., 2024). In these circumstances, the exosome cargo’s composition may 
dynamically alter, reflecting the host cell’s metabolic state and triggering 
adaptive reactions in target cells (Li et al., 2025b). This implies that exo-
somes serve as a communication mechanism that is sensitive to the inside 
environment of the organism (Zhang et al., 2025b). The broad physiolog-
ical contribution of exosomes in maintaining intercellular coordination 
across organ systems is presented in Figure 3.
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Comparison with other intercellular communica-
tion mechanisms

Exosomes, cytokines, hormones, and gap junctions are just a few of 
the complimentary processes that allow cells in physiological systems 
to communicate with one another (Zhang et al., 2019). Regarding the 
form of signal transmission, target specificity, duration, and spectrum of 
biological effects, each mechanism is distinct (Isaac et al., 2021). Table 
3 compares the main characteristics of various communication mecha-
nisms between cells, namely exosomes, cytokines, hormones, and gap 
junctions, based on aspects of signal transmission, specificity, range, and 
complexity of biological effects.

Because exosomes may transport multiple biomolecules at once, 
such as proteins, lipids, and nucleic acids, they provide a more sophis-
ticated transfer mechanism than cytokines (Hu et al., 2024). Generally 
speaking, cytokines function as soluble signaling molecules that attach to 
particular receptors on the surface of target cells, causing a comparatively 
quick reaction that is restricted to the activation of a particular signaling 

pathway (Levine, 2008). Exosomes, on the other hand, carry cargo inside 
target cells in addition to activating surface receptors, enabling more sig-
nificant alterations like long-term gene expression regulation and cellular 
function modification (Lee et al., 2024a).

Exosomes have distinct distribution and selectivity from hormones 
(Kita and Shimomura, 2022). With effects that are typically widespread 
and endocrine coordinated, hormones are produced into the systemic 
circulation and can travel to distant target organs (Guo and Yuan, 2022). 
Exosomes can circulate in bodily fluids as well, but because of their cel-
lular origin and surface molecular makeup, they typically have a more 
selective tropism towards particular target cells (Batrakova and Kim, 
2015). Furthermore, whereas exosomes can influence target cells through 
a variety of methods, such as the direct transfer of regulatory molecules, 
hormones often cause a reaction by activating particular receptors (Yadav 
et al., 2024).

Gap junctions, on the other hand, are a type of direct cell-to-cell 
communication via protein channels that join the cytoplasm of two near-
by cells (Dbouk et al., 2009). This mechanism, which is restricted to cells 
in direct physical touch, permits the quick and effective exchange of ions 
and tiny molecules (Goodenough and Paul, 2009). Exosomes, as opposed 
to gap junctions, allow long-distance communication between cells with-
out necessitating physical touch, increasing the variety of interactions 
between bodily tissues (Kalluri and LeBleu, 2020).

Exosomes have the advantage of being able to transport a variety of 
molecular cargo at once, which allows for flexibility in modifying many 
elements of cellular function (Mukerjee et al., 2025). Another significant 
benefit is the capacity to shield the cargo from enzymatic deterioration 
while in transit, particularly in the dynamic extracellular environment 
(Huang et al., 2025b). Additionally, compared to traditional soluble sig-
nals, the tropism characteristics of exosomes allow for more selective 
transmission (Gurunathan et al., 2021).

Exosomes do have certain restrictions, though. It can differ greatly 
amongst tissues because its generation and secretion are dependent on 
the physiological circumstances of the cells (Zhang et al., 2025c). Consis-

Parameter Exosomes Cytokines Hormones Gap junctions References

Signal form Membrane-bound vesicles 
(30–150 nm)

Soluble protein signaling 
molecules

Chemical messengers 
(peptides, steroids, 
amines)

Intercellular protein 
channels

Zhang et al. (2019); Isaac et 
al. (2021)

Cargo type
Proteins, lipids, RNA 
(miRNA, mRNA, lncRNA), 
DNA

Specific proteins/cyto-
kines

Single signaling mol-
ecules Ions and small molecules

Hu et al. (2024); Levine 
(2008); Goodenough and 
Paul (2009)

Mechanism of action
Receptor interaction, inter-
nalization, and direct cargo 
transfer

Binding to surface 
receptors

Activation of specific 
receptors (endocrine/
paracrine signaling)

Direct diffusion between 
adjacent cytoplasms

Lee et al. (2024a); Guo and 
Yuan (2022); Dbouk et al. 
(2009)

Target specificity
High (tropism determined 
by cellular origin and exoso-
mal surface composition)

Moderate (receptor-de-
pendent)

High but broadly dis-
tributed (specific target 
organs)

Very high (restricted to 
adjacent cells)

Kita and Shimomura (2022); 
Batrakova and Kim (2015); 
Gurunathan et al. (2021)

Communication range Local to systemic Primarily local (para-
crine/autocrine)

Systemic (via blood 
circulation)

Extremely local (direct 
cell–cell contact)

Guo and Yuan (2022); 
Kalluri and LeBleu (2020)

Response speed Moderate Rapid Relatively slow to 
moderate Very rapid

Levine (2008); Goodenough 
and Paul (2009); Yadav et 
al. (2024)

Duration of effect
Long-term (gene regulation 
and functional reprogram-
ming)

Short-term Intermediate to long-
term Very transient Lee et al. (2024a); Guo and 

Yuan (2022)

Effect complexity High (multi-cargo and 
multi-pathway regulation)

Limited (pathway-specif-
ic signaling)

Coordinated systemic 
regulation

Limited to direct molec-
ular exchange

Mukerjee et al. (2025); 
Levine (2008)

Cargo protection High (protected by lipid 
membrane encapsulation) Low Moderate Not applicable Huang et al. (2025b)

Limitations
Heterogeneity, variable bio-
genesis, and incompletely 
understood mechanisms

Limited signaling scope Slower response and 
broad distribution

Restricted to physically 
adjacent cells

Zhang et al. (2025c); Gand-
ham et al. (2020); Escude-
ro-Cernuda et al. (2025)

Table 3. Comparison of intercellular communication mechanisms: exosomes, cytokines, hormones, and gap junctions.

Figure 3. Physiological roles of exosomes across major biological systems
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tent characterization of exosomes is especially challenging due to their 
heterogeneity in size, composition, and origin (Gandham et al., 2020). 
Furthermore, it is difficult to interpret the biological functions of cargo 
selection and target cell recognition since the precise mechanisms driving 
these processes are still poorly known (Escudero-Cernuda et al., 2025).

Clinical and translational perspectives

Despite being essential to physiological functions, exosomes have a 
lot of potential for clinical and translational uses due to their special qual-
ities (Lee et al., 2024b). Opportunities for their application in diagnosis, 
treatment, and the development of biomedical technologies are made 
possible by their capacity to carry a wide range of bioactive compounds 
steadily and their relative biocompatibility (Mukerjee et al., 2025).

Biomarkers are among the most promising uses (Mosquera-Heredia 
et al., 2021). Exosomes, whose molecular payload reflects the condition 
of their host cells, are present in a variety of biological fluids, including 
blood, urine, and cerebrospinal fluid (Shen et al., 2025). Exosome profiles 
of proteins, lipids, and particularly non-coding RNAs can be utilized to 
detect physiological alterations and early indicators of a disease prior to 
the emergence of overt clinical symptoms (Wei et al., 2025b). Exosomes’ 
persistence in circulation and capacity to shield their cargo from enzy-
matic breakdown make them advantageous as biomarkers, allowing for 
more precise and sensitive detection (S.U. Khan et al., 2022).

Exosomes may also be used as novel medicine delivery methods 
(Chen et al., 2022b). Exosomes can connect effectively with target cells 
thanks to their natural membrane shape, and their cargo can be altered 
to contain therapeutic substances like medications, proteins, or RNA (Di 
Bella, 2022). Exosomes have benefits over traditional delivery methods 
in terms of biocompatibility, immune evasion, and the ability to modify 
their surface to target particular targets (Serrano et al., 2025). Exosomes 
are therefore a viable option for more targeted, molecularly based treat-
ments (Basyoni et al., 2025).

Exosomes are gaining attention in the field of regenerative medicine 
due to their ability to promote tissue regeneration and repair (Odehnalová 
et al., 2025). It is known that stem cell-derived exosomes include growth 
factors, cytokines, and regulatory RNAs that can promote angiogenesis, 
cell proliferation, and differentiation (Zhang et al., 2025c). The use of exo-
somes provides a safer alternative to cell-based therapies by removing 
the dangers of cell transplantation, such as immunological responses or 
possible carcinogenesis (Li et al., 2025c). Exosomes are therefore viewed 
as a viable substitute in the creation of cell-free regenerative treatments 
(Ana et al., 2021).

However, there are still a number of obstacles to the therapeutic use 
of exosomes, such as characterisation, quality control of large-scale pro-
duction, and standardization of isolation techniques (Serrano et al., 2025). 
Furthermore, before exosomes are widely used in clinical practice, a bet-
ter understanding of their biodistribution, long-term safety, and mecha-
nisms of action is required (Dal’Forno-Dini et al., 2025).

Current challenges and limitations

Even though exosome research has advanced quickly, there are still 
a number of conceptual and methodological issues that prevent a thor-
ough understanding of exosomes and their best application in both sci-
entific and therapeutic settings (Hussen et al., 2022). To produce reliable 
and repeatable results, a more standardized and integrated method is re-
quired due to the intricate biological characteristics of exosomes (Muker-
jee et al., 2025).

The absence of standardized exosome isolation techniques is a sig-
nificant barrier (Gorgzadeh et al., 2024). Numerous methods, including 
size-based filtration, ultracentrifugation, polymer precipitation, and 
size-exclusion chromatography, are frequently employed; however, each 
has pros and cons related to purity, efficiency, and scalability (Dilsiz, 

2024). Because different techniques can result in vesicle populations with 
different features, it can be challenging to compare studies and interpret 
results universally (De Sousa et al., 2023).

Additionally, a major obstacle in exosome study is the variability of 
extracellular vesicles (Zeng et al., 2022). In terms of size and molecular 
makeup, exosomes are frequently hard to tell apart from other vesicle 
types including microvesicles and apoptotic bodies (Ståhl et al., 2019). 
Variation reflects distinct cellular origins, physiological circumstances, 
and biogenesis pathways even within the exosome population (Yu et al., 
2024). Determining the precise function of exosomes in physiological 
processes is challenging due to their heterogeneity, which has implica-
tions for biological function variability (Chigozie, 2026).

Molecular characterisation challenges are another major barrier 
(Aljohani, 2025). Although exosome cargo has been identified using a 
variety of analytical techniques, including proteomics, lipidomics, and 
transcriptomics, the sensitivity and specificity of these approaches are 
still restricted (Li et al., 2019b). To guarantee the identity and purity of 
the vesicles being examined, a variety of techniques are needed because 
not all exosome indicators are ubiquitous (Jia et al., 2022). When sample 
numbers are small or come from diverse biological sources, this problem 
is made worse (Aljohani, 2025).

The lack of in vivo research that can accurately represent exosome 
dynamics in biological systems is another significant drawback (Li et al., 
2019b). The majority of research still uses in vitro models, which offer 
strong experimental control but fall short of accurately capturing the 
intricacy of cell-cell interactions in live things (Wang et al., 2023c). Our 
knowledge of the biodistribution, half-life, and systemic impact of exo-
somes under healthy and pathological settings is limited by the absence 
of reliable in vivo models (Palakurthi et al., 2024).

Future directions

The swift advancements in extracellular vesicle biology have creat-
ed a plethora of avenues for additional investigation that could enhance 
our comprehension of the function of exosomes in physiological systems 
(Wang et al., 2024a). However, a multidisciplinary strategy that combines 
state-of-the-art technologies with more thorough research designs is re-
quired to fully realize this promise (Li et al., 2025d).

Utilizing omics tools, including as transcriptomics, proteomics, lipi-
domics, and genomes, to better describe exosome cargo is one import-
ant avenue (Choi et al., 2013). This method makes it possible to identify 
exosome chemical profiles in a systemic, high-resolution manner, there-
by illuminating the connection between biological function and cargo 
composition (Haraszti et al., 2016). Additionally, a more comprehensive 
understanding of the function of exosomes in tissue and organ regula-
tion may result from the integration of multi-omics data (Liu et al., 2023).

Additionally, in order to overcome the constraints brought on by 
exosome heterogeneity, single-vesicle analytic approaches must be de-
veloped (Zhang et al., 2026b). This method makes it possible to examine 
the size, molecular makeup, and biological activity of individual vesicles 
(Zhang et al., 2025a). This method makes it possible for researchers to find 
exosome subpopulations with particular functions that were previously 
challenging to find using whole-population analysis (Li et al., 2019b). It is 
anticipated that developments in nanotechnology-based platforms and 
high-resolution microscopy technology would hasten the field’s growth 
(Gao et al., 2023).

The creation of synthetic exosomes, also known as modified exo-
somes, is another exciting area of study (Kalluri and LeBleu, 2020). Exo-
somes that are synthetic or bioengineered can be made to convey par-
ticular cargoes more effectively and precisely (Kučuk et al., 2021). This 
method offers substantial potential for therapeutic applications, espe-
cially in focused drug administration, in addition to enabling a more 
controlled investigation of exosome function (Sadeghi et al., 2023). Opti-
mizing production techniques, stability, and safety in biological systems 
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are major obstacles in the development of artificial exosomes (Ge et al., 
2026).

Furthermore, one of the most promising opportunities for the fu-
ture is the integration of exosome research with the idea of precision 
medicine (Wang et al., 2024b). Individual differences in exosome com-
position represent distinct biological circumstances, which may allow for 
more individualized approaches to diagnosis and treatment (Burtenshaw 
et al., 2022). Exosomes could be used as biomarkers or as a customized 
therapeutic platform to improve the efficacy of medical treatments and 
lessen adverse effects (Dehghani et al., 2025).

Conclusion

Through coordinated processes ranging from biogenesis and molec-
ular cargo loading to contacts with target cells, exosomes play a critical 
role in intercellular communication. Their capacity to transmit proteins, 
lipids, and nucleic acids selectively allows for the regulation of gene ex-
pression and the manipulation of different signaling pathways, so dy-
namically affecting cellular function.

Exosomes integrate communication across tissues in physiological 
systems, such as the immunological, neurological, cardiovascular, repro-
ductive, and metabolic systems, and help maintain homeostasis. This ac-
tivity demonstrates that exosomes serve as active regulators of biological 
balance in addition to being molecular carriers.

Nevertheless, our knowledge of the precise mechanisms underlying 
exosomes is continuously developing. In order to better understand the 
intricacies of exosome activity and facilitate the advancement of their 
applications in the biomedical area, more research combining molecular 
techniques and state-of-the-art technology is required.

Acknowledgement

The author would like to thank Universitas Airlangga for supporting 
this study.

Conflict of interest

The authors have declared no conflict of interest.

References

Adedokun, K.A., Bello, A., Oyeniyi, G.M., Oladejo, M.K., Adebisi, T.A., 2026. Exosomal nanocarriers 
of immune fate: molecular insights into cancer immunity, pathogen defense, and emerging 
immunotherapies. Clin. Exp. Immunol. 220, uxag009. doi: 10.1093/cei/uxag009.

Aheget, H., Mazini, L., Martin, F., Belqat, B., Marchal, J.A., Benabdellah, K., 2020. Exosomes: Their 
Role in Pathogenesis, Diagnosis and Treatment of Diseases. Cancers (Basel) 13, 84. doi: 
10.3390/cancers13010084.

Ahmed, K.A., Xiang, J., 2011. Mechanisms of cellular communication through intercellular protein 
transfer. J. Cell. Mol. Med. 15, 1458–1473. doi: 10.1111/j.1582-4934.2010.01008.x.

Aldarmahi, A.A., Khanday, S., Taher, E.S., Abdeen, A., Atia, G.A., Mohammed, D.A., Nasr, D.S., Al-
barakati, R.G., Zaghamir, D.E., Hetta, H.F., Atwa, A.M., Abass, K.S., Elmorsy, E.M., Alshambky, 
A., El-Sakhawy, M.A., El-Far, A., Attia, S.S., 2025. From biomolecules to breakthroughs: exo-
somes as next-generation theranostics in female infertility. Front. Cell. Dev. Biol. 13, 1605174. 
doi: 10.3389/fcell.2025.1605174.

Aljohani, M.A., 2025. Exosomes in Clinical Laboratory: From Biomarker Discovery to Diagnostic 
Implementation. Medicina (Kaunas) 61, 1930. doi: 10.3390/medicina61111930.

Altan-Bonnet, G., Mukherjee, R., 2019. Cytokine-mediated communication: a quantitative apprais-
al of immune complexity. Nat. Rev. Immunol. 19, 205–217. doi: 10.1038/s41577-019-0131-x.

Ana, I.D., Barlian, A., Hidajah, A.C., Wijaya, C.H., Notobroto, H.B., Wungu, T.D.K., 2021. Challenges 
and strategy in treatment with exosomes for cell-free-based tissue engineering in dentistry. 
Future Sci. OA 7, FSO751. doi: 10.2144/fsoa-2021-0050.

Andreu, Z., Yáñez-Mó, M., 2014. Tetraspanins in extracellular vesicle formation and function. Front. 
Immunol. 5, 442. doi: 10.3389/fimmu.2014.00442.

Bai, K., Lee, C.L., Liu, X., Li, J., Cao, D., Zhang, L., Hu, D., Li, H., Hou, Y., Xu, Y., Kan, A.S.Y., Cheung, 
K.W., Ng, E.H.Y., Yeung, W.S.B., Chiu, P.C.N., 2022. Human placental exosomes induce mater-
nal systemic immune tolerance by reprogramming circulating monocytes. J. Nanobiotech-
nology 20, 86. doi: 10.1186/s12951-022-01283-2.

Baquir, B., Hancock, R.E., 2017. Exosomes, your body’s answer to immune health. Ann. Transl. Med. 
5, 81. doi: 10.21037/atm.2017.01.50.

Basyoni, A.E., Atta, A., Salem, M.M., Mohamed, T.M., 2025. Harnessing exosomes for targeted drug 
delivery systems to combat brain cancer. Cancer Cell Int. 25, 150. doi: 10.1186/s12935-025-
03731-z.

Batrakova, E.V., Kim, M.S., 2015. Using exosomes, naturally-equipped nanocarriers, for drug deliv-
ery. J. Control Release 219, 396–405. doi: 10.1016/j.jconrel.2015.07.030.

Behbahani, G.D., Khani, S., Hosseini, H.M., Abbaszadeh-Goudarzi, K., Nazeri, S., 2016. The role of 
exosomes contents on genetic and epigenetic alterations of recipient cancer cells. Iran. J. 
Basic Med. Sci. 19, 1031–1039.

Burtenshaw, D., Regan, B., Owen, K., Collins, D., McEneaney, D., Megson, I.L., Redmond, E.M., Cahill, 
P.A., 2022. Exosomal Composition, Biogenesis and Profiling Using Point-of-Care Diagnos-

tics-Implications for Cardiovascular Disease. Front. Cell. Dev. Biol. 10, 853451. doi: 10.3389/
fcell.2022.853451.

Chae, C.W., Choi, G., Yoon, T., Kwon, Y.W., 2025. Exosome-Based Therapy in Cardiovascular Dis-
eases: A New Frontier in Cardiovascular Disease Treatment. Korean Circ. J. 55, 461–480. doi: 
10.4070/kcj.2025.0022.

Chahar, H.S., Bao, X., Casola, A., 2015. Exosomes and Their Role in the Life Cycle and Pathogenesis 
of RNA Viruses. Viruses 7, 3204–3225. doi: 10.3390/v7062770.

Chen, C., Zhang, Z., Gu, X., Sheng, X., Xiao, L., Wang, X., 2023. Exosomes: New regulators of re-
productive development. Mater. Today Bio 19, 100608. doi: 10.1016/j.mtbio.2023.100608.

Chen, J., Hu, S., Liu, J., Jiang, H., Wang, S., Yang, Z., 2025. Exosomes: a double-edged sword in can-
cer immunotherapy. MedComm (2020) 6, e70095. doi: 10.1002/mco2.70095.

Chen, K., Liang, J., Qin, T., Zhang, Y., Chen, X., Wang, Z., 2022a. The Role of Extracellular Ves-
icles in Embryo Implantation. Front Endocrinol (Lausanne) 13, 809596. doi: 10.3389/fen-
do.2022.809596.

Chen, Q., Wu, D., Wang, Y., Chen, Z., 2022b. Exosomes as Novel Delivery Systems for Application in 
Traditional Chinese Medicine. Molecules 27, 7789. doi: 10.3390/molecules27227789.

Chen, Y.F., Luh, F., Ho, Y.S., Yen, Y., 2024. Exosomes: a review of biologic function, diagnostic and 
targeted therapy applications, and clinical trials. J. Biomed. Sci. 31, 67. doi: 10.1186/s12929-
024-01055-0.

Chiaradia, E., Tancini, B., Emiliani, C., Delo, F., Pellegrino, R.M., Tognoloni, A., Urbanelli, L., Buratta, 
S., 2021. Extracellular Vesicles under Oxidative Stress Conditions: Biological Properties and 
Physiological Roles. Cells 10, 1763. doi: 10.3390/cells10071763.

Chigozie, V.U., 2026. Exosomal bioactive molecules: molecular regulation, functional heterogene-
ity, and translational implications in disease diagnostics and therapeutics. Clin. Exp. Med. 26, 
179. doi: 10.1007/s10238-026-02092-9.

Chimal-Vega, B., Maldonado-Arvizu, J.E., Hernández Avalos, A.D., Díaz-Villanueva, J.F., Avila-Bar-
rientos, L.P., González, V.G.G., 2025. Inter-Tissue Communication Mechanisms via Exosomes 
and Their Implications in Metabolic Diseases: Opportunities for Pharmacological Regulation. 
Future Pharmacol. 5, 11. doi: 10.3390/futurepharmacol5010011.

Choi, D.S., Kim, D.K., Kim, Y.K., Gho, Y.S., 2013. Proteomics, transcriptomics and lipidomics of exo-
somes and ectosomes. Proteomics 13, 1554–1571. doi: 10.1002/pmic.201200329.

Corrado, C., Raimondo, S., Chiesi, A., Ciccia, F., De Leo, G., Alessandro, R., 2013. Exosomes as 
intercellular signaling organelles involved in health and disease: basic science and clinical 
applications. Int. J. Mol. Sci. 14, 5338–5366. doi: 10.3390/ijms14035338.

Czernek, L., Düchler, M., 2020. Exosomes as Messengers Between Mother and Fetus in Pregnancy. 
Int. J. Mol. Sci. 21, 4264. doi: 10.3390/ijms21124264.

Dal’Forno-Dini, T., Birck, M.S., Rocha, M., Bagatin, E., 2025. Exploring the reality of exosomes in 
dermatology. An. Bras. Dermatol. 100, 121–130. doi: 10.1016/j.abd.2024.09.002.

Dbouk, H.A., Mroue, R.M., El-Sabban, M.E., Talhouk, R.S., 2009. Connexins: a myriad of func-
tions extending beyond assembly of gap junction channels. Cell Commun. Signal. 7, 4. doi: 
10.1186/1478-811X-7-4.

De Sousa, K.P., Rossi, I., Abdullahi, M., Ramirez, M.I., Stratton, D., Inal, J.M., 2023. Isolation and 
characterization of extracellular vesicles and future directions in diagnosis and therapy. Wiley 
Interdiscip. Rev. Nanomed. Nanobiotechnol. 15, e1835. doi: 10.1002/wnan.1835.

Dehghani, S., Ocakcı, O., Hatipoglu, P.T., Özalp, V.C., Tevlek, A., 2025. Exosomes as Biomarkers and 
Therapeutic Agents in Neurodegenerative Diseases: Current Insights and Future Directions. 
Mol. Neurobiol. 62, 9190–9215. doi: 10.1007/s12035-025-04825-5.

Desdín-Micó, G., Mittelbrunn, M., 2017. Role of exosomes in the protection of cellular homeosta-
sis. Cell Adh. Migr. 11, 127–134. doi: 10.1080/19336918.2016.1251000.

Di Bella, M.A., 2022. Overview and Update on Extracellular Vesicles: Considerations on Exosomes 
and Their Application in Modern Medicine. Biology (Basel) 11, 804. doi: 10.3390/biolo-
gy11060804.

Dilsiz, N., 2024. A comprehensive review on recent advances in exosome isolation and char-
acterization: Toward clinical applications. Transl. Oncol. 50, 102121. doi: 10.1016/j.tra-
non.2024.102121.

Dinc, R., Ardic, N., 2026. Extracellular Vesicles as Biological Templates for Next-Generation 
Drug-Coated Cardiovascular Devices: Cellular Mechanisms of Vascular Healing, Inflamma-
tion, and Restenosis. Cells 15, 121. doi: 10.3390/cells15020121.

Donoso-Quezada, J., Ayala-Mar, S., González-Valdez, J., 2021. The role of lipids in exosome biology 
and intercellular communication: Function, analytics and applications. Traffic. 22, 204–220. 
doi: 10.1111/tra.12803.

Doyle, L.M., Wang, M.Z., 2019. Overview of Extracellular Vesicles, Their Origin, Composition, 
Purpose, and Methods for Exosome Isolation and Analysis. Cells 8, 727. doi: 10.3390/
cells8070727.

Duan, P., Tan, J., Miao, Y., Zhang, Q., 2019. Potential role of exosomes in the pathophysiology, 
diagnosis, and treatment of hypoxic diseases. Am. J. Transl. Res. 11, 1184–1201.

Dyndał, K., Pańczyszyn-Trzewik, P., Jakubowska, B., Sowa-Kućma, M., 2026. The Role of Exosomes 
in the Regulation of Molecular Mechanisms Underlying Treatment Resistance-Linking Cel-
lular Crosstalk to Clinical Implications in Depression. Int. J. Mol. Sci. 27, 2449. doi: 10.3390/
ijms27052449.

Ebrahimi, V., Abdolmohammadi-Vahid, S., Soltani-Zangbar, M.S., Ahmadi, H., Aghebati-Maleki, 
L., 2025. Exosomes in assisted reproductive technologies: Discovery of new mechanisms 
and therapeutic possibilities. Biomed. Pharmacother. 193, 118889. doi: 10.1016/j.bio-
pha.2025.118889.

Eichten, S.R., Schmitz, R.J., Springer, N.M., 2014. Epigenetics: Beyond Chromatin Modifications 
and Complex Genetic Regulation. Plant Physiol. 165, 933–947. doi: 10.1104/pp.113.234211.

Escudero-Cernuda, S., Eiro, N., Fraile, M., Vizoso, F.J., Fernández-Colomer, B., Fernández-Sánchez, 
M.L., 2025. Limitations and challenges in the characterization of extracellular vesicles from 
stem cells and serum. Mikrochim. Acta 192, 311. doi: 10.1007/s00604-025-07147-4.

Essola, J.M., Zhang, M., Yang, H., Li, F., Xia, B., Mavoungou, J.F., Hussain, A., Huang, Y., 2023. Exo-
some regulation of immune response mechanism: Pros and cons in immunotherapy. Bioact. 
Mater. 32, 124–146. doi: 10.1016/j.bioactmat.2023.09.018.

Ezzati, M., Izadpanah, M., 2025. Extracellular vesicles in monitoring and modulation of oocyte 
competence: focus on exosomes. J. Ovarian Res. 18, 281. doi: 10.1186/s13048-025-01850-9.

Fallahi, S., Zangbar, H.S., Farajdokht, F., Rahbarghazi, R., Mohaddes, G., Ghiasi, F., 2024. Exosomes 
as a therapeutic tool to promote neurorestoration and cognitive function in neurological 
conditions: Achieve two ends with a single effort. CNS Neurosci. Ther. 30, e14752. doi: 
10.1111/cns.14752.

Feng, X., Tian, J., Han, S., Wen, F., Li, Y., Zhang, S., Ouyang, L., Hu, Z., Chen, X., Hu, J., 2025. Sertoli 
cells as a hub in testicular development and male reproductive. Front. Cell Dev. Biol. 13, 
1693878. doi: 10.3389/fcell.2025.1693878.

Frühbeis, C., Fröhlich, D., Krämer-Albers, E.M., 2012. Emerging roles of exosomes in neuron-glia 
communication. Front. Physiol. 3, 119. doi: 10.3389/fphys.2012.00119.

Gandham, S., Su, X., Wood, J., Nocera, A.L., Alli, S.C., Milane, L., Zimmerman, A., Amiji, M., Ivanov, 
A.R., 2020. Technologies and Standardization in Research on Extracellular Vesicles. Trends 
Biotechnol. 38, 1066–1098. doi: 10.1016/j.tibtech.2020.05.012.

Gangadaran, P., Madhyastha, H., Madhyastha, R., Rajendran, R.L., Nakajima, Y., Watanabe, N., Ve-
likkakath, A.K.G., Hong, C.M., Gopi, R.V., Muthukalianan, G.K., Gopalakrishnan, A.V., Jeyara-
man, M., Ahn, B.C., 2023. The emerging role of exosomes in innate immunity, diagnosis and 
therapy. Front. Immunol. 13, 1085057. doi: 10.3389/fimmu.2022.1085057.

Gao, J., Li, A., Hu, J., Feng, L., Liu, L., Shen, Z., 2023. Recent developments in isolating methods for 
exosomes. Front. Bioeng. Biotechnol. 10, 1100892. doi: 10.3389/fbioe.2022.1100892.

Ge, X., Shan, S., Lu, H., Wang, W., Gao, C., Fu, S., 2026. Strategies, Challenges and Application 
Prospects for Exosome Engineering Modifications in Tumor Targeted Therapeutics. Int. J. 
Nanomedicine 21, 572435. doi: 10.2147/IJN.S572435.

Ghadami, S., Dellinger, K., 2023. The lipid composition of extracellular vesicles: applications 
in diagnostics and therapeutic delivery. Front. Mol. Biosci. 10, 1198044. doi: 10.3389/

M. Sukmanadi et al. /Journal of Advanced Veterinary Research (2026) Volume 16, Issue 5, 707-717

715



fmolb.2023.1198044.
Ghaffari, K., Moradi-Hasanabad, A., Sobhani-Nasab, A., Javaheri, J., Ghasemi, A., 2023. Application 

of cell-derived exosomes in the hematological malignancies therapy. Front. Pharmacol. 14, 
1263834. doi: 10.3389/fphar.2023.1263834.

Ginini, L., Billan, S., Fridman, E., Gil, Z., 2022. Insight into Extracellular Vesicle-Cell Communication: 
From Cell Recognition to Intracellular Fate. Cells 11, 1375. doi: 10.3390/cells11091375.

Goodenough, D.A., Paul, D.L., 2009. Gap junctions. Cold Spring Harb. Perspect. Biol. 1, a002576. 
doi: 10.1101/cshperspect.a002576.

Gorentla, B.K., Zhong, X.P., 2012. T cell Receptor Signal Transduction in T lymphocytes. J. Clin. Cell 
Immunol. 2012, 5. doi: 10.4172/2155-9899.S12-005.

Gorgzadeh, A., Nazari, A., Ismaeel, A.A.E., Safarzadeh, D., Hassan, J.A.K., Mohammadzadehsaliani, 
S., Kheradjoo, H., Yasamineh, P., Yasamineh, S., 2024. A state-of-the-art review of the recent 
advances in exosome isolation and detection methods in viral infection. Virol. J. 21, 34. doi: 
10.1186/s12985-024-02301-5.

Greenblatt, M.B., Shim, J.H., Bok, S., Kim, J.M., 2022. The Extracellular Signal-Regulated Kinase 
Mitogen-Activated Protein Kinase Pathway in Osteoblasts. J. Bone Metab. 29, 1–15. doi: 
10.11005/jbm.2022.29.1.1.

Gu, Y., Becker, M.A., Müller, L., Reuss, K., Umlauf, F., Tang, T., Menger, M.D., Laschke, M.W., 2023. 
MicroRNAs in Tumor Endothelial Cells: Regulation, Function and Therapeutic Applications. 
Cells 12, 1692. doi: 10.3390/cells12131692.

Guo, B., Yuan, L.Q., 2022. Editorial: The Role of Exosomes in Metabolic and Endocrine Disease. 
Front. Endocrinol. (Lausanne) 13, 859650. doi: 10.3389/fendo.2022.859650.

Gurunathan, S., Kang, M.H., Kim, J.H., 2021. A Comprehensive Review on Factors Influences Bio-
genesis, Functions, Therapeutic and Clinical Implications of Exosomes. Int. J. Nanomedicine 
16, 1281–1312. doi: 10.2147/IJN.S291956.

Han, S., Qi, Y., Luo, Y., Chen, X., Liang, H., 2021. Exosomal Long Non-Coding RNA: Interaction 
Between Cancer Cells and Non-Cancer Cells. Front. Oncol. 10, 617837. doi: 10.3389/
fonc.2020.617837.

Han, W., Zhang, H., Feng, L., Dang, R., Wang, J., Cui, C., Jiang, P., 2023. The emerging role of exo-
somes in communication between the periphery and the central nervous system. MedComm 
(2020) 4, e410. doi: 10.1002/mco2.410.

Haraszti, R.A., Didiot, M.C., Sapp, E., Leszyk, J., Shaffer, S.A., Rockwell, H.E., Gao, F., Narain, N.R., 
DiFiglia, M., Kiebish, M.A., Aronin, N., Khvorova, A., 2016. High-resolution proteomic and 
lipidomic analysis of exosomes and microvesicles from different cell sources. J. Extracell. 
Vesicles 5, 32570. doi: 10.3402/jev.v5.32570.

He, J., Ren, W., Wang, W., Han, W., Jiang, L., Zhang, D., Guo, M., 2022. Exosomal targeting and its 
potential clinical application. Drug Deliv. Transl. Res. 12, 2385–2402. doi: 10.1007/s13346-
021-01087-1.

Hemmings, B.A., Restuccia, D.F., 2012. PI3K-PKB/Akt pathway. Cold Spring Harb. Perspect. Biol. 4, 
a011189. doi: 10.1101/cshperspect.a011189. 

Hernández-Gómez, K.G., Avila-Nava, A., González-Salazar, L.E., Noriega, L.G., Serralde-Zúñiga, A.E., 
Guizar-Heredia, R., Medina-Vera, I., Gutiérrez-Solis, A.L., Torres, N., Tovar, A.R., Guevara-Cruz, 
M., 2023. Modulation of MicroRNAs and Exosomal MicroRNAs after Dietary Interventions 
for Obesity and Insulin Resistance: A Narrative Review. Metabolites 13, 1190. doi: 10.3390/
metabo13121190.

Hikita, T., Uehara, R., Itoh, R.E., Mitani, F., Miyata, M., Yoshida, T., Yamaguchi, R., Oneyama, C., 2022. 
MEK/ERK-mediated oncogenic signals promote secretion of extracellular vesicles by con-
trolling lysosome function. Cancer Sci. 113, 1264–1276. doi: 10.1111/cas.15288.

Horn, A., Jaiswal, J.K., 2019. Structural and signaling role of lipids in plasma membrane repair. Curr. 
Top. Membr. 84, 67–98. doi: 10.1016/bs.ctm.2019.07.001.

Hu, Q., Su, H., Li, J., Lyon, C., Tang, W., Wan, M., Hu, T.Y., 2020. Clinical applications of exosome 
membrane proteins. Precis. Clin. Med. 3, 54–66. doi: 10.1093/pcmedi/pbaa007.

Hu, W., Wang, W., Chen, Z., Chen, Y., Wang, Z., 2024. Engineered exosomes and composite bioma-
terials for tissue regeneration. Theranostics 14, 2099–2126. doi: 10.7150/thno.93088.

Huang, Z., Cheng, J., Deng, Z., Liu, C., Huang, T., Lin, W., 2025b. Extracellular Vesicle-Based Ther-
apeutic Cargo Delivery for Cancer Therapy. Int. J. Nanomedicine 20, 13007–13037. doi: 
10.2147/IJN.S548006.

Huang, Z., Zhao, X., Wen, W., Shi, R., Liang, G., 2025a. Exosome miRNA sorting controlled by 
RNA-binding protein-motif interactions. Extracell. Vesicles Circ. Nucl. Acids 6, 475–503. doi: 
10.20517/evcna.2025.47.

Huda, M.N., Nafiujjaman, M., Deaguero, I.G., Okonkwo, J., Hill, M.L., Kim, T., Nurunnabi, M., 2021. 
Potential Use of Exosomes as Diagnostic Biomarkers and in Targeted Drug Delivery: Progress 
in Clinical and Preclinical Applications. ACS Biomater. Sci. Eng. 7, 2106–2149. doi: 10.1021/
acsbiomaterials.1c00217.

Huotari, J., Helenius, A., 2011. Endosome maturation. EMBO J. 30, 3481–500. doi: 10.1038/em-
boj.2011.286.

Hussen, B.M., Faraj, G.S.H., Rasul, M.F., Hidayat, H.J., Salihi, A., Baniahmad, A., Taheri, M., Ghafou-
ri-Frad, S., 2022. Strategies to overcome the main challenges of the use of exosomes as drug 
carrier for cancer therapy. Cancer Cell Int. 22, 323. doi: 10.1186/s12935-022-02743-3.

Isaac, R., Reis, F.C.G., Ying, W., Olefsky, J.M., 2021. Exosomes as mediators of intercellular crosstalk 
in metabolism. Cell Metab. 33, 1744–1762. doi: 10.1016/j.cmet.2021.08.006.

Jella, K.K., Nasti, T.H., Li, Z., Malla, S.R., Buchwald, Z.S., Khan, M.K., 2018. Exosomes, Their Biogenesis 
and Role in Inter-Cellular Communication, Tumor Microenvironment and Cancer Immuno-
therapy. Vaccines (Basel) 6, 69. doi: 10.3390/vaccines6040069.

Jia, Y., Yu, L., Ma, T., Xu, W., Qian, H., Sun, Y., Shi, H., 2022. Small extracellular vesicles isolation and 
separation: Current techniques, pending questions and clinical applications. Theranostics 12, 
6548–6575. doi: 10.7150/thno.74305.

Jiao, Y.R., Chen, K.X., Tang, X., Tang, Y.L., Yang, H.L., Yin, Y.L., Li, C.J., 2024. Exosomes derived from 
mesenchymal stem cells in diabetes and diabetic complications. Cell Death Dis. 15, 271. doi: 
10.1038/s41419-024-06659-w.

Johnson, N., West, M., Odorizzi, G., 2017. Regulation of yeast ESCRT-III membrane scission activity 
by the Doa4 ubiquitin hydrolase. Mol. Biol. Cell 28, 661–672. doi: 10.1091/mbc.E16-11-0761.

Joshi, B.S., de Beer, M.A., Giepmans, B.N.G., Zuhorn, I.S., 2020. Endocytosis of Extracellular Vesi-
cles and Release of Their Cargo from Endosomes. ACS Nano 14, 4444–4455. doi: 10.1021/
acsnano.9b10033.

Ju, J., Neuen, S.M.L., van Zandvoort, M., Keulers, T.G.H., Rouschop, K.M.A., 2025. Extracellular vesi-
cles: cargo loading, degradation and secretory pathways, and their intersection with autoph-
agy. Extracell. Vesicles Circ. Nucl. Acids 6, 360–385. doi: 10.20517/evcna.2025.21.

Ju, Y., Bai, H., Ren, L., Zhang, L., 2021. The Role of Exosome and the ESCRT Pathway on Enveloped 
Virus Infection. Int. J. Mol. Sci. 22, 9060. doi: 10.3390/ijms22169060.

Kalani, A., Tyagi, N., 2015. Exosomes in neurological disease, neuroprotection, repair and thera-
peutics: problems and perspectives. Neural. Regen. Res. 10, 1565–1567. doi: 10.4103/1673-
5374.165305.

Kalluri, R., LeBleu, V.S., 2020. The biology, function, and biomedical applications of exosomes. 
Science 367, eaau6977. doi: 10.1126/science.aau6977.

Kar, R., Dhar, R., Mukherjee, S., Nag, S., Gorai, S., Mukerjee, N., Mukherjee, D., Vatsa, R., Jadhav, 
M.C., Ghosh, A., Devi, A., Krishnan, A., Thorat, N.D., 2023. Exosome-Based Smart Drug Deliv-
ery Tool for Cancer Theranostics. ACS Biomater. Sci. Eng. 9, 577–594. doi: 10.1021/acsbio-
materials.2c01329.

Khan, N.A., Asim, M., El-Menyar, A., Biswas, K.H., Rizoli, S., Al-Thani, H., 2022. The evolving role 
of extracellular vesicles (exosomes) as biomarkers in traumatic brain injury: Clinical per-
spectives and therapeutic implications. Front. Aging Neurosci. 14, 933434. doi: 10.3389/
fnagi.2022.933434.

Khan, S.U., Khan, M.I., Khan, M.U., Khan, N.M., Bungau, S., Hassan, S.S.U., 2022. Applications of 
Extracellular Vesicles in Nervous System Disorders: An Overview of Recent Advances. Bioen-
gineering (Basel) 10, 51. doi: 10.3390/bioengineering10010051.

Kim, H.I., Park, J., Zhu, Y., Wang, X., Han, Y., Zhang, D., 2024. Recent advances in extracellular 

vesicles for therapeutic cargo delivery. Exp. Mol. Med. 56, 836–849. doi: 10.1038/s12276-
024-01201-6.

Kita, S., Shimomura, I., 2022. Extracellular Vesicles as an Endocrine Mechanism Connecting Distant 
Cells. Mol. Cells 45, 771–780. doi: 10.14348/molcells.2022.0110.

Kučuk, N., Primožič, M., Knez, Ž., Leitgeb, M., 2021. Exosomes Engineering and Their Roles as 
Therapy Delivery Tools, Therapeutic Targets, and Biomarkers. Int. J. Mol. Sci. 22, 9543. doi: 
10.3390/ijms22179543.

Kumari, S., Mg, S., Mayor, S., 2010. Endocytosis unplugged: multiple ways to enter the cell. Cell Res. 
20, 256–275. doi: 10.1038/cr.2010.19.

Kurywchak, P., Tavormina, J., Kalluri, R., 2018. The emerging roles of exosomes in the modulation of 
immune responses in cancer. Genome Med. 10, 23. doi: 10.1186/s13073-018-0535-4.

Lau, N.C.H., Yam, J.W.P., 2023. From Exosome Biogenesis to Absorption: Key Takeaways for Cancer 
Research. Cancers (Basel) 15, 1992. doi: 10.3390/cancers15071992.

Lee, K.W.A., Chan, L.K.W., Hung, L.C., Phoebe, L.K.W., Park, Y., Yi, K.H., 2024b. Clinical Applications 
of Exosomes: A Critical Review. Int. J. Mol. Sci. 25, 7794. doi: 10.3390/ijms25147794.

Lee, M.J., Park, D.H., Kang, J.H., 2016. Exosomes as the source of biomarkers of metabolic diseases. 
Ann. Pediatr. Endocrinol. Metab. 21, 119–125. doi: 10.6065/apem.2016.21.3.119.

Lee, Y.J., Shin, K.J., Chae, Y.C., 2024a. Regulation of cargo selection in exosome biogenesis and its 
biomedical applications in cancer. Exp. Mol. Med. 56, 877–889. doi: 10.1038/s12276-024-
01209-y.

Levine, S.J., 2008. Molecular mechanisms of soluble cytokine receptor generation. J. Biol. Chem. 
283, 14177–14181. doi: 10.1074/jbc.R700052200.

Li, J., Wang, J., Chen, Z., 2025c. Emerging role of exosomes in cancer therapy: progress and chal-
lenges. Mol. Cancer 24, 13. doi: 10.1186/s12943-024-02215-4.

Li, J., Wang, A., Guo, H., Zheng, W., Chen, R., Miao, C., Zheng, D., Peng, J., Wang, J., Chen, Z., 2025b. 
Exosomes: innovative biomarkers leading the charge in non-invasive cancer diagnostics. 
Theranostics 15, 5277–5311. doi: 10.7150/thno.113650.

Li, L., Zheng, Z., Lan, W., Tang, N., Zhang, D., Ling, J., Wu, Y., Yang, P., Fu, L., Liu, J., Zhang, J., Yu, 
P., Huang, T., 2025a. Role of Exosomes in Cardiovascular Disease: A Key Regulator of In-
tercellular Communication in Cardiomyocytes. ACS Omega 10, 18145–18169. doi: 10.1021/
acsomega.4c11423.

Li, Q., Ding, Y., Shi, Y., Qiu, C., Lei, L., Li, S., Zhu, Z., Zheng, J., Qin, C., Wang, K., Jiang, C., Han, Z., 
Yang, L., Zhang, L., Li, P., Tong, L., Wang, D., Xu, H., Dai, B., Du, Y., Wang, K., Fan, Z., Wang, W., 
Guo, K., Huang, Y., Wang, X., Sui, B., Wen, L., Chen, F., Feng, D., Qin, X., Mao, W., Liu, H., Liu, C., 
Li, Z., Wang, Y., Huang, R., Lu, R., Zhang, Y., Tian, Y., Miao, X., Yin, Y., Zhang, J., Wang, Z., Ma, 
T., Dong, H., Wei, D., Yang, Z., Yang, X., Cheng, X., Chrzanowski, W., Chang, Z., Zhang, X., Cho, 
W.C., Luo, Y., Xia, W., Huang, Z., 2026. 80 years of extracellular vesicles: from discovery to clin-
ical translation. Extracell. Vesicles Circ. Nucl. Acids 7, 165–233. doi: 10.20517/evcna.2025.161.

Li, Q., Wang, H., Peng, H., Huyan, T., Cacalano, N.A., 2019a. Exosomes: Versatile Nano Mediators of 
Immune Regulation. Cancers (Basel) 11, 1557. doi: 10.3390/cancers11101557.

Li, X., Corbett, A.L., Taatizadeh, E., Tasnim, N., Little, J.P., Garnis, C., Daugaard, M., Guns, E., Hoorfar, 
M., Li, I.T.S., 2019b. Challenges and opportunities in exosome research-Perspectives from 
biology, engineering, and cancer therapy. APL Bioeng. 3, 011503. doi: 10.1063/1.5087122.

Li, Z., Yan, J., Li, X., Chen, H., Lin, C., Zhang, Y., Gao, T., Zhang, Y., Shu, Y., Pan, S., Zhang, Y., 2025d. 
Advancements in extracellular vesicles biomanufacturing: a comprehensive overview of 
large-scale production and clinical research. Front. Bioeng. Biotechnol. 13, 1487627. doi: 
10.3389/fbioe.2025.1487627.

Liu, Y., Li, Y., Zeng, T., 2023. Multi-omics of extracellular vesicles: An integrative representation of 
functional mediators and perspectives on lung disease study. Front. Bioinform. 3, 1117271. 
doi: 10.3389/fbinf.2023.1117271.

Liu, Y., Wang, J., Sun, Y., Chen, Y., 2025. The therapeutic effect of exosomes in type 2 diabe-
tes mellitus and its complications. Front. Med. (Lausanne) 12, 1735392. doi: 10.3389/
fmed.2025.1735392.

Lorite, P., Domínguez, J.N., Palomeque, T., Torres, M.I., 2024. Extracellular Vesicles: Advanced Tools 
for Disease Diagnosis, Monitoring, and Therapies. Int. J. Mol. Sci. 26, 189. doi: 10.3390/
ijms26010189.

Luo, J., Pu, Q., Wu, X., 2024. Recent Advances of Exosomes Derived from Skeletal Muscle and 
Crosstalk with Other Tissues. Int. J. Mol. Sci. 25, 10877. doi: 10.3390/ijms252010877.

Mao, L., Yue, Z., Zhu, D., Lu, C., Cheng, K., 2025. Exosomes: bridge metabolic regulation in cardiac 
repair. NPJ Biomed. Innov. 2, 21. doi: 10.1038/s44385-025-00030-0.

Marca, R.D., Giugliano, R., Zannella, C., Acunzo, M., Parimal, P., Mali, A., Chianese, A., Iovane, V., 
Galdiero, M., De Filippis, A., 2025. Role of exosomes in viral infections: a narrative review. 
Virus Res. 361, 199644. doi: 10.1016/j.virusres.2025.199644.

McKelvey, K.J., Powell, K.L., Ashton, A.W., Morris, J.M., McCracken, S.A., 2015. Exosomes: Mecha-
nisms of Uptake. J. Circ. Biomark 4, 7. doi: 10.5772/61186.

Mehdinejadiani, S., Azad, N., Dehghan, Z., Khosravizadeh, Z., Saberi, F., Rezaee, D., Pilehchi, T., 
Goudarzi, N., Salahi, E., Mehdinejadiani, K., 2025. Role of Seminal Exosomes in Reproduction. 
J. Cell. Physiol. 240, e70106. doi: 10.1002/jcp.70106.

Menaceur, C., Dusailly, O., Gosselet, F., Fenart, L., Saint-Pol, J., 2023. Vesicular Trafficking, a Mech-
anism Controlled by Cascade Activation of Rab Proteins: Focus on Rab27. Biology (Basel) 12, 
1530. doi: 10.3390/biology12121530.

Mohammed, O., Assaye, M.A., Alemayehu, E., Tufa, A., Genet, S., 2025. Exosomes in cancer me-
tabolism and drug resistance: A review. Biomol. Biomed. 26, 730–745. doi: 10.17305/
bb.2025.13295.

Mosquera-Heredia, M.I., Morales, L.C., Vidal, O.M., Barceló, E., Silvera-Redondo, C., Vélez, J.I., Gara-
vito-Galofre, P., 2021. Exosomes: Potential Disease Biomarkers and New Therapeutic Targets. 
Biomedicines 9, 1061. doi: 10.3390/biomedicines9081061.

Mukerjee, N., Bhattacharya, A., Maitra, S., Kaur, M., Ganesan, S., Mishra, S., Ashraf, A., Rizwan, M., 
Kesari, K.K., Tabish, T.A., Thorat, N.D., 2025. Exosome isolation and characterization for ad-
vanced diagnostic and therapeutic applications. Mater. Today Bio 31, 101613. doi: 10.1016/j.
mtbio.2025.101613.

Muraleedharan, A., Rangavajhula, K., Ray, S.K., 2026. Exosome Engineering for Blocking Gut Dys-
biosis and Inducing Cell Death Mechanisms in Glioblastoma Multiforme. Cells 15, 422. doi: 
10.3390/cells15050422.

O’Brien, J., Hayder, H., Zayed, Y., Peng, C., 2018. Overview of MicroRNA Biogenesis, Mechanisms of 
Actions, and Circulation. Front. Endocrinol. (Lausanne) 9, 402. doi: 10.3389/fendo.2018.00402.

Odehnalová, N., Šandriková, V., Hromadka, R., Skaličková, M., Dytrych, P., Hoskovec, D., Kejík, Z., 
Hajduch, J., Vellieux, F., Vašáková, M.K., Martásek, P., Jakubek, M., 2025. The potential of 
exosomes in regenerative medicine and in the diagnosis and therapies of neurodegenerative 
diseases and cancer. Front. Med. (Lausanne) 12, 1539714. doi: 10.3389/fmed.2025.1539714.

Oeckinghaus, A., Ghosh, S., 2009. The NF-kappaB family of transcription factors and its regulation. 
Cold Spring Harb. Perspect. Biol. 1, a000034. doi: 10.1101/cshperspect.a000034.

Olejarz, W., Kubiak-Tomaszewska, G., Chrzanowska, A., Lorenc, T., 2020. Exosomes in Angiogenesis 
and Anti-angiogenic Therapy in Cancers. Int. J. Mol. Sci. 21, 5840. doi: 10.3390/ijms21165840.

Oveili, E., Vafaei, S., Bazavar, H., Eslami, Y., Mamaghanizadeh, E., Yasamineh, S., Gholizadeh, O., 
2023. The potential use of mesenchymal stem cells-derived exosomes as microRNAs delivery 
systems in different diseases. Cell Commun. Signal. 21, 20. doi: 10.1186/s12964-022-01017-
9.

Palakurthi, S.S., Shah, B., Kapre, S., Charbe, N., Immanuel, S., Pasham, S., Thalla, M., Jain, A., Palak-
urthi, S., 2024. A comprehensive review of challenges and advances in exosome-based drug 
delivery systems. Nanoscale Adv. 6, 5803–26. doi: 10.1039/d4na00501e.

Papakonstantinou, E., Dragoumani, K., Chrousos, G.P., Vlachakis, D., 2024. Exosomal Epigenetics. 
EMBnet J. 29, e1049. doi: 10.14806/ej.29.0.1049.

Primorac, D., Brlek, P., Bulić, L., Hrvatin, N., Škaro, V., Projić, P., Glavan, M., Oleru, I., Rocheteau, P., 
Tremolada, C., DeMers, A., Ambach, M.A., Buford, D., Knežević, T., Kouroupis, D., Conforti, C., 
Kimbrough, D.W., Schnorr, R.P., Williams, L., Vaiciuleviciute, R., Fortuna, Ž., Oprešnik, L., Curk, 
B., Knežević, M., Živčec, G.K., Hrkać, A., Tsoukas, D., Uzieliene, I., Pachaleva, J., Bernotiene, 

M. Sukmanadi et al. /Journal of Advanced Veterinary Research (2026) Volume 16, Issue 5, 707-717

716



E., Barbato, K., Patel, N., Guanche, I.D., Badiavas, E.V., Mešić, J., Flajšman, A.M., Milanič, R., 
Klarić, D., Kalodimou, V.E., Allegri, M., Brachmann, J., Toh, W.S., Delgado, N.D., Mobasheri, A., 
2026. Therapeutic Potential of Extracellular Vesicles: From Biogenesis, Isolation and Molecu-
lar Characterization to Addressing Translational Gaps and Regulatory Barriers. Int. J. Mol. Sci. 
27, 1676. doi: 10.3390/ijms27041676.

Ratti, M., Lampis, A., Ghidini, M., Salati, M., Mirchev, M.B., Valeri, N., Hahne, J.C., 2020. MicroRNAs 
(miRNAs) and Long Non-Coding RNAs (lncRNAs) as New Tools for Cancer Therapy: First 
Steps from Bench to Bedside. Target Oncol. 15, 261–278. doi: 10.1007/s11523-020-00717-x.

Ribeiro, M.F., Zhu, H., Millard, R.W., Fan, G.C., 2013. Exosomes Function in Pro- and Anti-Angiogen-
esis. Curr. Angiogenes 2, 54–59. doi: 10.2174/22115528113020020001.

Rubinstein, E., Théry, C., Zimmermann, P., 2025. Tetraspanins affect membrane structures and the 
trafficking of molecular partners: what impact on extracellular vesicles? Biochem. Soc. Trans. 
0, 371–382. doi: 10.1042/BST20240523.

Saad, S.H., Kashanchi, A., Zadeh, M.A., Williams, A., Batrakova, E.V., 2025. Exosome-Mediated 
Crosstalk Between Cancer Cells and Tumor Microenvironment. Cells 14, 1750. doi: 10.3390/
cells14221750.

Sadeghi, S., Tehrani, F.R., Tahmasebi, S., Shafiee, A., Hashemi, S.M., 2023. Exosome engineering in 
cell therapy and drug delivery. Inflammopharmacology 31, 145–169. doi: 10.1007/s10787-
022-01115-7.

Sanghvi, S.K., Singh, H., 2026. Ion channel and biophysical properties of extracellular vesicles. J. 
Biol. Chem. 302, 111364. doi: 10.1016/j.jbc.2026.111364.

Schorey, J.S., Cheng, Y., Singh, P.P., Smith, V.L., 2015. Exosomes and other extracellular vesicles in 
host-pathogen interactions. EMBO Rep. 16, 24–43. doi: 10.15252/embr.201439363.

Serrano, D.R., Juste, F., Anaya, B.J., Ramirez, B.I., Sánchez-Guirales, S.A., Quispillo, J.M., Hernandez, 
E.M., Simon, J.A., Trallero, J.M., Serrano, C., Rawat, S., Lalatsa, A., 2025. Exosome-Based Drug 
Delivery: A Next-Generation Platform for Cancer, Infection, Neurological and Immunological 
Diseases, Gene Therapy and Regenerative Medicine. Pharmaceutics 17, 1336. doi: 10.3390/
pharmaceutics17101336.

Shao, Y., Pan, X., Fu, R., 2021. Role and Function of T Cell-Derived Exosomes and Their Therapeutic 
Value. Mediators Inflamm. 2021, 8481013. doi: 10.1155/2021/8481013.

Shen, H., Liu, M., Yang, W., Xiao, D., Peng, Z., Rao, D., Huang, D., 2025. Exosomal proteins: new tar-
gets for early diagnosis and treatment of cancer. Front. Immunol. 16, 1613494. doi: 10.3389/
fimmu.2025.1613494.

Sheng, Q., Wu, Z., Li, W., Wang, L., Xu, H., Wang, W., Yan, Z., Ge, G., Xu, Y., Geng, D., 2025. Extracellu-
lar vesicles in metabolic perspective: mechanism and targeted therapy. J Nanobiotechnology 
23, 676. doi: 10.1186/s12951-025-03763-7.

Shields, S.B., Oestreich, A.J., Winistorfer, S., Nguyen, D., Payne, J.A., Katzmann, D.J., Piper, R., 2009. 
ESCRT ubiquitin-binding domains function cooperatively during MVB cargo sorting. J. Cell 
Biol. 185, 213–224. doi: 10.1083/jcb.200811130.

Si, C., Gao, J., Ma, X., 2024. Engineered exosomes in emerging cell-free therapy. Front. Oncol. 14, 
1382398. doi: 10.3389/fonc.2024.1382398.

Silva, V.R., Azar, A., Goncalves, E.R., Nascimento, T.C.M., Buchaim, R.L., Buchaim, D.V., de Oliveira, 
F.A.A., Nassar, C.C., de Camargo, T.M., Caboclo, R.F., da Cunha, M.R., 2025. MicroRNA-Medi-
ated Regulation of Vascular Endothelium: From Pro-Inflammation to Atherosclerosis. Int. J. 
Mol. Sci. 26, 5919. doi: 10.3390/ijms26135919.

Skotland, T., Hessvik, N.P., Sandvig, K., Llorente, A., 2019. Exosomal lipid composition and the 
role of ether lipids and phosphoinositides in exosome biology. J. Lipid Res. 60, 9–18. doi: 
10.1194/jlr.R084343.

Son, T., Jeong, I., Park, J., Jun, W., Kim, A., Kim, O.K., 2023. Adipose tissue-derived exosomes con-
tribute to obesity-associated liver diseases in long-term high-fat diet-fed mice, but not in 
short-term. Front. Nutr. 10, 1162992. doi: 10.3389/fnut.2023.1162992.

Song, Q., E, S., Zhang, Z., Liang, Y., 2024. Neuroplasticity in the transition from acute to chronic 
pain. Neurotherapeutics 21, e00464. doi: 10.1016/j.neurot.2024.e00464.

Spinelli, S., Tripodi, D., Corti, N., Zocchi, E., Bruschi, M., Leoni, V., Dominici, R., 2025. Roles, Func-
tions, and Pathological Implications of Exosomes in the Central Nervous System. Int. J. Mol. 
Sci. 26, 1345. doi: 10.3390/ijms26031345.

Ståhl, A.L., Johansson, K., Mossberg, M., Kahn, R., Karpman, D., 2019. Exosomes and microvesicles 
in normal physiology, pathophysiology, and renal diseases. Pediatr. Nephrol. 34, 11–30. doi: 
10.1007/s00467-017-3816-z.

Stancevic, B., Kolesnick, R., 2010. Ceramide-rich platforms in transmembrane signaling. FEBS Lett. 
584, 1728–1740. doi: 10.1016/j.febslet.2010.02.026.

Su, J., Song, Y., Zhu, Z., Huang, X., Fan, J., Qiao, J., Mao, F., 2024. Cell-cell communication: new 
insights and clinical implications. Signal. Transduct. Target. Ther. 9, 196. doi: 10.1038/s41392-
024-01888-z.

Sun, M., Qin, F., Bu, Q., Zhao, Y., Yang, X., Zhang, D., Cen, X., 2025a. Exosome-Based Therapeutics: 
A Natural Solution to Overcoming the Blood-Brain Barrier in Neurodegenerative Diseases. 
MedComm (2020) 6, e70386. doi: 10.1002/mco2.70386.

Sun, W., Xu, W., Xiao, M., Zhang, X., Chen, J., Zhang, J., Yang, L., Na, Q., 2025b. Enhancing exosome 
stability and delivery with natural polymers to prevent intrauterine adhesions and promote 
endometrial regeneration: a review. J. Nanobiotechnology 23, 529. doi: 10.1186/s12951-025-
03603-8.

Takahashi, A., Okada, R., Nagao, K., Kawamata, Y., Hanyu, A., Yoshimoto, S., Takasugi, M., Wata-
nabe, S., Kanemaki, M.T., Obuse, C., Hara, E., 2017. Exosomes maintain cellular homeostasis 
by excreting harmful DNA from cells. Nat. Commun. 8, 15287. doi: 10.1038/ncomms15287.

Tomuleasa, C., Tigu, A.B., Munteanu, R., Moldovan, C.S., Kegyes, D., Onaciu, A., Gulei, D., Ghiaur, G., 
Einsele, H., Croce, C.M., 2024. Therapeutic advances of targeting receptor tyrosine kinases in 
cancer. Signal Transduct. Target. Ther. 9, 201. doi: 10.1038/s41392-024-01899-w.

Torres, M., Parets, S., Fernández-Díaz, J., Beteta-Göbel, R., Rodríguez-Lorca, R., Román, R., Lladó, 
V., Rosselló, C.A., Fernández-García, P., Escribá, P.V., 2021. Lipids in Pathophysiology and 
Development of the Membrane Lipid Therapy: New Bioactive Lipids. Membranes (Basel) 11, 
919. doi: 10.3390/membranes11120919.

Tsai, M.C., Manor, O., Wan, Y., Mosammaparast, N., Wang, J.K., Lan, F., Shi, Y., Segal, E., Chang, H.Y., 
2010. Long noncoding RNA as modular scaffold of histone modification complexes. Science 
329, 689–693. doi: 10.1126/science.1192002.

Verma, R., Marchese, A., 2015. The endosomal sorting complex required for transport pathway 
mediates chemokine receptor CXCR4-promoted lysosomal degradation of the mammalian 
target of rapamycin antagonist DEPTOR. J. Biol. Chem. 290, 6810–6824. doi: 10.1074/jbc.
M114.606699.

Verweij, F.J., Balaj, L., Boulanger, C.M., Carter, D.R.F., Compeer, E.B., D’Angelo, G., El Andaloussi, S., 
Goetz, J.G., Gross, J.C., Hyenne, V., Krämer-Albers, E.M., Lai, C.P., Loyer, X., Marki, A., Mom-
ma, S., Hoen, E.N.M.N., Pegtel, D.M., Peinado, H., Raposo, G., Rilla, K., Tahara, H., Théry, C., 
van Royen, M.E., Vandenbroucke, R.E., Wehman, A.M., Witwer, K., Wu, Z., Wubbolts, R., van 
Niel, G., 2021. The power of imaging to understand extracellular vesicle biology in vivo. Nat. 
Methods 18, 1013–1026. doi: 10.1038/s41592-021-01206-3.

Villarroya-Beltri, C., Baixauli, F., Gutiérrez-Vázquez, C., Sánchez-Madrid, F., Mittelbrunn, M., 2014. 
Sorting it out: regulation of exosome loading. Semin. Cancer Biol. 28, 3–13. doi: 10.1016/j.
semcancer.2014.04.009.

Voros, C., Athanasiou, D., Mavrogianni, D., Varthaliti, A., Bananis, K., Athanasiou, A., Athanasiou, A., 
Papadimas, G., Gkirgkinoudis, A., Papapanagiotou, I., Migklis, K., Vaitsis, D., Koulakmanidis, 

A.M., Kourakos, D.M., Ivanidou, S., Daskalaki, M.A., Theodora, M., Antsaklis, P., Loutradis, D., 
Daskalakis, G., 2025. Exosomal Communication Between Cumulus-Oocyte Complexes and 
Granulosa Cells: A New Molecular Axis for Oocyte Competence in Human-Assisted Repro-
duction. Int. J. Mol. Sci. 26, 5363. doi: 10.3390/ijms26115363.

Vučemilović, A., 2024. Exosomes: intriguing mediators of intercellular communication in the or-
ganism’s response to noxious agents. Arh. Hig. Rada. Toksikol. 75, 228–239. doi: 10.2478/
aiht-2024-75-3923.

Wang, C., Chen, Y., Hu, S., Liu, X., 2023b. Insights into the function of ESCRT and its role in envel-
oped virus infection. Front. Microbiol. 14, 1261651. doi: 10.3389/fmicb.2023.1261651.

Wang, L., Hu, D., Xu, J., Hu, J., Wang, Y., 2023c. Complex in vitro Model: A Transformative Model 
in Drug Development and Precision Medicine. Clin. Transl. Sci. 17, e13695. doi: 10.1111/
cts.13695.

Wang, M., Jin, F., Tong, X., 2024b. From bench to bedside: The promising value of exosomes in 
precision medicine for CNS tumors. Heliyon 10, e32376. doi: 10.1016/j.heliyon.2024.e32376.

Wang, S., Shu, J., Wang, N., He, Z., 2025b. Exosomal non-coding RNAs: mediators of crosstalk 
between cancer and cancer stem cells. Cell Death Discov. 11, 434. doi: 10.1038/s41420-025-
02726-z.

Wang, T., Zhang, H., 2024. Exploring the roles and molecular mechanisms of RNA binding proteins 
in the sorting of noncoding RNAs into exosomes during tumor progression. J. Adv. Res. 65, 
105–123. doi: 10.1016/j.jare.2023.11.029.

Wang, W., Qiao, S., Kong, X., Zhang, G., Cai, Z., 2025a. The role of exosomes in immunopathol-
ogy and potential therapeutic implications. Cell. Mol. Immunol. 22, 975–995. doi: 10.1038/
s41423-025-01323-5.

Wang, Y., Xiao, T., Zhao, C., Li, G., 2023a. The Regulation of Exosome Generation and Function in 
Physiological and Pathological Processes. Int. J. Mol. Sci. 25, 255. doi: 10.3390/ijms25010255.

Wang, Y., Zhu, J., Chen, J., Xu, R., Groth, T., Wan, H., Zhou, G., 2022a. The Signaling Pathways In-
duced by Exosomes in Promoting Diabetic Wound Healing: A Mini-Review. Curr. Issues Mol. 
Biol. 44, 4960–4976. doi: 10.3390/cimb44100337.

Wang, Y.Y., Wang, Y.D., Qi, X.Y., Liao, Z.Z., Mai, Y.N., Xiao, X.H., 2022b. Organokines and Exosomes: 
Integrators of Adipose Tissue Macrophage Polarization and Recruitment in Obesity. Front. 
Endocrinol. (Lausanne) 13, 839849. doi: 10.3389/fendo.2022.839849.

Wang, Z., Wang, Q., Qin, F., Chen, J., 2024a. Exosomes: a promising avenue for cancer diagnosis 
beyond treatment. Front. Cell. Dev. Biol. 12, 1344705. doi: 10.3389/fcell.2024.1344705.

Wei, B., Wei, M., Huang, H., Fan, T., Zhang, Z., Song, X., 2025a. Mesenchymal Stem Cell-Derived 
Exosomes: A Promising Therapeutic Strategy for Age-Related Diseases. Cell Prolif. 58, 
e13795. doi: 10.1111/cpr.13795.

Wei, D., Li, F., Guo, C., Chen, J., You, Y., 2025b. Exosomes and non-coding RNAs in the regulation of 
neuroinflammation after ischemic stroke: mechanisms and therapeutic perspectives. Front. 
Immunol. 16, 1601843. doi: 10.3389/fimmu.2025.1601843.

Weinhouse, C., 2021. The roles of inducible chromatin and transcriptional memory in cellular de-
fense system responses to redox-active pollutants. Free Radic. Biol. Med. 170, 85–108. doi: 
10.1016/j.freeradbiomed.2021.03.018.

Weng, S., Lai, Q.L., Wang, J., Zhuang, L., Cheng, L., Mo, Y., Liu, L., Zhao, Z., Zhang, Y., Qiao, S., 2022. 
The Role of Exosomes as Mediators of Neuroinflammation in the Pathogenesis and Treatment 
of Alzheimer’s Disease. Front. Aging Neurosci. 14, 899944. doi: 10.3389/fnagi.2022.899944.

Xu, M., Ji, J., Jin, D., Wu, Y., Wu, T., Lin, R., Zhu, S., Jiang, F., Ji, Y., Bao, B., Li, M., Xu, W., Xiao, M., 
2022. The biogenesis and secretion of exosomes and multivesicular bodies (MVBs): Intercel-
lular shuttles and implications in human diseases. Genes Dis. 10, 1894–1907. doi: 10.1016/j.
gendis.2022.03.021.

Yadav, A., Nandy, A., Sharma, A., Ghatak, S., 2024. Exosome Mediated Cell-Cell Crosstalk in Tissue 
Injury and Repair. Results Probl. Cell Differ. 73, 249–297. doi: 10.1007/978-3-031-62036-2_12.

Yang, J., Yu, X., Xue, F., Li, Y., Liu, W., Zhang, S., 2018. Exosomes derived from cardiomyocytes 
promote cardiac fibrosis via myocyte-fibroblast cross-talk. Am. J. Transl. Res. 10, 4350–4366.

Yi, Y.F., Fan, Z.Q., Liu, C., Ding, Y.T., Chen, Y., Wen, J., Jian, X.H., Li, Y.F., 2025. Immunomodulatory 
effects and clinical application of exosomes derived from mesenchymal stem cells. World J. 
Stem Cells 17, 103560. doi: 10.4252/wjsc.v17.i3.103560.

Yu, J., Sane, S., Kim, J.E., Yun, S., Kim, H.J., Jo, K.B., Wright, J.P., Khoshdoozmasouleh, N., Lee, K., Oh, 
H.T., Thiel, K., Parvin, A., Williams, X., Hannon, C., Lee, H., Kim, D.K., 2024. Biogenesis and de-
livery of extracellular vesicles: harnessing the power of EVs for diagnostics and therapeutics. 
Front. Mol. Biosci. 10, 1330400. doi: 10.3389/fmolb.2023.1330400.

Zappulli, V., Friis, K.P., Fitzpatrick, Z., Maguire, C.A., Breakefield, X.O., 2016. Extracellular vesicles 
and intercellular communication within the nervous system. J. Clin. Invest. 126, 1198–1207. 
doi: 10.1172/JCI81134.

Zarubova, J., Hasani-Sadrabadi, M.M., Ardehali, R., Li, S., 2022. Immunoengineering strategies to 
enhance vascularization and tissue regeneration. Adv. Drug Deliv. Rev. 184, 114233. doi: 
10.1016/j.addr.2022.114233.

Zeng, H., Guo, S., Ren, X., Wu, Z., Liu, S., Yao, X., 2023. Current Strategies for Exosome Cargo Load-
ing and Targeting Delivery. Cells 12, 1416. doi: 10.3390/cells12101416.

Zeng, Y., Qiu, Y., Jiang, W., Shen, J., Yao, X., He, X., Li, L., Fu, B., Liu, X., 2022. Biological Features 
of Extracellular Vesicles and Challenges. Front. Cell. Dev. Biol. 10, 816698. doi: 10.3389/
fcell.2022.816698.

Zhang, J., Pan, Y., She, P., Rao, L., 2026b. From bench to bedside: the promise and roadblocks 
of extracellular vesicle therapeutics. Theranostics 16, 5044–5064. doi: 10.7150/thno.131621.

Zhang, J., Tian, X., Li, Y., Fang, C., Yang, F., Dong, L., Shen, Y., Pu, S., Li, J., Chang, D., Lei, L., Yu, X., 
2025c. Stem Cell-Derived Exosomes: A Comprehensive Review of Biomedical Applications, 
Challenges, and Future Directions. Int. J. Nanomedicine 20, 10857–10905. doi: 10.2147/IJN.
S527137.

Zhang, L., Shi, C., Yan, L., Zhang, X., Ji, X., Li, L., He, X., Tan, Y., Zhao, N., Lu, C., 2025b. The Application 
of Exosomes From Different Sources Loaded with Natural Small-Molecule Compounds in 
Disease. Int. J. Nanomedicine 20, 12363–12392. doi: 10.2147/IJN.S542641.

Zhang, L., Xie, F., Zhang, F., Lu, B., 2024. The potential roles of exosomes in pathological cardio-
myocyte hypertrophy mechanisms and therapy: A review. Medicine (Baltimore) 103, e37994. 
doi: 10.1097/MD.0000000000037994.

Zhang, Y., Liu, Y., Liu, H., Tang, W.H., 2019. Exosomes: biogenesis, biologic function and clinical 
potential. Cell Biosci. 9, 19. doi: 10.1186/s13578-019-0282-2.

Zhang, Y., Meng, X., Greening, D.W., Huang, Y., Li, B., Li, Z., Long, G., Lötvall, J., Lv, L., Poon, I.K.H., 
Wang, T., Law, J.X., Cai, T., Yang, F., Yu, L., Zheng, L., Yin, H., 2025a. Unveiling Heterogeneity: 
Innovations and Challenges in Single-Vesicle Analysis for Clinical Translation. J. Extracell. Ves-
icles 14, e70209. doi: 10.1002/jev2.70209.

Zhang, Y., Zhang, S., Li, Y., Jin, W., Zhou, L., Lu, J., 2026a. Role and relevance of exosome-mediated 
epigenetic regulation in the pathogenesis, diagnosis and treatment of  cardiovascular dis-
eases (Review). Mol. Med. Rep. 33, 5. doi: 10.3892/mmr.2025.13715.

Zhou, G., Gu, Y., Zhou, F., Zhang, M., Zhang, G., Wu, L., Hua, K., Ding, J., 2021. The Emerging Roles 
and Therapeutic Potential of Extracellular Vesicles in Infertility. Front Endocrinol (Lausanne) 
12, 758206. doi: 10.3389/fendo.2021.758206.

Zhu, B.T., 2025. Molecular Mechanism for the Selective Presentation of Antigenic Peptides by 
Major Histocompatibility Complex Class I and Class II Molecules: A Hypothesis. Curr. Issues 
Mol. Biol. 47, 945. doi: 10.3390/cimb47110945.

M. Sukmanadi et al. /Journal of Advanced Veterinary Research (2026) Volume 16, Issue 5, 707-717

717


