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Exosomes, as vital mediators of intercellular communication, play a critical role in the
progression of cardiovascular disease (CVD). Recently, macrophage-derived
exosomes (Mg-Exos) have garnered increasing attention because of their
significant potential in early diagnosis, pathological processes, and therapeutic
applications for CVD. Exosomes contain diverse nucleic acids (e.g., miRNAs,
mMRNAs, and long noncoding RNAs (IncRNAs)) and proteins, which serve as
specific biomarkers that regulate various stages of CVD. For example, miRNAs
encapsulated within exosomes (e.g., miR-21, miR-133a, and miR-155) are closely
associated with atherosclerosis, myocardial infarction, coronary artery disease, and
stroke, and changes in their abundance can serve as diagnostic and prognostic
indicators. Additionally, the composition of Mg-Exos, including miRNAs, lipids, and
proteins, plays a significant role in the initiation, progression, and inflammation of
CVD. Research on Mg-Exos provides new directions for early diagnosis, mechanistic
exploration, and novel therapeutic targets in CVD. However, challenges remain
regarding exosome isolation and identification technologies. Future studies
need to further explore the biological properties of exosomes and develop
more efficient, economical, and straightforward isolation methods. This review
summarizes the multifaceted regulatory roles of Me-Exos in CVD,
encompassing key processes such as inflammation, angiogenesis,
metabolism, and cell death. Research has shown that M1-Exos promote the
progression and exacerbation of CVD through pro-inflammatory and pro-
fibrotic mechanisms, while M2-Exos demonstrate significant therapeutic
potential via anti-inflammatory, pro-angiogenic, and metabolic
reprogramming pathways. These findings not only reveal the complex
mechanisms of Mg-Exos in CVD but also provide new perspectives and
potential targets for early diagnosis and precision treatment of the disease.
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1 Introduction

In China, the mortality rate of CVD remains high, with increasing incidence and
mortality attributed to unhealthy lifestyles, a high prevalence of CVD risk factors, and an
aging population (The, 2023).

The immune response plays a pivotal role in the onset and progression of CVD, where
macrophages, as key immune cells, profoundly influence the cardiovascular system by
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regulating inflammation and tissue repair (Roy et al., 2022). During
cardiovascular injury, newly recruited macrophages—mobilized via
C-C chemokine receptor 2 (CCR2)—become the primary effector
cells following the death of resident macrophages (Li L. et al., 2023;
Heidt et al., 2014). These macrophages not only engulf tissue debris

and release proinflammatory cytokines but also regulate
extracellular ~ matrix (ECM) production, promote cell
proliferation, and drive angiogenesis, playing a central role in
inflammatory responses (Li L. et al, 2023). Furthermore,

macrophages release various mediators that engage in complex
crosstalk with other cell types, influencing endothelial cell
generation, fibrosis, and immune cell activity and thereby
significantly impacting the progression of CVD (Peng et al,
2023; Chen R. et al.,, 2024).

Extracellular vesicles (EV), which have emerged as novel
mediators of intercellular communication, have received
considerable attention in recent years. Exosomes, a subtype
of EV with a diameter of 30-150 nm, carry proteins, lipids, and
nucleic acids and play important roles in cell signalling,
immune regulation, and tissue repair (Pluchino and Smith,
2019; Mousavi et al., 2022; Lu et al., 2019). Studies have
that the reflect the
physiological states of their parent cells, making them

shown components of exosomes

potential biomarkers for early diagnosis, prognosis, and

therapeutic monitoring of CVD (Neves et al, 2023).
Furthermore, exosomes can traverse biological barriers,
serving as effective drug delivery vehicles capable of

transporting therapeutic molecules to target cells (Lu et al,
2019; Shao et al., 2018).

Macrophage-derived exosomes (Mg@-Exos) are emerging as a
research hotspot in the context of CVD. These exosomes play
pivotal roles in maintaining cardiovascular homeostasis and
driving pathological progression by modulating myocardial
repair, vascular remodelling, and tissue regeneration.
Additionally, exosomes secreted by different macrophage
subtypes exhibit distinct functional differences in CVD. For
example, M2a macrophages promote angiogenesis and tissue
repair during diabetic wound healing (Jiang et al, 2024),
whereas the M2b subtype performs immunomodulatory
functions under interleukin-4 (IL-4) stimulation (Yang et al,,
2019). The M2c subtype is notable for its role in regulating
inflammation and restoring ECM homeostasis (Liu et al., 2023).
Foam cell-derived exosomes influence the progression of
atherosclerosis (AS) by modulating the proliferation of
human umbilical vein endothelial cells (HUVECs) (Li et al.,
2024; Ley et al., 2011). These studies highlight the potential of
Mg-Exos to regulate complex intercellular communication
networks in CVD, providing a theoretical foundation for
exploring novel therapeutic strategies.

Therefore, in-depth investigations into the biological
properties and functional mechanisms of M¢-Exos in CVD
not only contribute to elucidating CVD pathophysiology but
also pave the way for the development of exosome-based
therapeutic tools and biomarkers (Zhang Z. et al., 2023;
Quaglia et al., 2020). This research direction holds significant
promise for advancing precision medicine technologies,
ultimately improving the diagnosis and treatment of patients

with CVD (Burnap and Mayr, 2021; Du et al., 2023).
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2 General information on exosomes
2.1 History of exosomes

The term “exosome” was first used to describe unknown vesicles
released from cultured cells that carry 5'-nucleotidase activity
(Trams et al., 1981). As research has progressed, the definition of
exosomes has gradually expanded. In the 1980s, researchers first
used exosomes to refer to small membrane vesicles released during
the differentiation of reticulocytes, which typically range in diameter
from 30 to 100 nm (Johnstone et al,, 1987). By the mid-1990s,
exosomes were reported to be secreted by B lymphocytes and
dendritic cells, and they were proposed to play a significant role
in immune regulation, even being considered potential carriers for
antitumour immune responses (Raposo et al., 1996; Zitvogel et al.,
1998). The phenomenon of exosome secretion has subsequently
been reported in nearly all cell types, and its key role in intercellular
communication under both physiological and pathological
conditions has been widely confirmed (Colombo et al., 2014).

Moreover, the concept of microvesicles was introduced to
describe subcellular structures originating from platelets, initially
referred to as “platelet dust” (Wolf, 1967). Early studies focused
primarily on the role of microvesicles in the coagulation process, but
it was later discovered that microvesicles also play a role in
intercellular communication. In cancer cells, these vesicles are
2008).
Compared with exosomes, microvesicles have a broader size

often referred to as oncosomes (Al-Nedawi et al,

range, ranging from 50 nm to 1,000 nm, and, in some cases,
exceed 10 pm. Their formation involves outwards budding and
fission of the plasma membrane (PM), releasing them into the
extracellular space (Tricarico et al., 2017).

Recent studies have shown that different cell types can regulate
the biogenesis of EV (including exosomes and microvesicles) in
response to their physiological state, releasing vesicles with specific
lipid, protein, and nucleic acid compositions (Colombo et al., 2014).
This regulatory mechanism not only reflects the physiological state
of the parent cell but also plays an important role in intercellular
signal transduction and interaction, providing new insights into the
complexity of cell communication.

2.2 Formation and Function of Exosomes

As critical delivery vehicles for intercellular communication,
exosomes participate in the regulation of tissue, organ, and
organismal functions through autocrine and paracrine pathways.
Cells regulate short-range intercellular signalling via the
endoplasmic reticulum (ER)-Golgi secretory pathway (the ER is
responsible for the synthesis and initial modification of proteins and
lipids, and it participates in the formation of multivesicular body
(MVB) precursors through interactions with the endosomal system.
The Golgi apparatus further modifies and sorts these molecules,
directing them to MVB via ESCRT-dependent or -independent
pathways, ultimately promoting the maturation and release of
exosomes) and secretory autophagy (Hosseini-Beheshti et al.,
2012), promoting the release of proteins such as cytokines and
growth factors (Kuo et al., 2022). To achieve specific and targeted
signal delivery, cells encapsulate selected proteins, lipids, RNA, and
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Formation and Function of Exosomes. Extracellular vesicles form when the plasma membrane invaginates, creating endosomes that develop into
MVB. The TGN provides components for MVB maturation. MVB either degrade in lysosomes or release vesicles through membrane fusion. Vesicles can
also form from mitochondrial or nuclear membranes. Key proteins like ALIX and TSG101 help in vesicle formation and cargo sorting. ALIX ALG-2-
interacting protein X, MVB Multivesicular bodie, TSG101 tumor susceptibility gene 101 protein, TGN Trans-Golgi Network.

DNA into membrane-bound vesicles, with diameters ranging from
30 to 150 nm, known as exosomes.

Exosomes are a subtype of small EV that differ from
microvesicles—another type of vesicle that forms via
outwards budding of the PM (50-1,000 nm in diameter). In
contrast, exosomes originate from the inwards budding of the
membrane of the MVB (van Niel et al., 2018; Mathieu et al.,
2021). When MVB fuse with the PM, they release their
(ILVs) the
extracellular space. The cell type and endogenous state of

intraluminal  vesicles as exosomes into
MVB influence the specificity of the cargo and surface
proteins on exosomes (Sung et al., 2020).

The diversity of exosome cargo provides the basis for the
specificity of intercellular communication. The composition and
quantity of secreted exosomes are regulated by physiological
(Todkar et al., 2021; Ferreira et al., 2022), pathological (Zhang
et al, 2021; Lee et al, 2023), and therapeutic conditions (Dar

et al., 2021).
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2.2.1 Biogenesis pathways of exosomes

The formation of exosomes begins with the endocytosis of the
PM and involves two steps of membrane budding. In the first step,
the PM invaginates under the regulation of asymmetric distributions
of multiproteins (such as clathrin) and lipids (such as ceramide and
cholesterol), forming endosomes (Hubert et al., 2020; Arya et al,
2024; Farsad and De Camilli, 2003). This process is typically
and cytoskeletal
reorganization (Ferguson et al.,, 2012; Vietri et al., 2020). In the

governed by specific membrane proteins

second step, the limiting membrane of the endosome buds inwards,
generating intraluminal vesicles and forming MVB (van Niel et al.,
2018; Babst, 2011). The formation of ILVs can occur through
endosomal sorting complexes required for transport (ESCRT)-
ESCRT-independent pathways,
overcome the energetic barriers of membrane deformation. This

dependent or which  must
process relies on lipid segregation and local aggregation of protein
molecules (Vietri et al., 2020; Babst, 2011; Wenzel et al., 2018; Liese

et al., 2020) (Figure 1).
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The maturation of MVB is closely linked to the trans-Golgi
network (TGN), which facilitates cargo sorting by supplying
V-ATPase, lysosomal hydrolases, and ESCRT components. Selective
cargo modifications, such as phosphorylation, ubiquitination, and
glycosylation, further influence ILV biogenesis (Woodman and
Futter, 2008; Kwon et al., 2016; Saadi et al., 2018; Giovannone et al.,
2017; Huang and Wang, 2017). Finally, mature MVB are sorted for
degradation in lysosomes or for exosome release at the PM. Exosome
release depends on membrane fusion proteins, such as SNARE
(Villarroya-Beltri et al, 2016; Han et al, 2017). Notably, the
intracellular cholesterol level and its distribution across different
organelles also influence the fate of MVB through membrane
contact sites (MCSs) (Albacete-Albacete et al., 2020; Barman et al.,
2022; Verweij et al.,, 2022) (Figure 1).

2.2.2 Typical pathways of exosomes formation

In addition to the traditional PM- and endosome-derived
pathways, exosomes can also form through membrane budding
from other organelles (Vietri et al., 2020; Kalluri and LeBleu, 2020).
These findings suggest that the mechanisms of exosome biogenesis
may vary among cell types and are closely associated with specific
physiological and pathological conditions (Lee et al., 2023).

Mitochondria: Mitochondria can generate exosomes enriched
with mitochondria-specific proteins and RNAs through membrane
budding. These mitochondrial exosomes play critical roles in
intercellular signalling. Under conditions of oxidative stress or
cellular damage, the release of mitochondria-derived exosomes
increases, and these exosomes may contain molecules associated
with apoptosis and inflammatory responses (Suh and Lee, 2024; Ke
et al., 2020) (Figure 1).

Nuclear Membrane: Under specific conditions, the nuclear
membrane can generate vesicles by budding its inner and outer
membranes. These vesicles are rich in molecules associated with
gene expression and cell cycle regulation and can interact with MVB
to generate exosomes (Ritter et al., 2022). Nuclear membrane-
derived exosomes may play important roles in the tumor
microenvironment and cellular phenotype transitions (Yokoi
et al,, 2019; Paskeh et al., 2022) (Figure 1).

Recycling Endosomes: As the primary pathway for recycling
endocytosed cargo back to the PM, recycling endosomes also
participate in exosome formation. They regulate exosome release
by transporting internalized materials back to the PM through rapid
or slow recycling pathways (Xu et al., 2024).

Additionally, secretory autophagy and autophagolysosomal
pathways also act as supplementary mechanisms in exosome
biogenesis, particularly in processes associated with autophagy,
apoptosis, and inflammatory responses (Arya et al., 2024).

2.3 Composition and isolation techniques
of exosomes

2.3.1 Composition of exosomes

The composition of exosomes is highly heterogeneous, reflecting
the cell type and functional state of their origin. While exosomes
derived from the same cell type typically contain similar proteins,
nucleic acids, and lipids, recent studies have demonstrated that their
components are influenced not only by cell type but also by cellular
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origin, state, and environmental factors (Wen et al., 2019). These
components exhibit distinct functions under various physiological
and pathological conditions, particularly during different stages of
CVD (Wang Y. et al., 2020).

Exosomes carry diverse nucleic acid molecules, including
microRNA (miRNA), messenger RNA (mRNA), long noncoding
RNA (IncRNA), and circular RNA (circRNA). These molecules play
critical roles in regulating gene expression and have promising
potential as biomarkers for research and clinical applications
(Chen et al., 2019; Oliveira et al., 2020). Exosomes are also rich
in membrane transport-associated proteins, such as RAB GTPases,
annexins, flotillins, and proteins associated with MVB biogenesis,
including ALG-2 interacting protein X (Alix) and tumor
susceptibility gene 101 protein (TSG101) (Lv et al, 2020; Zhang
et al., 2022; Lee et al.,, 2024). In addition, transmembrane proteins
such as CD9, CD63, and CD81, as well as heat shock proteins
(HSP60 and HSP90), play key roles in exosome biological functions
(Yu et al., 2022).

Lipids constitute another significant component of
exosomes and include mainly sphingomyelin (SM),
phosphatidylserine (PS), phosphatidylinositol (PI),

phosphatidic acid (PA), ceramide, and cholesterol (Ghadami
and Dellinger, 2023). The lipid bilayer of exosomes not only
protects their internal cargo from degradation but also
facilitates intercellular signalling (Li et al., 2019).

The composition of Mg-Exos has unique biological properties.
The key proteins include MVB-associated proteins (e.g., Alix and
TSG101) and membrane proteins, which are critical for exosome
biogenesis and intercellular communication (Sung et al., 2020;
Gurung et al, 2021). Lipid components such as phospholipids,
cholesterol, and wax esters also regulate exosome stability and
interactions with target cell membranes (Lee et al, 2024;
Skotland et al,, 2017). Among the exosome miRNAs, miR-21 and
miR-146a are abundantly expressed in Mg-Exos and have been
shown to play significant roles in CVD (Zhang S. et al., 2023). For
example, miR-21 promotes cardiomyocyte survival by inhibiting
apoptotic signalling pathways, thereby influencing post MI repair
processes (Kura et al., 2020; Surina et al., 2021). Moreover, miR-146a
plays a key role in modulating inflammatory responses and
maintaining immune homeostasis (Mortazavi-Jahromi et al,
2020) (Figure 1).

2.3.2 Methods for exosomes isolation

A variety of methods are available for exosome isolation,
including differential ultracentrifugation (UC), immunoaffinity
capture, microfluidics, polymer precipitation (PEG precipitation),
ultrafiltration (UF), and size exclusion chromatography (SEC) (Wu
et al., 2023; de Freitas et al, 2021). Each technique has distinct
advantages and limitations in terms of efficiency, purity, and
operational complexity, making it crucial to understand their
differences when research findings are integrated.

Differential ultracentrifugation (UC) is a widely used method
that employs high centrifugal forces (100,000-150,000 x g) to isolate
exosomes from cellular debris, larger EV, and other particles (Yang
etal., 2020). Although UC is time-consuming and labor-intensive, it
remains an effective choice for isolating large volumes of exosomes,
especially in clinical sample processing. However, achieving absolute
exosome purity is challenging, as contaminants such as exosome
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aggregates, protein complexes, or viruses may coisolate,
compromising the accuracy of the results (de Freitas et al., 2021).

In recent years, immunoaffinity capture and microfluidic
technologies have emerged as powerful exosome isolation
strategies because of their high specificity and sensitivity. These
methods can selectively capture target exosomes, but limitations
such as marker dependence and high costs remain concerns
(Greening et al., 2015). Polymer precipitation (PEG precipitation)
is a simple and efficient technique that separates exosomes via
nontoxic, water-soluble polymers (Jalaludin et al., 2023). While
this method is easy to perform and does not require expensive
equipment, its low specificity for EV and proteins may result in
sample contamination (Sidhom et al, 2020; Gurunathan
et al.,, 2019).

Ultrafiltration (UF) is an emerging volume-exclusion-based
technique that efficiently yields exosomes with high recovery
lipid
contamination during exosome precipitation remains difficult to

rates and purities via membrane filters. However,
avoid completely (Gurunathan et al., 2019; Coughlan et al., 2020).
Size exclusion chromatography (SEC) offers significant advantages
for exosome purification, effectively separating exosomes from most
proteins and reducing contaminants or coprecipitates (de Freitas
et al,, 2021; Sidhom et al., 2020). SEC shows great promise for
isolating pure exosomes from human body fluids, with potential for
clinical and commercial applications. Nevertheless, SEC still faces
challenges in accurately distinguishing exosomes from similarly
sized vesicles and is limited by the volume of samples that can
be processed per run. Emerging methods such as ExoTIC (Exosome
Total Isolation Chip) (Liu et al., 2017), electric and acoustic field-
based separation methods (Tayebi et al, 2021), and AC
electrokinetic microarray chip technology (Ibsen et al, 2017)
have shown great promise and are expected to further advance
exosome research and applications.

Overall, while differential ultracentrifugation (UC) is still
regarded as the “gold standard” for exosome isolation, factors
such as sample purity, cost,
complexity must be considered (Coughlan et al, 2020; Tian

efficiency, and operational
et al,, 2020). The size and density similarities between exosomes
and certain nonvesicular contaminants (e.g., lipoproteins and
ribonucleoproteins) make their separation a major challenge
(Huang et al,, 2021; Singh et al., 2024). Therefore, future research
should focus on developing simplified, cost-effective, and efficient
isolation techniques that can preserve exosome activity and
biological properties while
(Witwer et al., 2021).

effectively removing impurities

3 The role of me¢-exos in CVD

Me-Exos play crucial roles in the progression and treatment of
CVD. They mediate intercellular communication and inflammation,
influencing pathological processes such as and cardiac remodelling
(Wu G. et al,, 2020; Yang et al., 2022; Liu et al., 2020). Additionally,
Mg-Exos have potential as biomarkers for the early diagnosis of
CVD and as targeted drug delivery systems to improve therapeutic
outcomes (Han et al, 2022). Therefore, investigating the
mechanisms of M@-Exos may offer new insights and strategies
for diagnosing and treating CVD.

Frontiers in Pharmacology

10.3389/fphar.2025.1563800

M1 and M2 macrophages play distinct roles in CVD (Mohd
Idrus et al, 2021; Wang Z. et al, 2020). M1 macrophages are
associated with proinflammatory responses, and their exosomes
deliver various bioactive molecules that influence the function of
surrounding cells, exacerbating inflammation and tissue damage
(Liu et al., 2020). For example, proinflammatory factors carried
by MI1-Exos can accelerate AS, leading to endothelial
dysfunction and cardiac remodelling (Barrett, 2020). In
contrast, M2-type Mg-Exos exhibit protective effects during
cardiovascular disease progression. M2 macrophages are
involved in anti-inflammatory responses and tissue repair,
and their exosomes are rich in anti-inflammatory cytokines
and growth factors, which promote vascular regeneration,
alleviate inflammation, and improve cardiac function (Li L.
etal.,2023). The miRNAs and proteins in M2-derived exosomes
(M2-Exos) help regulate cardiac cell proliferation, survival, and
fibrosis suppression, thereby slowing the progression of CVD
(Wei and Zhao, 2022). Thus, studies on M2-Exos provide
potential therapeutic strategies for CVD.

3.1 The Role of M¢-Exos in Cardiovascular
Inflammation

With increasing research, the potential of exosomes in
gradually  been
broad applications in CVD. Exosomes

modulating  inflammation  has revealed,
highlighting their
demonstrate dual potential in the precision diagnosis and
treatment of cardiovascular diseases (CVD). In the diagnostic
realm, their cargo of specific biomarkers—such as myocardial
infarction-associated miRNAs (e.g., miR-1, miR-133a, miR-181)
and heart failure-related proteins (e.g., NT-proBNP)—provides
novel tools for early detection and prognostic evaluation
(Crouser et al., 2021; Kuwabara et al., 2011; Moreira-Costa et al.,
2021; Badacz et al., 2021; Lv B. et al., 2024). On the therapeutic front,
stem cell-derived exosomes (e.g., mesenchymal stem cell exosomes)
promote angiogenesis and myocardial regeneration by delivering
reparative miRNAs like miR-21 and miR-210 (Shi et al., 2019; Wu
Q. etal,, 2020; Yang et al., 2024), while engineered exosomes further
advance personalized therapies by targeting antifibrotic molecules
(e.g., IMTP) (Wang et al.,, 2018) or inflammatory modulators (e.g.,
TGEF-p inhibitors) (Ren et al., 2024).

Central to cardiovascular inflammation is the bidirectional
regulation mediated by macrophage-derived exosomes. Pro-
inflammatory M1 exosomes act as critical drivers of metabolic
inflammation (metaflammation) by functioning as inflammatory
mediators and metabolic regulators (Bhatnagar et al., 2007a; Huang-
Doran et al., 2017; Chan et al., 2019; Bhatnagar et al., 2007b). These
vesicles exacerbate injury through multiple pathways: releasing
cytokines such as IL-6 and TNF-a to disrupt cardiovascular
homeostasis (Sdez et al., 2019); impairing vascular repair via
miR-155-dependent inhibition of fibroblast proliferation and
activation of the RAC1-PAK2 and Sirt1-AMPKa2 signaling axis
in endothelial cells (Liu et al., 2020; Y et al., 2024; S et al., 2020)
(Figure 2); and amplifying myocardial inflammation through
miR-34a-5p or NF-kB pathway activation under PD-1 inhibitor
or palmitic acid stimulation (Xia et al., 2020; Dini et al., 2020;
H et al, 2024) (Table 1). Furthermore, M1 exosomes enhance

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1563800

Qi et al.

10.3389/fphar.2025.1563800

Cardiovascular disease Mechanisms

Inflammation

!! I miR- 34a 5p

@ Vascular
endothelial cell

Exo/EV

(o

Cardiomyocyte

HaEHEEE

@ Platelet — suppression

@‘/L_PS\ . &)

Ischemic /—\
stroke
IL-4

miR-21-5p
miR-148a

R

— Tnf, 111b

TLR4/NF-kB/NLRP3

miR-155
miR- 3064—5p
®
J TLR4 I
Sirt1-AMPKa2 myocardial o
RAC1-PAK2 kKB ———» NF-Kl? infarct PD-1 inhibitor
j j T a8
=

FIGURE 2

The Role of Mg-Exos in Cardiovascular Inflammation. M1 and M2 macrophages have distinct roles in cardiovascular diseases. M1 exosomes release
proinflammatory factors like miR-155 and TNF-q, activating pathways such as Sirt1-AMPKa2 and NF-kB, which inhibit endothelial cell growth and worsen
cardiovascular disease. In contrast, M2 exosomes reduce inflammation by downregulating TNF-a and IL-1f in M1 macrophages. M2 exosomes also
contain miR-21-5p and miR-148a, which regulate macrophage polarization and inhibit the TLR4/NF-kB/NLRP3 pathway, promoting tissue repair.
AMPKa2 protein kinase AMP activated catalytic subunit alpha 2, EV extracellular vesicle, Exos Exosomes, IL Interleukin, LPS lipopolysaccharide, NF-«xB
nuclear factor kB, NLRP3 NACHT, LRR, PYD domain-containing protein 3, PAK2 p21 (RAC1)-activated kinase 2, PD-1 programmed cell death protein 1,
RAC1 Rac family small GTPase 1, Sirtl Sirtuin 1, TLR4 Toll-like receptor 4, TNF-a tumor necrosis factor-alpha.

endothelial cytotoxicity by triggering the TLR4-NF-«B pathway (Liu
et al., 2020; Biemmi et al., 2020).

In contrast, anti-inflammatory M2 exosomes suppress
inflammation and promote tissue repair through two distinct
mechanisms: polarizing macrophages toward a reparative
phenotype via miR-21-5p or blocking the TLR4/NF-kB/
NLRP3 inflammasome cascade via miR-148a (Li Q. et al., 2023;
Tang et al., 2022; Dai et al., 2020) (Table 1). Importantly, external
interventions such as IL-4 induction or LPS preconditioning can
amplify the anti-inflammatory efficacy of M2 exosomes, offering
targeted therapeutic opportunities for ischemic heart disease (Phu
et al., 2022; Zheng et al., 2019).

Despite these advances, significant challenges remain. The
identification of macrophage exosomes-specific inflammatory
their strategies

remains limited. To bridge this gap, future studies must integrate

biomarkers and corresponding therapeutic
single-cell sequencing and spatial multi-omics technologies to
dissect the interplay between exosomes and the immune
microenvironment, thereby accelerating the development of
targeted interventions for CVD. The identification of macrophage
exosome-specific inflammatory biomarkers and their corresponding
therapeutic strategies remains limited. For instance, current assays
exhibit low sensitivity in detecting critical miRNAs such as miR-
208a and miR-499 in acute myocardial infarction (MI) patients
(Crouser et al.,, 2021), and c¢TnT fails to diagnose unstable angina
due to its reliance on irreversible myocardial necrosis (Kuwabara
etal, 2011). Additionally, the mechanisms underlying M2 exosome-
mediated cardioprotection (e.g., AK083884/SOCS2/PKM2 signaling

in viral myocarditis) remain unclear (Liu et al., 2020; Y et al., 2024).
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Moreover, many experimental models do not fully replicate the
complexities of human clinical conditions. In future studies, we aim
to develop more physiologically relevant models (e.g., hypoxia
models or in-depth clinical trials) and focus on improving
exosome isolation and detection sensitivity while elucidating the
unclear molecular mechanisms of M2 exosomes. Regardless, the
current findings provide new insights into the clinical application of
exosomes for treating CVD. We hope to conduct further research to
validate these findings and develop additional therapeutic strategies.

3.2 The Role of Mg-exos in angiogenesis
regulation in CVD

In the context of myocardial infarction (MI), the release of miR-
155 and MALAT1 from MI-Exos significantly reduces the
angiogenic capacity of endothelial cells (ECs), exacerbating heart
dysfunction in the microenvironment of myocardial infarction (Liu
2020; He et al, 2024; Chen et al, 2021). Beyond this
mechanism, M1-Exos drive CVD progression through pleiotropic

et al.,

signaling pathways that disrupt cellular homeostasis across diverse
cardiovascular cell types. For example, miR-185-3p suppresses
endothelial by
downregulating decapentaplegic-7

cell proliferation and induces apoptosis

small mothers against
(Smad7), promoting the pathological progression of AS (Li et al.,
2021). Similarly, miR-222 regulates the expression of cyclin-
dependent kinase inhibitor 1 B (CDKNI1B) and CDKNIC in
vascular smooth muscle cells (VSMCs), facilitating neointimal

hyperplasia and restenosis after arterial injury (Wang et al., 2019)
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TABLE 1 The role of macrophage extracellular vesicles in cardiovascular disease.

Exosomes

Mechanism

10.3389/fphar.2025.1563800

Inflammatory response

MI1-derived miR-155

RACI1/PAK2 and Sirtl/AMPKa2

Impairs vascular repair

Liu et al. (2020), Y et al., 2024; S
et al. (2020)

M1-derived miR-34a-5p

miR-34a-5p/PNUTS

Myocardial aging and inflammation

Xia et al. (2020), Dini et al.
(2020), H et al. (2024)

M2-derived miR-21-5p

TLR4/NF-kB/NLRP3

M2-derived miR-148a

M1-derived miR-155

Inhibits inflammation and promotes tissue repair

Li et al. (2023b), Tang et al.
(2022), Dai et al. (2020)

MI-derived miR-185-3p

M1-Exos depressed Sirtl/AMPK a2-endothelial
nitric oxide synthase and RAC1/PAK?2 signaling

pathways

Downregulates Smad7

Reduces angiogenic capacity of ECs, exacerbates
heart dysfunction in the myocardial infarction
microenvironment. Inhibits angiogenesis and heart
failure

Increases lipids, endothelial adhesion, oxidative
stress, and inflammatory factors, promotes AS
progression

Liu et al. (2020), He et al. (2024),
Chen et al. (2021)

Li et al. (2021)

MI1-derived miR-222

miR-222/CDKNI1B/CDKNI1C pathway

Aggravates neointimal hyperplasia after carotid
artery injury in mice, promotes acute coronary
syndrome development

Wang et al. (2019)

M1-derived miR-663 b

Inhibits AMPK/Sirtl signaling pathway

Induces proliferation, inflammation, oxidative
stress, and migration, worsening PAH

Ma et al. (2023)

M2-derived miR-132-3p

M2-derived miR-221-3p

Angiogenesis

Downregulates THBS1

Activates Grb10

Promotes angiogenesis post-MI, promotes post-
infarction angiogenesis

Promotes HUVEC proliferation and inhibits
apoptosis and inflammation, contributing to
cardiovascular tissue repair

Guo et al. (2024a)

Cheng et al. (2022)

MI1-derived miR-503

Inhibits IGFIR

Leads to endothelial cell dysfunction, severely
impedes wound healing in diabetic patients

Wang et al. (2023)

Calcification and fibrosis

M1-derived tsRNA-5006¢

Mitochondrial autophagy

Regulates AVIC osteogenic differentiation,
promotes calcific aortic valve disease

Xia et al. (2022)

M2-derived miR-17-5p

Inhibits TGF-f signaling pathway-induced
VSMC osteogenic differentiation

Suppresses diabetic atherosclerotic plaque
development

Baba et al. (2024)

M2-derived CircUbe3a

Targets miR-138-5p/RhoC axis

Promotes CF proliferation, migration, and
phenotypic transformation, potentially
exacerbating myocardial fibrosis post-acute
myocardial infarction

Wang et al. (2021)

Cell

death

M2-derived miR-1271-5p

M2-derived Exos

M1-derived miR-16-5p

Downregulates SOX6
Activates Nrf2/HO-1 signaling pathway

Inhibits SMAD7

Reduces cardiomyocyte apoptosis, promotes
cardiac repair

Reduces oxidative damage-induced cell death after
ischemic stroke

Induces apoptosis and exacerbates AS progression

Long et al. (2021)

Xiao et al. (2022)

Chen et al. (2022)

THP-1 macrophage-derived
IncRNA LIPCAR

Unexplored

Inhibits HUVEC and vascular smooth muscle cell
apoptosis, alleviates cardiovascular cell damage

Hu et al. (2021)

M1-derived IncRNA PVT1

M2-derived Exos

Inhibits miR-186-5p and HMGB1

Promotes inflammation and pyroptosis in
abdominal aortic aneurysm vascular smooth
muscle cells

Zhang et al. (2024a)

Inhibits oxidative stress and NLRP3 pathway

Reduces cardiomyocyte pyroptosis, improves I/R
injury

Hu et al. (2022)
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TABLE 1 (Continued) The role of macrophage extracellular vesicles in cardiovascular disease.

Exosomes Mechanism

M2-derived miR-148a Inhibits TXNIP/TLR4/NF-kB/NLRP3 pyroptosis

signaling pathway

Role Ref

Alleviates MI/R injury Dai et al. (2020)

M2-derived miR-378a-3p Blocks NLRP3/Caspase-1/GSDMD pathway

Dai et al. (2020), Yuan et al.
(2022)

Reduces cardiomyocyte pyroptosis, improves
cardiac function

M2-derived IncRNA AK083884 Inhibits PKM2 binding with HIF-1a

M2-derived miR-181b-5p Reduces glucose uptake and glycolysis

M2-derived GDF15 Activates p-Smad2/FABP4 signaling pathway

Promotes macrophage metabolic reprogramming
and M2 polarization, ultimately improving
symptoms of viral myocarditis

Zhang et al. (2024b)

Reduces mtROS production, improves cardiac Li et al. (2023a)

function
Reprograms macrophages and enhances Xiao et al. (2024)
myocardial repair

(Figure 3). In pulmonary arterial hypertension (PAH), miR-663 b in
M1-Exos inhibits the AMPK/Sirt1 signalling pathway in pulmonary
artery smooth muscle cells (PASMCs), inducing proliferation,
inflammation, oxidative stress, and migration, thereby worsening
the disease condition (Ma et al., 2023) (Table 1).

In stark contrast to the proinflammatory effects of M1-Exos,
M2-Exos display remarkable proangiogenic effects in cardiovascular
repair. Following MI, M2-Exos transfer miR-132-3p to endothelial
cells, downregulating thrombospondin-1 (THBS1) mRNA
expression, significantly promoting angiogenesis and improving
cardiac function (Guo H. et al.,, 2024). Moreover, miR-221-3p in
M2-Exos targets growth factor receptor binding protein-10 (Grb10),
promoting HUVEC proliferation and inhibiting apoptosis and
inflammation, thereby contributing to cardiovascular tissue repair
(Cheng et al,, 2022) (Figure 3) (Table 1). Furthermore, large EV
derived from human regulatory macrophages (L-EVMregs) have
shown potential in regulating wound healing and angiogenesis
(Albrecht et al., 2023a; Albrecht et al., 2023b).

Notably, diabetic foot ulcers (DFUs), significant complications
of CVD, are closely associated with metabolic disturbances,
inflammatory responses, and vascular damage induced by
(Chin et al, 2024). The
M1 macrophages and the release of proinflammatory factors play

hyperglycemia activation  of
critical roles in the development and progression of DFUs (Lin et al.,
2022). Studies have demonstrated that under high-glucose (HG)
conditions, M1-Exos inhibit IGFIR in HUVECs via miR-503,
leading to endothelial cell dysfunction and significantly impeding
wound healing in diabetic patients (Wang et al, 2023)
(Figure 3) (Table 1).

In conclusion, macrophage-derived exosomes exhibit a
dynamic “disruption-repair” equilibrium in cardiovascular
angiogenesis through the bidirectional regulation of M1 and
M2 subtypes. Targeting these exosomes holds promise for
precision therapies in myocardial infarction, pulmonary
diabetes-related
complications. However, advancing these therapies requires
deeper
development  of

arterial  hypertension, and vascular

exploration of exosomal heterogeneity and the

spatiotemporally  specific modulation
strategies, such as single-exosome analysis (Guo et al., 2023),
spatial multi-omics (Vandereyken et al., 2023), and microfluidic

chip-based technologies (Mun et al., 2023).
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3.3 Dual regulatory role of M¢-Exos in
Vascular Calcification and
Myocardial Fibrosis

Me-Exos play pivotal roles in two critical pathological processes
of CVD—vascular calcification and myocardial fibrosis—by
regulating inflammatory factors and signalling pathways.

3.3.1 The Role of M¢-exos in vascular calcification

Vascular calcification is an independent risk factor for
cardiovascular disease progression, significantly increasing the
risk of all-cause mortality and atherosclerotic plaque rupture
through multiple biological mechanisms. Its primary inducers
include aging, elevated serum calcium and phosphate levels,
inflammation, and oxidative stress, which may ultimately lead to
hypertension and heart failure (Yaker et al, 2022; Kurabayashi,
2019). During apoptosis, matrix vesicles released by macrophages
and vascular smooth muscle cells (VSMCs) play a key role in the
formation of fine-particle calcification. For example, macrophage-
derived matrix vesicles containing high-calcification-potential
molecules such as CD9, TSG101, and S100A9 contribute to
microcalcification in the carotid artery intima (New et al, 2013;
McCormick et al., 2005). Moreover, macrophage apoptosis is
associated with large, punctate calcifications, whereas VSMC
apoptosis results in small microcalcifications (New et al,
2013) (Figure 4).

M1-Exos regulate the calcification process by delivering
noncoding RNAs (e.g., miRNAs or tsRNAs). For example, M1-
EV modulate the osteogenic differentiation of aortic valve interstitial
cells (AVICs) through autophagy pathways driven by tsRNA-5006¢,
a process critical to the progression of calcific aortic valve disease
(Xia et al., 2022). Additionally, under high-glucose (HG) conditions,
miR-17-5p levels increase significantly in Me-EV, which inhibits
calcification within atherosclerotic plaques in diabetic patients (Baba
et al,, 2024) (Table 1). On the other hand, Gla-rich protein (GRP), a
calcification inhibitor, may reduce calcification in cardiovascular
and joint tissues through anti-inflammatory mechanisms.
Interestingly, GRP has been detected at both the protein and
mRNA levels in macrophage exosomes, suggesting that M¢-Exos
may serve as carriers for their extracellular transport and release
(Viegas et al,, 2017; Dhore et al,, 2001) (Figure 4).
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The role of Me-Exos in cardiovascular angiogenesis. In MI, M1 exosomes release miR-155 and MALAT1, reducing endothelial cell angiogenesis and
worsening heart dysfunction. M1 exosomes also contribute to cardiovascular disease via miR-503 and miR-185-3p, which inhibit endothelial cell growth
and promote atherosclerosis. miR-222 from M1 exosomes causes arterial restenosis. In contrast, M2 exosomes release miR-132-3p and miR-221-3p,
enhancing endothelial cell growth and angiogenesis, improving heart function. AMPK/Sirtl Adenosine 5'-monophosphate (AMP)-activated protein
kinase/Sirtuin 1, CDKN1B/C cyclin-dependent kinase inhibitor 1B/C, EV Extracellular vesicle, Exos exsomes, Grb10 Growth factor receptor binding
protein-10, HG High glucose, IGF1R Insulin-like growth factor 1 receptors, MALAT1 Metastasis Associated Lung Adenocarcinoma Transcript 1, Ml
Myocardial infarction, Smad7 Small mother against decapentaplegic-7, THBS1 Thrombospondin-1.

3.3.2 The Role of M¢-exos in myocardial fibrosis

Small EV from M2 macrophages mediate myocardial fibrosis
following acute MI through CircUbe3a, which directly targets the
miR-138-5p/RhoC axis to promote the proliferation, migration, and
phenotypic transformation of cardiac fibroblasts (CFs) (Table 1)
(Wang et al., 2021). Furthermore, exosomes derived from cardiac-
resident macrophages modified with thymosin B4 (Tp4) have been
shown to significantly reduce myocardial fibrosis, providing a novel
strategy for cardiovascular disease treatment (Chen et al,
2023) (Figure 4).

Elucidating the properties of Mg-Exos under normal and
pathological conditions is not only essential for the prevention
and treatment of vascular calcification but may also offer new
therapeutic approaches for CVD (Zazzeroni et al, 2018). By
further investigating these mechanisms, innovative treatment
strategies can be developed, ultimately improving CVD clinical
outcomes (Figure 4).

While elucidating the properties of macrophage-derived
exosomes (M¢@-Exos) under normal and pathological conditions
holds
calcification and CVD (Zazzeroni et al., 2018), critical challenges

promise for advancing therapies targeting vascular
and unresolved questions remain. First, the dual roles of M@-Exos in
myocardial fibrosis highlight the context-dependent heterogeneity
of exosomal functions, which complicates therapeutic targeting.
Second, current research primarily relies on preclinical models,

leaving significant gaps in understanding exosomal behavior in
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human pathophysiology, such as patient-specific variations in
immune microenvironment interactions. Finally, strategies to
achieve spatiotemporal control of M@-Exos delivery or mitigate
off-target effects (e.g., the inability of exosomes to precisely release
drugs in injured heart regions. Or the unintended activation of normal
fibroblasts, which exacerbates fibrosis remain underexplored.
Addressing these limitations through mechanistic studies and
standardized protocols is essential for leveraging M¢-Exos to
improve CVD clinical outcomes (Figure 4).

3.4 Role of me-exos in lipid metabolism
and CVD

Exosomes have significant impacts on metabolic disorders
(Castanio et al., 2018). They are enriched with specific lipids, such
as sphingolipids, cholesterol, and phosphatidylserine, which exhibit
high lipid order and greater resistance to detergents (Record et al.,
2018). These lipids not only play crucial roles in the biological
functions of exosomes but also alter the phenotypes of recipient cells
(Skotland et al., 2017). Additionally, exosomes serve as potent
sources of eicosanoids, such as prostaglandins and leukotrienes,
which exhibit bioactivity both in vivo and in vitro (Boilard, 2018)
and regulate the expression of classical lipid transport proteins, such
as ABCAl-mediated cholesterol efflux (Stamatikos et al., 2020).
Exosomes also participate in lipid degradation and redistribution
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The Role of Mg-Exos in Vascular Calcification and Myocardial Fibrosis. In HG conditions, Mg exosomes contain miR-17-5p, which inhibits
calcification in diabetic atherosclerotic plaques. They also carry GRP, reducing calcification in cardiovascular and joint tissues via anti-inflammatory
effects. M1 exosomes promote calcific aortic valve disease through tsRNA-5006c-regulated autophagy. Meanwhile, M2-sEVs drive cardiac fibroblast
proliferation and migration via CircUbe3a, contributing to myocardial fibrosis after acute myocardial infarction. AVIC Aortic valve interstitial cell, GRP
Gla-rich protein; HG high glucose, Tp4 Thymosin p4, sEVs small extracellular vesicles.

within adipose tissue, reducing lipid accumulation and improving
cardiac function (Zhou et al., 2020) (Figure 5).

Me-Exos play an essential role in CVD, particularly AS, by
regulating lipid metabolism and signalling pathways. During the
pathological process of AS, exosome-mediated lipid metabolism
involves the synthesis, transport, and degradation of lipids
(Castanio et al,, 2018; Wang W. et al,, 2020). Studies have shown
that elevated levels of miR-185-3p in M1-derived exosomes promote
AS progression, increasing blood lipids, endothelial adhesion,
oxidative stress, and inflammatory factors (Li et al, 2021).
Additionally, the CD5-like (CD5L)
macrophage exosomes can induce inflammation and vascular

molecule protein in

smooth muscle cell lipid dysregulation, promoting AS
progression (Wang L. et al, 2022). The accumulation of
unesterified cholesterol (UC) further triggers the release of
procoagulant microvesicles by monocytes and macrophages,
exacerbating the lesion (Liu et al., 2012). The use of PPARy
agonists, such as rosiglitazone, and certain prostaglandins can
increase the release of tissue factor (TF)-rich microvesicles from
monocytes and macrophages (Neri et al., 2012) (Figure 5).

AS formation involves the accumulation of low-density
lipoprotein (LDL) particles in the intima, adhesion, migration,

and maturation of monocytes on damaged endothelial cells,
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ultimately leading to the formation of foam cells (Libby et al.,
2011). Macrophage-derived foam cells, which are key contributors
to AS development, release significantly more exosomes than
normal macrophages do (Gutierrez, 2022; Niu et al, 2016).
These exosomes not only promote AS progression but also
impact key steps in lipid metabolism (Figure 5).

Deciphering the spatiotemporal dynamics of M¢-Exos in lipid
metabolism—from foam cell communication to systemic lipid
redistribution—will not only refine our understanding of CVD
progression but also pave the way for exosome-guided precision
therapies, such as engineered vesicles for targeted drug delivery or
liquid biopsies for early AS detection.

3.5 Mg-exos regulate cardiovascular cell
death mechanisms

Me¢-Exos play critical roles in the development and
death
mechanisms, including apoptosis, pyroptosis, and ferroptosis.

progression of CVD by regulating various cell
These processes highlight the essential role of M¢-Exos in
pathological events and provide potential therapeutic strategies

for associated diseases.
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cholesterol.

3.5.1 The role of me-exos in regulating apoptosis

Apoptosis is a common form of cell death in cardiovascular
disease, where M¢@-Exos can exhibit both protective and
detrimental effects.

Studies have shown that M2-Exos carrying miR-1271-5p reduce
cardiomyocyte apoptosis by downregulating SOX6, thereby
promoting cardiac repair (Long et al, 2021). Additionally, M2-
Exos activate the Nrf2/HO-1 signalling pathway in oxygen-glucose
deprivation/reoxygenation (OGD/R)-treated HT22 neuronal cells,
reducing oxidative damage after ischemic stroke (Xiao et al., 2022).
In contrast, miR-16-5p in M1-derived exosomes aggravates AS
progression and induces apoptosis by downregulating
SMAD?7 expression (Chen et al., 2022). Interestingly, the IncRNA
LIPCAR released by ox-LDL-treated THP-1
macrophages (THP-1/ox-LDL Exos) inhibits the apoptosis of
HUVECs and vascular smooth muscle cells, thereby mitigating
cardiovascular cell damage (Hu et al,, 2021) (Table 1).

Me-Exos have also shown neuroprotective potential. For
exosomes secreted by LPS-stimulated RAW264.7
macrophages (LPS-Exs) the
microglia, reduce neuronal apoptosis, decrease infarct size, and

in exosomes

example,

enhance M2 polarization of

improve neurological function, providing new insights for
ischemic stroke treatment (Zheng et al., 2019).
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3.5.2 The Role of Me-exos in pyroptosis regulation
Pyroptosis, an inflammatory form of cell death, plays a
significant role in CVD. Mg-Exos regulate pyroptosis through
multiple molecular mechanisms, influencing disease progression.
The IncRNA PVTI1
inflammation and pyroptosis of vascular smooth muscle cells in

in MIl-derived exosomes promotes

abdominal aortic aneurysms by inhibiting miR-186-5p and
regulating  HMGB1 (Zhang J. 2024) (Table 1).
Furthermore, factors released during macrophage

et al,
tissue
pyroptosis enter the bloodstream as microvesicles, triggering
coagulation and causing organ damage (Wu et al, 2019).
Pyroptotic cell-derived microparticles also play critical roles in
cardiovascular disease progression (Sun et al., 2021).

Conversely, M2-Exos exert protective effects by inhibiting
M2-Exos

pyroptosis, particularly in ischemia—reperfusion (I/R) injury, by

pyroptosis. significantly = reduce  cardiomyocyte
suppressing oxidative stress and the NLRP3 pathway (Hu et al,
2022). miR-148a in M2-Exos alleviates myocardial ischemia/
reperfusion (MI/R) injury by inhibiting the TXNIP-TLR4/NF-kB/
NLRP3 pyroptosis signalling pathway (Dai et al, 2020).
Additionally, miR-378a-3p in M2-EV blocks the NLRP3/Caspase-
1/GSDMD pathway, further reducing cardiomyocyte pyroptosis

(Dai et al.,, 2020; Yuan et al., 2022) (Table 1).
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During AS pathology, Me-Exos suppress pyroptosis to exert
protective effects. For example, EV prevent foam cell formation and
macrophage pyroptosis by inhibiting HMGBI release and Caspase-
11 activation, thereby slowing plaque formation in mice (Liang et al.,
2024). Exosomes carrying miR-199a-5p inhibit the SMARCA4/
PODXL/NF-kB axis, reducing endothelial cell pyroptosis and
preventing AS progression (Liang et al., 2023).

3.5.3 The Role of Mg-exos in ferroptosis regulation

Ferroptosis, a novel cell death mechanism, is closely associated
with CVD, such as ML Iron overload and ferroptosis significantly
contribute to pathological deterioration and poor prognosis in MI
patients (Miao et al., 2023).

Studies have demonstrated that Mg-Exos act as endogenous
bioiron chelators by regulating iron homeostasis and delivering
antioxidants, such as glutathione, effectively reducing iron overload
and suppressing ferroptosis in cardiomyocytes (Guo D. et al., 2024).
Iron chelators such as deferoxamine and iron carrier proteins have also
shown therapeutic potential in ferroptosis-related treatments, possibly
working in concert with M¢-Exos to improve cardiac dysfunction
following MI (Wang and Kang, 2021; Wang Z. et al., 2022).

Mg-Exos play dual roles in cardiovascular cell death regulation,
with M2-Exos often exerting protective effects (e.g., miR-1271-5p
reducing apoptosis (Long et al, 2021), miR-148a suppressing
pyroptosis (Dai et al., 2020) and MI-Exos driving pathology (e.g.,
miR-16-5p inducing apoptosis (Chen et al., 2022), PVT1 promoting
pyroptosis (Zhang J. et al., 2024). Their ability to modulate ferroptosis
through iron chelation and antioxidant delivery further underscores
their therapeutic potential (Guo D. et al., 2024; Wang and Kang, 2021;
Wang Z. et al,, 2022). However, challenges such as EV specificity (For
instance, CRISPR-based editing could optimize exosomal miRNA
profiles to minimize off-target effects), pathological context
dependency, and translational barriers (Current models often fail
to replicate human-specific exosome heterogeneity) must be
addressed. Future efforts should focus on engineering exosomes for
precision delivery, integrating multi-omics to map human-specific
mechanisms, and developing Exo related combination therapies to
optimize clinical outcomes.

3.6 Regulation of cardiovascular cell
reprogramming by me-exos

M2-Exos play a pivotal role in reprogramming target cells during
CVD, facilitating cardiac repair and regeneration. The underlying
mechanisms involve primarily inflammation modulation, cell
migration, and regeneration. The activation and polarization of
proinflammatory macrophages are closely associated with their
metabolic patterns, which rely heavily on glycolysis for energy
production (O’'Neill and Hardie, 2013; Colegio et al., 2014). Studies
have shown that both tissue-resident and monocyte-derived
proinflammatory  macrophages exhibit significantly  elevated
glycolytic activity (Nathan and Cunningham-Bussel, 2013; Chen Z.
et al,, 2024). High glucose uptake promotes a metabolic shift toward
lactate production, accelerating ATP synthesis while increasing the level
of mitochondrial reactive oxygen species (mtROS) (Shirai et al., 2016).
An increase in mtROS further increases the expression and release of

inflammatory factors (Nathan and Cunningham-Bussel, 2013). This
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metabolic change is particularly pronounced in coronary artery disease
(CAD) patients, highlighting the need for strict monitoring of glucose
intake (Nathan and Cunningham-Bussel, 2013).

Compared with proinflammatory macrophages, M2-Exos
promote  anti-inflammatory  polarization and  metabolic
reprogramming of macrophages, thus facilitating tissue repair.
For example, M2-Exos reduce ROS accumulation to alleviate
oxidative stress and mitigate hypoxia/reoxygenation (H/R)-
induced cell injury (Hu et al, 2022). Additionally, the IncRNA
AKO083884 in M2-Exos interacts with macrophage pyruvate kinase
M2 (PKM2), inhibiting its binding to HIF-la and thereby
promoting  macrophage  metabolic  reprogramming  and
M2 polarization, ultimately improving the symptoms of viral
myocarditis (Zhang Y. et al., 2024) (Table 1). M2-EV also exhibit
strong immunomodulatory potential, regulating the cardiac
immune microenvironment for enhanced heart repair; however,
their limited in vivo targeting capability poses therapeutic challenges
(Pei et al., 2024).

M2-EV encapsulate specific microRNAs (e.g., miR-181b-5p,
miR-21/99a/146b/378a, and miR-33) that mediate macrophage
metabolism (Li L. et al., 2023; Phu et al., 2022). For example,
miR-181b-5p in M2-EV reduces macrophage glucose uptake and
glycolysis after acute MI, decreasing mtROS production to improve
cardiac function and repair while regulating CCR2 macrophage
activity (Li L. et al, 2023). Furthermore, macrophage-derived
exosomes can deliver growth differentiation factor 15 (GDF15),
activating the p-Smad2/3-FABP4 signalling pathway to reprogram
macrophages and enhance myocardial repair (Xiao et al., 2024)
(Table 1). Recent studies have indicated that exosomes derived from
IL-4-stimulated THP-1 macrophages (THP-1-IL4-Exos) upregulate
miR-21/99a/146b/378a and downregulate miR-33 expression,
increasing fatty acid uptake, mitochondrial activity, and oxidative
(OXPHOS). These

macrophage metabolism, polarize them to an anti-inflammatory

phosphorylation exosomes  reprogram
phenotype, and mitigate inflammation in the aorta, adipose tissue,
and liver (Phu et al., 2022).

Metabolic reprogramming can reverse energy imbalances in
pathological states, regulate macrophage polarization phenotypes,
and shift the cellular response from inflammation-driven damage
to tissue repair, offering novel therapeutic strategies for
cardiovascular diseases (CVD). These effects may be driven by
Mg-Exos through mechanisms such as miR-181b-5p-mediated
reduction of glycolysis (Li L. et al., 2023), AK083884-driven
PKM2/HIF-1a interactions (Zhang Y. et al., 2024), and GDF15-
activated Smad2/3-FABP4 signaling (Xiao et al., 2024). However,
challenges such as limited in vivo targeting efficiency (Pei et al,
2024) and patient-specific metabolic heterogeneity (Nathan and
Cunningham-Bussel, 2013) must be addressed to fully realize their
clinical potential.

4 |Insights into the therapeutic potential
of me-exos

Exosomes, as efficient delivery vehicles, can carry small molecule
drugs, biological agents (e.g., siRNAs, miRNAs), and cytokines,
demonstrating immense potential for disease therapy. The
targeted delivery of therapeutic agents via exosomes can improve
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cardiac function, reduce myocardial injury, and decrease the
incidence of cardiac fibrosis (Kang et al., 2023).

In CVD, molecularly engineered M2-Exos exhibit potent anti-
inflammatory properties and therapeutic potential against AS. For
example, molecularly engineered M2-Exos with an inflammatory
response and intrinsic heme biosynthesis capabilities enable both
imaging and treatment of AS, significantly alleviating disease
progression (Wu G. et al, 2020). Additionally, M2-Exos fused
with platelet membranes (P-M2 EV) target atherosclerotic
plaques, inhibiting foam cell formation and endothelial cell
inflammation while reducing plaque formation and progression.
This effect is achieved through the delivery of anti-inflammatory
miRNAs (e.g., miR-99a-5p) and anti-inflammatory proteins (Xie
et al., 2024). In viral myocarditis, M2-EV engineered with cardiac-
targeting peptides (CTPs) and platelet membranes (PMs) enhance
their targeting ability, promote M1-to-M2 macrophage polarization,
protectively regulate the cardiac immune microenvironment, and
facilitate cardiac repair (Pei et al., 2024).

Exosomes also show potential in treating ischemic brain injury
and supporting neuronal recovery. Functionalized M2 nanomedicines
downregulate NF-«B signalling pathways and inflammatory cytokines
(TNF-a and IL-6) in microglia poststroke, promoting neuronal
recovery (Lv Z. et al, 2024). Furthermore, curcumin (Cur)
encapsulated in Mg-Exos targets ischemic regions, inhibits ROS-
mediated mitochondrial apoptosis and alleviates ischemia/reperfusion
(I/R) injury (He et al., 2020).

Although M1-derived exosomes (M1-Exos) typically exacerbate
cardiovascular disease pathology, they can also be harnessed for
therapeutic purposes through rational design. For example, M1-
Exos loaded with edaravone (Edv) significantly enhance drug
bioavailability and half-life, improving drug targeting to ischemic
regions. This approach reduces cell death and promotes the beneficial
polarization of inflammatory cells. Recent studies have demonstrated
that Edv-loaded exosomes (Exo + Edv) reduce neuronal death and
facilitate microglial polarization from the M1 phenotype to the
M2 phenotype poststroke, revealing their potential in treating both
neurological diseases and CVD (He et al., 2020).

In conclusion, exosomes serve as novel drug delivery platforms
that  exhibit
cardiovascular and neurological diseases, offering innovative

multifunctional ~ therapeutic  capabilities  in

research directions for precision treatment of complex conditions.

5 Conclusions and future perspectives

Me-Exos, as critical mediators of intercellular communication,
have garnered increasing attention for their multifunctionality and
potential clinical applications in complex pathologies such as CVD.
In recent years, significant progress has been made in understanding
their roles in disease diagnosis and treatment, particularly in
immune regulation, metabolic reprogramming, and therapeutic
molecule delivery.

In diagnostics, exosomes, as carriers of proteins and nucleic acids
(e.g., miRNAs, long noncoding RNAs (IncRNAs), circular RNAs
(circRNAs)) derived from specific cell types, offer novel biomarker
opportunities. These cargo molecules not only reflect disease states but
also serve as potential therapeutic targets. For example, changes in the
expression levels of AS-associated miRNAs, such as miR-155, miR-21,
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and miR-126, demonstrate their diagnostic potential. Similarly,
altered exosome molecular profiles in diabetes and coronary artery
disease patients highlight their sensitivity in monitoring disease
progression. These properties (Such as miR-503 miR-17-5p.
TsRNA-5006c, They are closely related to endothelial cell disorder,
diabetes related atherosclerosis, and vascular calcification.) not only
enable early disease detection but also provide critical insights for
designing personalized treatment strategies.

In therapeutics, engineered exosomes have achieved precise
delivery to diseased tissues. For example, exosomes encapsulating
anti-inflammatory miRNAs or curcumin can effectively alleviate
inflammation and apoptosis. Membrane-modification strategies,
such as platelet membrane fusion or cardiac-targeting peptide
functionalization, further increase the targeting efficiency of
exosomes, offering promising therapeutic solutions for CVD and
stroke. However, challenges remain in large-scale exosome
production and quality control, particularly regarding functional
consistency, safety, and long-term stability. Optimizing the
manufacturing and purification processes will be essential to
ensure their clinical feasibility.

Furthermore, the distribution and functional diversity of
macrophage subtypes play pivotal roles in CVD progression. For
example, the M2a, M2b, and M2c subtypes play distinct roles in
tissue repair, immune regulation, and inflammation control. Foam
cells and CCR2 macrophages secrete exosomes that regulate the
pathological processes of AS and myocarditis, respectively. This
highlights the unique value of exosomes derived from different
macrophage subtypes in modulating specific disease pathways.
Additionally, investigating the secretion mechanisms of exosomes
and their functional dynamics under various pathological conditions
will further clarify their roles in disease progression.

Future research on macrophage-derived exosomes (M¢-Exos)
in cardiovascular diseases (CVD) should focus on elucidating their
roles in cell subtype-specific regulation, inflammation modulation,
proliferation, cell death, and metabolic reprogramming. First, the
functional heterogeneity of macrophage subtypes (e.g., M2a, M2b,
M2c) and their exosomal cargo must be systematically mapped to
understand their distinct contributions to tissue repair, immune
regulation, and inflammatory control. For instance, how do foam
cell-derived exosomes differ from CCR2 macrophage exosomes in
regulating atherosclerosis (AS) and myocarditis? Second, the
interplay between Mg-Exos and cell death pathways (e.g.,
apoptosis, pyroptosis, ferroptosis) requires deeper exploration.
For example, can M2-Exos be engineered to selectively inhibit
NLRP3-mediated pyroptosis while preserving beneficial apoptosis
in ischemic injury? Third, the role of Mg-Exos in metabolic
reprogramming—such as miR-181b-5p-mediated  glycolysis
suppression (Li L. et al, 2023) or AKO083884-driven fatty acid
oxidation (Zhang Y. et al., 2024)—should be further dissected to
optimize their therapeutic potential.

Technological advancements will be critical to these efforts.
(e.g.
proteomics) with spatial imaging can reveal exosome-mediated

Integrating  single-cell ~ multi-omics transcriptomics,
crosstalk in the cardiovascular microenvironment. Engineering
exosomes with stimuli-responsive properties (e.g., pH- or ROS-
sensitive release) and tissue-specific targeting (e.g., cardiac homing
peptides) will enhance their precision and efficacy. Additionally,

combining M¢-Exos with existing therapies (e.g., iron chelators for
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ferroptosis, NLRP3 inhibitors for pyroptosis) may unlock synergistic
benefits for complex CVD pathologies.

Author contributions

LQ: Data curation, Formal analysis, Funding acquisition,
Methodology, Validation, Visualization, Writing - original draft,
Writing - review and editing. D-ZL: Methodology, Validation,
Writing - original draft, Writing - review and editing. HL:
Methodology, Resources, Supervision, Writing - original draft,
Writing - review and editing. JY: Validation, Writing - original
draft, Writing - review and editing. WH: Conceptualization, Data
curation, Writing — original draft, Writing — review and editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was funded by
Pengzhou Hospital of Traditional Chinese Medicine.

Acknowledgments

I would like to extend my heartfelt gratitude for the invaluable
resources that contributed to this work. Specifically, I am thankful for
the images and graphics provided by BioRender, which enhanced the

References

Albacete-Albacete, L., Navarro-Lérida, I., Lopez, J. A., Martin-Padura, L., Astudillo, A.
M., Ferrarini, A., et al. (2020). ECM deposition is driven by caveolin-1-dependent
regulation of exosomal biogenesis and cargo sorting. J. Cell Biol. 219 (11), €202006178.
doi:10.1083/jcb.202006178

Albrecht, M., Hummitzsch, L., Rusch, R., Eimer, C., Rusch, M., Hef3, K., et al. (2023a).
Large extracellular vesicles derived from human regulatory macrophages (L-EV(Mreg))
attenuate CD3/CD28-induced T-cell activation in vitro. J. Mol. Med. Berl. 101 (11),
1437-1448. doi:10.1007/s00109-023-02374-9

Albrecht, M., Hummitzsch, L., Rusch, R., Hef3, K., Steinfath, M., Cremer, J., et al.
(2023b). Characterization of large extracellular vesicles (L-EV) derived from human
regulatory macrophages (Mreg): novel mediators in wound healing and angiogenesis?
J. Transl. Med. 21 (1), 61. doi:10.1186/s12967-023-03900-6

Al-Nedawi, K., Meehan, B., Micallef, J., Lhotak, V., May, L., Guha, A,, et al. (2008).
Intercellular transfer of the oncogenic receptor EGFRVIII by microvesicles derived from
tumour cells. Nat. Cell Biol. 10 (5), 619-624. doi:10.1038/ncb1725

Arya, S. B, Collie, S. P, and Parent, C. A. (2024). The ins-and-outs of exosome
biogenesis, secretion, and internalization. Trends Cell Biol. 34 (2), 90-108. doi:10.1016/].
tcb.2023.06.006

Baba, 1., Matoba, T., Katsuki, S., Koga, J. L, Kawahara, T., Kimura, M., et al. (2024).
EVs-miR-17-5p attenuates the osteogenic differentiation of vascular smooth muscle
cells potentially via inhibition of TGF-{ signaling under high glucose conditions. Sci.
Rep. 14 (1), 16323. doi:10.1038/s41598-024-67006-9

Babst, M. (2011). MVB vesicle formation: ESCRT-dependent, ESCRT-independent
and everything in between. Curr. Opin. Cell Biol. 23 (4), 452-457. doi:10.1016/j.ceb.
2011.04.008

Badacz, R, Kleczynski, P., Legutko, J., 7Zmudka, K., Gacon, J., Przewlocki, T., et al. (2021).
Expression of miR-1-3p, miR-16-5p and miR-122-5p as possible risk factors of secondary
cardiovascular events. Biomedicines 9 (8), 1055. doi:10.3390/biomedicines9081055

Barman, B., Sung, B. H., Krystofiak, E., Ping, J., Ramirez, M., Millis, B., et al. (2022).
VAP-A and its binding partner CERT drive biogenesis of RNA-containing extracellular

vesicles at ER membrane contact sites. Dev. Cell 57 (8), 974-994.¢8. doi:10.1016/j.devcel.
2022.03.012

Barrett, T. . (2020). Macrophages in atherosclerosis regression. Arterioscler. Thromb.
Vasc. Biol. 40 (1), 20-33. doi:10.1161/atvbaha.119.312802

Frontiers in Pharmacology

14

10.3389/fphar.2025.1563800

visual appeal and clarity of the content. I also appreciate the linguistic
modifications made by ChatGPT, which significantly improved the
overall quality and coherence of the text. These contributions have been
instrumental in refining this project. Thank you!

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that Generative AI was used in the
creation of this manuscript. The authors acknowledge the
linguistic modifications made by ChatGPT, which significantly
improved the overall quality and coherence of the text.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or those
of the publisher, the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Bhatnagar, S., Shinagawa, K., Castellino, F. J., and Schorey, J. S. (2007a). Exosomes
released from macrophages infected with intracellular pathogens stimulate a
proinflammatory response in vitro and in vivo. Blood 110 (9), 3234-3244. doi:10.
1182/blood-2007-03-079152

Bhatnagar, S., Shinagawa, K., Castellino, F. J., and Schorey, J. S. (2007b). Exosomes
released from macrophages infected with intracellular pathogens stimulate a
proinflammatory response in vitro and in vivo. Blood 110 (9), 3234-3244. doi:10.
1182/blood-2007-03-079152

Biemmi, V., Milano, G., Ciullo, A., Cervio, E., Burrello, J., Dei, C. M., et al. (2020).
Inflammatory extracellular vesicles prompt heart dysfunction via TRL4-dependent NF-
KB activation. Theranostics 10 (6), 2773-2790. doi:10.7150/thno.39072

Boilard, E. (2018). Extracellular vesicles and their content in bioactive lipid mediators:
more than a sack of microRNA. J. Lipid Res. 59 (11), 2037-2046. doi:10.1194/jlr.
R084640

Burnap, S. A,, and Mayr, M. (2021). DRP1: a novel regulator of PCSK9 secretion and
degradation. Cardiovasc Res. 117 (11), 2289-2290. doi:10.1093/cvr/cvab227

Castano, C., Kalko, S., Novials, A., and Parrizas, M. (2018). Obesity-associated
exosomal miRNAs modulate glucose and lipid metabolism in mice. Proc. Natl.
Acad. Sci. U. S. A. 115 (48), 12158-12163. doi:10.1073/pnas.1808855115

Chan, B. D., Wong, W. Y., Lee, M. M., Cho, W. C,, Yee, B. K, Kwan, Y. W, et al.
(2019). Exosomes in inflammation and inflammatory disease. Proteomics 19 (8),
€1800149. doi:10.1002/pmic.201800149

Chen, B, Luo, L., Wei, X,, Gong, D., Li, Z,, Li, S,, et al. (2021). M1 bone marrow-
derived macrophage-derived extracellular vesicles inhibit angiogenesis and myocardial
regeneration following myocardial infarction via the MALAT1/MicroRNA-25-3p/
CDC42 Axis. Oxid. Med. Cell Longev. 2021, 9959746. doi:10.1155/2021/9959746

Chen, B. Y., Sung, C. W., Chen, C,, Cheng, C. M,, Lin, D. P., Huang, C. T., et al. (2019).
Advances in exosomes technology. Clin. Chim. Acta 493, 14-19. doi:10.1016/j.cca.2019.
02.021

Chen, F,, Li, ], She, J., Chen, T., and Yuan, Z. (2022). Exosomal microRNA-16-5p from
macrophage exacerbates atherosclerosis via modulating mothers against decapentaplegic
homolog 7. Microvasc. Res. 142, 104368. doi:10.1016/j.mvr.2022.104368

Chen, P., Pan, Y., Ning, X., Shi, X., Zhong, J., Fan, X,, et al. (2023). Targeted heart
repair by TP4-loaded cardiac-resident macrophage-derived extracellular vesicles

frontiersin.org


https://doi.org/10.1083/jcb.202006178
https://doi.org/10.1007/s00109-023-02374-9
https://doi.org/10.1186/s12967-023-03900-6
https://doi.org/10.1038/ncb1725
https://doi.org/10.1016/j.tcb.2023.06.006
https://doi.org/10.1016/j.tcb.2023.06.006
https://doi.org/10.1038/s41598-024-67006-9
https://doi.org/10.1016/j.ceb.2011.04.008
https://doi.org/10.1016/j.ceb.2011.04.008
https://doi.org/10.3390/biomedicines9081055
https://doi.org/10.1016/j.devcel.2022.03.012
https://doi.org/10.1016/j.devcel.2022.03.012
https://doi.org/10.1161/atvbaha.119.312802
https://doi.org/10.1182/blood-2007-03-079152
https://doi.org/10.1182/blood-2007-03-079152
https://doi.org/10.1182/blood-2007-03-079152
https://doi.org/10.1182/blood-2007-03-079152
https://doi.org/10.7150/thno.39072
https://doi.org/10.1194/jlr.R084640
https://doi.org/10.1194/jlr.R084640
https://doi.org/10.1093/cvr/cvab227
https://doi.org/10.1073/pnas.1808855115
https://doi.org/10.1002/pmic.201800149
https://doi.org/10.1155/2021/9959746
https://doi.org/10.1016/j.cca.2019.02.021
https://doi.org/10.1016/j.cca.2019.02.021
https://doi.org/10.1016/j.mvr.2022.104368
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1563800

Qi et al.

modified with monocyte membranes. Acta Biomater. 169, 372-386. doi:10.1016/j.
actbio.2023.08.022

Chen, R., Zhang, H., Tang, B, Luo, Y., Yang, Y., Zhong, X, et al. (2024a).
Macrophages in cardiovascular diseases: molecular mechanisms and therapeutic
targets. Signal Transduct. Target Ther. 9 (1), 130. doi:10.1038/s41392-024-01840-1

Chen, Z., Li, Y, Niu, Y., Zhang, X,, Yu, J, Cui, J., et al. (2024b). MEK1/2-
PKM2 pathway modulates the immunometabolic reprogramming of
proinflammatory allograft-infiltrating macrophages during heart transplant rejection.
Transplantation 108 (5), 1127-1141. doi:10.1097/tp.0000000000004899

Cheng, X., Zhou, H., Zhou, Y., and Song, C. (2022). M2 macrophage-derived
exosomes inhibit apoptosis of HUVEC cell through regulating miR-221-3p
expression. Biomed. Res. Int. 2022, 1609244. doi:10.1155/2022/1609244

Chin, B. Z,, Lee, P, Sia, C. H., and Hong, C. C. (2024). Diabetic foot ulcer is associated
with cardiovascular-related mortality and morbidity - a systematic review and meta-
analysis of 8062 patients. Endocrine 84 (3), 852-863. doi:10.1007/s12020-024-03696-5

Colegio, O. R, Chu, N. Q,, Szabo, A. L., Chu, T., Rhebergen, A. M., Jairam, V., et al.
(2014). Functional polarization of tumour-associated macrophages by tumour-derived
lactic acid. Nature 513 (7519), 559-563. doi:10.1038/nature13490

Colombo, M., Raposo, G., and Théry, C. (2014). Biogenesis, secretion, and
intercellular interactions of exosomes and other extracellular vesicles. Annu. Rev.
Cell Dev. Biol. 30, 255-289. doi:10.1146/annurev-cellbio-101512-122326

Coughlan, C., Bruce, K. D., Burgy, O., Boyd, T. D., Michel, C. R., Garcia-Perez, J. E.,
et al. (2020). Exosome isolation by ultracentrifugation and precipitation and techniques
for downstream analyses. Curr. Protoc. Cell Biol. 88 (1), e110. doi:10.1002/cpcb.110

Crouser, E. D., Julian, M. W., Bicer, S., Ghai, V., Kim, T. K., Maier, L. A., et al. (2021).
Circulating exosomal microRNA expression patterns distinguish cardiac sarcoidosis from
myocardial ischemia. PLoS One 16 (1), €0246083. doi:10.1371/journal.pone.0246083

Dai, Y., Wang, S., Chang, S., Ren, D, Shali, S., Li, C,, et al. (2020). M2 macrophage-
derived exosomes carry microRNA-148a to alleviate myocardial ischemia/reperfusion
injury via inhibiting TXNIP and the TLR4/NF-kB/NLRP3 inflammasome signaling
pathway. J. Mol. Cell Cardiol. 142, 65-79. d0i:10.1016/j.yjmcc.2020.02.007

Dar, G. H., Mendes, C. C., Kuan, W. L,, Speciale, A. A., Conceigao, M., Gorgens, A.,
et al. (2021). GAPDH controls extracellular vesicle biogenesis and enhances the
therapeutic potential of EV mediated siRNA delivery to the brain. Nat. Commun.
12 (1), 6666. doi:10.1038/s41467-021-27056-3

de Freitas, R. C. C,, Hirata, R. D. C,, Hirata, M. H., and Aikawa, E. (2021). Circulating
extracellular vesicles as biomarkers and drug delivery vehicles in cardiovascular
diseases. Biomolecules 11 (3), 388. d0i:10.3390/biom11030388

Dhore, C. R, Cleutjens, J. P., Lutgens, E., Cleutjens, K. B., Geusens, P. P., Kitslaar, P.J.,
et al. (2001). Differential expression of bone matrix regulatory proteins in human
atherosclerotic plaques. Arterioscler. Thromb. Vasc. Biol. 21 (12), 1998-2003. doi:10.
1161/hq1201.100229

Dini, L., Tacconi, S., Carata, E., Tata, A. M., Vergallo, C,, and Panzarini, E. (2020).
Microvesicles and exosomes in metabolic diseases and inflammation. Cytokine Growth
Factor Rev. 51, 27-39. doi:10.1016/j.cytogfr.2019.12.008

Du, Y., Wu, L., Wang, L,, Reiter, R. ], Lip, G. Y. H,, and Ren, J. (2023). Extracellular
vesicles in cardiovascular diseases: from pathophysiology to diagnosis and therapy.
Cytokine Growth Factor Rev. 74, 40-55. doi:10.1016/j.cytogfr.2023.09.006

Farsad, K., and De Camilli, P. (2003). Mechanisms of membrane deformation. Curr.
Opin. Cell Biol. 15 (4), 372-381. doi:10.1016/s0955-0674(03)00073-5

Ferguson, S. M., Camilli, D., and Dynamin, P. (2012). Dynamin, a membrane-
remodelling GTPase. Nat. Rev. Mol. Cell Biol. 13 (2), 75-88. d0i:10.1038/nrm3266

Ferreira, J. V., da Rosa Soares, A., Ramalho, J., Mdximo Carvalho, C., Cardoso, M. H.,
Pintado, P, et al. (2022). LAMP2A regulates the loading of proteins into exosomes. Sci.
Adv. 8 (12), eabm1140. doi:10.1126/sciadv.abm1140

Ghadami, S., and Dellinger, K. (2023). The lipid composition of extracellular vesicles:
applications in diagnostics and therapeutic delivery. Front. Mol. Biosci. 10, 1198044.
doi:10.3389/fmolb.2023.1198044

Giovannone, A. J., Reales, E., Bhattaram, P., Fraile-Ramos, A., and Weimbs, T. (2017).
Monoubiquitination of syntaxin 3 leads to retrieval from the basolateral plasma
membrane and facilitates cargo recruitment to exosomes. Mol. Biol. Cell 28 (21),
2843-2853. d0i:10.1091/mbc.E17-07-0461

Greening, D. W., Xu, R,, Ji, H,, Tauro, B. J., and Simpson, R. J. (2015). A protocol for
exosome isolation and characterization: evaluation of ultracentrifugation, density-
gradient separation, and immunoaffinity capture methods. Methods Mol. Biol. 1295,
179-209. doi:10.1007/978-1-4939-2550-6_15

Guo, D,, Yang, X,, Yu, R,, Geng, J., Zhang, X., Wang, Y., et al. (2024b). Macrophage-
derived extracellular vesicles represent a promising endogenous iron-chelating therapy
for iron overload and cardiac injury in myocardial infarction. J. Nanobiotechnology 22
(1), 527. doi:10.1186/s12951-024-02800-1

Guo, H,, Li, Z, Xiao, B., and Huang, R. (2024a). M2 macrophage-derived exosomes
promote angiogenesis and improve cardiac function after myocardial infarction. Biol.
Direct 19 (1), 43. doi:10.1186/s13062-024-00485-y

Guo, W, Cai, Y., Liu, X,, Ji, Y., Zhang, C., Wang, L., et al. (2023). Single-exosome
profiling identifies ITGB3+ and ITGAM+ exosome subpopulations as promising early

Frontiers in Pharmacology

15

10.3389/fphar.2025.1563800

diagnostic biomarkers and therapeutic targets for colorectal cancer. Res. (Wash D C). 6,
0041. doi:10.34133/research.0041

Gurunathan, S., Kang, M. H,, Jeyaraj, M., Qasim, M., and Kim, J. H. (2019). Review of
the isolation, characterization, biological function, and multifarious therapeutic
approaches of exosomes. Cells 8 (4), 307. doi:10.3390/cells8040307

Gurung, S., Perocheau, D., Touramanidou, L., and Baruteau, J. (2021). The exosome
journey: from biogenesis to uptake and intracellular signalling. Cell Commun. Signal 19
(1), 47. doi:10.1186/s12964-021-00730-1

Gutierrez, P. S. (2022). Foam cells in atherosclerosis. Arq. Bras. Cardiol. 119 (4),
542-543. doi:10.36660/abc.20220659

Han, C,, Yang, J., Sun, J., and Qin, G. (2022). Extracellular vesicles in cardiovascular
disease: biological functions and therapeutic implications. Pharmacol. Ther. 233,
108025. doi:10.1016/j.pharmthera.2021.108025

Han, J., Pluhackova, K., and Bockmann, R. A. (2017). The multifaceted role of SNARE
proteins in membrane fusion. Front. Physiol. 8, 5. doi:10.3389/fphys.2017.00005

He, R, Jiang, Y., Shi, Y., Liang, J., and Zhao, L. (2020). Curcumin-laden exosomes
target ischemic brain tissue and alleviate cerebral ischemia-reperfusion injury by
inhibiting ROS-mediated mitochondrial apoptosis. Mater Sci. Eng. C Mater Biol.
Appl. 117, 111314. doi:10.1016/j.msec.2020.111314

He, X,, Liu, S., Zhang, Z., Liu, Q., Dong, J., Lin, Z., et al. (2024). M1 macrophage-
derived exosomes inhibit cardiomyocyte proliferation through delivering miR-155.
BMC Cardiovasc Disord. 24 (1), 365. doi:10.1186/s12872-024-03893-0

Heidt, T., Courties, G., Dutta, P., Sager, H. B., Sebas, M., Iwamoto, Y., et al. (2014).
Differential contribution of monocytes to heart macrophages in steady-state and
after myocardial infarction. Circ. Res. 115 (2), 284-295. doi:10.1161/circresaha.115.
303567

H,L,J,W,FL,Y, L, X, W, et al. (2024). Macrophage exosomes mediate palmitic
acid-induced metainflammation by transferring miR-3064-5p to target IxBa and
activate NF-kB signaling. null. doi:10.1016/j.jare.2024.06.024

Hosseini-Beheshti, E., Pham, S., Adomat, H., Li, N, and Tomlinson Guns, E. S.
(2012). Exosomes as biomarker enriched microvesicles: characterization of exosomal
proteins derived from a panel of prostate cell lines with distinct AR phenotypes. Mol.
Cell Proteomics 11 (10), 863-885. doi:10.1074/mcp.M111.014845

Hu, H., Qi, L., Ren, C,, and Yan, S. (2022). M2 macrophage-derived exosomes regulate
myocardial ischemia-reperfusion and pyroptosis via ROS/NLRP3 pathway. Heart Surg.
Forum 25 (5), E698-708. doi:10.1532/hsf.4919

Hu, N,, Zeng, X,, Tang, F., and Xiong, S. (2021). Exosomal long non-coding RNA
LIPCAR derived from oxLDL-treated THP-1 cells regulates the proliferation of human
umbilical vein endothelial cells and human vascular smooth muscle cells. Biochem.
Biophys. Res. Commun. 575, 65-72. doi:10.1016/j.bbrc.2021.08.053

Huang, L. H,, Rau, C. S, Wu, S. C, Wy, Y. C, Wu, C. ], Tsai, C. W,, et al. (2021).
Identification and characterization of hADSC-derived exosome proteins from different
isolation methods. J. Cell Mol. Med. 25 (15), 7436-7450. doi:10.1111/jcmm.16775

Huang, S., and Wang, Y. (2017). Golgi structure formation, function, and post-
translational modifications in mammalian cells. FI000Res 6, 2050. doi:10.12688/
f1000research.11900.1

Huang-Doran, I, Zhang, C.-Y., and Vidal-Puig, A. (2017). Extracellular vesicles:
novel mediators of cell communication in metabolic disease. Trends Endocrinol. and
Metabolism. 28 (1):3-18. doi:10.1016/j.tem.2016.10.003

Hubert, M., Larsson, E., Vegesna, N. V. G., Ahnlund, M., Johansson, A. I, Moodie, L.
W, et al. (2020). Lipid accumulation controls the balance between surface connection
and scission of caveolae. Elife 9, €55038. doi:10.7554/eLife.55038

Ibsen, S. D., Wright, J., Lewis, J. M., Kim, S., Ko, S. Y., Ong, J., et al. (2017). Rapid
isolation and detection of exosomes and associated biomarkers from plasma. ACS Nano
11 (7), 6641-6651. doi:10.1021/acsnano.7b00549

Jalaludin, I, Lubman, D. M., and Kim, J. (2023). A guide to mass spectrometric
analysis of extracellular vesicle proteins for biomarker discovery. Mass Spectrom. Rev. 42
(2), 844-872. doi:10.1002/mas.21749

Jiang, X., Ma, J., Xue, K., Chen, J., Zhang, Y., Zhang, G., et al. (2024). Highly bioactive
MXene-M2-exosome nanocomposites promote angiogenic diabetic wound repair
through reconstructing high glucose-derived immune inhibition. ACS Nano 18 (5),
4269-4286. doi:10.1021/acsnano.3¢09721

Johnstone, R. M., Adam, M., Hammond, J. R., Orr, L., and Turbide, C. (1987). Vesicle
formation during reticulocyte maturation. Association of plasma membrane activities
with released vesicles (exosomes). J. Biol. Chem. 262 (19), 9412-9420. doi:10.1016/
$0021-9258(18)48095-7

Kalluri, R, and LeBleu, V. S. (2020). The biology, function, and biomedical
applications of exosomes. Science 367 (6478), eaau6977. doi:10.1126/science.aau6977

Kang, J. Y., Mun, D., Chun, Y., Park, D. S,, Kim, H., Yun, N,, et al. (2023). Engineered
small extracellular vesicle-mediated NOX4 siRNA delivery for targeted therapy of
cardiac hypertrophy. J. Extracell. Vesicles 12 (10), e12371. doi:10.1002/jev2.12371

Ke, Y., Fan, X,, Rui, H,, Xinjun, R., Dejia, W., Chuanzhen, Z., et al. (2020). Exosomes
derived from RPE cells under oxidative stress mediate inflammation and apoptosis of
normal RPE cells through Apafl/caspase-9 axis. J. Cell Biochem. 121 (12), 4849-4861.
doi:10.1002/jcb.29713

frontiersin.org


https://doi.org/10.1016/j.actbio.2023.08.022
https://doi.org/10.1016/j.actbio.2023.08.022
https://doi.org/10.1038/s41392-024-01840-1
https://doi.org/10.1097/tp.0000000000004899
https://doi.org/10.1155/2022/1609244
https://doi.org/10.1007/s12020-024-03696-5
https://doi.org/10.1038/nature13490
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1002/cpcb.110
https://doi.org/10.1371/journal.pone.0246083
https://doi.org/10.1016/j.yjmcc.2020.02.007
https://doi.org/10.1038/s41467-021-27056-3
https://doi.org/10.3390/biom11030388
https://doi.org/10.1161/hq1201.100229
https://doi.org/10.1161/hq1201.100229
https://doi.org/10.1016/j.cytogfr.2019.12.008
https://doi.org/10.1016/j.cytogfr.2023.09.006
https://doi.org/10.1016/s0955-0674(03)00073-5
https://doi.org/10.1038/nrm3266
https://doi.org/10.1126/sciadv.abm1140
https://doi.org/10.3389/fmolb.2023.1198044
https://doi.org/10.1091/mbc.E17-07-0461
https://doi.org/10.1007/978-1-4939-2550-6_15
https://doi.org/10.1186/s12951-024-02800-1
https://doi.org/10.1186/s13062-024-00485-y
https://doi.org/10.34133/research.0041
https://doi.org/10.3390/cells8040307
https://doi.org/10.1186/s12964-021-00730-1
https://doi.org/10.36660/abc.20220659
https://doi.org/10.1016/j.pharmthera.2021.108025
https://doi.org/10.3389/fphys.2017.00005
https://doi.org/10.1016/j.msec.2020.111314
https://doi.org/10.1186/s12872-024-03893-0
https://doi.org/10.1161/circresaha.115.303567
https://doi.org/10.1161/circresaha.115.303567
https://doi.org/10.1016/j.jare.2024.06.024
https://doi.org/10.1074/mcp.M111.014845
https://doi.org/10.1532/hsf.4919
https://doi.org/10.1016/j.bbrc.2021.08.053
https://doi.org/10.1111/jcmm.16775
https://doi.org/10.12688/f1000research.11900.1
https://doi.org/10.12688/f1000research.11900.1
https://doi.org/10.1016/j.tem.2016.10.003
https://doi.org/10.7554/eLife.55038
https://doi.org/10.1021/acsnano.7b00549
https://doi.org/10.1002/mas.21749
https://doi.org/10.1021/acsnano.3c09721
https://doi.org/10.1016/s0021-9258(18)48095-7
https://doi.org/10.1016/s0021-9258(18)48095-7
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1002/jev2.12371
https://doi.org/10.1002/jcb.29713
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1563800

Qi et al.

Kuo, I. Y., Hsieh, C. H,, Kuo, W. T., Chang, C. P., and Wang, Y. C. (2022). Recent
advances in conventional and unconventional vesicular secretion pathways in the tumor
microenvironment. J. Biomed. Sci. 29 (1), 56. doi:10.1186/s12929-022-00837-8

Kura, B., Kalocayova, B., Devaux, Y., and Bartekova, M. (2020). Potential clinical
implications of miR-1 and miR-21 in heart disease and cardioprotection. Int. J. Mol. Sci.
21 (3), 700. doi:10.3390/ijms21030700

Kurabayashi, M. (2019). Molecular mechanism of vascular calcification. Clin.
Calcium 29 (2), 157-163. doi:10.20837/4201902157

Kuwabara, Y., Ono, K., Horie, T., Nishi, H., Nagao, K., Kinoshita, M., et al. (2011).
Increased microRNA-1 and microRNA-133a levels in serum of patients with
cardiovascular disease indicate myocardial damage. Circ. Cardiovasc Genet. 4 (4),
446-454. doi:10.1161/circgenetics.110.958975

Kwon, S. H,, Oh, S., Nacke, M., Mostov, K. E,, and Lipschutz, J. H. (2016). Adaptor protein
CD2AP and L-type lectin LMAN?2 regulate exosome cargo protein trafticking through the golgi
complex. J. Biol. Chem. 291 (49), 25462-25475. doi:10.1074/jbc. M116.729202

Lee, Y. ], Shin, K. J., and Chae, Y. C. (2024). Regulation of cargo selection in exosome
biogenesis and its biomedical applications in cancer. Exp. Mol. Med. 56 (4), 877-889.
doi:10.1038/512276-024-01209-y

Lee, Y. J,, Shin, K. J, Jang, H. J,, Ryu, J. S., Lee, C. Y., Yoon, J. H,, et al. (2023).
GPRI143 controls ESCRT-dependent exosome biogenesis and promotes cancer
metastasis. Dev. Cell 58 (4), 320-334.e8. doi:10.1016/j.devcel.2023.01.006

Ley, K., Miller, Y. I, and Hedrick, C. C. (2011). Monocyte and macmphage dynamics
during atherogenesis. Arterioscler. Thromb. Vasc. Biol. 31 (7), 1506-1516. doi:10.1161/
atvbaha.110.221127

Li, K, Cui, M., Zhang, K., Wang, G., and Zhai, S. (2021). M1 macrophages-derived
extracellular vesicles elevate microRNA-185-3p to aggravate the development of
atherosclerosis in  ApoE(-/-) mice by inhibiting small mothers against
decapentaplegic 7. Int. Immunopharmacol. 90, 107138. doi:10.1016/j.intimp.2020.
107138

Li L, Cao,]., Li, S., Cui, T., Ni, J., Zhang, H., et al. (2023a). M2 macrophage-derived
sEV regulate pro-inflammatory CCR2(+) macrophage subpopulations to favor post-
AMI cardiac repair. Adv. Sci. (Weinh) 10 (14), €2202964. doi:10.1002/advs.
202202964

Li, M., Jiang, M., Meng, J., and Tao, L. (2019). Exosomes: carriers of pro-fibrotic
signals and therapeutic targets in fibrosis. Curr. Pharm. Des. 25 (42), 4496-4509. doi:10.
2174/1381612825666191209161443

Li, Q., Feng, Q., Zhou, H,, Lin, C,, Sun, X., Ma, C,, et al. (2023b). Mechanisms and
therapeutic strategies of extracellular vesicles in cardiovascular diseases. MedComm
(2020). 4 (6), e454. doi:10.1002/mco2.454

Li, Y., Zhou, M, Li, H, Dai, C, Yin, L, Liu, C, et al. (2024). Macrophage
P2Y6 receptor deletion attenuates atherosclerosis by limiting foam cell formation
through phospholipase ~ Cp/store-operated calcium entry/calreticulin/scavenger
receptor A pathways. Eur. Heart ]. 45 (4), 268-283. doi:10.1093/eurheartj/ehad796

Liang, W., Chen, J., Zheng, H.,, Lin, A,, Li, ], Wu, W,, et al. (2023). MiR-199a-5p-
containing macrophage-derived extracellular vesicles inhibit SMARCA4 and alleviate
atherosclerosis by reducing endothelial cell pyroptosis. Cell Biol. Toxicol. 39 (3),
591-605. doi:10.1007/s10565-022-09732-2

Liang, W., Wei, R,, Zhu, X, Li, J., Lin, A., Chen, J., et al. (2024). Downregulation of
HMGBI carried by macrophage-derived extracellular vesicles delays atherosclerotic
plaque formation through Caspase-11-dependent macrophage pyroptosis. Mol. Med. 30
(1), 38. doi:10.1186/s10020-023-00753-z

Libby, P., Ridker, P. M., and Hansson, G. K. (2011). Progress and challenges in
translating the biology of atherosclerosis. Nature 473 (7347), 317-325. doi:10.1038/
naturel0146

Liese, S., Wenzel, E. M., Kjos, I, Rojas Molina, R., Schultz, S. W., Brech, A., et al.
(2020). Protein crowding mediates membrane remodeling in upstream ESCRT-induced
formation of intraluminal vesicles. Proc. Natl. Acad. Sci. U. S. A. 117 (46), 28614-28624.
doi:10.1073/pnas.2014228117

Lin, C. W., Hung, C. M., Chen, W.J., Chen, J. C., Huang, W. Y., Lu, C. S,, et al. (2022).
New horizons of macrophage immunomodulation in the healing of diabetic foot ulcers.
Pharmaceutics 14 (10), 2065. doi:10.3390/pharmaceutics14102065

Liu, F., Vermesh, O., Mani, V., Ge, T. J., Madsen, S. J., Sabour, A, et al. (2017). The
exosome total isolation chip. ACS Nano 11 (11), 10712-10723. doi:10.1021/acsnano.
7b04878

Liu, M. L., Scalia, R., Mehta, J. L., and Williams, K. J. (2012). Cholesterol-induced
membrane microvesicles as novel carriers of damage-associated molecular patterns:
mechanisms of formation, action, and detoxification. Arterioscler. Thromb. Vasc. Biol.
32 (9), 2113-2121. doi:10.1161/atvbaha.112.255471

Liu, S., Chen, J.,, Shi, J., Zhou, W., Wang, L., Fang, W., et al. (2020). M1-like
macrophage-derived exosomes suppress angiogenesis and exacerbate cardiac
dysfunction in a myocardial infarction microenvironment. Basic Res. Cardiol. 115
(2), 22. doi:10.1007/s00395-020-0781-7

Liu, Y., Xue, M., Han, Y., Li, Y., Xiao, B., Wang, W,, et al. (2023). Exosomes from M2c
macrophages alleviate intervertebral disc degeneration by promoting synthesis of the
extracellular matrix via MiR-124/CILP/TGF-B. Bioeng. Transl. Med. 8 (6), €10500.
doi:10.1002/btm2.10500

Frontiers in Pharmacology

10.3389/fphar.2025.1563800

Long, R, Gao, L., Li, Y., Li, G., Qin, P., Wei, Z,, et al. (2021). M2 macrophage-derived
exosomes carry miR-1271-5p to alleviate cardiac injury in acute myocardial infarction
through down-regulating SOX6. Mol. Immunol. 136, 26-35. doi:10.1016/j.molimm.
2021.05.006

Lu, M,, Yuan, S, Li, S., Li, L., Liu, M., and Wan, S. (2019). The exosome-derived
biomarker in atherosclerosis and its clinical application. J. Cardiovasc Transl. Res. 12
(1), 68-74. doi:10.1007/s12265-018-9796-y

Lv, B, He, S., Li, P, Jiang, S, Li, D,, Lin, J., et al. (2024a). MicroRNA-181 in
cardiovascular disease: emerging biomarkers and therapeutic targets. Faseb J. 38 (9),
€23635. doi:10.1096/1.202400306R

Lv, L. L., Feng, Y., Wu, M., Wang, B, Li, Z. L., Zhong, X,, et al. (2020).
Exosomal miRNA-19b-3p of tubular epithelial cells promotes M1 macrophage
activation in kidney injury. Cell Death Differ. 27 (1), 210-226. doi:10.1038/
541418-019-0349-y

Lv, Z., Zhao, C, Wu, X,, Chen, Y., Zheng, C., Zhang, X,, et al. (2024b). Facile
engineered macrophages-derived exosomes-functionalized PLGA nanocarrier for
targeted delivery of dual drug formulation against neuroinflammation by
modulation of microglial polarization in a post-stroke depression rat model.
Biomed. Pharmacother. 179, 117263. doi:10.1016/j.biopha.2024.117263

Ma, H,, Yu, Y., Mo, L., Chen, Q.,, Dong, H., Xu, Y., et al. (2023). Exosomal miR-663b
from “M1” macrophages promotes pulmonary artery vascular smooth muscle cell
dysfunction through inhibiting the AMPK/Sirtl axis. Aging (Albany NY) 15 (9),
3549-3571. doi:10.18632/aging.204690

Mathieu, M., Névo, N., Jouve, M., Valenzuela, J. I, Maurin, M., Verweij, F. J., et al.
(2021). Specificities of exosome versus small ectosome secretion revealed by live
intracellular tracking of CD63 and CD9. Nat. Commun. 12 (1), 4389. doi:10.1038/
541467-021-24384-2

McCormick, M. M., Rahimi, F., Bobryshev, Y. V., Gaus, K., Zreiqat, H., Cai, H.,
et al. (2005). SI00A8 and S100A9 in human arterial wall. Implications for
atherogenesis. J. Biol. Chem. 280 (50), 41521-41529. doi:10.1074/jbc.
M509442200

Miao, S., Zhang, Q., Ding, W., Hou, B., Su, Z., Li, M., et al. (2023). Platelet
internalization mediates ferroptosis in myocardial infarction. Arterioscler. Thromb.
Vasc. Biol. 43 (2), 218-230. doi:10.1161/atvbaha.122.318161

Mohd Idrus, F. N., Ahmad, N. S., Hoe, C. H., Azlan, M., Norfuad, F. A., Yusof, Z., et al.
(2021). Differential polarization and the expression of efferocytosis receptor MerTK on
M1 and M2 macrophages isolated from coronary artery disease patients. BMC
Immunol. 22 (1), 21. doi:10.1186/s12865-021-00410-2

Moreira-Costa, L., Barros, A. S., Lourengo, A. P., Leite-Moreira, A. F., Nogueira-
Ferreira, R., Thongboonkerd, V., et al. (2021). Exosome-derived mediators as potential
biomarkers for cardiovascular diseases: a network approach. Proteomes 9 (1), 8. doi:10.
3390/proteomes9010008

Mortazavi-Jahromi, S. S., Aslani, M., and Mirshafiey, A. (2020). A comprehensive
review on miR-146a molecular mechanisms in a wide spectrum of immune and non-
immune inflammatory diseases. Immunol. Lett. 227, 8-27. doi:10.1016/j.imlet.2020.
07.008

Mousavi, S. M., Amin Mahdian, S. M., Ebrahimi, M. S., Taghizadieh, M., Vosough,
M., Sadri Nahand, J., et al. (2022). Microfluidics for detection of exosomes and
microRNAs in cancer: state of the art. Mol. Ther. Nucleic Acids 28, 758-791. doi:10.
1016/j.0mtn.2022.04.011

Mun, B, Kim, R, Jeong, H., Kang, B., Kim, J., Son, H. Y., et al. (2023). An immuno-
magnetophoresis-based microfluidic chip to isolate and detect HER2-Positive cancer-
derived exosomes via multiple separation. Biosens. Bioelectron. 239, 115592. doi:10.
1016/j.bi0s.2023.115592

Nathan, C., and Cunningham-Bussel, A. (2013). Beyond oxidative stress: an
immunologist’s guide to reactive oxygen species. Nat. Rev. Immunol. 13 (5),
349-361. doi:10.1038/nri3423

Neri, T., Cordazzo, C., Carmazzi, Y., Petrini, S., Balia, C., Stefanelli, F., et al. (2012).
Effects of peroxisome proliferator-activated receptor-y agonists on the generation of
microparticles by monocytes/macrophages. Cardiovasc Res. 94 (3), 537-544. doi:10.
1093/cvr/cvs125

Neves, K. B., Rios, F. J., Sevilla-Montero, J., Montezano, A. C., and Touyz, R. M.
(2023). Exosomes and the cardiovascular system: role in cardiovascular health and
disease. J. Physiol. 601 (22), 4923-4936. doi:10.1113/jp282054

New, S. E., Goettsch, C., Aikawa, M., Marchini, J. F., Shibasaki, M., Yabusaki, K., et al.
(2013). Macrophage-derived matrix vesicles: an alternative novel mechanism for
microcalcification in atherosclerotic plaques. Circ. Res. 113 (1), 72-77. doi:10.1161/
circresaha.113.301036

Niu, C., Wang, X, Zhao, M., Cai, T., Liu, P., Li, J., et al. (2016). Macrophage foam cell-
derived extracellular vesicles promote vascular smooth muscle cell migration and
adhesion. J. Am. Heart Assoc. 5 (10), €004099. doi:10.1161/jaha.116.004099

Oliveira, G. P., Jr., Zigon, E., Rogers, G., Davodian, D., Lu, S., Jovanovic-Talisman, T.,
etal. (2020). Detection of extracellular vesicle RNA using molecular beacons. iScience 23
(1), 100782. d0i:10.1016/j.is¢i.2019.100782

ONeill, L. A., and Hardie, D. G. (2013). Metabolism of inflammation limited by
AMPK and pseudo-starvation. Nature 493 (7432), 346-355. doi:10.1038/nature11862

frontiersin.org


https://doi.org/10.1186/s12929-022-00837-8
https://doi.org/10.3390/ijms21030700
https://doi.org/10.20837/4201902157
https://doi.org/10.1161/circgenetics.110.958975
https://doi.org/10.1074/jbc.M116.729202
https://doi.org/10.1038/s12276-024-01209-y
https://doi.org/10.1016/j.devcel.2023.01.006
https://doi.org/10.1161/atvbaha.110.221127
https://doi.org/10.1161/atvbaha.110.221127
https://doi.org/10.1016/j.intimp.2020.107138
https://doi.org/10.1016/j.intimp.2020.107138
https://doi.org/10.1002/advs.202202964
https://doi.org/10.1002/advs.202202964
https://doi.org/10.2174/1381612825666191209161443
https://doi.org/10.2174/1381612825666191209161443
https://doi.org/10.1002/mco2.454
https://doi.org/10.1093/eurheartj/ehad796
https://doi.org/10.1007/s10565-022-09732-2
https://doi.org/10.1186/s10020-023-00753-z
https://doi.org/10.1038/nature10146
https://doi.org/10.1038/nature10146
https://doi.org/10.1073/pnas.2014228117
https://doi.org/10.3390/pharmaceutics14102065
https://doi.org/10.1021/acsnano.7b04878
https://doi.org/10.1021/acsnano.7b04878
https://doi.org/10.1161/atvbaha.112.255471
https://doi.org/10.1007/s00395-020-0781-7
https://doi.org/10.1002/btm2.10500
https://doi.org/10.1016/j.molimm.2021.05.006
https://doi.org/10.1016/j.molimm.2021.05.006
https://doi.org/10.1007/s12265-018-9796-y
https://doi.org/10.1096/fj.202400306R
https://doi.org/10.1038/s41418-019-0349-y
https://doi.org/10.1038/s41418-019-0349-y
https://doi.org/10.1016/j.biopha.2024.117263
https://doi.org/10.18632/aging.204690
https://doi.org/10.1038/s41467-021-24384-2
https://doi.org/10.1038/s41467-021-24384-2
https://doi.org/10.1074/jbc.M509442200
https://doi.org/10.1074/jbc.M509442200
https://doi.org/10.1161/atvbaha.122.318161
https://doi.org/10.1186/s12865-021-00410-2
https://doi.org/10.3390/proteomes9010008
https://doi.org/10.3390/proteomes9010008
https://doi.org/10.1016/j.imlet.2020.07.008
https://doi.org/10.1016/j.imlet.2020.07.008
https://doi.org/10.1016/j.omtn.2022.04.011
https://doi.org/10.1016/j.omtn.2022.04.011
https://doi.org/10.1016/j.bios.2023.115592
https://doi.org/10.1016/j.bios.2023.115592
https://doi.org/10.1038/nri3423
https://doi.org/10.1093/cvr/cvs125
https://doi.org/10.1093/cvr/cvs125
https://doi.org/10.1113/jp282054
https://doi.org/10.1161/circresaha.113.301036
https://doi.org/10.1161/circresaha.113.301036
https://doi.org/10.1161/jaha.116.004099
https://doi.org/10.1016/j.isci.2019.100782
https://doi.org/10.1038/nature11862
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1563800

Qi et al.

Paskeh, M. D. A,, Entezari, M., Mirzaei, S., Zabolian, A., Saleki, H., Naghdi, M. J., et al.
(2022). Emerging role of exosomes in cancer progression and tumor microenvironment
remodeling. J. Hematol. Oncol. 15 (1), 83. doi:10.1186/s13045-022-01305-4

Pei, W., Zhang, Y., Zhu, X,, Zhao, C,, Li, X,, Li, H,, et al. (2024). Multitargeted
immunomodulatory therapy for viral myocarditis by engineered extracellular vesicles.
ACS Nano 18 (4), 2782-2799. doi:10.1021/acsnano.3c05847

Peng, Y., Li, L, Shang, J., Zhu, H., Liao, J., Hong, X, et al. (2023). Macrophage
promotes fibroblast activation and kidney fibrosis by assembling a vitronectin-enriched
microenvironment. Theranostics 13 (11), 3897-3913. doi:10.7150/thno.85250

Phu, T. A, Ng, M., Vu, N. K,, Bouchareychas, L., and Raffai, R. L. (2022). IL-4
polarized human macrophage exosomes control cardiometabolic inflammation and
diabetes in obesity. Mol. Ther. 30 (6), 2274-2297. doi:10.1016/j.ymthe.2022.03.008

Pluchino, S., and Smith, J. A. (2019). Explicating exosomes: reclassifying the rising stars of
intercellular communication. Cell 177 (2), 225-227. doi:10.1016/.cell.2019.03.020

Quaglia, M., Dellepiane, S., Guglielmetti, G., Merlotti, G., Castellano, G., and
Cantaluppi, V. (2020). Extracellular vesicles as mediators of cellular crosstalk
between immune system and kidney graft. Front. Immunol. 11, 74. doi:10.3389/
fimmu.2020.00074

Raposo, G., Nijman, H. W., Stoorvogel, W., Liejendekker, R., Harding, C. V., Melief,
C.J., et al. (1996). B lymphocytes secrete antigen-presenting vesicles. J. Exp. Med. 183
(3), 1161-1172. doi:10.1084/jem.183.3.1161

Record, M., Silvente-Poirot, S., Poirot, M., and Wakelam, M. J. O. (2018).
Extracellular vesicles: lipids as key components of their biogenesis and functions.
J. Lipid Res. 59 (8), 1316-1324. doi:10.1194/jlr.E086173

Ren, Y., Wang, W., Yu, C,, Wang, Y., Qiu, Y., Yue, Z, et al. (2024). An injectable
exosome-loaded hyaluronic acid-polylysine hydrogel for cardiac repair via modulating
oxidative stress and the inflammatory microenvironment. Int. J. Biol. Macromol. 275 (Pt
2), 133622. doi:10.1016/j.ijbiomac.2024.133622

Ritter, A. T., Shtengel, G., Xu, C. S., Weigel, A., Hoffman, D. P., Freeman, M.,, et al.
(2022). ESCRT-mediated membrane repair protects tumor-derived cells against T cell
attack. Science 376 (6591), 377-382. doi:10.1126/science.abl3855

Roy, P., Orecchioni, M., and Ley, K. (2022). How the immune system shapes
atherosclerosis: roles of innate and adaptive immunity. Nat. Rev. Immunol. 22 (4),
251-265. doi:10.1038/s41577-021-00584-1

Saadi, E., Tal, S, and Barki-Harrington, L. (2018). Substrate-inactivated
cyclooxygenase-2 is disposed of by exosomes through the ER-Golgi pathway.
Biochem. J. 475 (19), 3141-3151. doi:10.1042/bcj20180530

Séez, T., de Vos, P., Kuipers, J., Sobrevia, L., and Faas, M. M. (2019). Exosomes derived
from monocytes and from endothelial cells mediate monocyte and endothelial cell
activation under high d-glucose conditions. Immunobiology 224 (2), 325-333. doi:10.
1016/j.imbi0.2019.02.004

Shao, H., Im, H., Castro, C. M., Breakefield, X., Weissleder, R., and Lee, H. (2018).
New technologies for analysis of extracellular vesicles. Chem. Rev. 118 (4), 1917-1950.
doi:10.1021/acs.chemrev.7b00534

Shi, Y., Shi, H., Nomi, A., Lei-Lei, Z., Zhang, B., and Qian, H. (2019). Mesenchymal
stem cell-derived extracellular vesicles: a new impetus of promoting angiogenesis in
tissue regeneration. Cytotherapy 21 (5), 497-508. doi:10.1016/j.jcyt.2018.11.012

Shirai, T., Nazarewicz, R. R,, Wallis, B. B., Yanes, R. E., Watanabe, R., Hilhorst, M.,
et al. (2016). The glycolytic enzyme PKM2 bridges metabolic and inflammatory
dysfunction in coronary artery disease. J. Exp. Med. 213 (3), 337-354. doi:10.1084/
jem.20150900

Sidhom, K., Obi, P. O., and Saleem, A. (2020). A review of exosomal isolation
methods: is size exclusion chromatography the best option? Int. J. Mol. Sci. 21 (18),
6466. doi:10.3390/ijms21186466

Singh, S., Dansby, C., Agarwal, D., Bhat, P. D., Dubey, P. K., and Krishnamurthy, P.
(2024). Exosomes: methods for isolation and characterization in biological samples.
Methods Mol. Biol. 2835, 181-213. doi:10.1007/978-1-0716-3995-5_17

Skotland, T., Sandvig, K., and Llorente, A. (2017). Lipids in exosomes: current
knowledge and the way forward. Prog. Lipid Res. 66, 30-41. doi:10.1016/j.plipres.
2017.03.001

S,L,J,C, ], S, W, Z, L, W, W, F, et al. (2020). M1-like macrophage-derived
exosomes suppress angiogenesis and exacerbate cardiac dysfunction in a myocardial
infarction microenvironment. Basic Res. Cardiol. 115 (2), 22. doi:10.1007/s00395-020-
0781-7

Stamatikos, A., Knight, E., Vojtech, L., Bi, L., Wacker, B. K,, Tang, C., et al. (2020).
Exosome-mediated transfer of anti-miR-33a-5p from transduced endothelial cells

enhances macrophage and vascular smooth muscle cell cholesterol efflux. Hum.
Gene Ther. 31 (3-4), 219-232. doi:10.1089/hum.2019.245

Suh, J.,, and Lee, Y. S. (2024). Mitochondria as secretory organelles and therapeutic
cargos. Exp. Mol. Med. 56 (1), 66-85. d0i:10.1038/s12276-023-01141-7

Sun, S. W., Tong, W. ], Zheng, G. Q., Tuo, Q. H,, Lei, X. Y., and Liao, D. F. (2021).
Pyroptotic cell-derived microparticle: an atherogenic factor in infectious diseases. Med.
Hypotheses 146, 110370. doi:10.1016/j.mehy.2020.110370

Sung, B. H., von Lersner, A., Guerrero, J., Krystofiak, E. S., Inman, D., Pelletier, R.,
et al. (2020). A live cell reporter of exosome secretion and uptake reveals pathfinding

Frontiers in Pharmacology

17

10.3389/fphar.2025.1563800

behavior of migrating cells. Nat. Commun. 11 (1), 2092. doi:10.1038/s41467-020-
15747-2

Surina, S., Fontanella, R. A., Scisciola, L., Marfella, R., Paolisso, G., and Barbieri, M.
(2021). miR-21 in human cardiomyopathies. Front. Cardiovasc Med. 8, 767064. doi:10.
3389/fcvm.2021.767064

Tang, D., Cao, F,, Yan, C,, Fang, K., Ma, J., Gao, L., et al. (2022). Extracellular vesicle/
macrophage Axis: potential targets for inflammatory disease intervention. Front.
Immunol. 13, 705472. doi:10.3389/fimmu.2022.705472

Tayebi, M., Yang, D., Collins, D. J., and Ai, Y. (2021). Deterministic sorting of
submicrometer particles and extracellular vesicles using a combined electric
and acoustic field. Nano Lett. 21 (16), 6835-6842. doi:10.1021/acs.nanolett.
1c01827

The, W. (2023). Report on cardiovascular health and diseases in China 2022: an
updated summary. Biomed. Environ. Sci. 36 (8), 669-701. doi:10.3967/bes2023.106

Tian, Y., Gong, M., Hu, Y., Liu, H., Zhang, W., Zhang, M., et al. (2020). Quality
and efficiency assessment of six extracellular vesicle isolation methods by nano-
flow cytometry. J. Extracell. Vesicles 9 (1), 1697028. d0i:10.1080/20013078.2019.
1697028

Todkar, K., Chikhi, L., Desjardins, V., El-Mortada, F., Pépin, G., and Germain, M.
(2021). Selective packaging of mitochondrial proteins into extracellular vesicles prevents
the release of mitochondrial DAMPs. Nat. Commun. 12 (1), 1971. doi:10.1038/s41467-
021-21984-w

Trams, E. G., Lauter, C. J., Salem, N., and Heine, U. (1981). Exfoliation of membrane
ecto-enzymes in the form of micro-vesicles. Biochim. Biophys. Acta 645 (1), 63-70.
doi:10.1016/0005-2736(81)90512-5

Tricarico, C., Clancy, J., and D’Souza-Schorey, C. (2017). Biology and biogenesis of
shed microvesicles. Small GTPases 8 (4), 220-232. doi:10.1080/21541248.2016.1215283

Vandereyken, K., Sifrim, A., Thienpont, B., and Voet, T. (2023). Methods and
applications for single-cell and spatial multi-omics. Nat. Rev. Genet. 24 (8),
494-515. doi:10.1038/s41576-023-00580-2

van Niel, G., D’Angelo, G., and Raposo, G. (2018). Shedding light on the cell biology
of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19 (4), 213-228. d0i:10.1038/nrm.
2017.125

Verweij, F. J., Bebelman, M. P., George, A. E., Couty, M., Bécot, A., Palmulli, R,, et al.
(2022). ER membrane contact sites support endosomal small GTPase conversion for
exosome secretion. J. Cell Biol. 221 (12), €202112032. doi:10.1083/jcb.202112032

Viegas, C. S. B., Costa, R. M., Santos, L., Videira, P. A,, Silva, Z., Aratjo, N., et al.
(2017). Gla-rich protein function as an anti-inflammatory agent in monocytes/
macrophages: implications for calcification-related chronic inflammatory diseases.
PLoS One 12 (5), €0177829. doi:10.1371/journal.pone.0177829

Vietri, M., Radulovic, M., and Stenmark, H. (2020). The many functions of ESCRTs.
Nat. Rev. Mol. Cell Biol. 21 (1), 25-42. doi:10.1038/s41580-019-0177-4

Villarroya-Beltri, C., Baixauli, F., Mittelbrunn, M., Fernandez-Delgado, I., Torralba,
D., Moreno-Gonzalo, O., et al. (2016). ISGylation controls exosome secretion by
promoting lysosomal degradation of MVB proteins. Nat. Commun. 7, 13588. doi:10.
1038/ncomms13588

Wang, J., Han, Y., Huang, F., Tang, L, Mu, J.,, and Liang, Y. (2023). Diabetic
macrophage small extracellular vesicles-associated miR-503/IGFIR axis regulates
endothelial cell function and affects wound healing. Front. Immunol. 14, 1104890.
doi:10.3389/fimmu.2023.1104890

Wang, L., Liu, L., Qian, W., and Zheng, Z. (2022a). CD5L secreted by macrophage on
atherosclerosis progression based on lipid metabolism induced inflammatory damage.
Arch. Immunol. Ther. Exp. Warsz. 70 (1), 10. doi:10.1007/s00005-022-00643-y

Wang, W., Zhu, N,, Yan, T., Shi, Y. N,, Chen, J., Zhang, C. J,, et al. (2020c). The
crosstalk: exosomes and lipid metabolism. Cell Commun. Signal 18 (1), 119. doi:10.
1186/512964-020-00581-2

Wang, X., Chen, Y., Zhao, Z., Meng, Q., Yu, Y., Sun, J., et al. (2018). Engineered
exosomes with ischemic myocardium-targeting peptide for targeted therapy in
myocardial infarction. J. Am. Heart Assoc. 7 (15), €008737. doi:10.1161/jaha.118.008737

Wang, X. D, and Kang, S. (2021). Ferroptosis in myocardial infarction: not a marker
but a maker. Open Biol. 11 (4), 200367. doi:10.1098/rsob.200367

Wang, Y., Li, C,, Zhao, R,, Qiu, Z., Shen, C., Wang, Z., et al. (2021). CircUbe3a from
M2 macrophage-derived small extracellular vesicles mediates myocardial fibrosis
after acute myocardial infarction. Theranostics 11 (13), 6315-6333. doi:10.7150/thno.
52843

Wang, Y., Zhao, M,, Liu, S., Guo, J., Lu, Y., Cheng, J., et al. (2020a). Macrophage-
derived extracellular vesicles: diverse mediators of pathology and therapeutics in
multiple diseases. Cell Death Dis. 11 (10), 924. doi:10.1038/s41419-020-03127-z

Wang, Z., Lu, Y. L., Zhao, W. T,, Zhong, J., Lin, X., Sun, Z., et al. (2020b). Distinct
origins and functions of cardiac orthotopic macrophages. Basic Res. Cardiol. 115 (2), 8.
doi:10.1007/500395-019-0769-3

Wang, Z., Yao, M,, Jiang, L., Wang, L, Yang, Y, Wang, Q. et al. (2022b).
Dexmedetomidine attenuates myocardial ischemia/reperfusion-induced ferroptosis

via AMPK/GSK-3B/Nrf2 axis. Biomed. Pharmacother. 154, 113572. doi:10.1016/j.
biopha.2022.113572

frontiersin.org


https://doi.org/10.1186/s13045-022-01305-4
https://doi.org/10.1021/acsnano.3c05847
https://doi.org/10.7150/thno.85250
https://doi.org/10.1016/j.ymthe.2022.03.008
https://doi.org/10.1016/j.cell.2019.03.020
https://doi.org/10.3389/fimmu.2020.00074
https://doi.org/10.3389/fimmu.2020.00074
https://doi.org/10.1084/jem.183.3.1161
https://doi.org/10.1194/jlr.E086173
https://doi.org/10.1016/j.ijbiomac.2024.133622
https://doi.org/10.1126/science.abl3855
https://doi.org/10.1038/s41577-021-00584-1
https://doi.org/10.1042/bcj20180530
https://doi.org/10.1016/j.imbio.2019.02.004
https://doi.org/10.1016/j.imbio.2019.02.004
https://doi.org/10.1021/acs.chemrev.7b00534
https://doi.org/10.1016/j.jcyt.2018.11.012
https://doi.org/10.1084/jem.20150900
https://doi.org/10.1084/jem.20150900
https://doi.org/10.3390/ijms21186466
https://doi.org/10.1007/978-1-0716-3995-5_17
https://doi.org/10.1016/j.plipres.2017.03.001
https://doi.org/10.1016/j.plipres.2017.03.001
https://doi.org/10.1007/s00395-020-0781-7
https://doi.org/10.1007/s00395-020-0781-7
https://doi.org/10.1089/hum.2019.245
https://doi.org/10.1038/s12276-023-01141-7
https://doi.org/10.1016/j.mehy.2020.110370
https://doi.org/10.1038/s41467-020-15747-2
https://doi.org/10.1038/s41467-020-15747-2
https://doi.org/10.3389/fcvm.2021.767064
https://doi.org/10.3389/fcvm.2021.767064
https://doi.org/10.3389/fimmu.2022.705472
https://doi.org/10.1021/acs.nanolett.1c01827
https://doi.org/10.1021/acs.nanolett.1c01827
https://doi.org/10.3967/bes2023.106
https://doi.org/10.1080/20013078.2019.1697028
https://doi.org/10.1080/20013078.2019.1697028
https://doi.org/10.1038/s41467-021-21984-w
https://doi.org/10.1038/s41467-021-21984-w
https://doi.org/10.1016/0005-2736(81)90512-5
https://doi.org/10.1080/21541248.2016.1215283
https://doi.org/10.1038/s41576-023-00580-2
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1083/jcb.202112032
https://doi.org/10.1371/journal.pone.0177829
https://doi.org/10.1038/s41580-019-0177-4
https://doi.org/10.1038/ncomms13588
https://doi.org/10.1038/ncomms13588
https://doi.org/10.3389/fimmu.2023.1104890
https://doi.org/10.1007/s00005-022-00643-y
https://doi.org/10.1186/s12964-020-00581-2
https://doi.org/10.1186/s12964-020-00581-2
https://doi.org/10.1161/jaha.118.008737
https://doi.org/10.1098/rsob.200367
https://doi.org/10.7150/thno.52843
https://doi.org/10.7150/thno.52843
https://doi.org/10.1038/s41419-020-03127-z
https://doi.org/10.1007/s00395-019-0769-3
https://doi.org/10.1016/j.biopha.2022.113572
https://doi.org/10.1016/j.biopha.2022.113572
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1563800

Qi et al.

Wang, Z., Zhu, H,, Shi, H., Zhao, H., Gao, R., Weng, X,, et al. (2019). Exosomes
derived from M1 macrophages aggravate neointimal hyperplasia following carotid
artery injuries in mice through miR-222/CDKN1B/CDKNI1C pathway. Cell Death Dis.
10 (6), 422. doi:10.1038/s41419-019-1667-1

Wasmuth, E. V., Januszyk, K., and Lima, C. D. (2014). Structure of an Rrp6-RNA
exosome complex bound to poly(A) RNA. Nature 511 (7510), 435-439. doi:10.1038/
naturel3406

Wei, L., and Zhao, D. (2022). M2 macrophage-derived exosomal miR-145-5p protects
against the hypoxia/reoxygenation-induced pyroptosis of cardiomyocytes by inhibiting
TLR4 expression. Ann. Transl. Med. 10 (24), 1376. doi:10.21037/atm-22-6109

Wen, S. W, Lima, L. G., Lobb, R. ., Norris, E. L., Hastie, M. L., Krumeich, S., et al.
(2019). Breast cancer-derived exosomes reflect the cell-of-origin phenotype. Proteomics
19 (8), €1800180. doi:10.1002/pmic.201800180

Wenzel, E. M., Schultz, S. W., Schink, K. O., Pedersen, N. M., Nihse, V., Carlson, A.,
et al. (2018). Concerted ESCRT and clathrin recruitment waves define the timing and
morphology of intraluminal vesicle formation. Nat. Commun. 9 (1), 2932. doi:10.1038/
541467-018-05345-8

Witwer, K. W., Goberdhan, D. C., O’Driscoll, L., Théry, C., Welsh, J. A., Blenkiron, C.,
et al. (2021). Updating MISEV: evolving the minimal requirements for studies of
extracellular vesicles. J. Extracell. Vesicles 10 (14), e12182. doi:10.1002/jev2.12182

Wolf, P. (1967). The nature and significance of platelet products in human plasma. Br.
J. Haematol. 13 (3), 269-288. doi:10.1111/j.1365-2141.1967.tb08741.x

Woodman, P. G, and Futter, C. E. (2008). Multivesicular bodies: co-ordinated
progression to maturity. Curr. Opin. Cell Biol. 20 (4), 408-414. doi:10.1016/j.ceb.
2008.04.001

Wu, C, Lu, W,, Zhang, Y., Zhang, G., Shi, X,, Hisada, Y., et al. (2019). Inflammasome
activation triggers blood clotting and host death through pyroptosis. Immunity 50 (6),
1401-1411. doi:10.1016/j.immuni.2019.04.003

Wu, G., Zhang, J., Zhao, Q., Zhuang, W., Ding, J., Zhang, C., et al. (2020a).
Molecularly engineered macrophage-derived exosomes with inflammation tropism
and intrinsic heme biosynthesis for atherosclerosis treatment. Angew. Chem. Int. Ed.
Engl. 59 (10), 4068-4074. doi:10.1002/anie.201913700

Wu, Q, Fu, S, Xiao, H.,, Du, J.,, Cheng, F., Wan, S, et al. (2023). Advances in
extracellular vesicle nanotechnology for precision theranostics. Adv. Sci. (Weinh) 10 (3),
€2204814. doi:10.1002/advs.202204814

Wu, Q,, Wang, J., Tan, W. L. W,, Jiang, Y., Wang, S., Li, Q., et al. (2020b). Extracellular
vesicles from human embryonic stem cell-derived cardiovascular progenitor cells
promote cardiac infarct healing through reducing cardiomyocyte death and
promoting angiogenesis. Cell Death Dis. 11 (5), 354. doi:10.1038/541419-020-2508-y

Xia, H., Gao, M, Chen, J, Huang, G., Xiang, X, Wang, Y., et al. (2022).
M1 macrophage-derived extracellular vesicle containing tsRNA-5006¢ promotes
osteogenic differentiation of aortic valve interstitial cells through regulating
mitophagy. Peer] 10, e14307. doi:10.7717/peerj.14307

Xia, W., Chen, H., Chen, D., Ye, Y., Xie, C.,, and Hou, M. (2020). PD-1 inhibitor
inducing exosomal miR-34a-5p expression mediates the cross talk between
cardiomyocyte and macrophage in immune checkpoint inhibitor-related cardiac
dysfunction. J. Immunother. Cancer 8 (2), €001293. doi:10.1136/jitc-2020-001293

Xiao, T., Qu, H,, Zeng, Z., Li, C,, and Wan, J. (2022). Exosomes from M2-polarized
macrophages relieve oxygen/glucose deprivation/normalization-induced neuronal
injury by activating the Nrf2/HO-1 signaling. Arch. Biochem. Biophys. 721, 109193.
doi:10.1016/j.abb.2022.109193

Xiao, T., Wei, J., Cai, D., Wang, Y., Cui, Z., Chen, Q,, et al. (2024). Extracellular vesicle
mediated targeting delivery of growth differentiation factor-15 improves myocardial
repair by reprogramming macrophages post myocardial injury. Biomed. Pharmacother.
172, 116224. doi:10.1016/j.biopha.2024.116224

Xie, L., Chen, J., Hu, H,, Zhu, Y., Wang, X,, Zhou, S, et al. (2024). Engineered
M2 macrophage-derived extracellular vesicles with platelet membrane fusion for
targeted therapy of atherosclerosis. Bioact. Mater 35, 447-460. doi:10.1016/j.
bioactmat.2024.02.015

Xu, ], Liang, Y., Li, N,, Dang, S., Jiang, A., Liu, Y., et al. (2024). Clathrin-associated
carriers enable recycling through a kiss-and-run mechanism. Nat. Cell Biol. 26,
1652-1668. doi:10.1038/s41556-024-01499-4

Frontiers in Pharmacology

18

10.3389/fphar.2025.1563800

Yaker, L., Tebani, A., Lesueur, C., Dias, C, Jung, V., Bekri, S., et al. (2022).
Extracellular vesicles from LPS-treated macrophages aggravate smooth muscle cell
calcification by propagating inflammation and oxidative stress. Front. Cell Dev. Biol. 10,
823450. doi:10.3389/fcell.2022.823450

Yang, ], Yu, X, Xue, F,, Li, Y., Liu, W., and Zhang, S. (2018). Exosomes derived from
cardiomyocytes promote cardiac fibrosis via myocyte-fibroblast cross-talk. Am.
J. Transl. Res. 10 (12), 4350-4366.

Yang, K., Xiao, Q., Niu, M., Pan, X,, and Zhu, X. (2022). Exosomes in atherosclerosis:
convergence on macrophages. Int. J. Biol. Sci. 18 (8), 3266-3281. doi:10.7150/ijbs.71862

Yang, R, Liao, Y., Wang, L., He, P., Hu, Y., Yuan, D, et al. (2019). Exosomes derived
from M2b macrophages attenuate DSS-induced colitis. Front. Immunol. 10, 2346.
doi:10.3389/fimmu.2019.02346

Yang, S., Sun, Y., and Yan, C. (2024). Recent advances in the use of extracellular
vesicles from adipose-derived stem cells for regenerative medical therapeutics.
J. Nanobiotechnology 22 (1), 316. doi:10.1186/s12951-024-02603-4

Yokoi, A., Villar-Prados, A., Oliphint, P. A., Zhang, J., Song, X., De Hoff, P., et al.
(2019). Mechanisms of nuclear content loading to exosomes. Sci. Adv. 5 (11), eaax8849.
doi:10.1126/sciadv.aax8849

Yu, D, Li, Y., Wang, M., Gu, J., Xu, W,, Cai, H,, et al. (2022). Exosomes as a new
frontier of cancer liquid biopsy. Mol. Cancer 21 (1), 56. doi:10.1186/s12943-022-
01509-9

Yuan, W., Liang, X,, Liu, Y., and Wang, H. (2022). Mechanism of miR-378a-3p
enriched in M2 macrophage-derived extracellular vesicles in cardiomyocyte pyroptosis
after MI. Hypertens. Res. 45 (4), 650-664. doi:10.1038/s41440-022-00851-1

Y,Z,L,Z,X,L,C, G, W,P,M,Z, et al. (2024). M2 macrophage exosome-derived
IncRNA AKO083884 protects mice from CVB3-induced viral myocarditis through
regulating PKM2/HIF-1a axis mediated metabolic reprogramming of macrophages.
Redox Biol. 69, 103016. doi:10.1016/j.redox.2023.103016

Zazzeroni, L., Faggioli, G., and Pasquinelli, G. (2018). Mechanisms of arterial
calcification: the role of matrix vesicles. Eur. J. Vasc. Endovasc. Surg. 55 (3),
425-432. doi:10.1016/j.ejvs.2017.12.009

Zhang, J., Jiang, Z., and Shi, A. (2022). Rab GTPases: the principal players in crafting
the regulatory landscape of endosomal trafficking. Comput. Struct. Biotechnol. ]. 20,
4464-4472. doi:10.1016/.csbj.2022.08.016

Zhang, J., Tan, J., Wang, M., Wang, Y., Dong, M., Ma, X,, et al. (2021). Lipid-induced
DRAM recruits STOM to lysosomes and induces LMP to promote exosome release
from hepatocytes in NAFLD. Sci. Adv. 7 (45), eabh1541. doi:10.1126/sciadv.abh1541

Zhang, J., Zhang, X,, Liu, X., Chen, H., Wang, J., and Ji, M. (2024a). M1 macrophage-
derived exosome LncRNA PVTI promotes inflammation and pyroptosis of vascular
smooth muscle cells in abdominal aortic aneurysm by inhibiting miR-186-5p and
regulating HMGBI. Cardiovasc Toxicol. 24 (3), 302-320. doi:10.1007/s12012-024-09838-5

Zhang, S., Yang, Y., Lv, X, Liu, W., Zhu, S., Wang, Y., et al. (2023b). Unraveling the
intricate roles of exosomes in cardiovascular diseases: a comprehensive review of
physiological significance and pathological implications. Int. J. Mol. Sci. 24 (21),
15677. doi:10.3390/ijms242115677

Zhang, Y., Zhu, L, Li, X,, Ge, C,, Pei, W., Zhang, M., et al. (2024b). M2 macrophage
exosome-derived IncRNA AK083884 protects mice from CVB3-induced viral myocarditis
through regulating PKM2/HIF-la axis mediated metabolic reprogramming of
macrophages. Redox Biol. 69, 103016. doi:10.1016/j.redox.2023.103016

Zhang, Z., Zou, Y., Song, C., Cao, K., Cai, K., Chen, S, et al. (2023a). Advances in the
study of exosomes in cardiovascular diseases. J. Adv. Res. 66, 133-153. doi:10.1016/j.
jare.2023.12.014

Zheng, Y., He, R, Wang, P., Shi, Y., Zhao, L., and Liang, J. (2019). Exosomes from
LPS-stimulated macrophages induce neuroprotection and functional improvement
after ischemic stroke by modulating microglial polarization. Biomater. Sci. 7 (5),
2037-2049. doi:10.1039/c8bm01449¢

Zhou, X,, Li, Z., Qi, M., Zhao, P., Duan, Y., Yang, G., et al. (2020). Brown adipose
tissue-derived exosomes mitigate the metabolic syndrome in high fat diet mice.
Theranostics 10 (18), 8197-8210. doi:10.7150/thno.43968

Zitvogel, L., Regnault, A., Lozier, A., Wolfers, J., Flament, C., Tenza, D., et al. (1998).
Eradication of established murine tumors using a novel cell-free vaccine: dendritic cell-
derived exosomes. Nat. Med. 4 (5), 594-600. do0i:10.1038/nm0598-594

frontiersin.org


https://doi.org/10.1038/s41419-019-1667-1
https://doi.org/10.1038/nature13406
https://doi.org/10.1038/nature13406
https://doi.org/10.21037/atm-22-6109
https://doi.org/10.1002/pmic.201800180
https://doi.org/10.1038/s41467-018-05345-8
https://doi.org/10.1038/s41467-018-05345-8
https://doi.org/10.1002/jev2.12182
https://doi.org/10.1111/j.1365-2141.1967.tb08741.x
https://doi.org/10.1016/j.ceb.2008.04.001
https://doi.org/10.1016/j.ceb.2008.04.001
https://doi.org/10.1016/j.immuni.2019.04.003
https://doi.org/10.1002/anie.201913700
https://doi.org/10.1002/advs.202204814
https://doi.org/10.1038/s41419-020-2508-y
https://doi.org/10.7717/peerj.14307
https://doi.org/10.1136/jitc-2020-001293
https://doi.org/10.1016/j.abb.2022.109193
https://doi.org/10.1016/j.biopha.2024.116224
https://doi.org/10.1016/j.bioactmat.2024.02.015
https://doi.org/10.1016/j.bioactmat.2024.02.015
https://doi.org/10.1038/s41556-024-01499-4
https://doi.org/10.3389/fcell.2022.823450
https://doi.org/10.7150/ijbs.71862
https://doi.org/10.3389/fimmu.2019.02346
https://doi.org/10.1186/s12951-024-02603-4
https://doi.org/10.1126/sciadv.aax8849
https://doi.org/10.1186/s12943-022-01509-9
https://doi.org/10.1186/s12943-022-01509-9
https://doi.org/10.1038/s41440-022-00851-1
https://doi.org/10.1016/j.redox.2023.103016
https://doi.org/10.1016/j.ejvs.2017.12.009
https://doi.org/10.1016/j.csbj.2022.08.016
https://doi.org/10.1126/sciadv.abh1541
https://doi.org/10.1007/s12012-024-09838-5
https://doi.org/10.3390/ijms242115677
https://doi.org/10.1016/j.redox.2023.103016
https://doi.org/10.1016/j.jare.2023.12.014
https://doi.org/10.1016/j.jare.2023.12.014
https://doi.org/10.1039/c8bm01449c
https://doi.org/10.7150/thno.43968
https://doi.org/10.1038/nm0598-594
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1563800

	Macrophage-driven exosomes regulate the progression of cardiovascular disease
	1 Introduction
	2 General information on exosomes
	2.1 History of exosomes
	2.2 Formation and Function of Exosomes
	2.2.1 Biogenesis pathways of exosomes
	2.2.2 Typical pathways of exosomes formation

	2.3 Composition and isolation techniques of exosomes
	2.3.1 Composition of exosomes
	2.3.2 Methods for exosomes isolation


	3 The role of mφ-exos in CVD
	3.1 The Role of Mφ-Exos in Cardiovascular Inflammation
	3.2 The Role of Mφ-exos in angiogenesis regulation in CVD
	3.3 Dual regulatory role of Mφ-Exos in Vascular Calcification and Myocardial Fibrosis
	3.3.1 The Role of Mφ-exos in vascular calcification
	3.3.2 The Role of Mφ-exos in myocardial fibrosis

	3.4 Role of mφ-exos in lipid metabolism and CVD
	3.5 Mφ-exos regulate cardiovascular cell death mechanisms
	3.5.1 The role of mφ-exos in regulating apoptosis
	3.5.2 The Role of Mφ-exos in pyroptosis regulation
	3.5.3 The Role of Mφ-exos in ferroptosis regulation

	3.6 Regulation of cardiovascular cell reprogramming by mφ-exos

	4 Insights into the therapeutic potential of mφ-exos
	5 Conclusions and future perspectives
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


