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Cardiovascular disease remains the leading cause of morbidity and mortality
worldwide, with atherosclerosis representing its principal pathological basis.
High-density lipoproteins (HDL) and extracellular vesicles (EVs) are abundant
circulating particles implicated in lipid metabolism, vascular inflammation,
intercellular communication, and thrombotic processes relevant to
atherosclerosis. Although HDLs and EVs differ in origin, structure, biogenesis,
and canonical function, they share overlapping physicochemical and
molecular features. Their density ranges substantially overlap, and small EV
populations may approach the upper size range of HDL particles, making their
separation from plasma technically challenging. As a result, common isolation
workflows may generate HDL-enriched or EV-enriched fractions rather than
fully particle-specific preparations, complicating the interpretation of
proteomic, lipidomic, nucleic acid, and functional studies. This review
compares the structural and biophysical characteristics, biogenesis pathways,
molecular cargo, and atherosclerosis-related functions of HDLs and EVs. We
highlight how both particle classes contribute to endothelial activation,
inflammation, cholesterol handling, foam cell formation, plaque progression,
and thrombosis, while also emphasizing their distinct biological roles. Finally,
we discuss whether HDL-EV overlap should be interpreted solely as
methodological co-isolation or may also reflect biologically relevant
interactions within circulating nanoparticle networks in atherosclerosis.

KEYWORDS
atherosclerosis, cardiovascular disease, circulating nanoparticles, extracellular vesicle
cargo, extracellular vesicles, extracellular vesicle isolation, high-density lipoproteins,
lipoprotein-extracellular vesicle interactions
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1 Introduction

Cardiovascular disease (CVD) remains the leading cause of
morbidity and mortality globally, with 19.2 million deaths
reported in 2023 (1). Atherosclerosis, the principal pathological
process underlying many cardiovascular events, is a chronic
inflammatory disease driven by lipid accumulation in the
arterial wall (2). Because lipids, inflammation, and intercellular
communication are central to atherogenesis, circulating
nanoparticles have become an important focus in efforts to
understand  disease mechanisms and identify clinically
useful biomarkers.

Historically, lipoproteins and extracellular vesicles (EVs)
emerged from separate fields of research. Lipoproteins became
central to cardiovascular biology after low-density lipoproteins
(LDL) and their lipid cargo were established as causal factors in
disease  (3).
lipoproteins (HDL) were subsequently studied as potentially
although the of HDL-

strategies to reduce

atherosclerotic  cardiovascular High-density

atheroprotective particles, failure

cholesterol-raising consistently
cardiovascular events shifted attention from HDL concentration
to HDL composition and function (4-12). EVs, in contrast, were
initially viewed largely as cellular debris but are now recognized
as biologically active particles involved in intercellular
communication and disease-associated signaling (13—16).
Although HDLs and EVs are biologically distinct, their study
in plasma is complicated by overlapping physicochemical
HDL particles

phospholipid

properties. are dense lipoproteins with a
scaffold, and

hydrophobic lipid core, whereas EVs are cell-derived particles

monolayer,  apolipoprotein
enclosed by a phospholipid bilayer membrane (15-19). Despite
these structural differences, their density ranges substantially
overlap, and the smallest EV populations approach the upper
end of the HDL particle size range (15-17, 20-22). In plasma,
where lipoproteins and soluble proteins greatly outnumber EVs,
this overlap creates

a persistent challenge for isolating,

characterizing, and interpreting downstream molecular or
assays (23, 24). This
methodological. HDL-associated apolipoproteins, including
ApoA-I, ApoC-III, and ApoE, have been detected in EV

preparations, while lipoprotein carryover is frequently reported

functional problem is not only

in EV isolation workflows (25-29). These observations may
reflect technical co-isolation, but they may also indicate
biologically relevant interactions, including protein corona
formation on EV surfaces (25, 29). Therefore, strict separation
of HDLs and EVs is essential when assigning cargo or function
to a specific particle class, but co-isolated fractions may also
contain  information  about

physiological ~ nanoparticle

interactions that should not be dismissed as contamination
without context (16, 24-27).

This review examines HDLs and EVs as distinct but
overlapping circulating particles in atherosclerosis. Rather than
treating overlap solely as an analytical artifact, we consider how
shared physical properties, partially overlapping molecular cargo,
and possible particle-particle interactions complicate the
interpretation of HDL- and EV-associated effects. Thus, a
central question emerging from this review is whether HDL-EV
overlap should be treated primarily as an isolation artefact, or

whether co-isolated HDL- and EV-associated molecules may
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also reflect biologically meaningful interactions between

circulating particles in atherosclerosis.

2 Circulating nanoparticle landscape

blood
nanoparticles, including lipoproteins [chylomicrons and their

Human contains many highly heterogeneous

remnants, very low-density lipoproteins, intermediate-density

lipoproteins, low-density lipoproteins, lipoprotein(a), high-
density lipoproteins], extracellular vesicles, non-vesicular
extracellular particles (NVEPs), including exomeres and

supermeres, and soluble protein complexes. These particles
participate in processes ranging from lipid transport and
intercellular ~ communication to  inflammation, vascular
homeostasis, and dysfunction. Since their initial isolation by
Macheboeuf in 1929 and subsequent separation from other
colleagues

ultracentrifugation, HDL particles have been studied primarily

serum lipoproteins by Gofman and using
in lipid transport and cardiovascular disease (30, 31). In parallel,
EV research originated from studies of blood coagulation,
beginning with the “particulate fraction” described by Chargaff
and West in the 1940s and later termed “platelet dust” by Peter
Wolf in the 1960s (14). Although initially regarded as cellular
debris, EVs are now recognized as actively released particles
produced by virtually all cell types and involved in intercellular
communication across diverse biological systems (14, 32-34).
Despite the historically different fields of research for HDL
particles and extracellular vesicles, accumulating evidence
suggests that these particles may coexist within a heterogeneous
plasma nanoparticle environment. As a result, more attention
has been directed toward the overlapping physicochemical
properties of HDL particles and EVs, which complicate their
isolation, characterization, and interpretation in
biomedical studies.

Both HDL particles and EVs are highly heterogeneous particle
populations subtypes
overlapping physicochemical properties. HDL particles are small
spherical or discoidal lipoproteins with a density of 1.063-1.21 g/

mL and a typical diameter of 8-17 nm. Based on size, density,

comprising multiple with  partially

and morphology, HDL particles can be further classified into
small, nascent, poorly lipidated discoidal particles and larger,
lipid-rich spherical particles. By contrast, ultracentrifugation-based
classification most commonly separates them into HDL2 (density
1.063-1.125 g/mL) and HDL3 (density 1.125-1.21g/mL) (17).
Whereas EVs are generally larger particles, ranging from
approximately 30 to 1,000 nm, and may display spherical or non-
spherical morphologies; however, their reported density range of
1.08-1.21 g/mL overlaps substantially with that of HDL particles
(15, 16, 20, 21, 35). Thus, HDL-EV overlap is most pronounced
in density and at the interface between larger HDL particles and
the smallest EV populations, rather than across the full EV size
spectrum. In accordance with Minimal Information for Studies of
Extracellular Vesicles 2023 (MISEV2023), EVs are defined here as
cell-released, lipid bilayer-delimited particles that cannot replicate.
Comparable heterogeneity is observed among EV populations,
although EV classification remains more difficult because particle
size, density, morphology, and marker expression do not reliably

define biogenesis (16, 19). Recently described extracellular
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nanoparticle fractions, non-vesicular extracellular particles
(NVEPs), including exomeres (30-50 nm) and supermeres (15—
25 nm), further expand the spectrum of circulating extracellular
particles and reinforce the analytical complexity of plasma and
serum particle preparations. Therefore, throughout this review, we
preferentially use operational descriptors based on measurable
features, including particle size, density, surface markers, cellular
source, and isolation method. These overlapping physicochemical
and molecular features are summarized in Figure 1.

These physicochemical overlaps explain why HDL particles and
EVs are frequently co-isolated from plasma or serum. Size-based
methods, including  size-exclusion  chromatography and
ultrafiltration, enrich particles according to hydrodynamic radius
but cannot fully resolve HDL particles, particularly larger HDL
subclasses, from the smallest EVs and NVEPs. Density-based
methods, including ultracentrifugation and density gradient
centrifugation, face an even greater limitation because the density
range of HDL substantially overlaps with that of EVs. This
problem is amplified by the high abundance of circulating
lipoproteins and soluble plasma proteins relative to EVs, which
increases the likelihood of HDL carryover into EV preparations
and EV-associated signals within HDL-enriched fractions (16, 22,
24, 26, 29, 36). Importantly, HDL-EV overlap should not be
interpreted exclusively as a methodological artifact. In biological
fluids, EVs acquire a protein and lipoprotein corona that can
influence their biodistribution, uptake, and biological activity (25).
Therefore, co-isolated HDL particles, apolipoproteins, and EVs
both analytical

physiologically relevant particle interactions (25, 26, 37, 38).

may reflect incomplete separation and

10.3389/fcvm.2026.1831078

Collectively, this heterogeneity and partial overlap in size and
density complicate the analytical separation of circulating
nanoparticles and may confound the interpretation of functional,

omics-based, and biomarker studies in cardiovascular disease.

3 Biogenesis and molecular
architecture

The growing recognition of HDL-EV overlap has increased
interest in whether their shared physicochemical characteristics
reflect convergent biological functions or primarily result from
methodological overlap during particle isolation and analysis.
Although HDL particles and EVs may partially overlap in
biological fluids, they are generated through fundamentally distinct
pathways (39, 40). HDL particles arise through ApoA-I/ATP-
binding cassette transporter A1 (ABCA1)-dependent lipidation and
subsequent enzymatic remodeling in circulation, whereas EVs
originate from endosomal sorting, or plasma membrane budding,
or apoptotic membrane remodeling. These biogenetic differences
their
mechanisms, structural stability, and biological functions.

determine molecular  organization,  cargo-loading

The formation of nascent discoidal HDL particles initiates
primarily at the surfaces of hepatocytes and enterocytes and
requires ApoA-I, ABCA1, and phospholipids. Binding of lipid-
poor ApoA-I to ABCA1 promotes phospholipid and cholesterol
efflux, membrane curvature, and assembly of nascent discoidal
HDL particles (41-45). After release into circulation, nascent

HDL undergoes further remodeling: phospholipid transfer

HDL-EV overlap
& i 4 E
1 Physicochemical overlap
- phospholipid
“ monolayer ¢ Substantial density overlap
o Limited size-interface overlap ...phospholipid
bilayer
@) € 2 Molecular overlap / association >
A i ‘ ~~- aqueous
hyfirophoblc e Shared proteins, lipids, lumen
lipid core W
and nucleic acids may
be detected
e Possible EV-lipoprotein /
protein corona associations
® ApoA-I/ABCA1-dependent lipidation ® Endosomal sorting / membrane
. budding / apoptotic remodelin
® Monolayer + hydrophobic core 3 Interpretation challenge T .
. o ® Bilayer + aqueous lumen
e 8-17nm ® Particle-specific signal?
e Technical co-isolation? ® ~30-1000 nm
o 1.063-1.21 g/mL & e 4
¢ Biologically meaningful ® 1.08-1.21 g/mL
interaction?
S S N N ¥
FIGURE 1
HDL-EV overlap as a challenge for analytical and biological interpretation.
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protein (PLTP) contributes to phospholipid transfer, lecithin-
cholesterol acyltransferase (LCAT) esterifies free cholesterol to
cholesteryl esters that accumulate in the hydrophobic core and
promote spherical HDL maturation, and cholesteryl ester
protein (CETP) subsequently HDL by
exchanging cholesteryl esters and triglycerides with ApoB-

transfer remodels
containing lipoproteins (46—49). Thus, HDL biogenesis and

maturation are driven by lipidation, lipid transfer, and
enzymatic remodeling.

EV biogenesis is more heterogeneous and depends on the EV
subtype and the parental cell’s physiological state. Many small EV's
arise from inward budding of the endosomal membrane,
generating intraluminal vesicles within multivesicular bodies,
which are released as EVs upon fusion with the plasma
membrane (50, 51). The endosomal sorting complexes required
for transport (ESCRT) machinery, including ESCRT-0, I, II, and
III complexes and adaptor proteins such as ALG-2-interacting
protein X (ALIX) and syntenin, contributes to cargo sorting and
intraluminal vesicle formation (51, 52). ESCRT-independent
mechanisms also contribute to EV formation, including
ceramide-rich membrane domains and tetraspanin-enriched
microdomains that involve CD63, CD81, and CD9 (51-54). In
contrast, microvesicles arise through outward budding of the
plasma membrane, involving Ca**-dependent phospholipid
cytoskeletal

remodeling, and actomyosin contraction, whereas apoptotic

scrambling, phosphatidylserine externalization,
bodies are released during apoptosis as a consequence of
membrane blebbing and increased hydrostatic pressure (19, 53).
Therefore, EV  biogenesis reflects dynamic membrane
remodeling and cargo sorting processes that are strongly

influenced by cell type, activation state, stress, and injury.

3.1 Molecular architecture and
structural organization

HDL particles have two main structural compartments: a
phospholipid monolayer surface and a hydrophobic lipid core
(18). The surface monolayer contains phospholipids and free
cholesterol, with hydrophilic head groups oriented toward the
aqueous environment and hydrophobic acyl chains oriented
toward the lipid core. Apolipoproteins and enzymes embedded
or associated with this surface layer contribute to HDL stability,
lipid exchange, and biological function (17, 18, 27). ApoA-I is
the principal structural apolipoprotein and is central to HDL
assembly, lipid solubilization, and particle remodeling (42, 43,
55, 56). The HDL core contains mainly cholesteryl esters and
triglycerides, together with smaller amounts of hydrophobic
bioactive lipids and lipid-soluble molecules (18).

In contrast, EVs are enclosed by a phospholipid bilayer
This
architecture allows EVs to transport both membrane-associated

membrane surrounding an aqueous lumen. bilayer
cargo and protected luminal cargo, including proteins, lipids,
metabolites, and nucleic acids (16, 23, 57, 58). The lipid bilayer
protects luminal cargo from enzymatic degradation, whereas
transmembrane proteins, tetraspanins, integrins, adhesion
molecules, and other surface-associated proteins contribute to
EV stability, targeting, uptake, and signaling (16, 23, 59). In

biological fluids, EVs can also acquire a protein and lipoprotein
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corona that modulates phagocytic clearance, biodistribution,
immune recognition, and biological activity (25, 37). EV
further lipid
composition, protein-to-lipid ratio, curvature, stiffness, and the

membrane properties are influenced by
cellular origin of the parental cell (54, 59).

These architectural differences are central to distinguishing
HDL particles from EVs. HDL particles are organized as
phospholipid monolayer lipoprotein structures optimized for
lipid solubilization, lipid exchange, and the transport of
hydrophobic molecules (17). EVs are membrane-bound vesicles
optimized for the transfer of membrane-associated and luminal
molecular cargo between cells (16). Consequently, shared size or
density ranges do not imply shared biogenesis or identical
biological function. Rather, the overlap between HDL particles
and EVs creates an analytical challenge, while their distinct
architectures support different, though potentially interacting,
roles (26). Therefore, HDL-associated data may primarily reflect
lipoprotein remodeling and lipid transport capacity, whereas
EV-associated data may reflect the activation state and injury
responses of vascular and immune cells in atherosclerosis. At
the same time, HDL-EV co-isolation and possible particle—
corona interactions mean that functional readouts in plasma
may reflect both distinct particle biology and their interactions
within the circulating nanoparticle environment (25, 29).

4 Shared principles of molecular cargo
transport

HDL particles and EVs both function as circulating carriers of
bioactive molecular cargo, including proteins, lipids, metabolites,
and nucleic acids. However, their cargo-loading principles differ
substantially. HDL cargo composition is shaped primarily by
ApoA-I-dependent particle formation, lipid exchange, enzymatic
remodeling, and acquisition of proteins and lipids from plasma
and other lipoproteins (39). In contrast, EV cargo reflects the
biogenesis pathway, membrane composition, parental-cell
identity, activation state, and corona formation (25, 51, 53). This
distinction is particularly important in cardiovascular disease,
where inflammatory remodeling can simultaneously alter HDL
and EV thereby

attribution of specific cargoes to either particle class (29, 60, 61).

composition release, complicating  the

4.1 Protein cargo and proteomic overlap

Proteomic studies have revealed substantial complexity and
heterogeneity in both HDL and EV cargo composition,
related  to

particularly in pathways

inflammation, immunity, and cardiovascular disease (62—66).

lipid metabolism,

HDL particles contain a dynamic proteome dominated by
ApoA-I and ApoA-II, which comprise approximately 85%—90%
of the HDL protein mass and serve as the HDL structural
scaffold (67). ApoA-I is the dominant HDL protein, accounting
for up to 70% of HDL protein mass, and each HDL particle is
estimated to contain between two and five ApoA-I molecules,
depending on particle size (55, 56). Owing to its amphipathic
ApoA-TI is
incorporation of phospholipids into HDL particles (55). ApoA-

helices, essential for the solubilization and
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II represents the second most abundant HDL-associated protein,
comprising approximately 15%-20% of HDL protein mass,
although it is present only in a subset of HDL particles (56).
Additional apolipoproteins associated with HDL include ApoA-
Iv, C-I, C-II, C-1I, C-1V, D, E, F, L, H, and M, which
contribute directly to HDL remodeling and function (17,
68-70). For example, ApoC-I inhibits CETP activity and thereby
influences HDL lipid composition by increasing cholesteryl ester
(CE) accumulation within the HDL lipid core (69) (69), while
ApoA-IV and ApoM are proposed carriers of sphingosine-
1-phosphate (S1P), a bioactive lipid involved in endothelial
barrier protection (70, 71). HDL particles additionally transport
enzymes involved in lipid metabolism, including CETP, lecithin-
cholesterol acyltransferase (LCAT), and phospholipid transfer
protein (PLTP), which participate in lipid transfer and HDL
maturation (47-49). identified
complement proteins, immunoglobulins, acute phase proteins,

Proteomic studies have also

coagulation factors, and protease inhibitors associated with HDL
particles (63, 72, 73). Notably, HDL particles become enriched
with serum amyloid A (SAA) during the acute phase response
together with a concomitant reduction in ApoA-I content (60,
74). Such compositional remodeling is increasingly recognized
as a hallmark of dysfunctional HDL in systemic inflammation
and cardiovascular disease (20, 74).

Like HDL particles, EVs contain a highly diverse proteome
that contributes to vesicle stability, trafficking, signaling, and
interactions with recipient cells (65, 75). The Vesiclepedia
database currently contains proteomic data from more than
3,500 500,000 protein
highlighting the remarkable molecular complexity of EVs.

studies comprising over entries,
Among the most consistently identified EV-associated proteins
cytoskeletal
proteins, metabolic enzymes, and heat shock proteins (66).
Tetraspanins such as CD9, CD63, CD81, CD82, and CDI151

contribute to  the

are tetraspanins, annexins, proteins, signaling

formation of tetraspanin-enriched
microdomains involved in membrane organization, adhesion,
and signaling (50, 66, 75). Annexins

EV  formation,

membrane fusion,

participate in membrane stability, and
interactions with target cells (76-78), whereas cytoskeletal
proteins reflect the involvement of cytoskeletal remodeling
during EV biogenesis and secretion (53). EVs additionally
transport signaling proteins, metabolic enzymes, and heat shock
proteins that participate in signal transduction, cellular
metabolism, stress responses, and protein stabilization (66, 79, 80).

Increasing evidence suggests apparent proteomic overlap
between HDL particles and EVs. EV-enriched fractions have
been reported to contain several apolipoproteins, including
ApoA-I, ApoB, ApoC-III, and ApoE (25, 28, 29, 65, 66). The
detection of ApoA-I in EV-associated fractions raises the
possibility of lipid-related functions, including cholesterol
handling, but whether EV-associated ApoA-I retains HDL-like
activity remains unresolved (25, 26, 29). Similarly, EV-associated
ApoC-III and ApoE may reflect pathways related to triglyceride
metabolism and cholesterol clearance, although their functional
activity in EV-associated fractions requires further validation
(25, 28, 81, 82). Collectively, these findings suggest that HDL
particles and EVs may participate in partially overlapping lipid
transport and inflammatory pathways. However, whether such
reflects co-isolation, EV-associated

overlap methodological
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corona formation, biologically meaningful lipoprotein-EV

interactions, or mixed nanoparticle assemblies remains unclear.

4.2 Lipid cargo and lipidomic overlap

Three pioneering studies combining chromatographic and
mass spectrometry techniques provided reference measurements
of the HDL lipidome in human participants (83-85). Most of
the HDL lipidome consists of four main lipid groups: neutral
lipids, phospholipids, sphingolipids, and minor lipids (18).
Although EV research has developed extensively over the past
two decades, plasma EV lipidomics remains less standardized
than HDL lipidomics. Most studies have been conducted on
EVs isolated from human cell lines or from individual groups
under various health conditions, resulting in substantial
variability in reported lipid profiles (54, 59, 86—89). Unlike HDL
particles, EVs have a lipid bilayer membrane, and their lipid
composition varies with EV size, cellular origin, disease status,
isolation workflow, and analytical platform (87).

HDL particles and EVs share several lipid classes, including
cholesterol, phospholipids, sphingolipids, glycosphingolipids,
and minor lipid species (18, 54, 83, 84, 86-88). However, the
key difference is not the absolute presence or absence of these
lipids but their relative abundance, structural localization, and
functional context. In HDL particles, lipids are arranged in a
surface monolayer and a hydrophobic core, whereas in EVs,
lipids form a bilayer membrane that contributes to vesicle
stability, cargo protection, membrane interaction, and uptake by
recipient cells (17 86—89).

Neutral lipids,

cholesterol (FC) and

cholesterol esters (CE), are central to HDL lipid transport. FC is

particularly free

located in the HDL surface layer, whereas CE accumulates in
the hydrophobic core after LCAT-mediated esterification (18, 83,
84). In EVs, FC
organization and EV biogenesis by influencing membrane

contributes to endosomal membrane
fluidity, curvature, and vesicle-generating domains (51, 54).
However, the detection of FC, CE, triacylglycerols (TG), or
diacylglycerols (DAG) in EV-enriched plasma fractions may also
with
separation of EV's from lipid-rich plasma particles (24, 26, 29, 87).

indicate  co-isolation lipoproteins and incomplete

Phospholipids form the HDL surface monolayer and are
important for cholesterol movement between cells and HDL,
including HDL-mediated cholesterol efflux and cholesterol flux
mediated by scavenger receptor class B type I (SR-BI) (90).
(PC) is the HDL

phospholipid, whereas other phospholipids may contribute to

Phosphatidylcholine most abundant

specific HDL properties, including surface charge and

interactions with lipases or membrane proteins (18, 63, 83, 84,
91). Phospholipids are major components of the EV lipidome.
In EVs, Phosphatidylserine (PS) is particularly important
because its

externalization provides a negatively charged

membrane surface that promotes EV clearance, immune
recognition, coagulation enzyme
thrombin generation (23, 54, 87, 92).

Sphingolipids are another important, shared lipid group. In

complex assembly, and

HDL particles, sphingomyelin (SM) contributes to surface-layer
rigidity, (S1P) s
transported in plasma by ApoM-containing HDL and has been

while sphingosine-1-phosphate mainly
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linked to endothelial barrier regulation and vascular protection
(71, 85, 93, 94). HDL also contains ceramides (Cer) and
glycosphingolipids, although Cer is transported less efficiently
than SM and SIP (83, 91, 93, 95). In EVs, Cer and
glycosphingolipids contribute to membrane organization, vesicle
formation, membrane microdomains, and EV uptake (96-98).
Beyond EV biology, ceramide- and glycosphingolipid-related
pathways have been implicated in vascular inflammation, nitric
oxide signaling, cellular stress responses, and atherosclerotic
cardiovascular disease (99, 100).

Minor lipids are also relevant to HDL and EV lipidomic
studies. Free fatty acids (FFA) and F2-isoprostanes (IsoP) have
been identified in HDL (91, 101), while EVs may contain FFA,
lipid
metabolites that may reflect cellular metabolic or inflammatory
states (54, 102).

In atherosclerosis, the HDL- and EV-associated lipid species

oxysterols, acylcarnitines, and other low-abundance

most relevant to particle overlap are those involved in lipid
transport, membrane organization, inflammation, endothelial
regulation, coagulation, and biomarker interpretation. Neutral
lipids are central to this overlap: FC and CE participate in
HDL-mediated cholesterol transport, whereas detection of FC,
CE, TG, or DAG in EV-enriched plasma fractions may reflect
true EV lipid cargo, co-isolated HDL or other lipoproteins, or
both (24, 29, 83, 84, 87). Phospholipids, including PC,
(LPC), species,
contribute to HDL surface organization, cholesterol efflux, and

lysophosphatidylcholine and plasmalogen
HDL functionality, while HDL phospholipid profiles have been
shown to distinguish acute coronary syndrome from stable
coronary artery disease (90, 91, 103). In EVs, externalized PS
provides a negatively charged membrane surface that supports
EV clearance, immune recognition, coagulation enzyme
thereby
contributing to EV-associated procoagulant activity (23, 54, 87,
92). Sphingolipids further connect HDL and EV functions: SM

contributes to membrane rigidity, Cer and hexosylceramides

complex assembly, and thrombin generation,

(HexCer) are involved in membrane curvature, EV biogenesis,
and sphingolipid signaling, lactosylceramides (LacCer) and
gangliosides  participate in  membrane  microdomain
organization and EV uptake, and HDL-associated S1P is linked
to endothelial barrier regulation, vascular protection, and
limitation of vascular inflammation (85, 91, 93, 94, 96-100).
Finally, low-abundance lipid species, including IsoP, oxysterols,
acylcarnitines, FFA, and other oxidized lipid species, may
contribute to oxidative stress, inflammation, metabolic
signaling, and biomarker interpretation in cardiovascular
disease (54, 101-103).

Overall, the shared lipid species do not necessarily imply a
shared function. In plasma-derived fractions, overlapping
lipidomic signatures may indicate true biological remodeling,
lipid exchange between circulating particles, EV-lipoprotein
association, or residual lipoprotein co-isolation. This limitation
is especially relevant for biomarker and functional studies in
atherosclerosis because HDL lipid composition itself is disease-
related, and lipid species identified in EV-enriched samples may
represent EV cargo, HDL/lipoprotein cargo, or both. Accurate
EV characterization and assessment of lipoprotein co-isolation
are therefore required before assigning a lipidomic signal to EV-

specific biological activity (22, 24, 29).
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4.3 Other bioactive molecules

Despite their traditional role in lipid transport, HDL particles
have been proposed as carriers of lipid-soluble vitamins,
hormones, small RNAs (sRNAs),
Alpha-tocopherol (Vitamin E), known for its antioxidant

and various metabolites.

properties, has been shown to accumulate in HDL particles and
be transported by these particles to human retinal epithelial cells
(104). Vitamin A precursors, such as carotenoids, including
alpha-carotene, beta-carotene, and cryptoxanthin, have also been
linked to HDL particles (105). In several studies, HDL has been
shown to bind hormones due to interactions between specific
apolipoprotein sites and hormones. These hormones include
thyroxine, estradiol, pregnenolone, and dehydroepiandrosterone
(106, 107). Various studies have demonstrated that HDL
particles can transport genetic material, including sRNAs such
as microRNAs (miRNAs) (108-111). A particularly relevant
example is miR-223, which has been reported in HDL-
associated RNA cargo and implicated in endothelial regulation,
including modulation of inflammatory adhesion pathways (108).
EV-associated miRNAs, including miR-126 and miR-155, have
also been linked to endothelial repair or activation, leukocyte
recruitment, and atherosclerosis-related inflammation (112, 113).
These examples illustrate that HDL particles and EVs may carry
overlapping classes of regulatory RNAs, but the modes of
transport, cellular origins, delivery efficiencies, and functional
consequences may differ substantially. Thus, HDL-associated
miRNAs may contribute to gene regulation, although their exact
role in RNA transport and recipient-cell regulation remains
incompletely defined.

Given that HDLs can mediate the transfer of various
regulatory molecules, EVs provide a structurally distinct but
functionally related system for transporting biologically active
compounds between cells. In addition to their ability to transfer
various proteins and lipids, there is substantial evidence that
EVs are involved in nucleic acid transport. EVs have been
shown to encapsulate messenger RNA (mRNA), miRNA, long
non-coding RNA (IncRNA), ribosomal RNA (rRNA), transfer
RNA (tRNA), and, in cases of larger EVs, mitochondrial DNA
(mtDNA), and single- and double-stranded genomic DNA
molecules (112—114). These molecules are not merely cargo but
can also exert regulatory effects on recipient cells, influencing
their gene expression and signaling pathways and ultimately
affecting their phenotype, inflammatory and immune responses,
and even proliferation under physiological and pathological
conditions (115-117). Beyond nucleic acids, pioneering studies
have identified bioactive metabolites and intermediates in EV
lipid
eicosanoids have been identified in myeloid and tumor cell-

cargo. For instance, bioactive intermediates and
derived EVs (40). EVs not only contain eicosanoids and their
precursors but also the enzymes necessary for their production,
enabling them to generate these bioactive molecules once
released into the extracellular matrix. The various eicosanoids
produced by EVs can modulate inflammation, regulate vascular
cell function and immune cell recruitment, and influence EV
uptake (40).

Taken together, HDL particles and EVs are structurally
distinct circulating nanoparticles but show substantial overlap in
molecular including  apolipoproteins,

cargo, enzymes,
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complement-related proteins, lipids, small RNAs, and metabolites.
This overlap may reflect technical co-isolation, association with
the EV shared
involvement in vascular inflammatory and metabolic pathways.

corona, lipoprotein—EV interactions, or
The main overlapping and particle-enriched cargo classes are

summarized in Table 1.

5 High-density lipoprotein and
extracellular vesicle functional
interplay in atherosclerosis

Atherosclerosis is a chronic lipid-driven inflammatory disease
in which endothelial dysfunction, leukocyte recruitment, lipid
accumulation, foam cell formation, plaque progression, and
develop
immune mechanisms (2, 118, 119). HDL particles and EVs

thrombosis through interconnected vascular and
influence many of these processes through distinct but context-
dependent mechanisms. HDL became central to atherosclerosis
research after the inverse association between HDL cholesterol
(HDL-C) and cardiovascular risk led to the “HDL hypothesis,”
which viewed HDL as intrinsically atheroprotective. However,
HDL-C-raising strategies, including niacin and CETP inhibitors,
failed to

Mendelian randomization studies did not support a causal

consistently reduce cardiovascular events, and
protective role for HDL-C concentration alone (6, 7, 120-122).
This shifted the field toward HDL functionality, particle
composition, and disease-associated remodeling. Functional
HDL supports endothelial  integrity,
antioxidant  activity,  anti-inflammatory  signaling, and

antithrombotic regulation, whereas inflammatory remodeling

cholesterol  efflux,

can generate dysfunctional HDL with reduced protective
capacity and potentially pro-atherogenic properties (8, 74, 123,
124). EVs are not uniformly pro- or anti-atherogenic; rather,
they function as context-dependent mediators of intercellular
communication. By transferring proteins, lipids, metabolites,
and nucleic acids between vascular, immune, and circulating
EVs amplify endothelial leukocyte
recruitment, macrophage responses, and plaque progression

cells, can activation,

TABLE 1 Molecular overlap between HDL particles and EVs.

HDL-associated
components

EV-associated components

10.3389/fcvm.2026.1831078

while EVs released in
homeostatic or reparative settings may support vascular repair
and tissue communication (13, 51, 112, 125, 126).

Importantly, HDL particles and EVs may not act as entirely

under inflammatory conditions,

independent circulating entities but may participate in dynamic
biological interactions within the circulation. Both transport
bioactive lipids, proteins, and regulatory RNAs, and emerging
evidence suggests that direct EV-lipoprotein interactions may
influence particle biodistribution, cellular uptake, and biological
activity (127). Therefore, the overlap between these particles has
important methodological —implications for interpreting
atherosclerosis studies. Shared proteins, lipids, and nucleic acids
detected in HDL- or EV-enriched fractions may represent
particle-specific cargo, EV corona components, biologically
meaningful EV-HDL interactions, or co-isolation during size- or
density-based workflows (24-26, 29, 110, 128). Accordingly,
functional readouts should be interpreted in relation to particle
purity, isolation strategy, and evidence level. In this chapter, we
compare HDL and EV contributions across key stages of
atherosclerosis, from endothelial dysfunction and leukocyte
recruitment to foam cell formation, plaque progression,
thrombosis, and acute coronary syndromes, distinguishing

mechanistic, animal-model, and human evidence where possible.

5.1 Endothelial dysfunction and early
vascular inflammation

Endothelial dysfunction represents one of the earliest detectable
events in atherogenesis and is impaired
endothelial ~barrier integrity, (NO)

bioavailability, increased oxidative stress, and enhanced expression

characterized by
reduced nitric oxide
of adhesion molecules and proinflammatory mediators (2, 118, 129).

Under physiological conditions, HDL particles exert several
HDL-associated

ApoA-I interacts with scavenger receptor class B type I (SR-BI),

vasoprotective effects on endothelial cells.

activating phosphoinositide 3-kinase (PI3 K)/Akt -dependent
endothelial (eNOS)
promoting NO production and vasodilation (130). In parallel,

nitric oxide synthase signaling and

Shared/overlapping
elements

Interpretation caveat

Proteins ApoA-I, ApoA-II, ApoC-III, ApoE, Tetraspanins, annexins, enzymes, ApoA-
ApoM, enzymes, complement, SAA I, ApoB, ApoC-III, ApoE, corona
proteins
Lipids CE, FC, TG, DAG, PC, LPC, SM, FC, CE, TG, DAG, PC, LPC, PS, SM,

S1P, Cer Cer, HexCer, LacCer

Nucleic acids sRNAs, miRNAs

mtDNA

Other bioactive | Vitamins, hormones, metabolites Metabolites, eicosanoids

molecules

miRNA, mRNA, IncRNA, rRNA, tRNA,

ApoA-I, ApoC-III, ApoE, SAA, True cargo vs. corona vs. co-

complement-related proteins isolation

FC, CE, TG, DAG, PC, LPC, SM, | Biological overlap vs.

Cer lipoprotein carryover

miRNA Carrier attribution requires

separation controls
Metabolites Limited comparability across

methods

ABCAL1, ATP-binding cassette transporter Al; ApoA-I, apolipoprotein A-I; ApoA-II, apolipoprotein A-II; ApoB, apolipoprotein B; ApoC-III, apolipoprotein C-III; ApoE, apolipoprotein E;

ApoM, apolipoprotein M; CE, cholesteryl esters; Cer, ceramides; DAG, diacylglycerols; EVs, extracellular vesicles; FC, free cholesterol; FFA, free fatty acids; HDL, high-density lipoprotein;

HexCer, hexosylceramides; LacCer, lactosylceramides; LCAT, lecithin-cholesterol acyltransferase; IncRNA, long non-coding RNA; LPC, lysophosphatidylcholine; miRNA, microRNA;
mRNA, messenger RNA; mtDNA, mitochondrial DNA; PC, phosphatidylcholine; PLTP, phospholipid transfer protein; PS, phosphatidylserine; S1P, sphingosine-1-phosphate; SAA,

serum amyloid A; SM, sphingomyelin; sSRNA, small RNA; TG, triacylglycerols.
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ApoM-bound sphingosine-1-phosphate (S1P) carried by HDL

activates endothelial SIP receptors, particularly ~sphingosine-
1-phosphate receptor 1 (SIPR1) and, in some contexts,
sphingosine-1-phosphate  receptor 3  (SIPR3),  supporting

endothelial junction integrity, reducing vascular permeability, and
maintaining barrier function (71, 94). HDL particles can also
suppress endothelial inflammatory activation, including reduced
expression of vascular cell adhesion molecule-1 (VCAM-1),
(ICAM-1), and monocyte
chemoattractant protein-1 (MCP-1), thereby limiting leukocyte
adhesion and transendothelial migration (108, 124, 131). However,
under certain metabolic and inflammatory conditions, HDL
particles
including enrichment with SAA, oxidized lipids, and ceramides, as
well as depletion or functional impairment of protective
components such as ApoA-I and SIP (60, 73, 74, 132, 133).
Metabolic and inflammatory remodeling converts HDL into
their
properties and, under certain pathological conditions, can promote

intercellular adhesion molecule-1

undergo compositional and functional remodeling,

dysfunctional ~particles that lose endothelial-protective
endothelial dysfunction and pro-inflammatory signaling (74).

EVs also regulate endothelial
inflammation during early atherogenesis. Monocyte-derived EVs
can activate Toll-like receptor 4 (TLR4)/nuclear factor-«B (NF-«xB)
signaling in endothelial cells, increasing ICAM-1 and C-C motif

chemokine ligand 2 (CCL2)/MCP-1 expression, which promotes

activation and vascular

leukocyte adhesion, monocyte chemotaxis, and transendothelial
recruitment, thereby amplifying vascular inflammation (134, 135).
In addition, nicotine- or smoking-associated EV-miRNA signaling
linked to endothelial
neutrophil-derived EVs can promote monocyte transendothelial
migration through miR-155-dependent induction of ICAM-I,
VCAM-1, and CCL2 (136). Conversely, in mice, endothelial EVs
enriched in miR-126 have been shown to support vascular repair

has also been dysfunction, whereas

by promoting endothelial regeneration through sprouty-related
EVH1 (SPRED1)-dependent
pathways. However, this protective effect is impaired under

domain-containing  protein 1

hyperglycemic or metabolic stress conditions (137).

Together, these findings suggest that inflammatory remodeling
of both HDL particles and EVs contributes to endothelial
dysfunction during early atherogenesis. Their overlapping effects
on endothelial signaling further complicate attribution of
particle-specific functions in cardiovascular disease.

5.2 Leukocyte recruitment and immune
activation

Leukocyte recruitment is a crucial step by which endothelial
activation develops into sustained inflammation within the
arterial wall. Adhesion molecules such as VCAM-1, ICAM-1,
E-selectin, and P-selectin guide leukocyte rolling, firm adhesion,
and transmigration into the subendothelial space (2, 118).
Recruited monocytes then differentiate into macrophages and
help maintain the inflammatory environment that drives plaque
progression. HDL particles and EVs can influence these events
by modulating endothelial-leukocyte interactions, cytokine
signaling, and immune cell communication.

HDL-associated ApoA-I attenuates monocyte activation and

inflammatory cytokine production while promoting cholesterol
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efflux through ABCAI- and ATP-binding cassette transporter
Gl (ABCGI) (8-10, 138, 139).
Maintenance cholesterol homeostasis s

-dependent  pathways
of macrophage
important because cholesterol accumulation alters membrane
lipid raft organization and amplifies inflammatory receptor
signaling, including Toll-like receptor (TLR)-dependent pathway.
Through these mechanisms, HDL-mediated cholesterol efflux
NF-xB
proinflammatory cytokines such as TNF-o, IL-1B, and IL-6
(119). In vitro and in vivo studies have shown that HDL and

ApoA-I can suppress chemokine and chemokine receptor

can  reduce activation and  production  of

expression, thereby limiting monocyte chemotaxis and
recruitment (131). In addition, HDL-associated bioactive lipids,
particularly ApoM-bound S1P, may contribute to immune cell
trafficking and vascular immune homeostasis (93, 94). HDL can
also  suppress cholesterol crystal-induced inflammasome
activation in experimental macrophage systems, although the
which  this

atherosclerotic plaques remains less certain (140). Similarly, in

extent to mechanism operates in human
murine models, HDL has been reported to promote less
inflammatory macrophage phenotypes, but this effect appears
context- and model-dependent (141). However, inflammatory
alters  the

properties of HDL particles. Dysfunctional HDL particles

remodeling  substantially immunomodulatory
enriched with serum amyloid A, oxidized phospholipids, and
ceramides may enhance inflammatory signaling within vascular
and immune cells and impair HDL-mediated suppression of
leukocyte recruitment (74, 85, 93, 95, 142).

EVs also contribute to leukocyte recruitment and immune
activation during atherogenesis. EVs released from activated
endothelial

neutrophils  can

cells, platelets, macrophages, and
carry cytokines,

chemokines, bioactive lipids, and inflammatory miRNAs that

monocytes,
adhesion  molecules,

modulate immune cell behavior and amplify vascular
inflammation (143-145). For instance, plaque-derived EVs can
ICAM-1 to endothelial

monocyte adhesion and

transfer cells, thereby promoting

transendothelial migration (115).
Platelet-derived EVs may promote leukocyte adhesion and
recruitment  through  P-selectin-and  chemokine-mediated
(115, 146).

stimulate endothelial activation and induce the expression of

pathways Human monocyte-derived EVs can
adhesion molecules and cytokines via TLR4/NF-xB signaling,
thereby increasing endothelial expression of ICAM-1, VCAM-1,
CCL2/MCP-1, (147).
Neutrophil-derived EVs can facilitate monocyte recruitment by

and related inflammatory mediators

delivering miR-155 to atheroprone endothelium, inducing
endothelial expression of ICAM-1, VCAM-1, and CCL2 (112).

Inflammatory remodeling shifts the balance from HDL-
mediated immune regulation toward EV-driven propagation of
vascular inflammation. Consequently, coordinated changes in
both particle populations may promote persistent leukocyte
recruitment and plaque progression.

5.3 Lipid accumulation and foam cell
formation

Lipid accumulation in the arterial intima and subsequent foam
cell formation are hallmark events in the early development of
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atherosclerotic  plaques. Retention and modification of
apolipoprotein ~ B-containing  lipoproteins ~ within  the
subendothelial ~ space  promote  monocyte  recruitment,

macrophage differentiation, and uncontrolled lipid uptake
through scavenger receptor-mediated pathways (2, 118, 148).
Both HDL particles and EVs can
cholesterol homeostasis, inflammatory signaling, and foam-

regulate macrophage

cell formation.

HDL particles are central facilitators of reverse cholesterol
transport (RCT) as ApoA-I-mediated cholesterol efflux through
ABCA1- and ABCGIl-dependent pathways represents a key
antiatherogenic mechanism that limits cholesterol accumulation
138). Mature HDL particles
subsequently transport cholesterol to the liver for excretion

within macrophages (8, 10,

either directly through scavenger receptor class B type I (SR-BI)-
mediated uptake or indirectly through CETP-dependent transfer
to ApoB-containing lipoproteins (7, 138). Cholesterol efflux
capacity (CEC), which measures the initial step of RCT, is
inversely associated with atherosclerotic burden and has been
linked to incident cardiovascular events, supporting its value as
a functional measure of HDL-mediated atheroprotection (8-10,
138). HDL-mediated cholesterol efflux alters plasma membrane
lipid raft composition, thereby modulating pathways associated
with TLR activation, inflammasome assembly, NF-xB signaling,
and cytokine (119). These link
cholesterol handling directly to macrophage inflammatory

production mechanisms
phenotype and innate immune activation. HDL particles may
also reduce LDL oxidation and limit the formation of oxidized
LDL, a major driver of macrophage lipid uptake, foam cell
148-151).
However, HDL functionality becomes substantially impaired

formation, and vascular inflammation (11, 12,
during  chronic inflammatory and metabolic disorders.
Dysfunctional HDL particles exhibit reduced CEC. This change
lipid
accumulation and may promote inflammatory signaling within

can diminish HDL-mediated protection against
macrophages (8, 119). Therefore, HDL-C concentration alone
does not adequately reflect HDL function, and HDL quality
appears more relevant than quantity for assessing its effects on
foam-cell formation and plaque progression.

Whereas HDL generally limits foam-cell formation by
promoting cholesterol efflux, EVs can either promote or reduce
macrophage lipid accumulation depending on their origin and
cargo. EVs released from macrophages, platelets, endothelial
cells, adipose tissue, and hepatocytes can carry inflammatory
mediators, oxidized lipids, apolipoproteins, and regulatory
miRNAs that modulate macrophage cholesterol metabolism and
inflammatory activation (143-145). Platelet-derived EVs have
been shown to increase macrophage uptake of oxidized LDL
and inflammatory cytokine production, potentially enhancing
foam-cell formation (152). Adipose tissue-derived EVs also
influence macrophage cholesterol handling: visceral adipose
tissue exosomes from obese mice promote foam-cell formation
and MI1-like polarization by reducing ABCA1/ABCG1-mediated
cholesterol efflux, whereas perivascular adipose tissue-derived
exosomes may reduce foam-cell formation by decreasing
scavenger receptor-mediated oxidized LDL uptake and
increasing  ABCA1/ABCGI1-dependent cholesterol efflux (153,
154). Several EV-associated miRNAs have been implicated in
and foam-cell

the regulation of cholesterol homeostasis
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formation, e.g., steatotic hepatocyte-derived small EVs enriched
in miR-30a-3p, which suppress ABCAIl-mediated cholesterol
efflux (155). In contrast, other EV populations may exert
protective effects by delivering anti-inflammatory or cholesterol-
regulating cargoes. For example, M2 macrophage-derived
exosomes enriched in miR-7683-3p enhance cholesterol efflux
through the peroxisome proliferator-activated
(PPARy)/liver X receptor a (LXRa)/ABCGl pathway,

highlighting the context-dependent nature of EV-mediated

receptor 7y

regulation during atherosclerosis (156).

Together, these findings highlight that HDL particles and EVs
converge in regulating macrophage cholesterol homeostasis
despite their distinct biological origins.

5.4 Plaque progression and chronic
inflammation
lesions

As  atherosclerotic progress, lipid

accumulation and unresolved inflammation drive the transition

persistent

from early fatty streaks to complex fibroatheromatous plaques
characterized by necrotic core formation, smooth muscle cell
remodeling, extracellular matrix reorganization, and progressive
immune cell infiltration (2, 118).

Beyond regulating cholesterol homeostasis, HDL particles
chronic

modulate plaque

activation, reducing

inflammation by suppressing

macrophage oxidative stress, and
promoting inflammation-resolving pathways. HDL and ApoA-
I inhibit activation of the NLR family pyrin domain-
(NLRP3)

production of pro-inflammatory cytokines, thereby limiting

containing 3 inflammasome and reduce the
persistent vascular inflammation and necrotic core expansion
(140). HDL also influences macrophage polarization toward a
attenuates  matrix

less inflammatory phenotype and

metalloproteinase expression, processes associated with
improved plaque stability and reduced extracellular matrix
degradation (157). However, these protective activities are
progressively  lost
contributing to plaque progression and instability (74).

EVs actively contribute to plaque progression by propagating

inflammatory signals between endothelial cells, macrophages,

during  inflammatory = remodeling,

vascular smooth muscle cells (VSMCs), and other cells within
the plaque
stimulate pro-inflammatory signaling and matrix remodeling,

microenvironment. Macrophage-derived EVs
promoting vascular inflammation and plaque destabilization by
transferring cytokines, proteases, and regulatory miRNAs (158).
VSMC-derived EVs further contribute to plaque progression by
promoting vascular calcification and extracellular matrix
processes increased plaque

complexity and instability (159). Together, these findings

remodeling, associated  with
indicate that EVs not only reflect chronic vascular inflammation
but also actively participate in the remodeling processes that
drive plaque progression.

The balance between functional HDL and disease-associated
EV populations is an important determinant of plaque stability.
Coordinated inflammatory remodeling of both particle classes
therefore  contribute to inflammation,

may persistent

extracellular matrix degradation, and progressive

plaque destabilization.
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5.5 Plaque rupture, thrombosis, and acute
coronary syndromes

As atherosclerotic plaques progress toward advanced and
unstable phenotypes, chronic inflammation, expansion of the
necrotic core, extracellular matrix degradation, and endothelial
erosion collectively increase the likelihood of plaque rupture and
thrombus formation (2, 118).

Under physiological conditions, HDL particles exhibit
antithrombotic and vasculoprotective effects. HDL can inhibit
platelet activation and aggregation by modulating platelet
membrane cholesterol content, suppressing intracellular calcium
signaling, and enhancing endothelial nitric oxide (NO)
bioavailability (123, 130). HDL-associated ApoA-I and SIP
additionally support endothelial integrity and reduce endothelial
activation,  thereby limiting exposure of procoagulant
subendothelial components to circulating blood (70, 93). HDL
has also been reported to influence secondary hemostasis by
enhancing the anticoagulant activities of activated protein C and
protein S, which promote the inactivation of coagulation factors
Va and VIIla (160). Experimental and human observational
studies have further associated favorable HDL characteristics
with reduced thrombin generation, lower endogenous thrombin
potential, and enhanced fibrinolytic activity (161, 162).

In contrast to the predominantly protective functions
attributed to physiological HDL particles, several inflammation-
associated EV populations can promote thrombosis and plaque
destabilization during advanced atherosclerosis. Platelet-derived
EVs
cardiovascular disease and can provide procoagulant membrane

represent prominent circulating EV populations in
surfaces enriched in phosphatidylserine (145). Externalized
phosphatidylserine supports assembly of coagulation enzyme
complexes and thrombin generation, whereas functional tissue
factor expression on EVs appears more context- and disease-
dependent (92). EVs released from inflammatory endothelial
cells, activated platelets, macrophages, and apoptotic vascular
cells may therefore contribute to local and systemic
procoagulant activity during unstable atherosclerotic disease
(143, 145). Beyond coagulation, EVs may contribute to plaque
destabilization by transferring inflammatory and remodeling-
between vascular and immune cells.
endothelial-,

muscle cell-derived EVs can influence smooth muscle cell

associated  cargo

Macrophage-, platelet-, and vascular smooth
phenotype, extracellular matrix remodeling, calcification, and
inflammatory signaling within vulnerable plaques (115, 145,
163). By transferring regulatory miRNAs, oxidized lipids,
phosphatidylserine-rich membranes, and coagulation-related
mediators, EVs may amplify structural and inflammatory
changes that favor plaque instability. Human clinical-association
studies suggest that circulating EV profiles change during acute
coronary syndromes (ACS). EV concentration, surface epitope
profiles, and EV-associated lipid signatures have been reported
to differ in patients with acute myocardial infarction (145). In a
pilot study of ST-elevation myocardial infarction (STEMI),
circulating EVs were enriched in sphingolipids, including
ceramides, dihydroceramides, and sphingomyelins, and these
correlated  with
concentrations and decreased after reperfusion therapy (164).

EV-associated cardiac miRNAs, including miR-1, miR-208, and

signatures high-sensitivity ~ troponin
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miR-499, have also been investigated in myocardial injury
settings, although their clinical utility remains exploratory (165).

Progression to plaque rupture is driven not only by structural
weakening of the plaque but also by profound changes in
intercellular signaling and coagulation, processes that are
HDL and

strongly influenced by both dysfunctional

procoagulant EVs.

6 Isolation challenges and
methodological considerations

The substantial overlap between high-density lipoproteins
(HDL) and extracellular vesicles (EVs) represents one of the
major methodological challenges in cardiovascular nanoparticle
research. The overlap among these nanoparticles complicates the
isolation of HDL- or EV-enriched fractions from plasma and
serum and may confound proteomic, lipidomic, transcriptomic,
biomarker, and functional studies in atherosclerosis.

6.1 Clinical and Pre-analytical variables

For robust cross—study comparisons of

nanoparticles as biomarkers, transparent reporting of clinical

circulating

and pre-analytical conditions is crucial. In general, clinical
studies should clearly define the cohort, diagnostic criteria,
recruitment setting, fasting state, medication use, and major
comorbidities, as these factors can strongly influence circulating
nanoparticles. Studies should account for age, sex, smoking
status, diabetes, lipid-lowering therapy, and other cardiovascular
these
atherosclerosis research (166). Pre-analytical variables influence

risk factors, as represent major confounders in
both EV and HDL measurements, although their relative
importance differs between the two particle populations,
highlighting the need for standardized sample collection,
preparation, and processing. The number of platelet-derived EV's
changes due to platelet activation, artificially increasing EV
counts and altering vesicle composition. Consequently, the
International Society on Thrombosis and Haemostasis (ISTH)
recommends a double-centrifugation protocol of two subsequent
centrifugation steps at 2,500 x g for 15 min to obtain platelet-
free plasma from blood samples that should be processed within
2h after sample collection (167). In contrast, anticoagulant
choice appears to have a comparatively smaller effect on EV
concentration and size distributions wunder standardized
conditions (168). Storage and limited freeze—thaw exposure have
also been reported to exert relatively minor effects on EV
concentration and particle size when samples are processed and
stored appropriately at —80°C (169). For HDL analysis, the
sample type,
anticoagulant selection, and overall processing quality. Serum

most influential pre-analytical variables are
and plasma are not always interchangeable because clotting,
platelet release, and tube additives can alter lipid and protein
composition, thereby affecting HDL-related measurements
(170-172). Proper centrifugation and sample clarification are
also essential, as residual cells, platelets, and triglyceride-rich
lipoproteins

may interfere with HDL quantification and

characterization. Storage conditions and repeated freeze—thaw
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cycles can compromise lipoprotein integrity and assay
performance, particularly in studies assessing HDL composition
and function rather than cholesterol concentration alone (8, 170,
173). Although platelet activation does not directly alter HDL
particles, it can indirectly influence HDL measurements by
altering the plasma matrix and releasing bioactive components
during clotting.
the

physicochemical properties between EVs and lipoproteins,

Given substantial overlap in particle size and

standardization of sample collection, prompt processing,
controlled centrifugation, minimization of platelet activation,
and avoidance of repeated freeze—thaw cycles are essential for

reliable assessment of both particle classes.

6.2 Isolation strategies for HDLs and EVs

A wide range of isolation methods is currently used for HDL and
EV separation, each with distinct strengths and limitations.
Differential ultracentrifugation (UC) is widely used and provides
relatively high particle recovery, but it frequently co-isolates EVs,
lipoproteins, protein aggregates, and other plasma nanoparticles.
The UC protocol for EVs, which is not standardized and shows
variable g-forces and centrifugation times, is generally considered
the most critical factor, as it strongly affects vesicle recovery and
size distribution (16, 174). Additionally, standard differential UC
leaves substantial numbers of EVs and HDL in the supernatant
and biases recovery toward larger particles, while extended spins at
>100,000 g promote aggregation, deformation, and possible fusion,
thereby yield, apparent
distribution, and molecular composition of the resuspended EVs

influencing the quantitative size
and lipoproteins (175).
(DGQ)

separation compared to differential UC, but the overlapping

Density gradient ultracentrifugation improves
density ranges of EVs and HDL particles limit complete
(16, 29). DGC protocols differ

substantially, including top-down vs. bottom-up loading, the use

separation Furthermore,
of a high-density cushion, differences in gradient medium,
volume, and concentration, centrifugation times and speeds, and
sample and gradient volumes. These parameters affect particle
yield, purity, and the relative recovery efficiency of EVs and
HDL vs. other lipoproteins and soluble proteins (176). Although
the MISEV guidelines emphasize detailed reporting of all
methodological parameters to enhance transparency and
reproducibility, the resulting diversity of non-standardized DGC
workflows makes it difficult to directly compare EV- or HDL-
enriched fractions across published studies (16). Additionally,
DGC  workflows

low throughput.

most are labor-intensive and have

Ultrafiltration (UF) is commonly used for concentration of cell
culture-derived EVs as it is operationally simple and scalable.
However, ultrafiltration alone does not efficiently separate EVs
from soluble proteins, protein aggregates, or lipoproteins.
Therefore, for complex specimens such as plasma, which are
used in cardiovascular research, UF should not be used as a
standalone isolation method but rather combined with
additional pre- or post-purification steps (177).

Size-exclusion chromatography (SEC) is increasingly used for

plasma EV studies because it preserves particle integrity, reduces
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soluble protein contamination, and is relatively reproducible
owing to commercial columns, standardized protocols, and a
simple workflow (16). However, SEC alone does not yield pure
EVs or HDL; larger lipoproteins [very-low-density lipoproteins
(VLDL), chylomicron remnants, and a subset of LDL] co-elute
with EVs in early fractions, while most soluble proteins, protein
aggregates, and small lipoproteins, including HDL, elute in later
(36, 174).
adsorption of vesicles and proteins to the matrix also lead to

fractions Limited loading capacity and partial
moderate recovery and substantial dilution (174).
Immunoaffinity and depletion-based approaches can improve
enrichment or removal of selected particle populations. Capture of
EV-associated markers such as CD9, CD63, CD81, or cell-type-
specific epitopes may enrich defined EV subpopulations,
whereas depletion of ApoA-I-, ApoB-, or ApoE-positive material
may reduce lipoprotein contamination (16, 174). However, these
approaches are intrinsically marker-dependent and may exclude
biologically relevant subpopulations that lack the selected target
(174). Additionally, the elution of captured EVs frequently
requires harsh or poorly standardized conditions that may alter
EV integrity or surface composition. Conversely, ApoA-I
depletion may remove both free HDL particles and biologically
EV
components (25). Therefore, immunoaffinity strategies are most

meaningful EV-lipoprotein  complexes or corona
appropriate when the target population is well-defined, and loss
of marker-negative particles is acceptable.

Higher-resolution, multimodal workflows are increasingly
important for cardiovascular nanoparticle research to overcome the
limitations of the single-isolation methods mentioned above (16,
174). SEC followed by density gradient centrifugation, iodixanol
density gradients followed by SEC or bind-elute chromatography,
and density-based lipoprotein depletion before EV isolation can
improve EV purity and reduce lipoprotein-associated background
(26). Asymmetric flow field-flow fractionation (AF4) provides high-
resolution separation of extracellular nanoparticles across broad
size ranges and has been used to distinguish EV subsets from
exomeres and other non-vesicular particles (178). Microfluidic, ion-
mobility, resistive-pulse sensing, high-sensitivity flow cytometry,
and single-particle imaging or proteomic approaches may further
improve separation and characterization, to uncover previously
undetected HDL-EV interactions and provide deeper insight into
HDL-EV crosstalk (127). However, multistep isolation workflows
further complicate cross-study comparability, as no universally
accepted “gold standard” protocol or standardized combinations
currently exist. Moreover, each additional isolation step can
introduce selection biases and cumulative particle losses, thereby
altering the apparent distribution of cargo across nanoparticle
classes. Consequently, nominally similar “EV” or “HDL” fractions
can represent substantially different particle compositions in
different studies. Existing method papers predominantly compare
distinct isolation principles, whereas large, parametric studies that
vary conditions within a single method (such as g-forces, rotor
types, gradient architectures, or buffer composition) are less
common. Nevertheless, published data indicate that even modest
protocol changes can alter yield, selectively enrich, or deplete
specific subpopulations, and shift omics profiles (179-181).

The choice of methodology should be guided by the intended
downstream application, with assay validation incorporating
internal controls to ensure data

technical replicates and
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reliability and reproducibility. For isolated EV proteomics and
lipidomics, strict reduction of HDL and other lipoproteins is
critical; combined SEC—density gradient, density-based lipoprotein
depletion followed by SEC, or AF4-based workflows are preferable
to single-step ultracentrifugation or precipitation. For HDL
proteomics and lipidomics, workflows should include assessment
of EV-associated markers and, where needed, EV-depletion or
orthogonal fractionation to exclude vesicular contamination.

6.3 Best practices and future directions

Current guidelines emphasize transparent reporting and
orthogonal characterization rather than reliance on a single
isolation method. MISEV2023 recommends detailed reporting of
pre-analytical variables, separation procedures, recovery and
specificity, quantification approaches, marker validation, and
method limitations (16).
should
lipoprotein markers, abundant plasma protein contaminants,

For plasma and serum studies,

characterization include EV-associated  markers,
particle morphology, size distribution, and single-particle or

orthogonal validation when possible. Recommended analytical

10.3389/fcvm.2026.1831078

controls include EV-positive markers such as tetraspanins and
cytosolic EV-associated proteins, lipoprotein markers such as
ApoA-I, ApoB, ApoE, and ApoC-III, and non-vesicular protein
contaminants such as albumin and immunoglobulins. Particle
counting by nanoparticle tracking analysis (NTA) or tunable
resistive pulse sensing (TRPS) should not be interpreted as EV-
specific without biochemical or single-particle validation,
because these methods cannot distinguish EVs from lipoproteins
or other nanoparticles by size alone (16, 174).

A practical framework is therefore needed. Strict HDL-EV
separation is essential when the aim is to assign a molecular
cargo or biological function specifically to HDL particles or EVs
(16, 26). This applies particularly to proteomics, lipidomics,
RNA studies, mechanistic uptake assays, cholesterol efflux
assays, and functional assays of coagulation or inflammation (29,
36). In contrast, preservation of partially co-isolated native
nanoparticle assemblies may be informative when the aim is to
study plasma nanoparticle ecology, EV corona biology,
lipoprotein-EV interactions, or biomarker signatures that reflect
the circulating state rather than a purified particle class (25, 38).
Thus, HDL particles and EVs should be considered biologically

distinct entities that require rigorous separation for particle-

TABLE 2 Application-specific separation and interpretation framework.

Research aim

Recommended strategy

Required controls/
validation

What can be
concluded

Main limitation

EV cargo attribution

HDL cargo attribution

Functional assays (CEC,
inflammatory index,
endothelial uptake,
coagulation, immune
activation)

Biomarker studies
(reproducibility and
clinical associations are

the priority)

HDL-EV interaction
biology (native complexes

are the object of study)

SEC + DGC/density cushion or
AF4-based fractionation. Consider
ApoA-1/ApoB/ApoE depletion only

if corona loss is acceptable

HDL enrichment by UC,
immunoaffinity, or SEC-based
lipoprotein fractionation, with

parallel EV-marker assessment

Analyze matched EV-rich, HDL-
rich, and protein/lipoprotein-rich
fractions; include depletion/add-

back where feasible

Fixed SOP, parallel fraction profiling
where feasible, maximal purity not

always required if clearly reported

Preserve complexes using gentle
SEC/co-fractionation or mild density
workflows, avoid aggressive

depletion as primary workflow

EV markers (CD9/CD63/CD81
and ALIX/TSG101) lipoprotein/
protein controls: ApoA-I, ApoB,
ApoE, ApoC-I1I, albumin/IgG;
recovery, particle size/morphology,

EV-poor counter-fractions

HDL/lipoprotein markers: ApoA-I,
ApoA-II, Contamination controls:
ApoB/ApoE, EV markers (CD9/
CD63/CD81 and ALIX/TSG101),

EV-rich counter-fraction

Counter-fractions, assay-specific
normalization by particle number,
protein, ApoA-I, cholesterol, or
EV-marker signal; EV/lipoprotein

markers

Sample type, anticoagulant,
processing time, platelet depletion,
hemolysis/platelet activation,
storage, freeze—thaw cycles,
recovery, specificity
Co-fractionation across orthogonal
methods, reciprocal capture/
depletion of ApoA-I/ApoB/ApoE
and EV markers, imaging or single-
particle analysis, functional

validation

EV-enriched or EV-

associated cargo

HDL-enriched or HDL-

associated cargo

Fraction-associated
activity, particle causality
only with depletion/add-
back or orthogonal

fractionation

Fraction-associated,
compartment-associated,
or mixed nanoparticle-

associated biomarkers

Candidate HDL-EV
association, biological
relevance only if

functionally validated

Do not claim “EV-specific”
unless supported by orthogonal
validation. Stringent
purification may remove
physiological corona or HDL-

EV complexes

EV/corona carryover may
mimic HDL-associated cargo.
ApoA-I positivity alone does
not prove HDL specificity

Normalization strategy can
change interpretation,
functional activity may arise
from mixed nanoparticle

assemblies

Reproducible association does
not prove particle specificity,
pre-analytical variation may

dominate signal

Must distinguish true
interaction, corona association,
co-isolation, and post-isolation

artefact

EV, extracellular vesicle; HDL, high-density lipoprotein; SEC, size-exclusion chromatography; DGC, density gradient centrifugation; AF4, asymmetric flow field-flow fractionation; UC,
ultracentrifugation; SOP, standard operating procedure; CEC, cholesterol efflux capacity; Apo, apolipoprotein; ALIX, ALG-2-interacting protein X; TSG101, tumor susceptibility gene
101 protein; CD, cluster of differentiation; IgG, immunoglobulin G.
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specific attribution, yet their co-isolation may also reflect
physiologically meaningful interactions under inflammatory and
atherosclerotic conditions (Table 2).

Future studies should move toward standardized, application-
specific workflows. At minimum, studies should report sample
type, anticoagulant, time to processing, centrifugation steps,
platelet depletion, assessment of hemolysis or platelet activation,
storage
recovery,

isolation  workflow,
(16, 174).
cardiovascular studies, reporting should additionally include

conditions, freeze-thaw cycles,

specificity, and marker panels For
lipoprotein contamination metrics, such as ApoA-I, ApoB, ApoE,
cholesterol, triglycerides, and albumin, together with EV markers
and functional validation (16). Additionally, studies would benefit
from parallel analysis of multiple fractions derived from the same
sample (e.g, EV-enriched, HDL-enriched,

fractions), as the resulting counter-fractions provide internal

and protein-rich

controls that increase the interpretive power of a given dataset
and allow omics and functional readouts to be more confidently
attributed to specific nanoparticle classes. Such a roadmap would
improve reproducibility, enable comparisons across studies, and
clarify whether observed HDL- or EV-associated effects in
atherosclerosis reflect particle-specific biology, technical co-
isolation, or biologically meaningful HDL-EV interactions.

7 Conclusions and future directions

HDLs and EVs are biologically distinct circulating particles
with different origins, structures, and biogenesis pathways.
However, their overlapping density and size ranges, and shared
study difficult,
particularly in plasma, where lipoproteins and soluble proteins

molecular associations make independent
greatly exceed EVs in abundance.

In atherosclerosis, this distinction is important because both
particle classes are linked to processes that contribute to disease
initiation and progression. HDLs are mainly associated with
lipid endothelial ~ support,

antioxidative and anti-inflammatory functions, and modulation

cholesterol  efflux, transport,
of platelet and coagulation responses. EVs are more closely
linked to intercellular communication, endothelial activation,
leukocyte recruitment, macrophage lipid accumulation, foam cell
formation, plaque progression, and acute coronary syndromes.
These functions are not identical, but they converge on shared
atherogenic pathways, especially vascular inflammation, lipid
metabolism, and thrombotic complications.

This overlap complicates the interpretation of HDL- and EV-
enriched preparations. When the aim is to assign specific cargo or
function to one particle class, complementary separation and
characterization approaches are essential, including parallel
assessment of EV markers, apolipoproteins, lipids, and abundant
plasma proteins. Without this, proteomic, lipidomic, nucleic
acid, and functional readouts relevant to atherosclerosis may be
incorrectly attributed to either HDLs or EVs. However, HDL-
EV  overlap should
contamination. The presence of apolipoproteins and other

not automatically be treated as
lipoprotein-associated molecules in EV preparations may reflect
technical co-isolation, but it may also indicate biologically
relevant interactions, including protein corona formation. Such

interactions could influence nanoparticle biodistribution, cellular
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uptake, cholesterol handling, inflammatory signaling, and
thrombosis in atherosclerosis.

Future studies should therefore use application-specific
workflows. Strict separation is required for particle-specific
mechanistic claims, whereas co-isolated fractions may remain
informative when studying circulating nanoparticle networks.
Parallel analysis of HDL-enriched, EV-enriched, and protein-rich
fractions, combined with functional validation, will be needed to
determine whether the observed effects in atherosclerosis reflect
HDL-specific, EV-specific, or physiologically meaningful HDL-EV

interactions, or methodological carryover.

Author contributions

LC: Conceptualization, Visualization, Investigation, Writing —
original draft, Writing — review & editing. GA: Investigation,
Conceptualization, Writing — review & editing, Writing —
original draft. SkA: Conceptualization, Writing — review &
editing, Writing — original draft, Investigation. NM: Writing —
review & editing, Writing — original draft. SuA: Writing —
original draft, Writing — review & editing. IB: Writing — original
draft, Writing — review & editing. DK: Writing — review &
editing, Writing — original draft.

Funding

The author(s) declared that financial support was not received
for this work and/or its publication.

Acknowledgments

The authors acknowledge the use of ChatGPT, GPT-5.5
Thinking (OpenAl, San Francisco, CA, USA) to assist with the
Al-assisted generation of Figure 1. The authors reviewed,
revised, and approved the final figure for scientific accuracy.

Conflict of interest

The author(s) declared that this work 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) declared that generative AI was used in the
creation of this manuscript. The authors acknowledge the use of
ChatGPT, GPT-5.5 Thinking (OpenAl, San Francisco, CA, USA)
to assist with the Al-assisted generation of Figure 1. The authors
reviewed, revised, and approved the final figure for scientific accuracy.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever
possible. If you identify any issues, please contact us.

frontiersin.org


https://doi.org/10.3389/fcvm.2026.1831078
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Cerniauskas et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Global Burden of Cardiovascular Diseases 781 and Risks 2023 Collaborators.
Global, regional, and national burden of cardiovascular diseases and risk factors in
204 countries and territories, 1990-2023. JACC. (2025) 86(22):2167-243. doi: 10.
1016/j.jacc.2025.08.015

2. Jebari-Benslaiman S, Galicia-Garcia U, Larrea-Sebal A, Olaetxea JR, Alloza I,
Vandenbroeck K, et al. Pathophysiology of atherosclerosis. Int J Mol Sci. (2022)
23(6):3346. doi: 10.3390/ijms23063346

3. Ference BA, Ginsberg HN, Graham I, Ray KK, Packard CJ, Bruckert E, et al. Low-
density lipoproteins cause atherosclerotic cardiovascular disease. 1. Evidence from
genetic, epidemiologic, and clinical studies. A consensus statement from the
European atherosclerosis society consensus panel. Eur Heart J. (2017)
38(32):2459-72. doi: 10.1093/eurheartj/ehx144

4. Endo Y, Fujita M, Ikewaki K. HDL functions—current Status and future
perspectives. Biomolecules. (2023) 13(1):1. doi: 10.3390/biom13010105

5. Wilson PW, Garrison R], Castelli WP, Feinleib M, McNamara PM, Kannel WB.
Prevalence of coronary heart disease in the framingham offspring study: role of
lipoprotein cholesterols. Am J Cardiol. (1980) 46(4):649-54. doi: 10.1016/0002-9149
(80)90516-0

6. Kjeldsen EW, Thomassen JQ, Frikke-Schmidt R. HDL Cholesterol concentrations
and risk of atherosclerotic cardiovascular disease—insights from randomized clinical
trials and human genetics. Biochim Biophys Acta BBA—Mol Cell Biol Lipids. (2022)
1867(1):159063. doi: 10.1016/j.bbalip.2021.159063

7. Jomard A, Osto E. High density lipoproteins: metabolism, function, and
therapeutic potential. Front Cardiovasc Med. (2020) 7:39. doi: 10.3389/fcvm.2020.
00039

8. Khera AV, Cuchel M, De La Llera-Moya M, Rodrigues A, Burke MF, Jafri K, et al.
Cholesterol efflux capacity, high-density lipoprotein function, and atherosclerosis.
N Engl ] Med. (2011) 364(2):127-35. doi: 10.1056/NEJMoal001689

9. Ebtehaj S, Gruppen EG, Bakker SJL, Dullaart RPF, Tietge UJF. HDL (High-Density
lipoprotein) cholesterol efflux capacity is associated with incident cardiovascular
disease in the general population. Arterioscler Thromb Vasc Biol. (2019)
39(9):1874-83. doi: 10.1161/ATVBAHA.119.312645

10. Rohatgi A, Khera A, Berry JD, Givens EG, Ayers CR, Wedin KE, et al. HDL
Cholesterol efflux capacity and incident cardiovascular events. N Engl ] Med.
(2014) 371(25):2383-93. doi: 10.1056/NEJMo0a1409065

11. Cho KH. The current status of research on high-density lipoproteins (HDL): a
paradigm shift from HDL quantity to HDL quality and HDL functionality. Int
J Mol Sci. (2022) 23(7):3967. doi: 10.3390/ijms23073967

12. Denimal D. Antioxidant and anti-inflammatory functions of high-density
lipoprotein in type 1 and type 2 diabetes. Antioxidants. (2024) 13(1):57. doi: 10.
3390/antiox13010057

13. Charla E, Mercer ], Maffia P, Nicklin SA. Extracellular vesicle signalling in
atherosclerosis. Cell Signal. (2020) 75:109751. doi: 10.1016/j.cellsig.2020.109751

14. Couch Y, Buzas EI, Di Vizio D, Gho YS, Harrison P, Hill AF, et al. A brief history
of nearly EV-erything—the rise and rise of extracellular vesicles. J Extracell Vesicles.
(2021) 10(14):e12144. doi: 10.1002/jev2.12144

15. Hendrix A, Lippens L, Pinheiro C, Théry C, Martin-Jaular L, Lotvall J, et al.
Extracellular vesicle analysis. Nat Rev Methods Primer. (2023) 3(1):56. doi: 10.1038/
$43586-023-00240-z

16. Welsh JA, Goberdhan DCI, O’Driscoll L, Buzas EI, Blenkiron C, Bussolati B, et al.
Minimal information for studies of extracellular vesicles (MISEV2023): from basic to
advanced approaches. ] Extracell Vesicles. (2024) 13(2):e12404. doi: 10.1002/jev2.
12404

17. Kontush A, Lindahl M, Lhomme M, Calabresi L, Chapman MJ, Davidson WS.
Structure of HDL: particle subclasses and molecular components. In: von
Eckardstein A, Kardassis D, editors. High Density Lipoproteins: From Biological
Understanding to Clinical Exploitation [Internet]. Cham: Springer International
Publishing (2015). p. 3-51. Available online at: doi: 10.1007/978-3-319-09665-0_1.
[Accessed August 3, 2024]

18. Kontush A, Lhomme M, Chapman M]J. Unraveling the complexities of the HDL
lipidomel. J Lipid Res. (2013) 54(11):2950-63. doi: 10.1194/jlr.R036095

19. Doyle LM, Wang MZ, Doyle LM, Wang MZ. Overview of extracellular vesicles,
their origin, composition, purpose, and methods for exosome isolation and
analysis. Cells. (2019) 8(7):727. doi: 10.3390/cells8070727

Frontiers in Cardiovascular Medicine

14

10.3389/fcvm.2026.1831078

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.

20. Chiesa ST, Charakida M. High-Density lipoprotein function and dysfunction in
health and disease. Cardiovasc Drugs Ther. (2019) 33(2):207-19. doi: 10.1007/
510557-018-06846-w

21. Zheng JJ, Agus JK, Hong BV, Tang X, Rhodes CH, Houts HE, et al. Isolation of
HDL by sequential flotation ultracentrifugation followed by size exclusion
chromatography reveals size-based enrichment of HDL-associated proteins. Sci
Rep. (2021) 11(1):16086. doi: 10.1038/s41598-021-95451-3

22. Akbar A, Malekian F, Baghban N, Kodam SP, Ullah M, Akbar A. Methodologies
to isolate and purify clinical grade extracellular vesicles for medical applications. Cells.
(2022) 11(2):186. doi: 10.3390/cells11020186

23. Jeppesen DK, Zhang Q, Franklin JL, Coffey RJ. Extracellular vesicles and
nanoparticles: emerging complexities. Trends Cell Biol. (2023) 33(8):667-81.
doi: 10.1016/j.tcb.2023.01.002

24. Brennan K, Martin K, FitzGerald SP, O’Sullivan J, Wu Y, Blanco A, et al. A
comparison of methods for the isolation and separation of extracellular vesicles
from protein and lipid particles in human serum. Sci Rep. (2020) 10(1):1039.
doi: 10.1038/541598-020-57497-7

25. Téth EA, Turidk L, Visnovitz T, Cserép C, Mézlo A, Sédar BW, et al. Formation
of a protein corona on the surface of extracellular vesicles in blood plasma. J Extracell
Vesicles. (2021) 10(11):e12140. doi: 10.1002/jev2.12140

26. Simonsen JB. What are we looking at? Extracellular vesicles, lipoproteins, or both?
Circ Res. (2017) 121(8):920-2. doi: 10.1161/CIRCRESAHA.117.311767

27. Sun Y, Saito K, Saito Y, Sun Y, Saito K, Saito Y. Lipid profile characterization and
lipoprotein comparison of extracellular vesicles from human plasma and Serum.
Metabolites. (2019) 9(11):259. doi: 10.3390/metabo9110259

28. Vallejo MC, Sarkar S, Elliott EC, Henry HR, Powell SM, Diaz Ludovico I, et al. A
proteomic meta-analysis refinement of plasma extracellular vesicles. Sci Data. (2023)
10(1):837. doi: 10.1038/s41597-023-02748-1

29. Yuana Y, Levels J, Grootemaat A, Sturk A, Nieuwland R. Co-isolation of
extracellular vesicles and high-density lipoproteins using density gradient
ultracentrifugation. J Extracell Vesicles. (2014) 3:10.3402/jev.v3.23262. doi: 10.3402/
jev.v3.23262

30. Macheboeuf MA. Recherches sur les phosphoaminolipides et les sterides du
serum et du plasma sanguins. Bull Société Chim Biol. (1929) 11:268-93.

31. Gofman JW, Lindgren FT, Elliott H. Ultracentrifugal studies of lipoproteins of
human serum. ] Biol Chem. (1949) 179(2):973-9. doi: 10.1016/S0021-9258(19)
51290-X

32. Bonucci E. Fine structure and histochemistry of “calcifying globules” in
epiphyseal cartilage. Z Fiir Zellforsch Mikrosk Anat. (1970) 103(2):192-217. doi: 10.
1007/BF00337312

33. Toyofuku M, Schild S, Kaparakis-Liaskos M, Eberl L. Composition and functions
of bacterial membrane vesicles. Nat Rev Microbiol. (2023) 21(7):415-30. doi: 10.1038/
541579-023-00875-5

34. Kumar A, Kodidela S, Tadrous E, Cory TJ, Walker CM, Smith AM, et al.
Extracellular vesicles in viral replication and pathogenesis and their potential role
in therapeutic intervention. Viruses. (2020) 12(8):887. doi: 10.3390/v12080887

35. Marquez AB, Nazir S, Van Der Vorst EPC. High-density lipoprotein
modifications: a pathological consequence or cause of disease progression?
Biomedicines. (2020) 8(12):549. doi: 10.3390/biomedicines8120549

36. Sodar BW, Kittel A, P4léczi K, Vukman KV, Osteikoetxea X, Szabo-Taylor K,
et al. Low-density lipoprotein mimics blood plasma-derived exosomes and
microvesicles during isolation and detection. Sci Rep. (2016) 6:24316. doi: 10.1038/
srep24316

37. Dietz L, Oberlander J, Mateos-Maroto A, Schunke J, Fichter M, Kriamer-Albers E-
M, et al. Uptake of extracellular vesicles into immune cells is enhanced by the protein
corona. ] Extracell Vesicles. (2023) 12(12):€12399. doi: 10.1002/jev2.12399

38. Liam-Or R, Faruqu FN, Walters A, Han S, Xu L, Wang JTW, et al. Cellular uptake
and in vivo distribution of mesenchymal-stem-cell-derived extracellular vesicles are
protein corona dependent. Nat Nanotechnol. (2024) 19(6):846-55. doi: 10.1038/
541565-023-01585-y

39. Ong KL, Cochran BJ, Manandhar B, Thomas S, Rye KA. HDL Maturation and
remodelling.  Biochim Biophys Acta BBA—Mol Cell Biol Lipids. (2022)
1867(4):159119. doi: 10.1016/j.bbalip.2022.159119

frontiersin.org


https://doi.org/10.1016/j.jacc.2025.08.015
https://doi.org/10.1016/j.jacc.2025.08.015
https://doi.org/10.3390/ijms23063346
https://doi.org/10.1093/eurheartj/ehx144
https://doi.org/10.3390/biom13010105
https://doi.org/10.1016/0002-9149(80)90516-0
https://doi.org/10.1016/0002-9149(80)90516-0
https://doi.org/10.1016/j.bbalip.2021.159063
https://doi.org/10.3389/fcvm.2020.00039
https://doi.org/10.3389/fcvm.2020.00039
https://doi.org/10.1056/NEJMoa1001689
https://doi.org/10.1161/ATVBAHA.119.312645
https://doi.org/10.1056/NEJMoa1409065
https://doi.org/10.3390/ijms23073967
https://doi.org/10.3390/antiox13010057
https://doi.org/10.3390/antiox13010057
https://doi.org/10.1016/j.cellsig.2020.109751
https://doi.org/10.1002/jev2.12144
https://doi.org/10.1038/s43586-023-00240-z
https://doi.org/10.1038/s43586-023-00240-z
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1007/978-�3-�319-�09665-�0_1
https://doi.org/10.1194/jlr.R036095
https://doi.org/10.3390/cells8070727
https://doi.org/10.1007/s10557-018-06846-w
https://doi.org/10.1007/s10557-018-06846-w
https://doi.org/10.1038/s41598-021-95451-3
https://doi.org/10.3390/cells11020186
https://doi.org/10.1016/j.tcb.2023.01.002
https://doi.org/10.1038/s41598-020-57497-7
https://doi.org/10.1002/jev2.12140
https://doi.org/10.1161/CIRCRESAHA.117.311767
https://doi.org/10.3390/metabo9110259
https://doi.org/10.1038/s41597-023-02748-1
https://doi.org/10.3402/jev.v3.23262
https://doi.org/10.3402/jev.v3.23262
https://doi.org/10.1016/S0021-9258(19)51290-X
https://doi.org/10.1016/S0021-9258(19)51290-X
https://doi.org/10.1007/BF00337312
https://doi.org/10.1007/BF00337312
https://doi.org/10.1038/s41579-023-00875-5
https://doi.org/10.1038/s41579-023-00875-5
https://doi.org/10.3390/v12080887
https://doi.org/10.3390/biomedicines8120549
https://doi.org/10.1038/srep24316
https://doi.org/10.1038/srep24316
https://doi.org/10.1002/jev2.12399
https://doi.org/10.1038/s41565-023-01585-y
https://doi.org/10.1038/s41565-023-01585-y
https://doi.org/10.1016/j.bbalip.2022.159119
https://doi.org/10.3389/fcvm.2026.1831078
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Cerniauskas et al.

40. Boilard E. Thematic review series: exosomes and microvesicles: lipids as key
components of their biogenesis and functions extracellular vesicles and their
content in bioactive lipid mediators: more than a sack of microRNA. J Lipid Res.
(2018) 59(11):2037—46. doi: 10.1194/jlr.R084640

41. Ramasamy I. Recent advances in physiological lipoprotein metabolism. Clin Chem
Lab Med CCLM. (2014) 52(12):1695-727. doi: 10.1515/cclm-2013-0358

42. Wang S, Smith JD. ABCA1 and nascent HDL biogenesis. BioFactors Oxf Engl.
(2014) 40(6):547-54. doi: 10.1002/biof. 1187

43, Thomas M], Bhat S, Sorci-Thomas MG. Three-dimensional models of HDL
apoA-I: implications for its assembly and function. ] Lipid Res. (2008)
49(9):1875-83. doi: 10.1194/jlr.R800010-JLR200

44. Faulkner LE, Panagotopulos SE, Johnson JD, Woollett LA, Hui DY, Witting SR,
et al. An analysis of the role of a retroendocytosis pathway in ABCA1l-mediated
cholesterol efflux from macrophages. J Lipid Res. (2008) 49(6):1322-32. doi: 10.
1194/jlr.M800048-JLR200

45. Vedhachalam C, Duong PT, Nickel M, Nguyen D, Dhanasekaran P, Saito H, et al.
Mechanism of ATP-binding cassette transporter Al-mediated cellular lipid efflux to
apolipoprotein A-I and formation of high density lipoprotein particles*. J Biol Chem.
(2007) 282(34):25123-30. doi: 10.1074/jbc.M704590200

46. Hassan HH, Denis M, Lee D-YD, Iatan I, Nyholt D, Ruel I, et al. Identification of
an ABCAIl-dependent phospholipid-rich plasma membrane apolipoprotein A-I
binding site for nascent HDL formation: implications for current models of HDL
biogenesis. J Lipid Res. (2007) 48(11):2428-42. doi: 10.1194/jlr.M700206-JLR200

47. Shrestha S, Wu BJ, Guiney L, Barter PJ, Rye KA. Cholesteryl ester transfer protein
and its inhibitors. J Lipid Res. (2018) 59(5):772-83. doi: 10.1194/jlr.R082735

48. Rousset X, Shamburek R, Vaisman B, Amar M, Remaley AT. Lecithin cholesterol
acyltransferase: an anti- or pro-atherogenic factor? Curr Atheroscler Rep. (2011)
13(3):249-56. doi: 10.1007/s11883-011-0171-6

49. Albers JJ, Vuletic S, Cheung MC. Role of plasma phospholipid transfer protein in
lipid and lipoprotein metabolism. Biochim Biophys Acta. (2012) 1821(3):345-57.
doi: 10.1016/j.bbalip.2011.06.013

50. Toribio V, Yanez-M6 M. Tetraspanins interweave EV secretion, endosomal
network dynamics and cellular metabolism. Eur J Cell Biol. (2022) 101(3):151229.
doi: 10.1016/j.¢jcb.2022.151229

51. Van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of extracellular
vesicles. Nat Rev Mol Cell Biol. (2018) 19(4):213-28. doi: 10.1038/nrm.2017.125

52. Matusek T, Wendler F, Poles S, Pizette S, D’Angelo G, Fiirthauer M, et al. The
ESCRT machinery regulates the secretion and long-range activity of hedgehog.
Nature. (2014) 516(7529):99-103. doi: 10.1038/nature13847

53. Dixson AC, Dawson TR, Di Vizio D, Weaver AM. Context-specific regulation of
extracellular vesicle biogenesis and cargo selection. Nat Rev Mol Cell Biol. (2023)
24(7):454-76. doi: 10.1038/s41580-023-00576-0

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

55. Phillips MC. New insights into the determination of HDL structure by
apolipoproteinsl. ] Lipid Res. (2013) 54(8):2034—48. doi: 10.1194/jlr.R034025

56. Gauthamadasa K, Rosales C, Pownall HJ, Macha S, Jerome WG, Huang R, et al.
Speciated human high-density lipoprotein protein proximity profiles. Biochemistry.
(2010) 49(50):10656-65. doi: 10.1021/bil015452

57. Biagiotti S, Abbas F, Montanari M, Barattini C, Rossi L, Magnani M, et al.
Extracellular vesicles as new players in drug delivery: a focus on red blood cells-
derived EVs. Pharmaceutics. (2023) 15(2):365. doi: 10.3390/pharmaceutics15020365

58. Dang XTT, Kavishka JM, Zhang DX, Pirisinu M, Le MTN, Dang XTT.
Extracellular vesicles as an efficient and Versatile system for drug delivery. Cells.
(2020) 9(10):2191. doi: 10.3390/cells9102191

59. Hallal S, Ttizesi A, Grau GE, Buckland ME, Alexander KL. Understanding the
extracellular vesicle surface for clinical molecular biology. ] Extracell Vesicles.
(2022) 11(10):¢12260. doi: 10.1002/jev2.12260

60. Shimano S, Ohkawa R, Nambu M, Sasaoka M, Yamazaki A, Fujii Y, et al. Marked
changes in Serum amyloid a distribution and high-density lipoprotein structure
during acute inflammation. BioMed Res Int. (2021) 2021:9241259. doi: 10.1155/
2021/9241259

61. Sanwlani R, Gangoda L. Role of extracellular vesicles in cell death and
inflammation. Cells. (2021) 10(10):2663. doi: 10.3390/cells10102663

62. Okada T, Ohama T, Takafuji K, Kanno K, Matsuda H, Sairyo M, et al. Shotgun
proteomic analysis reveals proteome alterations in HDL of patients with cholesteryl
ester transfer protein deficiency. J Clin Lipidol. (2019) 13(2):317-25. doi: 10.1016/j.
jacl.2019.01.002

63. Davidson WS, Shah AS, Sexmith H, Gordon SM. The HDL proteome watch:
compilation of studies leads to new insights on HDL function. Biochim Biophys
Acta Mol Cell Biol Lipids. (2022) 1867(2):159072. doi: 10.1016/j.bbalip.2021.159072

64. Wang D, Yu B, Li Q, Guo Y, Koike T, Koike Y, et al. HDL Quality features
revealed by proteome-lipidome connectivity are associated with atherosclerotic
disease. ] Mol Cell Biol. (2022) 14(3):mjac004. doi: 10.1093/jmcb/mjac004

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2026.1831078

65. Garza AP, Wider-Eberspécher E, Morton L, Van Ham M, Pallinger E, Buzas EI,
et al. Proteomic analysis of plasma-derived extracellular vesicles: pre- and
postprandial comparisons. Sci Rep. (2024) 14(1):23032. doi: 10.1038/s41598-024-
74228-4

66. Chitti SV, Gummadi S, Kang T, Shahi S, Marzan AL, Nedeva C, et al. Vesiclepedia
2024: an extracellular vesicles and extracellular particles repository. Nucleic Acids Res.
(2024) 52(D1):D1694-8. doi: 10.1093/nar/gkad1007

67. Melchior JT, Walker RG, Cooke AL, Morris J, Castleberry M, Thompson TB, et al.
A consensus model of human apolipoprotein A-I in its monomeric and lipid-free
state. Nat Struct Mol Biol. (2017) 24(12):1093-9. doi: 10.1038/nsmb.3501

68. Holzer M, Ljubojevic-Holzer S, Souza Junior DR, Stadler JT, Rani A, Scharnagl H,
et al. HDL Isolated by immunoaffinity, ultracentrifugation, or precipitation is
compositionally and functionally distinct. J Lipid Res. (2022) 63(12):100307.
doi: 10.1016/j.jlr.2022.100307

69. Rouland A, Masson D, Lagrost L, Vergés B, Gautier T, Bouillet B. Role of
apolipoprotein C1 in lipoprotein metabolism, atherosclerosis and diabetes: a
systematic review. Cardiovasc Diabetol. (2022) 21:272. doi: 10.1186/s12933-022-
01703-5

70. Kiyozuka K, Zhao X, Konishi A, Minamishima YA, Obinata H. Apolipoprotein
M supports SIP production and conservation and mediates prolonged akt
activation via SIPR1 and S1PR3. J Biochem (Tokyo). (2023) 174(3):253—66. doi: 10.
1093/jb/mvad037

71. Wilkerson BA, Argraves KM. The role of sphingosine-1-phosphate in endothelial
barrier function. Biochim Biophys Acta. (2014) 1841(10):1403-12. doi: 10.1016/j.
bbalip.2014.06.012

72. Huang C, Zhang ], Huang J, Li H, Wen K, Bao J, et al. Proteomic and functional
analysis of HDL subclasses in humans and rats: a proof-of-concept study. Lipids
Health Dis. (2023) 22(1):86. doi: 10.1186/s12944-023-01829-9

73. Vaisar T, Pennathur S, Green PS, Gharib SA, Hoofnagle AN, Cheung MC, et al.
Shotgun proteomics implicates protease inhibition and complement activation in the
antiinflammatory properties of HDL. J Clin Invest. (2007) 117(3):746-56. doi: 10.
1172/JCI26206

74. Rosenson RS, Brewer HB, Ansell BJ, Barter P, Chapman M]J, Heinecke JW, et al.
Dysfunctional HDL and atherosclerotic cardiovascular disease. Nat Rev Cardiol.
(2016) 13(1):48-60. doi: 10.1038/nrcardio.2015.124

75. Karimi N, Dalirfardouei R, Dias T, Lotvall J, Lasser C. Tetraspanins distinguish
separate extracellular vesicle subpopulations in human serum and plasma—
contributions of platelet extracellular vesicles in plasma samples. ] Extracell
Vesicles. (2022) 11(5):e12213. doi: 10.1002/jev2.12213

76. Gerke V, Gavins FNE, Geisow M, Grewal T, Jaiswal JK, Nylandsted J, et al.
Annexins—a family of proteins with distinctive tastes for cell signaling and
membrane dynamics. Nat Commun. (2024) 15(1):1574. doi: 10.1038/s41467-024-
45954-0

77. Williams JK, Ngo JM, Lehman IM, Schekman R. Annexin A6 mediates calcium-
dependent exosome secretion during plasma membrane repair. eLife. (2023) 12:
€86556. Pfeffer SR, editor. doi: 10.7554/eLife.86556

78. Lin YC, Chipot C, Scheuring S. Annexin-V stabilizes membrane defects by
inducing lipid phase transition. Nat Commun. (2020) 11(1):230. doi: 10.1038/
541467-019-14045-w

79. Sojka DR, Abramowicz A, Adamiec-Organisciok M, Karnas Ez, Mielanczyk %,
Kania D, et al. Heat shock protein A2 is a novel extracellular vesicle-associated
protein. Sci Rep. (2023) 13(1):4734. doi: 10.1038/s41598-023-31962-5

80. Yin G, Huang J, Petela ], Jiang H, Zhang Y, Gong S, et al. Targeting small
GTPases: emerging grasps on previously untamable targets, pioneered by KRAS.
Signal Transduct Target Ther. (2023) 8(1):212. doi: 10.1038/s41392-023-01441-4

81. Zhang BH, Yin F, Qiao YN, Guo SD. Triglyceride and triglyceride-rich lipoproteins
in atherosclerosis. Front Mol Biosci. (2022) 9:9. doi: 10.3389/fmolb.2022.909151

82. Bouchareychas L, Raffai RL, Bouchareychas L, Raffai RL. Apolipoprotein E and
atherosclerosis: from lipoprotein metabolism to MicroRNA control of
inflammation. J Cardiovasc Dev Dis. (2018) 5(2):30. doi: 10.3390/jcdd5020030

83. Wiesner P, Leidl K, Boettcher A, Schmitz G, Liebisch G. Lipid profiling of FPLC-
separated lipoprotein fractions by electrospray ionization tandem mass spectrometry.
J Lipid Res. (2009) 50(3):574—85. doi: 10.1194/jlr.D800028-JLR200

84. Camont L, Lhomme M, Rached F, Le Goff W, Negre-Salvayre A, Salvayre R, et al.
Small, dense high-density lipoprotein-3 particles are enriched in negatively charged
phospholipids: relevance to cellular cholesterol efflux, antioxidative, antithrombotic,
anti-inflammatory, and antiapoptotic functionalities. Arterioscler Thromb Vasc Biol.
(2013) 33(12):2715-23. doi: 10.1161/ATVBAHA.113.301468

85. Kontush A, Therond P, Zerrad A, Couturier M, Négre-Salvayre A, De Souza JA,
et al. Preferential sphingosine-1-phosphate enrichment and sphingomyelin depletion
are key features of small dense HDL3 particles. Arterioscler Thromb Vasc Biol. (2007)
27(8):1843-9. doi: 10.1161/ATVBAHA.107.145672

86. Varela L, Mol S, Taanman-Kueter EW, Ryan SE, Taams LS, De Jong E, et al.
Lipidome profiling of neutrophil-derived extracellular vesicles unveils their
contribution to the ensemble of synovial fluid-derived extracellular vesicles during
joint inflammation. Biochim Biophys Acta BBA—Mol Cell Biol Lipids. (2024)
1869(7):159534. doi: 10.1016/j.bbalip.2024.159534

frontiersin.org


https://doi.org/10.1194/jlr.R084640
https://doi.org/10.1515/cclm-2013-0358
https://doi.org/10.1002/biof.1187
https://doi.org/10.1194/jlr.R800010-JLR200
https://doi.org/10.1194/jlr.M800048-JLR200
https://doi.org/10.1194/jlr.M800048-JLR200
https://doi.org/10.1074/jbc.M704590200
https://doi.org/10.1194/jlr.M700206-JLR200
https://doi.org/10.1194/jlr.R082735
https://doi.org/10.1007/s11883-011-0171-6
https://doi.org/10.1016/j.bbalip.2011.06.013
https://doi.org/10.1016/j.ejcb.2022.151229
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nature13847
https://doi.org/10.1038/s41580-023-00576-0
https://doi.org/10.3389/fmolb.2023.1198044
https://doi.org/10.1194/jlr.R034025
https://doi.org/10.1021/bi1015452
https://doi.org/10.3390/pharmaceutics15020365
https://doi.org/10.3390/cells9102191
https://doi.org/10.1002/jev2.12260
https://doi.org/10.1155/2021/9241259
https://doi.org/10.1155/2021/9241259
https://doi.org/10.3390/cells10102663
https://doi.org/10.1016/j.jacl.2019.01.002
https://doi.org/10.1016/j.jacl.2019.01.002
https://doi.org/10.1016/j.bbalip.2021.159072
https://doi.org/10.1093/jmcb/mjac004
https://doi.org/10.1038/s41598-024-74228-4
https://doi.org/10.1038/s41598-024-74228-4
https://doi.org/10.1093/nar/gkad1007
https://doi.org/10.1038/nsmb.3501
https://doi.org/10.1016/j.jlr.2022.100307
https://doi.org/10.1186/s12933-022-01703-5
https://doi.org/10.1186/s12933-022-01703-5
https://doi.org/10.1093/jb/mvad037
https://doi.org/10.1093/jb/mvad037
https://doi.org/10.1016/j.bbalip.2014.06.012
https://doi.org/10.1016/j.bbalip.2014.06.012
https://doi.org/10.1186/s12944-023-01829-9
https://doi.org/10.1172/JCI26206
https://doi.org/10.1172/JCI26206
https://doi.org/10.1038/nrcardio.2015.124
https://doi.org/10.1002/jev2.12213
https://doi.org/10.1038/s41467-024-45954-0
https://doi.org/10.1038/s41467-024-45954-0
https://doi.org/10.7554/eLife.86556
https://doi.org/10.1038/s41467-019-14045-w
https://doi.org/10.1038/s41467-019-14045-w
https://doi.org/10.1038/s41598-023-31962-5
https://doi.org/10.1038/s41392-023-01441-4
https://doi.org/10.3389/fmolb.2022.909151
https://doi.org/10.3390/jcdd5020030
https://doi.org/10.1194/jlr.D800028-JLR200
https://doi.org/10.1161/ATVBAHA.113.301468
https://doi.org/10.1161/ATVBAHA.107.145672
https://doi.org/10.1016/j.bbalip.2024.159534
https://doi.org/10.3389/fcvm.2026.1831078
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Cerniauskas et al.

87. Skotland T, Hessvik NP, Sandvig K, Llorente A. Exosomal lipid composition and
the role of ether lipids and phosphoinositides in exosome biology. J Lipid Res. (2019)
60(1):9-18. doi: 10.1194/jlr.R084343

88. Perpind-Clérigues C, Mellado S, Catala-Senent JF, Ibéfez F, Costa P, Marcos M,
et al. Lipidomic landscape of circulating extracellular vesicles isolated from
adolescents exposed to ethanol intoxication: a sex difference study. Biol Sex Differ.
(2023) 14(1):22. doi: 10.1186/513293-023-00502-1

89. Lam SM, Zhang C, Wang Z, Ni Z, Zhang S, Yang S, et al. A multi-omics
investigation of the composition and function of extracellular vesicles along the
temporal trajectory of COVID-19. Nat Metab. (2021) 3(7):909-22. doi: 10.1038/
542255-021-00425-4

90. Yancey PG, De La Llera-Moya M, Swarnakar S, Monzo P, Klein SM, Connelly
MA, et al. High density lipoprotein phospholipid composition is a major
determinant of the bi-directional flux and net movement of cellular free cholesterol
mediated by scavenger receptor BI. J Biol Chem. (2000) 275(47):36596-604.
doi: 10.1074/jbc.M006924200

91. Lhomme M, Camont L, Chapman M]J, Kontush A. Lipidomics in lipoprotein
biology. In: Ekroos K, editor, Lipidomics: Technologies and Applications. Weinheim:
John Wiley & Sons, Ltd (2012). p. 197-217.

92. Tripisciano C, Weiss R, Eichhorn T, Spittler A, Heuser T, Fischer MB, et al.
Different potential of extracellular vesicles to support thrombin generation:
contributions of phosphatidylserine, tissue factor, and cellular origin. Sci Rep.
(2017) 7(1):6522. doi: 10.1038/541598-017-03262-2

93. Argraves KM, Sethi AA, Gazzolo PJ, Wilkerson BA, Remaley AT, Tybjaerg-
Hansen A, et al. Slp, dihydro-S1P and C24:1-ceramide levels in the HDL-
containing fraction of serum inversely correlate with occurrence of ischemic heart
disease. Lipids Health Dis. (2011) 10:70. doi: 10.1186/1476-511X-10-70

94. Galvani S, Sanson M, Blaho VA, Swendeman SL, Obinata H, Conger H, et al.
HDL-bound sphingosine 1-phosphate acts as a biased agonist for the endothelial
cell receptor S1P1 to limit vascular inflammation. Sci Signal. (2015) 8(389):ra79.
doi: 10.1126/scisignal.aaa2581

95. Stahlman M, Fagerberg B, Adiels M, Ekroos K, Chapman JM, Kontush A, et al.
Dyslipidemia, but not hyperglycemia and insulin resistance, is associated with
marked alterations in the HDL lipidome in type 2 diabetic subjects in the DIWA
cohort: impact on small HDL particles. Biochim Biophys Acta. (2013)
1831(11):1609-17. doi: 10.1016/j.bbalip.2013.07.009

96. Horbay R, Hamraghani A, Ermini L, Holcik S, Beug ST, Yeganeh B. Role of
ceramides and lysosomes in extracellular vesicle biogenesis, cargo sorting and
release. Int J Mol Sci. (2022) 23(23):15317. doi: 10.3390/ijms232315317

97. Crivelli SM, Giovagnoni C, Zhu Z, Tripathi P, Elsherbini A, Quadri Z, et al.
Function of ceramide transfer protein for biogenesis and sphingolipid composition
of extracellular vesicles. J Extracell Vesicles. (2022) 11(6):e12233. doi: 10.1002/jev2.
12233

98. He X, Guan F, Lei L. Structure and function of glycosphingolipids on small
extracellular vesicles. Glycoconj J. (2022) 39(2):197-205. doi: 10.1007/s10719-022-
10052-0

99. Zietzer A, Diising P, Reese L, Nickenig G, Jansen F. Ceramide metabolism in
cardiovascular disease: a network with high therapeutic potential. Arterioscler
Thromb Vasc Biol. (2022) 42(10):1220-8. doi: 10.1161/ATVBAHA.122.318048

100. Huang S, Abutaleb K, Mishra S. Glycosphingolipids in cardiovascular disease:
insights from molecular mechanisms and heart failure models. Biomolecules. (2024)
14(10):1265. doi: 10.3390/biom14101265

101. Proudfoot JM, Barden AE, Croft KD, Galano JM, Durand T, Bultel-Poncé V,
et al. F2-Isoprostanes in HDL are bound to neutral lipids and phospholipids. Free
Radic Res. (2016) 50(12):1374-85. doi: 10.1080/10715762.2016.1250262

102. Lazar I, Clement E, Carrié L, Esteve D, Dauvillier S, Moutahir M, et al.
Adipocyte extracellular vesicles decrease pl6INK4A in melanoma: an additional
link between obesity and cancer. J Invest Dermatol. (2022) 142(9):2488-2498.e8.
doi: 10.1016/j.jid.2022.01.026

103. Meikle PJ, Formosa MF, Mellett NA, Jayawardana KS, Giles C, Bertovic DA,
et al. HDL Phospholipids, but not cholesterol distinguish acute coronary syndrome
from stable coronary artery disease. ] Am Heart Assoc Cardiovasc Cerebrovasc Dis.
(2019) 8(11):¢011792. doi: 10.1161/JAHA.118.011792

104. Akanuma S, Yamamoto A, Okayasu S, Tachikawa M, Hosoya KI. High-density
lipoprotein-associated alpha-tocopherol uptake by human retinal pigment epithelial
cells (ARPE-19 cells): the irrelevance of scavenger receptor class B, type I. Biol
Pharm Bull. (2009) 32(6):1131-4. doi: 10.1248/bpb.32.1131

105. Li B, Vachali P, Chang FY, Gorusupudi A, Arunkumar R, Shi L, et al. HDL Is the
primary transporter for carotenoids from liver to retinal pigment epithelium in
transgenic ApoA-I—/—/Bco2—/— mice. Arch Biochem Biophys. (2022) 716:109111.
doi: 10.1016/j.abb.2021.109111

106. Tikkanen MJ, Vihma V, Jauhiainen M, Hoéckerstedt A, Helisten H, Kaamanen
M. Lipoprotein-associated estrogens. Cardiovasc Res. (2002) 56(2):184-8. doi: 10.
1016/s0008-6363(02)00535-7

107. El Khoudary SR, Nasr A, Billheimer ], Brooks MM, McConnell D, Crawford S,
et al. Associations of endogenous hormones with HDL novel metrics across the

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2026.1831078

menopause transition: the SWAN HDL study. J Clin Endocrinol Metab. (2022)
107(1):e303-14. doi: 10.1210/clinem/dgab595

108. Tabet F, Vickers KC, Cuesta Torres LF, Wiese CB, Shoucri BM, Lambert G, et al.
HDL-transferred microRNA-223 regulates ICAM-1 expression in endothelial cells.
Nat Commun. (2014) 5(1):3292. doi: 10.1038/ncomms4292

109. Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT.
MicroRNAs are transported in plasma and delivered to recipient cells by high-
density lipoproteins. Nat Cell Biol. (2011) 13(4):423-33. doi: 10.1038/ncb2210

110. Karvinen S, Korhonen TM, Sievdnen T, Karppinen JE, Juppi H-K, Jakoaho V,
et al. Extracellular vesicles and high-density lipoproteins: exercise and oestrogen-
responsive small RNA carriers. ] Extracell Vesicles. (2023) 12(2):12308. doi: 10.
1002/jev2.12308

111. Castleberry M, Raby CA, Ifrim A, Shibata Y, Matsushita S, Ugawa S, et al. High-
density lipoproteins mediate small RNA intercellular communication between
dendritic cells and macrophages. J Lipid Res. (2023) 64(2):100328. doi: 10.1016/j.jlr.
2023.100328

112. Gomez I, Ward B, Souilhol C, Recarti C, Ariaans M, Johnston J, et al. Neutrophil
microvesicles drive atherosclerosis by delivering miR-155 to atheroprone
endothelium. Nat Commun. (2020) 11(1):214. doi: 10.1038/s41467-019-14043-y

113. Zernecke A, Bidzhekov K, Noels H, Shagdarsuren E, Gan L, Denecke B, et al.
Delivery of MicroRNA-126 by apoptotic bodies induces CXCLI12-dependent
vascular protection. Sci Signal. (2009) 2(100):ra81. doi: 10.1126/scisignal.2000610

114. Jurj A, Zanoaga O, Braicu C, Lazar V, Tomuleasa C, Irimie A, et al. A
comprehensive picture of extracellular vesicles and their contents. Molecular
transfer to cancer cells. Cancers (Basel). (2020) 12(2):298. doi: 10.3390/
cancers12020298

115. Rautou P-E, Leroyer AS, Ramkhelawon B, Devue C, Duflaut D, Vion AC, et al.
Microparticles from human atherosclerotic plaques promote endothelial ICAM-1—
dependent monocyte adhesion and transendothelial migration. Circ Res. (2011)
108(3):335-43. doi: 10.1161/CIRCRESAHA.110.237420

116. De Abreu RC, Fernandes H, Da C, Martins PA, Sahoo S, Emanueli C, et al.
Native and bioengineered extracellular vesicles for cardiovascular therapeutics. Nat
Rev Cardiol. (2020) 17(11):685-97. doi: 10.1038/s41569-020-0389-5

117. Zeng Y, Cui X, Li H, Wang Y, Cheng M, Zhang X. Extracellular vesicles
originating from the mechanical microenvironment in the pathogenesis and
applications for cardiovascular diseases. Regen Ther. (2024) 26:1069-77. doi: 10.
1016/j.reth.2024.10.012

118. Kong P, Cui ZY, Huang XF, Zhang DD, Guo R]J, Han M. Inflammation and
atherosclerosis: signaling pathways and therapeutic intervention. Signal Transduct
Target Ther. (2022) 7(1):1-24. doi: 10.1038/s41392-022-00955-7

119. Tall AR, Yvan-Charvet L. Cholesterol, inflammation and innate immunity. Nat
Rev Immunol. (2015) 15(2):104-16. doi: 10.1038/nri3793

120. Voight BF, Peloso GM, Orho-Melander M, Frikke-Schmidt R, Barbalic M,
Jensen MK, et al. Plasma HDL cholesterol and risk of myocardial infarction: a
Mendelian randomisation study. Lancet. (2012) 380(9841):572-80. doi: 10.1016/
S0140-6736(12)60312-2

121. Barter PJ, Caulfield M, Eriksson M, Grundy SM, Kastelein JJP, Komajda M, et al.
Effects of torcetrapib in patients at high risk for coronary events. N Engl ] Med. (2007)
357(21):2109-22. doi: 10.1056/NEJM0a0706628

122. AIM-HIGH Investigators, Boden WE, Probstfield JL, Anderson T, Chaitman BR,
Desvignes-Nickens P, et al. Niacin in patients with low HDL cholesterol levels
receiving intensive statin therapy. N Engl J Med. (2011) 365(24):2255-67. doi: 10.
1056/NEJMoal107579

123. Van Der Stoep M, Korporaal SJA, Van Eck M. High-density lipoprotein as a
modulator of platelet and coagulation responses. Cardiovasc Res. (2014)
103(3):362-71. doi: 10.1093/cvr/cvul37

124. Jia C, Anderson JLC, Gruppen EG, Lei Y, Bakker SJL, Dullaart RPF, et al.
High-Density lipoprotein anti-inflammatory capacity and incident cardiovascular
events. Circulation. (2021) 143(20):1935-45. doi: 10.1161/CIRCULATIONAHA.120.
050808

125. Jansen F, Nickenig G, Werner N. Extracellular vesicles in cardiovascular disease.
Circ Res. (2017) 120(10):1649-57. doi: 10.1161/CIRCRESAHA.117.310752

126. Raju S, Turner ME, Cao C, Abdul-Samad M, Punwasi N, Blaser MC, et al.
Multiomic landscape of extracellular vesicles in human carotid atherosclerotic
plaque reveals endothelial communication networks. Arterioscler Thromb Vasc Biol.
(2025) 45(7):1277-305. doi: 10.1161/ATVBAHA.124.322324

127. Ghebosu RE, Pendiuk Goncalves ], Wolfram J. Extracellular vesicle and
lipoprotein interactions. Nano Lett. (2024) 24(1):1-8. doi: 10.1021/acs.nanolett.
3c03579

128. Musico A, Frigerio R, Normak K, Scolari S, Gori A, Arosio P, et al. Orthogonal
investigation at single-particle and ensemble levels uncovers lipoprotein-extracellular
vesicle binding. Anal Chem. (2026) 98(2):1390-405. doi: 10.1021/acs.analchem.
5c05327

129. Wang X, He B. Endothelial dysfunction: molecular mechanisms and clinical
implications. MedComm. (2024) 5(8):e651. doi: 10.1002/mc02.651

frontiersin.org


https://doi.org/10.1194/jlr.R084343
https://doi.org/10.1186/s13293-023-00502-1
https://doi.org/10.1038/s42255-021-00425-4
https://doi.org/10.1038/s42255-021-00425-4
https://doi.org/10.1074/jbc.M006924200
https://doi.org/10.1038/s41598-017-03262-2
https://doi.org/10.1186/1476-511X-10-70
https://doi.org/10.1126/scisignal.aaa2581
https://doi.org/10.1016/j.bbalip.2013.07.009
https://doi.org/10.3390/ijms232315317
https://doi.org/10.1002/jev2.12233
https://doi.org/10.1002/jev2.12233
https://doi.org/10.1007/s10719-022-10052-0
https://doi.org/10.1007/s10719-022-10052-0
https://doi.org/10.1161/ATVBAHA.122.318048
https://doi.org/10.3390/biom14101265
https://doi.org/10.1080/10715762.2016.1250262
https://doi.org/10.1016/j.jid.2022.01.026
https://doi.org/10.1161/JAHA.118.011792
https://doi.org/10.1248/bpb.32.1131
https://doi.org/10.1016/j.abb.2021.109111
https://doi.org/10.1016/s0008-6363(02)00535-7
https://doi.org/10.1016/s0008-6363(02)00535-7
https://doi.org/10.1210/clinem/dgab595
https://doi.org/10.1038/ncomms4292
https://doi.org/10.1038/ncb2210
https://doi.org/10.1002/jev2.12308
https://doi.org/10.1002/jev2.12308
https://doi.org/10.1016/j.jlr.2023.100328
https://doi.org/10.1016/j.jlr.2023.100328
https://doi.org/10.1038/s41467-019-14043-y
https://doi.org/10.1126/scisignal.2000610
https://doi.org/10.3390/cancers12020298
https://doi.org/10.3390/cancers12020298
https://doi.org/10.1161/CIRCRESAHA.110.237420
https://doi.org/10.1038/s41569-020-0389-5
https://doi.org/10.1016/j.reth.2024.10.012
https://doi.org/10.1016/j.reth.2024.10.012
https://doi.org/10.1038/s41392-022-00955-7
https://doi.org/10.1038/nri3793
https://doi.org/10.1016/S0140-6736(12)60312-2
https://doi.org/10.1016/S0140-6736(12)60312-2
https://doi.org/10.1056/NEJMoa0706628
https://doi.org/10.1056/NEJMoa1107579
https://doi.org/10.1056/NEJMoa1107579
https://doi.org/10.1093/cvr/cvu137
https://doi.org/10.1161/CIRCULATIONAHA.120.050808
https://doi.org/10.1161/CIRCULATIONAHA.120.050808
https://doi.org/10.1161/CIRCRESAHA.117.310752
https://doi.org/10.1161/ATVBAHA.124.322324
https://doi.org/10.1021/acs.nanolett.3c03579
https://doi.org/10.1021/acs.nanolett.3c03579
https://doi.org/10.1021/acs.analchem.5c05327
https://doi.org/10.1021/acs.analchem.5c05327
https://doi.org/10.1002/mco2.651
https://doi.org/10.3389/fcvm.2026.1831078
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Cerniauskas et al.

130. Mineo C, Yuhanna IS, Quon MJ, Shaul PW. High density lipoprotein-induced
endothelial nitric-oxide synthase activation is mediated by akt and MAP kinases *.
J Biol Chem. (2003) 278(11):9142-9. doi: 10.1074/jbc.M211394200

131. Bursill CA, Castro ML, Beattie DT, Nakhla S, Van Der Vorst E, Heather AK,
et al. High-Density lipoproteins suppress chemokines and chemokine receptors in
vitro and in vivo. Arterioscler Thromb Vasc Biol. (2010) 30(9):1773-8. doi: 10.1161/
ATVBAHA.110.211342

132. Vyletelovd V, Novakova M, Paskova L. Alterations of HDL’s To piHDL’s
Proteome in patients with chronic inflammatory diseases, and HDL-targeted
therapies. Pharmaceuticals. (2022) 15(10):1278. doi: 10.3390/ph15101278

133. Begue F, Tanaka S, Mouktadi Z, Rondeau P, Veeren B, Diotel N, et al. Altered
high-density lipoprotein composition and functions during severe COVID-19. Sci
Rep. (2021) 11(1):2291. doi: 10.1038/541598-021-81638-1

134. Barry OP, Pratico D, Savani RC, FitzGerald GA. Modulation of monocyte-
endothelial cell interactions by platelet microparticles. J Clin Invest. (1998)
102(1):136-44. doi: 10.1172/JCI2592

135. Mause SF, Von Hundelshausen P, Zernecke A, Koenen RR, Weber C. Platelet
microparticles: a transcellular delivery system for RANTES promoting monocyte
recruitment on endothelium. Arterioscler Thromb Vasc Biol. (2005) 25(7):1512-8.
doi: 10.1161/01.ATV.0000170133.43608.37

136. Wang C, Liu C, Shi J, Li H, Jiang S, Zhao P, et al. Nicotine exacerbates
endothelial dysfunction and drives atherosclerosis via extracellular vesicle-miRNA.
Cardiovasc Res. (2023) 119(3):729-42. doi: 10.1093/cvr/cvac140

137. Jansen F, Yang X, Hoelscher M, Cattelan A, Schmitz T, Proebsting S, et al.
Endothelial microparticle-mediated transfer of MicroRNA-126 promotes vascular
endothelial cell repair via SPREDI and is abrogated in glucose-damaged
endothelial microparticles. Circulation. (2013) 128(18):2026-38. doi: 10.1161/
CIRCULATIONAHA.113.001720

138. Khera AV, Demler OV, Adelman SJ, Collins HL, Glynn R], Ridker PM, et al.
Cholesterol efflux capacity, high-density lipoprotein particle number, and incident
cardiovascular events. Circulation. (2017) 135(25):2494-504. doi: 10.1161/
CIRCULATIONAHA.116.025678

139. Murphy AJ, Woollard K], Hoang A, Mukhamedova N, Stirzaker RA,
McCormick SPA, et al. High-Density lipoprotein reduces the human monocyte
inflammatory response. Arterioscler Thromb Vasc Biol. (2008) 28(11):2071-7.
doi: 10.1161/ATVBAHA.108.168690

140. Thacker SG, Zarzour A, Chen Y, Alcicek MS, Freeman LA, Sviridov DO, et al.
High-density lipoprotein reduces inflammation from cholesterol crystals by
inhibiting inflammasome activation. Immunology. (2016) 149(3):306-19. doi: 10.
1111/imm.12638

141. Sanson M, Distel E, Fisher EA. HDL Induces the expression of the M2
macrophage markers arginase 1 and fizz-1 in a STAT6-dependent process. PLoS
One. (2013) 8(8):e74676. doi: 10.1371/journal.pone.0074676

142. Cabana VG, Lukens JR, Rice KS, Hawkins TJ, Getz GS. HDL Content and
composition in acute phase response in three species: triglyceride enrichment of
HDL a factor in its decrease. J Lipid Res. (1996) 37(12):2662-74. doi: 10.1016/
S0022-2275(20)37469-1

143. Fu S, Zhang Y, Li Y, Luo L, Zhao Y, Yao Y. Extracellular vesicles in
cardiovascular diseases. Cell Death Discov. (2020) 6(1):68. doi: 10.1038/s41420-020-
00305-y

144. Meng W, He C, Hao Y, Wang L, Li L, Zhu G. Prospects and challenges of
extracellular vesicle-based drug delivery system: considering cell source. Drug
Deliv. (2020) 27(1):585-98. doi: 10.1080/10717544.2020.1748758

145. Burrello ], Bolis S, Balbi C, Burrello A, Provasi E, Caporali E, et al. An
extracellular vesicle epitope profile is associated with acute myocardial infarction.
J Cell Mol Med. (2020) 24(17):9945-57. doi: 10.1111/jcmm.15594

146. Chimen M, Evryviadou A, Box CL, Harrison MJ, Hazeldine J, Dib LH, et al.
Appropriation of GPIba from platelet-derived extracellular vesicles supports
monocyte recruitment in systemic inflammation. Haematologica. (2020)
105(5):1248-61. doi: 10.3324/haematol.2018.215145

147. Tang N, Sun B, Gupta A, Rempel H, Pulliam L. Monocyte exosomes induce
adhesion molecules and cytokines via activation of NF-xB in endothelial cells.
FASEB ] Off Publ Fed Am Soc Exp Biol. (2016) 30(9):3097-106. doi: 10.1096/fj.
201600368RR

148. Batty M, Bennett MR, Yu E. The role of oxidative stress in atherosclerosis. Cells.
(2022) 11(23):3843. doi: 10.3390/cells11233843

149. Ajala ON, Demler OV, Liu Y, Farukhi Z, Adelman §J, Collins HL, et al. Anti-
inflammatory HDL function, incident cardiovascular events, and mortality: a
secondary analysis of the JUPITER randomized clinical trial. ] Am Heart Assoc
Cardiovasc Cerebrovasc Dis. (2020) 9(17):e016507. doi: 10.1161/JAHA.119.016507

150. Wu W, Liu Y, Chen J, Jia C, Tietge UJF. HDL Antioxidative capacity and MACE
outcomes: a prospective cohort study from southern China. Free Radic Biol Med.
(2025) 238:630-9. doi: 10.1016/j.freeradbiomed.2025.07.020

151. Pammer A, Klobucar I, Stadler JT, Meissl S, Habisch H, Madl T, et al. Impaired
HDL antioxidant and anti-inflammatory functions are linked to increased mortality
in acute heart failure patients. Redox Biol. (2024) 76:103341. doi: 10.1016/j.redox.
2024.103341

Frontiers in Cardiovascular Medicine

17

10.3389/fcvm.2026.1831078

152. Feng C, Chen Q, Fan M, Guo J, Liu Y, Ji T, et al. Platelet-derived microparticles
promote phagocytosis of oxidized low-density lipoprotein by macrophages,
potentially enhancing foam cell formation. Ann Transl Med. (2019) 7(18):477.
doi: 10.21037/atm.2019.08.06

153. Xie Z, Wang X, Liu X, Du H, Sun C, Shao X, et al. Adipose-derived exosomes
exert proatherogenic effects by regulating macrophage foam cell formation and
polarization. ] Am Heart Assoc. (2018) 7(5):e007442. doi: 10.1161/JAHA.117.007442

154. Liu Y, Sun Y, Lin X, Zhang D, Hu C, Liu J, et al. Perivascular adipose-derived
exosomes reduce foam cell formation by regulating expression of cholesterol
transporters. Front Cardiovasc Med. (2021) 8:8. doi: 10.3389/fcvm.2021.697510

155. Chen X, Chen S, Pang J, Huang R, You Y, Zhang H, et al. Hepatic steatosis
aggravates atherosclerosis via small extracellular vesicle-mediated inhibition of
cellular cholesterol efflux. J Hepatol. (2023) 79(6):1491-501. doi: 10.1016/j.jhep.
2023.08.023

156. Wang S, Lv Y, Wang X, Zhang Z, Li J, Pan TI, et al. MiR-7683-3p from
M2-exosomes attenuated atherosclerosis by activating the PPARy-LXRa-ABCG1
pathway mediated cholesterol efflux of vascular smooth muscle cell derived foam
cells. ] Nanobiotechnology. (2025) 23(1):618. doi: 10.1186/s12951-025-03690-7

157. De Nardo D, Labzin LI, Kono H, Seki R, Schmidt SV, Beyer M, et al. High-
density lipoprotein mediates anti-inflammatory reprogramming of macrophages via
the transcriptional regulator ATF3. Nat Immunol. (2014) 15(2):152-60. doi: 10.
1038/ni.2784

158. Bouchareychas L, Duong P, Covarrubias S, Alsop E, Phu TA, Chung A, et al.
Macrophage exosomes resolve atherosclerosis by regulating hematopoiesis and
inflammation via MicroRNA cargo. Cell Rep. (2020) 32(2):107881. doi: 10.1016/j.
celrep.2020.107881

159. Hutcheson JD, Goettsch C, Bertazzo S, Maldonado N, Ruiz JL, Goh W, et al.
Genesis and growth of extracellular-vesicle-derived ~microcalcification  in
atherosclerotic plaques. Nat Mater. (2016) 15(3):335-43. doi: 10.1038/nmat4519

160. Griffin JH, Kojima K, Banka CL, Curtiss LK, Fernindez JA High-density
lipoprotein enhancement of anticoagulant activities of plasma protein S and
activated protein C. J Clin Invest. 1999;103(2):219-27. doi: 10.1172/JCI5006

161. Yuan L, Han J, Cheng S, Rosendaal FR, Mook-Kanamori DO, Jukema JW, et al.
Association between high-density lipoprotein characteristics and hemostatic
parameters in The Netherlands epidemiology of obesity (NEO) study—brief report.
Arterioscler Thromb Vasc Biol. (2026) 46(2):e323515. doi: 10.1161/ATVBAHA.125.
323515

162. Zabczyk M, Hondo L, Krzek M, Undas A. High-density cholesterol and
apolipoprotein Al as modifiers of plasma fibrin clot properties in apparently
healthy individuals. Blood Coagul Fibrinolysis. (2013) 24(1):50—4. doi: 10.1097/
MBC.0b013e32835a083¢

163. Perdomo L, Vidal-Gomez X, Soleti R, Vergori L, Duluc L, Chwastyniak M, et al.
Large extracellular vesicle-associated Rapl accumulates in atherosclerotic plaques,
correlates with vascular risks and is involved in atherosclerosis. Circ Res. (2020)
127(6):747-60. doi: 10.1161/CIRCRESAHA.120.317086

164. Burrello J, Biemmi V, Dei Cas M, Amongero M, Bolis S, Lazzarini E, et al.
Sphingolipid composition of circulating extracellular vesicles after myocardial
ischemia. Sci Rep. (2020) 10(1):16182. doi: 10.1038/s41598-020-73411-7

165. Cheng M, Yang ], Zhao X, Zhang E, Zeng Q, Yu Y, et al. Circulating
myocardial microRNAs from infarcted hearts are carried in exosomes and mobilise
bone marrow progenitor cells. Nat Commun. (2019) 10(1):959. doi: 10.1038/
541467-019-08895-7

166. Heckerman GO, Tzng E, Campos-Melendez A, Ekwueme C, Mueller A.
Transparency of research practices in cardiovascular literature. eLife. (2025) 14:
€81051. doi: 10.7554/eLife.81051

167. Lacroix R, Judicone C, Poncelet P, Robert S, Arnaud L, Sampol J, et al. Impact of
pre-analytical parameters on the measurement of circulating microparticles: towards
standardization of protocol. J] Thromb Haemost. (2012) 10(3):437—46. doi: 10.1111/j.
1538-7836.2011.04610.x

168. Yuana Y, Boing AN, Grootemaat AE, Van Der Pol E, Hau CM, Cizmar P, et al.
Handling and storage of human body fluids for analysis of extracellular vesicles.
J Extracell Vesicles. (2015) 4(1):29260. doi: 10.3402/jev.v4.29260

169. Jeyaram A, Jay SM. Preservation and storage stability of extracellular vesicles for
therapeutic applications. AAPS J. (2018) 20(1):1. doi: 10.1208/512248-017-0160-y

170. Rosenson RS, Brewer HB Jr, Chapman M], Fazio S, Hussain MM, Kontush A,
et al. HDL Measures, particle heterogeneity, proposed Nomenclature, and relation
to atherosclerotic cardiovascular events. Clin Chem. (2011) 57(3):392-410. doi: 10.
1373/clinchem.2010.155333

171. Miller WG, Myers GL, Sakurabayashi I, Bachmann LM, Caudill SP, Dziekonski
A, et al. Seven direct methods for measuring HDL and LDL cholesterol compared
with ultracentrifugation reference measurement procedures. Clin Chem. (2010)
56(6):977-86. doi: 10.1373/clinchem.2009.142810

172. Contois JH, Warnick GR, Sniderman AD. Reliability of low-density lipoprotein
cholesterol, non-high-density lipoprotein cholesterol, and apolipoprotein
B measurement. J Clin Lipidol. (2011) 5(4):264-72. doi: 10.1016/j.jac1.2011.05.004

173. Kronenberg F, Lobentanz EM, Kénig P, Utermann G, Dieplinger H. Effect of
sample storage on the measurement of lipoprotein[a], apolipoproteins B and A-IV,

frontiersin.org


https://doi.org/10.1074/jbc.M211394200
https://doi.org/10.1161/ATVBAHA.110.211342
https://doi.org/10.1161/ATVBAHA.110.211342
https://doi.org/10.3390/ph15101278
https://doi.org/10.1038/s41598-021-81638-1
https://doi.org/10.1172/JCI2592
https://doi.org/10.1161/01.ATV.0000170133.43608.37
https://doi.org/10.1093/cvr/cvac140
https://doi.org/10.1161/CIRCULATIONAHA.113.001720
https://doi.org/10.1161/CIRCULATIONAHA.113.001720
https://doi.org/10.1161/CIRCULATIONAHA.116.025678
https://doi.org/10.1161/CIRCULATIONAHA.116.025678
https://doi.org/10.1161/ATVBAHA.108.168690
https://doi.org/10.1111/imm.12638
https://doi.org/10.1111/imm.12638
https://doi.org/10.1371/journal.pone.0074676
https://doi.org/10.1016/S0022-2275(20)37469-1
https://doi.org/10.1016/S0022-2275(20)37469-1
https://doi.org/10.1038/s41420-020-00305-y
https://doi.org/10.1038/s41420-020-00305-y
https://doi.org/10.1080/10717544.2020.1748758
https://doi.org/10.1111/jcmm.15594
https://doi.org/10.3324/haematol.2018.215145
https://doi.org/10.1096/fj.201600368RR
https://doi.org/10.1096/fj.201600368RR
https://doi.org/10.3390/cells11233843
https://doi.org/10.1161/JAHA.119.016507
https://doi.org/10.1016/j.freeradbiomed.2025.07.020
https://doi.org/10.1016/j.redox.2024.103341
https://doi.org/10.1016/j.redox.2024.103341
https://doi.org/10.21037/atm.2019.08.06
https://doi.org/10.1161/JAHA.117.007442
https://doi.org/10.3389/fcvm.2021.697510
https://doi.org/10.1016/j.jhep.2023.08.023
https://doi.org/10.1016/j.jhep.2023.08.023
https://doi.org/10.1186/s12951-025-03690-7
https://doi.org/10.1038/ni.2784
https://doi.org/10.1038/ni.2784
https://doi.org/10.1016/j.celrep.2020.107881
https://doi.org/10.1016/j.celrep.2020.107881
https://doi.org/10.1038/nmat4519
https://doi.org/10.1172/JCI5006
https://doi.org/10.1161/ATVBAHA.125.323515
https://doi.org/10.1161/ATVBAHA.125.323515
https://doi.org/10.1097/MBC.0b013e32835a083c
https://doi.org/10.1097/MBC.0b013e32835a083c
https://doi.org/10.1161/CIRCRESAHA.120.317086
https://doi.org/10.1038/s41598-020-73411-7
https://doi.org/10.1038/s41467-019-08895-7
https://doi.org/10.1038/s41467-019-08895-7
https://doi.org/10.7554/eLife.81051
https://doi.org/10.1111/j.1538-7836.2011.04610.x
https://doi.org/10.1111/j.1538-7836.2011.04610.x
https://doi.org/10.3402/jev.v4.29260
https://doi.org/10.1208/s12248-017-0160-y
https://doi.org/10.1373/clinchem.2010.155333
https://doi.org/10.1373/clinchem.2010.155333
https://doi.org/10.1373/clinchem.2009.142810
https://doi.org/10.1016/j.jacl.2011.05.004
https://doi.org/10.3389/fcvm.2026.1831078
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Cerniauskas et al.

total and high density lipoprotein cholesterol and triglycerides. J Lipid Res. (1994)
35(7):1318-28. doi: 10.1016/S0022-2275(20)39975-2

174. Coumans FAW, Brisson AR, Buzas EI, Dignat-George F, Drees EEE, El-
Andaloussi S, et al. Methodological guidelines to study extracellular vesicles. Circ
Res. (2017) 120(10):1632—48. doi: 10.1161/CIRCRESAHA.117.309417

175. Linares R, Tan S, Gounou C, Arraud N, Brisson AR. High-speed centrifugation
induces aggregation of extracellular vesicles. ] Extracell Vesicles. (2015) 4(1):29509.
doi: 10.3402/jev.v4.29509

176. Konoshenko MY, Lekchnov EA, Vlassov AV, Laktionov PP. Isolation of
extracellular vesicles: general methodologies and latest trends. BioMed Res Int.
(2018) 2018(1):1-27. doi: 10.1155/2018/8545347

177. Jimenez DE, Tahir M, Faheem M, Alves WBS, Correa BL, Andrade GR, et al.
Comparison of four purification methods on Serum extracellular vesicle recovery,
size distribution, and proteomics. Proteomes. (2023) 11(3):23. doi: 10.3390/
proteomes11030023

Frontiers in Cardiovascular Medicine

18

10.3389/fcvm.2026.1831078

178. Zhang H, Freitas D, Kim HS, Fabijanic K, Li Z, Chen H, et al. Identification of
distinct nanoparticles and subsets of extracellular vesicles by asymmetric flow field-
flow fractionation. Nat Cell Biol. (2018) 20(3):332-43. doi: 10.1038/s41556-018-
0040-4

179. Jeppesen DK, Fenix AM, Franklin JL, Higginbotham JN, Zhang Q, Zimmerman
L], et al. Reassessment of exosome composition. Cell. (2019) 177(2):428-445.e18.
doi: 10.1016/j.cell.2019.02.029

180. Takov K, Yellon DM, Davidson SM. Comparison of small extracellular vesicles
isolated from plasma by ultracentrifugation or size-exclusion chromatography: yield,
purity and functional potential. J Extracell Vesicles. (2019) 8(1):1560809. doi: 10.1080/
20013078.2018.1560809

181. Vergauwen G, Dhondt B, Van Deun J, De Smedt E, Berx G, Timmerman E,
et al. Confounding factors of ultrafiltration and protein analysis in
extracellular vesicle research. Sci Rep. (2017) 7(1):2704. doi: 10.1038/s41598-
017-02599-y

frontiersin.org


https://doi.org/10.1016/S0022-2275(20)39975-2
https://doi.org/10.1161/CIRCRESAHA.117.309417
https://doi.org/10.3402/jev.v4.29509
https://doi.org/10.1155/2018/8545347
https://doi.org/10.3390/proteomes11030023
https://doi.org/10.3390/proteomes11030023
https://doi.org/10.1038/s41556-018-0040-4
https://doi.org/10.1038/s41556-018-0040-4
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1080/20013078.2018.1560809
https://doi.org/10.1080/20013078.2018.1560809
https://doi.org/10.1038/s41598-017-02599-y
https://doi.org/10.1038/s41598-017-02599-y
https://doi.org/10.3389/fcvm.2026.1831078
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	High density lipoproteins and extracellular vesicles—distinct but overlapping circulating particles and their role in atherosclerosis
	Introduction
	Circulating nanoparticle landscape
	Biogenesis and molecular architecture
	Molecular architecture and structural organization

	Shared principles of molecular cargo transport
	Protein cargo and proteomic overlap
	Lipid cargo and lipidomic overlap
	Other bioactive molecules

	High-density lipoprotein and extracellular vesicle functional interplay in atherosclerosis
	Endothelial dysfunction and early vascular inflammation
	Leukocyte recruitment and immune activation
	Lipid accumulation and foam cell formation
	Plaque progression and chronic inflammation
	Plaque rupture, thrombosis, and acute coronary syndromes

	Isolation challenges and methodological considerations
	Clinical and Pre-analytical variables
	Isolation strategies for HDLs and EVs
	Best practices and future directions

	Conclusions and future directions
	Author contributions
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


