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Abstract
To maintain physiological homeostasis, cell turnover occurs every day in the body via a form of programmed cell death 
called apoptosis. During apoptosis, cells undergo distinct morphological changes culminating in the disassembly of the 
dying cell into smaller fragments known as apoptotic bodies (ApoBDs). Dysregulation of apoptosis is associated with 
diseases including infection, cancer and atherosclerosis. Although the development of atherosclerosis is largely attributed 
to the accumulation of lipids and inflammatory debris in vessel walls, it is also associated with apoptosis of macrophages, 
smooth muscle cells (SMCs) and endothelial cells. During cellular activation and apoptosis, endothelial cells can release 
several types of membrane-bound extracellular vesicles (EVs) including exosomes, microvesicles (MVs)/microparticles 
and ApoBDs. Emerging evidence in the field suggests that these endothelial cell-derived EVs (EndoEVs) can contribute to 
intercellular communication during the development of atherosclerosis via the transfer of cellular contents such as protein 
and microRNA, which may prevent or promote disease progression depending on the context. This review provides an up-to-
date overview of the known causes and consequences of endothelial cell death during atherosclerosis along with highlighting 
current methodological approaches to studying EndoEVs and the potential roles of EndoEVs in atherosclerosis development.
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Apoptosis and the release of EVs 
during apoptosis

Apoptosis is a form of programmed cell death which 
occurs in multicellular organisms to maintain homeosta-
sis [1]. Apoptosis is executed via two different biochemi-
cal pathways, namely the extrinsic and intrinsic pathways, 
which both converge at the downstream event of activat-
ing cysteine–aspartic proteases known as executioner cas-
pases, leading to the proteolytic degradation of cellular 
proteins and ultimately cell death [2]. Briefly, the extrinsic 
apoptotic pathway is characterised by ligands binding to 

transmembrane death receptors [2]. As a result, recruitment 
of intracellular adaptor proteins occurs, which transmit the 
death signal by associating with and activating caspases 
to mediate cell death. Conversely, the intrinsic apoptotic 
pathway arises from various stimuli in the absence of 
ligand–receptor interactions and is mediated by increased 
mitochondrial membrane permeability. Intrinsic apoptotic 
stimuli like DNA damage or endoplasmic reticulum stress 
cause a change in the balance between pro-apoptotic and 
anti-apoptotic proteins of the Bcl-2 family. Subsequently, 
an increase in the permeability of the mitochondria leads to 
release of mitochondrial contents including cytochrome c, 
resulting in caspase activation and execution of cell death 
[3]. While the biochemical pathways leading to cell death 
have been well characterised and dysregulation of apoptosis 
has been implicated in autoimmune diseases [4], how apop-
totic cells communicate with other cells, in particular via 
EVs, is not well understood.

The term ‘EV’ refers to a membrane-bound vesicle 
released from a cell during normal cellular respiration, cel-
lular activation or apoptosis. Three major subsets of EVs 

Cellular and Molecular Life Sciences

Stephanie Paone and Amy A. Baxter have contributed equally to 
this work.

 * Ivan K. H. Poon 
 I.Poon@latrobe.edu.au

1 Department of Biochemistry and Genetics, La Trobe 
Institute for Molecular Science, La Trobe University, 
Melbourne, VIC 3086, Australia

http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-018-2983-9&domain=pdf


1094 S. Paone et al.

1 3

exist including exosomes, MVs and ApoBDs, which differ in 
size and mechanism of biogenesis [5] (Fig. 1a, b). Exosomes 
are the smallest type of EV ranging from 30 to 150 nm in 
diameter and are released after the fusion of multivesicular 
bodies with the plasma membrane via the endolysosomal 
pathway [6, 7]. Although a number of exosome markers exist 
(including ESCRT machinery proteins such as ALIX and 
TSG101, and tetraspanins CD63, CD81 and CD9), none of 
these are strictly specific to exosomes [8]. Therefore, detec-
tion of more than one type of these markers must occur in 
a given sample to confirm enrichment of exosomes. Addi-
tionally, the absence or depletion of intracellular compo-
nents such as ER or Golgi proteins should also be demon-
strated. A detailed description of the minimal experimental 
requirements of exosome characterisation can be found in 
Lotvall et al. [8]. Based on the complexities surrounding 

accurate exosomal classification, an increasingly preferred 
choice of nomenclature is to refer to EVs isolated via high-
speed centrifugation (e.g. ≥ 100,000g) as ‘small EVs’ which 
may include both exosomes and small MVs [6]. MVs, also 
referred to as microparticles or ectosomes, are between 0.1 
and 1 µm in diameter and arise during cellular activation 
or apoptosis [9]. Outward blebbing and pinching of the 
plasma membrane occurs due to phospholipid redistribution 
and Rho-kinase-mediated myosin light chain phosphoryla-
tion, facilitating budding and release of MVs [7]. Although 
no specific markers for MVs have been defined, proteins 
involved in plasma membrane shedding, such as ADP-ribo-
sylation factor 6 (ARF6), are often found to be enriched in 
MV preparations. The role of ARF6 in the generation of 
EndoEVs has also been reported [10, 11]. In addition, the 
presence of membrane proteins from the cell of origin and 

Fig. 1  Modes of endothelial cell extracellular vesicle formation. a 
Exosomes and MVs are generated by endothelial cells under resting 
conditions as well as during activation. b ApoBDs (and MVs) are 

released by apoptotic endothelial cells. c The generation and release 
of ApoBDs during disassembly, illustrated as a three-step process
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exposure of phosphatidylserine (PtdSer) during the budding 
process have enabled the isolation and characterisation of 
MVs in inflammatory diseases including atherosclerosis 
[12]. Although apoptotic cells can generate MVs, ApoBDs 
represent the major type of EV released during apoptosis 
[13]. Importantly, while each EV subset is distinct and can 
exhibit different functional properties, EVs share the ability 
to mediate intercellular communication through transport of 
nucleic acids (RNA and DNA), proteins and lipids [13–15] 
(Table 1).

Apoptotic cell disassembly and clearance

Accompanying apoptosis is a set of distinct morphologi-
cal steps governing the fragmentation of an apoptotic cell 
into ApoBDs that are approximately 1–5 µm in diameter 
[16]. The fragmentation process is known as apoptotic cell 
disassembly and is divided into three steps based on cel-
lular morphology [13] (Fig. 1c). Step 1 of apoptotic cell 
disassembly is characterised by the formation of apoptotic 
membrane blebs. This dynamic process is regulated by a 
number of kinases including MLCK [17] and ROCK1 [18], 
which are activated upon caspase cleavage during apoptosis. 
The formation of apoptotic membrane protrusions following 
blebbing marks Step 2 of apoptotic cell disassembly. Apop-
totic membrane protrusions extend from the membrane of 
a dying cell and can take several forms including microtu-
bule spikes [19], apoptopodia [20] and beaded apoptopodia 
[21], depending on the cell type. The formation of apopto-
podia and beaded apoptopodia is negatively regulated by 
the plasma membrane channel pannexin 1 in T cells and 
monocytes [20, 21], highlighting that cell disassembly is a 
carefully orchestrated process. Step 3 marks the final stage 
of apoptotic cell disassembly and involves fragmentation of 
the dying cell or apoptotic membrane protrusions to release 
distinct ApoBDs [13]. The formation of ApoBDs has been 
proposed to facilitate apoptotic cell clearance [22] and, like 
other EV subsets, ApoBDs have the potential to facilitate 
intercellular communication via transfer of cargo such as 
nucleic acids [23] or proteins [24].

Under normal physiological conditions, clearance of 
apoptotic cells occurs in the absence of immune activation 
and is mediated by various phagocytic cells [4, 25]. Dysreg-
ulation of apoptotic cell clearance can cause apoptotic cells 
to progress to secondary necrosis, resulting in the release 
of intracellular contents that could promote inflammation 
[25]. In particular, impaired clearance of apoptotic cells can 
promote the development of chronic inflammatory diseases 
like atherosclerosis [26]. This review will focus specifically 
on the effects of endothelial cell apoptosis and the potential 
roles of endothelial cell-derived ApoBDs and other Endo-
EVs on the development and progression of atherosclerosis.

Apoptosis in atherosclerosis

During the development of atherosclerotic plaques, apopto-
sis of macrophages within the vessel wall leads to impaired 
cell clearance and promotes inflammation [27]. Additionally, 
apoptosis of SMCs can compromise the structural integrity 
of the plaque, contributing to plaque rupture [28]. While the 
mechanisms by which macrophage and SMC apoptosis con-
tribute to atherogenesis have been studied extensively, the 
role of endothelial cell apoptosis in atherosclerosis remains 
less well defined.

Endothelial cell death in atherosclerosis

Endothelial cells line the entire vascular network and are 
considered key players in the initiation and progression of 
atherosclerosis [29]. Forming a barrier that controls the 
passage of biomolecules and immune cells between the cir-
culation and the tissues, the endothelium mediates several 
vital physiological functions. Under normal conditions, the 
endothelium regulates vascular tone, cell adhesion, SMC 
proliferation and maintains vascular homeostasis through 
anti-coagulant, anti-thrombotic and anti-inflammatory 
activity [30]. However, when pathological conditions arise 
causing apoptosis, the important biological functions main-
tained by the endothelium become compromised [31]. Due 
to impaired barrier function of the endothelium, infiltration 

Table 1  Basic characteristics of extracellular vesicle subtypes

EV type Exosomes Microvesicles Apoptotic bodies

Size range 30–150 nm 0.1–1 μm 1–5 μm
Biogenesis Of endosomal origin, secreted via 

fusion of multivesicular bodies with 
plasma membrane

Generated via outward budding of 
plasma membrane via actin–myosin 
contractions

Released from plasma membrane via 
blebbing and protrusion formation 
as late stage event in apoptotic cell 
disassembly

Known functional roles Cell-to-cell communication Cell-to-cell communication Cell-to-cell communication, cell 
clearance

Known cargo RNS, DNA, protein, lipids
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of the vascular wall by circulating leukocytes in combina-
tion with increased low-density lipoprotein (LDL) storage 
initiates the development of atherosclerosis [32]. It is worth 
noting that increased endothelial cell turnover and apoptosis 
is observed in atherosclerosis-prone regions of the vascula-
ture [33] and in the endothelium of human atherosclerotic 
plaques [34]. Taken together, these observations highlight an 
important role for endothelial cell death in the development 
of atherosclerosis.

Apoptosis of endothelial cells has been associated with 
increased pro-coagulant properties through redistribution of 
PtdSer to the cell surface and loss of anti-coagulant surface 
components including thrombomodulin, heparan sulfate and 
the tissue factor pathway inhibitor [35]. Thrombus forma-
tion on an existing atherosclerotic plaque can either cause 
complete occlusion of the vessel lumen or through embo-
lism, which can become lodged in microvessels leading to 
ischemic syndromes including unstable angina, heart attack 
and stroke [34]. Interestingly, the well-established pharma-
cological intervention of HMG-CoA-reductase inhibitor or 
‘statin’ therapy for the prevention of cardiovascular disease 
(CVD) [36] can also mediate positive effects on the vascu-
lature through preserving endothelial viability. Indeed, the 
pleiotropic effects of statins are well characterised [37]. In 
addition to reducing LDL and total serum cholesterol, which 
occurs via the inhibition of HMG-CoA reductase, statins 
also have the secondary cholesterol-independent effect of 
inhibiting isoprenoid synthesis, the downstream effects of 
which can modulate a variety of alternative cellular events 
and processes including cell signalling, inflammation, cell 
proliferation, migration and survival [37]. A number of 
studies have reported the anti-apoptotic effects of statins 
on endothelial cells, which may be due to the requirement 
of isoprenoids for the post-translational modification of 
Ras and Ras-like proteins that, in turn, mediate key pro-
apoptotic signalling processes. For example, atorvastatin, 
a member of the statin drug class, prevented apoptosis in 
HUVECs through elevated BCL-2 expression and decreased 
BAX expression [38], while endothelial progenitor cells 

exhibited a reduction in homocysteine-induced apoptosis, 
mediated through reduced oxidative stress and downregu-
lation of pro-apoptotic signalling in response to the drug 
[39]. Hence, although maintaining endothelial viability is a 
secondary effect of statin therapy, these observations high-
light the importance of further investigation into endothelial 
cell death in atherosclerosis. Importantly, endothelial cell 
death can be attributed to several factors that contribute to 
atherosclerosis, as outlined below (Fig. 2).

Induction of endothelial cell apoptosis 
by low‑density lipoprotein

LDL is a key contributor to the development of atheroscle-
rosis and the plasma level of LDL is a strong predictor of 
coronary risk [32]. Oxidation of LDL renders it atherogenic 
by enabling its recognition and uptake through macrophage 
scavenger receptors, promoting the formation of macrophage 
foam cells that are central to the development and expansion 
of the necrotic core of atherosclerotic plaques [40]. Impor-
tantly, in addition to its effect on macrophages, oxidised 
LDL (oxLDL) also induces endothelial cell apoptosis in a 
Fas ligand-dependent manner [41], or through the generation 
of reactive oxygen species (ROS) [42]. Thus, LDL-induced 
endothelial cell apoptosis may contribute to the initiation of 
atherosclerotic lesions by compromising the endothelium.

Induction of endothelial cell apoptosis by elevated 
blood glucose

Hyperglycaemia is a major cause of vascular complications 
in diabetic patients, with a strong association between dia-
betes and CVD-related mortality [43]. Importantly, high glu-
cose can induce apoptosis in endothelial cells. High glucose-
induced apoptosis in human umbilical vein endothelial cells 
(HUVECs) is mediated by PI3 K/AKT signalling, which 
promotes NF-κB-dependent upregulation of COX-2 and 
triggers caspase activation [44]. Additionally, high glucose-
induced overproduction of ROS promotes endothelial cell 

Fig. 2  Causes and consequences 
of endothelial cell apoptosis. 
Endothelial cells exposed to 
various environmental changes 
can undergo apoptosis, resulting 
in a range of detrimental events 
within the vasculature



1097Endothelial cell apoptosis and the role of endothelial cell-derived extracellular vesicles…

1 3

apoptosis in c-Jun N-terminal kinase activation-dependent 
[45] and NAD(P)H oxidase-dependent [46] mechanisms. 
These in vitro studies highlight that endothelial cell apopto-
sis due to hyperglycaemia in diabetes patients could mani-
fest as vascular complications, including atherosclerosis. 
For newly diagnosed diabetes patients, pharmacological 
intervention to control elevated blood glucose levels com-
monly involves prescription of oral glucose-lowering medi-
cations such as metformin. Notably, metformin also prevents 
high glucose-induced endothelial cell death by inhibiting 
increased mitochondrial permeability and cytochrome c 
release [47]. Collectively, inhibition of endothelial cell death 
by regulating blood glucose levels in diabetic patients may 
ameliorate vascular damage that causes atherosclerosis.

Induction of endothelial cell apoptosis by decreased 
nitric oxide and oxidative stress

The endothelium plays an important role in maintaining 
vascular tone via the synthesis and secretion of vasoactive 
mediators such as nitric oxide (NO). Synthesis of NO by 
endothelial NO synthase (eNOS) is stimulated by shear 
stress created by blood streaming across the endothelium 
[48]. In response to shear stress, the endothelium continually 
synthesises NO, which is crucial in mediating vasodilation, 
preventing platelet aggregation, inhibiting the adhesion of 
neutrophils and the expression of macrophage chemotactic 
proteins [49]. Additionally, NO plays an important role in 
maintaining endothelial cell viability by inhibiting apopto-
sis via cyclic GMP-dependent and independent mechanisms 
[50], or via inhibition of IL-1α-converting enzyme-like and 
cysteine protease protein-32-like proteases [51]. Decreased 
NO is associated with endothelial cell dysfunction, which 
can be caused by impaired production of NO by eNOS or 
increased inactivation of NO by ROS produced by several 
cell types involved in atherogenesis [52]. While ROS can 
lead to endothelial dysfunction through inactivation of NO, 
endothelial cell apoptosis can also occur in response to exog-
enous ROS such as hydrogen peroxide or superoxide [53]. 
Furthermore, pro-atherosclerotic factors including oxLDL 
[54] and high blood glucose [55], as well as pro-inflam-
matory mediators such as TNFα [56], are known to induce 
ROS synthesis by endothelial cells. Notably, ROS produc-
tion occurs before the formation of atherosclerotic plaques 
[57], highlighting the potential of ROS-induced endothelial 
cell apoptosis as an initiating event in atherogenesis.

Induction of endothelial cell apoptosis by low shear 
stress

An important relationship exists between shear stress 
exerted by blood flow and the function of the endothelium. 
In areas of laminar blood flow or high shear stress (HSS), 

endothelial cells are maintained in a quiescent state with 
the ability to efficiently contribute to vascular homeosta-
sis. At bifurcations or arterial branching, however, blood 
flow becomes turbulent, exhibiting low shear stress (LSS) 
on the endothelium and as a result endothelial cell dysfunc-
tion and apoptosis arises. Several studies have demonstrated 
that HSS protects endothelial cells from apoptosis through 
upregulation of superoxide dismutase [58], downregulation 
of Fas receptor [59], activation of ERK5-Nrf2 signalling 
[60], AKT-mediated activation of eNOS and subsequent 
inhibition of the caspase cascade [61]. Conversely, apoptosis 
of endothelial cells is observed when subjected to LSS by 
promoting the release of cytochrome c from the mitochon-
dria [62], increasing AKT signalling [63] and ROS levels 
[64]. Taken together with observations of preferential ath-
erosclerotic plaque development in areas of the vasculature 
subjected to LSS, endothelial cell apoptosis induced by LSS 
may be an important initiating factor in atherosclerosis. The 
effect of LSS on the endothelium has also been shown to 
contribute to later stages of disease progression and may 
be a major determinant of plaque erosion and thrombosis 
[65]. As pro-atherogenic lipids and necrotic immune cells 
accumulate within the vessel wall, the SMC cap provides 
stability for the growing plaque. Over time, however, plaque 
rupture is influenced by shear stress. Shear stress exerted on 
atherosclerotic plaques varies dramatically upstream com-
pared to downstream, with laminar flow exhibited upstream 
and turbulent flow observed downstream. Endothelial cell 
apoptosis caused by LSS in distal regions, downstream of 
atherosclerotic plaques, results in endothelial cell erosion 
and subsequent exposure of underlying necrotic debris [34]. 
As a result, initiation of the coagulation cascade leads to 
platelet activation, thrombus formation and the potential for 
vessel occlusion resulting in the presentation of cardiovas-
cular events [66].

Characterising EndoEVs in atherosclerosis

While it is evident that factors involved in atherogenesis 
can compromise the function of the endothelium through 
the induction of endothelial cell apoptosis, the release of 
EVs from activated and apoptotic endothelial cells can also 
contribute to atherosclerotic disease progression (Fig. 3). 
The term endothelial microvesicles (EMVs, also called 
endothelial microparticles or EMPs) refer to MVs that arise 
from endothelial cells during cellular activation, whereas 
apoptotic EMVs arise during apoptosis and endothelial cell 
ApoBDs are derived from cell fragmentation during apop-
totic cell disassembly. Characterising the roles of EndoEVs 
has become an important focus area in the past decade 
with several studies demonstrating a correlation between 
the levels of EMVs in the blood and CVD [67, 68]. These 
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discoveries have led to the suggestion that EMVs could be 
used as biomarkers for CVD development and represent a 
rapid method for disease detection and monitoring. How-
ever, our understanding about the precise roles of EndoEVs 
in CVD is limited due to experimental variation in genera-
tion techniques, isolation and characterisation, as outlined 
below.

Methods of promoting EndoEV generation

Insult to the endothelium can result in cellular activation 
or apoptosis, leading to the generation of EMVs, apoptotic 
EMVs and endothelial cell ApoBDs. These EndoEVs have 
been identified in several disease states including coronary 
artery disease [31], multiple sclerosis [69] and type 2 dia-
betes [70]. When investigating the functional properties of 
EMVs generated under in vitro conditions, various stimuli 
have been reported to induce cellular activation including 
lipopolysaccharide [71], IL-1β or phorbol-myristate-acetate 
[72]. Activation of endothelial cells and formation of EMVs 
in vitro can also be achieved by treatment with TNFα at 
a relatively low concentration (10 ng/mL) [73], and this 
approach has been used in several studies to characterise 
the generation and content of EMVs [9, 74]. Other stud-
ies have used a tenfold higher concentration of TNFα to 
induce EMV formation, a concentration which is known to 
induce apoptosis in endothelial cells in other settings [75]. 
Interestingly, in studies using relatively high concentrations 

of TNFα (100 ng/mL) to generate EMVs, apoptosis was 
not monitored [72, 76]. This has important implications for 
downstream functional analysis, as different methods used 
to generate EMVs may alter the contents in EMVs. For 
example, EMVs generated by untreated, viable cells exhibit 
significantly reduced levels of the microRNA miR-126 com-
pared to EMVs generated upon high glucose treatment [77]. 
Likewise, various methods of promoting the release of EVs 
from apoptotic cells have been reported. Thrombin has been 
shown to induce EMV release from both activated [71, 72] 
and apoptotic [78] endothelial cells. Other studies character-
ising EMVs generated during apoptosis rely on growth fac-
tor deprivation to induce cell death [9, 79, 80], or treatment 
with camptothecin [81] or mitomycin [73]. Furthermore, 
endothelial cell ApoBDs can be generated upon growth fac-
tor deprivation [23, 82] and upon growth factor deprivation 
in combination with TNFα stimulation [24].

Methods of EndoEV isolation

To characterise the roles of EndoEVs in disease settings 
like atherosclerosis, EndoEV isolation from cell culture or 
patient samples is required. Until now, approaches for the 
isolation of EndoEVs have varied greatly due to the lack 
of standardised methods. Some of the commonly used EV 
isolation methods (including for EndoEVs) are differential 
centrifugation (DC), density gradient centrifugation, size 
exclusion chromatography and ultrafiltration. Although each 

Fig. 3  Endothelial cell-derived extracellular vesicles and their known 
functions. The transfer of cargo-bearing a endothelial exosomes, b 
EMVs, c apoptotic EMVs and d endothelial ApoBDs to neighboring 

cells within the vasculature can have either atheroprotective or ath-
erogenic consequences
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of these methods has its advantages, they vary considerably 
with regard to time and labour required, and degree of purity 
achieved. Two recent position papers by Coumans et al. 
and Sluijter et al. describe these and other commonly used 
EndoEV isolation methods and their associated advantages 
and pitfalls, and may be referred to for in depth descriptions 
of all methods [83, 84].

Differential centrifugation: a popular yet limited 
isolation technique

Of these common methods, DC has long-remained the 
most widely used approach for EndoEV isolation. Despite 
this, DC has several drawbacks including poor reproduc-
ibility, low relative purity and the potential for aggregation 
[83, 84]. Also of concern is the high degree of variation in 
both the speeds and durations used for DC, resulting in a 
lack of comparable finings across individual studies. For 
in vitro studies of EMVs derived from cultured cells, an 
initial centrifugation step is utilised to remove cells and 
large cellular debris, including ApoBDs. Reported speeds 
of this initial centrifugation step vary considerably, ranging 
from 2700 [81] to 17,571g [74]. Subsequent centrifugation 
speeds used to pellet EMVs for analysis are also extremely 
variable, ranging from 19,800 [81] to 100,000g [85]. Fur-
thermore, alternative steps are required for the isolation of 
EMVs from patient samples. For blood samples, an initial 
centrifugation step is employed to remove cells including 
platelets and ApoBDs with reported speeds ranging from 
160 to 11,000g to achieve this [68, 86, 87]. The subsequent 
centrifugation step to pellet patient-derived EMVs also dif-
fers greatly between studies, with some studies centrifuging 
for just 2 min at 13,000g [88], while other groups centrifuge 
at 100,000g for up to 90 min [72, 73, 85]. The methods of 
endothelial cell ApoBD isolation also vary between studies. 
For in vitro studies, cells are removed first by centrifugation 
at 300–800g, which is followed by a 4500–16,000g cen-
trifugation step to obtain ApoBDs [23, 24, 82]. Importantly, 
as EV subsets exhibit differences in density, centrifugation 
at different speeds observed between studies could lead to 
the isolation of different EV subsets and likely variation 
in functional properties. Duration of centrifugation is also 
a factor to consider. For example, a comparative study on 
the influence of different experimental parameters on exo-
some yield and purity from blood plasma reported that exo-
some samples isolated via DC exhibited variable levels of 
CD63 expression at time points spanning 1, 3, 6 and 14 h. 
Also in this study, average EV sizes varied depending on 
the duration of centrifugation, with longer centrifugation 
time recovering smaller EV sizes on average [89], thereby 
suggesting that the degree of heterogeneity of different EV 
subtypes could be influenced by the duration of centrifuga-
tion. Moreover, the type of centrifugal rotor (fixed angle or 

swinging bucket) is also reported to have a significant impact 
on the yield and purity of EVs isolated using differential 
centrifugation [90]. Another important concern with DC is 
its potential for co-isolation of non-EV components, such as 
growth factors, cytokines or other circulating proteins [89, 
91]. Such contaminants could affect the ability to accurately 
report on EndoEV-specific functions. For example, co-iso-
lation of albumin with exosomes from blood plasma was 
shown to occur differentially depending on centrifugation 
duration, suggesting that this factor alone could influence the 
levels of reported protein yields [89]. An effector protein of 
miRNA-mediated silencing, Arogonaute2 (Ago2), has also 
been shown to co-purify with plasma-derived EVs via DC. 
Argo2 is known to associate with miRNA extracellularly 
[91] and could potentially interact with miRNA within EVs, 
thereby leading to disparities between the reported miRNA 
profiles of the EV samples [92].

Therefore, there remains a strong need for standardised 
guidelines for isolation of EVs including EndoEVs by DC, 
and caution must be taken when reporting on functional 
properties of EndoEVs, given the challenges faced in deter-
mining sample purity. Recent advancements in approaches 
used to isolate EVs may improve sample purity. For exam-
ple, the use of a fluorescence-activated cell sorting approach, 
which exploits the properties of ApoBDs such as PtdSer 
exposure, size and granularity, has enabled the specific isola-
tion of highly pure ApoBDs from several cell types includ-
ing endothelial cells. Additionally, employment of alterna-
tive methods of EndoEV isolation such as ultrafiltration may 
increase in the future. Ultracentrifugation has been reported 
to enable high sample purity whilst maintaining high con-
centration [83, 93], which could become particularly appeal-
ing as the field of EndoEV analysis evolves and demands 
more rigorous isolation techniques.

Methods for EndoEVs characterisation

Following isolation of EndoEVs, several methods are 
employed to verify vesicle identity. Analysis of surface 
antigens and protein content, as well as vesicle diameter, 
assists in the confirmation of the cell origin and type of EV 
isolated. For endothelial exosomes, immunoblotting of EV 
markers CD63, ALIX, TSG101 and CD9 has been reported 
[94]. As described above, to characterise exosomes specifi-
cally, these markers must be used in combination, rather 
than in isolation [8]. Since PtdSer exposure occurs during 
MV biogenesis, it is also common to confirm the presence of 
PtdSer on the surface of EMVs by annexin A5 (A5) staining 
through flow cytometry analysis. Importantly, MVs also bear 
surface antigens from the cell of origin [12]. Therefore, in 
combination with A5 staining, analysis of cell type-specific 
antigens on EVs allows further confirmation of EMV status.
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Confirming cell type-specific surface antigens is imper-
ative when isolating EMVs from patient samples due to the 
presence of MVs from other cell types, such as platelets 
and leukocytes. Using a combination of markers including 
endothelial cell marker CD31, platelet markers CD41 and 
CD42, and leukocyte marker CD45 enables the distinc-
tion of  CD31+/CD41−/CD42−/CD45− EMVs from MVs 
generated by other cell types present in the blood [87]. It 
should be noted that, similar to EMVs, ApoBDs generated 
from endothelial cells can also be characterised based on 
PtdSer exposure and the presence of surface antigens from 
the cell of origin [95]. Therefore, to distinguish EMVs or 
apoptotic EMVs from ApoBDs, it is important to monitor 
vesicle size. As outlined above, the expected size of EMVs 
and apoptotic EMVs is between 0.1 and 1 µm in diameter, 
whereas ApoBDs are generally between 1 and 5 µm in 
diameter. Although size is an important feature to distin-
guish each EV subset, when characterising EMVs in cell 
culture and disease settings, several studies have neglected 
to examine the size of the vesicles isolated for investiga-
tion [86, 96, 97]; therefore, it is unclear what type of EVs 
were investigated. ApoBDs can readily be viewed under 
a light microscope [16], making the measurement of size 
relatively simple. In contrast, to validate the submicron 
size of smaller EVs, other approaches are used including 
electron microscopy [98, 99], flow cytometry [72, 73, 77] 
and nanoparticle tracking analysis [100].

Function of EndoEVs released 
during activation and apoptosis 
in atherosclerosis

The ability of EVs to mediate intercellular communication 
is a well-described process. Through the transfer of cellu-
lar contents including miRNA, proteins and other biomol-
ecules, exosomes, MVs and ApoBDs have been proposed 
to contribute to the pathogenesis of several disease states 
including atherosclerosis [101]. Due to differences in size, 
biogenesis and content of the different EndoEV subsets, they 
could exhibit different functional properties in atheroscle-
rosis, as outlined below (see Table 2 for examples of known 
EndoEV cargoes).

Endothelial exosomes in atherosclerosis

A fundamental process in the pathogenesis of atheroscle-
rosis is the trans-endothelial migration of monocytes into 
the vessel wall where differentiation into macrophages and 
uptake of oxLDL drives foam cell formation, initiating ath-
erosclerotic lesion development [32]. Notably, endothelial 
exosomes can modulate inflammation and regulate mono-
cyte activation and migration. EVs released by quiescent 
HUVECs, described to be between 50 and 300 nm in diam-
eter and most likely to be exosomes, have demonstrated 
anti-inflammatory effects [94]. Transfer of the microRNA 
miR-10a by these EVs from endothelial cells to monocytes 

Table 2  Cargos of EndoEVs and their effects on atherosclerosis

Cargo Type Ev carrier Role in atherosclerosis References

miRNA miR-10a Exosome Reduced inflammation through downregulation of proinflammatory genes 
BTRC, MAP3K7, IRAK4

[94]

miR-126 Apoptotic EMV Transfer to HCAECs down regulates SPRED1 expression, mediating vascular 
homeostasis

[77]

miR-126 ApoBD Promotion of recruitment of progenitor cells via chemokine signalling, regulat-
ing in plaque stability and limiting apoptosis

[23]

miR-143/145 EMV Reduced in atherosclerotic lesion formation in KLF2-expressing endothelial 
cells

[99]

miR-222 Apoptotic EMV Transfer to HCAECs downregulates ICAM-1 expression, mediating vascular 
homeostasis

[88]

Protein HSP70 Exosome Induction of monocyte activation and endothelial cell adhesion [102]
Tissue Factor Apoptotic EMV Promotion of thrombus formation through procoagulant effects [72]
Activated protein C EMV Anticoagulant activity through protein C pathway signalling [121]
Cytokines e.g. IL-1α ApoBD Introduction of chemokine production in monocytes, contributing to inflamma-

tion
[24]

Adhesion molecules 
e.g. ICAM-1, 
E-Selectin

Apoptotic EMV Promotion of adhesion to vasculature, procoagulant activity [72]

Lipid Oxidised phospholipid Apoptotic EMV Stimulation of monocyte adhesion to endothelial cells, promoting atherogenesis [114]
PtdSer EMV Associated with impaired coronary vasorelaxation, thereby dysregulating 

endothelial function
[31]
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is associated with the downregulation of NF-κB signalling 
in monocytes and suppresses the activation of pro-inflamma-
tory genes including BTRC, MAP3K7 and IRAK4, damp-
ening the overall inflammatory response [94]. Further evi-
dence of intercellular communication between endothelial 
cells and monocytes via endothelial exosomes exists with the 
transfer of heat shock protein 70 (HSP70). HSP70 contained 
in endothelial exosomes can induce monocyte activation and 
adhesion to endothelial cells [102].

EMVs in atherosclerosis

In this review, EMVs have been defined as MVs released 
by endothelial cells during cellular activation. Endothelial 
cell activation can be initiated by several factors including 
pro-inflammatory cytokines TNFα and IL-6, and is also 
influenced by shear stress. Laminar blood flow creates HSS 
which confers vascular protection [103]. The transcrip-
tion factor kruppel-like factor 2 (KLF2) is integral for the 
maintenance of the atheroprotective endothelial phenotype 
observed in response to HSS [104]. HSS-mediated acti-
vation (20 dynes/cm2) of KLF2 in HUVECs was associ-
ated with the release of EVs of less than 1 µm in diam-
eter, most likely to be EMVs, which were found to contain 
miR-143/145 [99]. Transfer of these microRNAs to SMCs 
in vitro prevents phenotypic switching [99], which is a key 
event in atherosclerotic plaque development. Additionally, 
intravenous administration of EVs from KLF2-expressing 
endothelial cells reduced atherosclerotic lesion development 
in atherosclerosis-prone  ApoE−/− mice [99]. Taken together, 
EMVs derived from cellular activation can modulate key 
atherogenic events such as SMC proliferation and migration, 
altering atherosclerotic lesion development.

Although protective effects of EMVs in atherosclerosis 
have been described, it has also been suggested that EMVs 
could play detrimental roles in disease progression. Prior 
to the discovery that the transfer of microRNAs may be the 
mechanism linking EMVs to atherogenesis, an association 
between elevated plasma levels of EMVs and clinical ath-
erosclerosis had already been observed [67]. These obser-
vations led to the investigation of the possible influence of 
statins on EMV levels. As described above, the use of statins 
to lower plasma LDL levels is associated with a number 
of pleiotropic effects. In the context of CVD, these effects 
contribute to a significant reduction in CVD morbidity and 
mortality [105]. Interestingly, in addition to the observed 
decrease in endothelial cell apoptosis, a decrease in EMV 
levels have also been reported in response to statin thera-
pies [74, 106, 107]. For example, Atorvastatin induced a 
significant decrease in the number of circulating EMVs in 
ischaemic cardiomyopathy patient serum samples [107], 
whilst fluvastatin treatment of TNFα-activated human 
coronary artery endothelial cells (HCAECs) in vitro also 

inhibited EMV release [74]. It was suggested that the inhibi-
tory effect of statins on EMV generation by TNFα-activated 
HCAECs may be mediated by the suppression of rho-medi-
ated cytoskeletal reorganisation [74]. Therefore, in combina-
tion with LDL lowering effects, statin use may modulate the 
development of atherosclerosis by regulating the formation 
of EMVs.

Apoptotic EMVs in atherosclerosis

In addition to cellular activation, MVs from endothelial 
cells can also be generated during apoptosis [9, 78, 81], 
referred to as apoptotic EMVs. As outlined above, exposure 
of PtdSer on the surface of MVs in combination with the 
presence of endothelial cell type-specific antigens enables 
their detection in cell culture and patient samples. Using this 
approach, analysis of atherosclerotic plaques revealed the 
presence of  PtdSer+ MVs from different cell types including 
endothelial cells [98]. Additionally, coronary artery disease 
patients exhibit high numbers of circulating  PtdSer+/CD31+ 
EMVs which are associated with impaired coronary vas-
orelaxation [31], a key physiological function regulated by 
the endothelium. A positive correlation between apoptotic 
EMVs and impaired functioning of the endothelium high-
lights the importance of endothelial cell apoptosis in the ini-
tiation of atherosclerosis [31]. It is worth noting that EMVs 
and apoptotic EMVs share similarities in PtdSer exposure 
and endothelial cell-specific markers. Therefore, while EVs 
analysed in these studies [31, 98] are defined as apoptotic 
EMVs, whether these EVs are derived from endothelial cell 
activation or apoptosis is unclear.

Apoptotic EMVs can also be generated in response to 
LSS. After the induction of disturbed blood flow, elevated 
apoptotic EMVs can be identified in the blood of patients 
[108], suggesting that even following acute changes in shear 
stress, endothelial apoptosis and the release of apoptotic 
EMVs can be detected in patient samples. The release of 
apoptotic EMVs into the circulation in response to LSS may 
contribute to atherosclerosis by promoting IL-6-mediated 
inflammation [109] and the level of apoptotic EMVs in 
patient samples could be used as a biomarker for CVD. The 
application of EndoEVs as therapeutic biomarkers will be 
discussed further below.

Apoptotic EMVs have also been described to regulate 
vascular homeostasis through microRNAs. Transfer of miR-
126 [77] and miR-222 [88] via apoptotic EMVs to recipient 
HCAECs can result in the downregulation of target proteins 
SPRED1 and ICAM-1, respectively. Downregulation of 
these target proteins is associated with enhanced endothelial 
cell proliferation and migration [77], along with the inhibi-
tion of monocyte adhesion to endothelial cells [88], mediat-
ing vascular homeostasis. It is interesting to note that levels 
of miR-126 and miR-222 in circulating EMVs were reduced 
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in diabetic patients with coronary artery disease [77, 88]. 
Since diabetes is associated with accelerated atherosclerosis 
[43], the reduced levels of atheroprotective miR-126 and 
miR-222 in circulating EMVs of diabetic patients further 
supports the notion that apoptotic EMVs are important in 
maintaining vascular homeostasis.

Although apoptotic EMVs may exhibit atheroprotective 
properties through the transfer of microRNAs, trafficking 
procoagulant proteins like tissue factor (TF) via apoptotic 
EMVs may exert detrimental effects in atherosclerotic dis-
ease progression. Coagulation is an important considera-
tion in atherosclerosis, whereby formation of a thrombus in 
response to plaque rupture could result in occlusion of the 
vessel lumen. Through activation of factors X and IX, TF 
initiates the coagulation cascade leading to thrombin gen-
eration and fibrin formation [110]. HUVECs treated with 
thrombin and TNFα generate apoptotic EMVs that bear TF 
and induce coagulation via the TF pathway [72]. In addi-
tion to TF, exposure of PtdSer on apoptotic EMVs may also 
promote coagulation by assembling coagulation factors on 
the surface of apoptotic EMVs, leading to thrombin forma-
tion [111]. High levels of procoagulant apoptotic EMVs 
have also been identified in the circulation of patients with 
acute coronary syndromes [112]. In addition to the proco-
agulant effects mediated by TF-bearing EMVs, the ability 
of apoptotic EMVs to promote atherosclerosis through the 
transport of oxidated phospholipids has also been observed. 
As described above, oxidised phospholipids in the form of 
LDLs are detrimental to endothelial function through their 
ability to promote plaque formation. Apoptotic EMVs bear-
ing biologically active oxidised phospholipids have been 
shown to induce monocyte binding in vitro, suggesting that 
they may act in a similar way to LDLs to promote the forma-
tion of atherogenic foam cells [113, 114], further highlight-
ing the potential for apoptotic EMV-mediated detrimental 
effects in atherosclerosis.

Endothelial ApoBDs in atherosclerosis

Besides apoptotic EMVs, ApoBDs are a major EV subset 
released during endothelial cell apoptosis and have been pro-
posed to regulate the progression atherosclerosis. The pro-
inflammatory cytokine IL-1α was identified in endothelial 
ApoBDs and these ApoBDs were able to induced chemokine 
secretion by monocytes in vitro and neutrophil-mediated 
inflammation in vivo [24]. Importantly, since the clearance 
of apoptotic debris is impaired in atherosclerotic plaques 
[26], the persistence of endothelial ApoBDs containing 
IL-1α could further contribute to inflammation associated 
with atherosclerosis. While endothelial ApoBDs may exac-
erbate inflammation and accelerate atherosclerosis, they may 
also mediate repair of the vasculature through recruitment 
of endothelial progenitor cells [82]. In vitro findings suggest 

that the uptake of endothelial ApoBDs by endothelial pro-
genitor cells can promote cell proliferation and differentia-
tion [82]. Interestingly, miR-126 can be found in endothe-
lial ApoBDs and transfer of miR-126 to recipient vascular 
cells via endothelial ApoBDs can promote the production 
of chemokine CXCL12 and recruitment of progenitor cells 
to mediate tissue repair [23]. Although these studies [23, 
82] suggest endothelial ApoBDs could exhibit atheropro-
tective properties, the methods of ApoBDs isolation and 
characterisation used must be taken into consideration. To 
isolate endothelial ApoBDs, these studies first performed 
a centrifugation step on cell culture supernatant at 800g to 
remove whole cells. However, at this centrifugation step, 
ApoBDs could be removed from the supernatant [115] and 
as a result a significant proportion of endothelial ApoBDs 
may have been excluded from analysis. Additionally, a sec-
ond centrifugation step of 16,000g was performed to pellet 
what was considered to be ApoBDs [23, 82]. However, this 
centrifugation step is also sufficient to pellet other EV sub-
sets, in particular EMVs and apoptotic EMVs. Furthermore, 
these studies [23, 82] did not confirm the vesicle size of the 
isolated ApoBDs, which is a key characteristic used to dis-
tinguish EMVs from ApoBDs. Therefore, to accurately char-
acterise the role of endothelial ApoBDs in atherosclerotic 
disease development, accurate, reproducible and standard-
ised techniques for isolation and characterisation of ApoBDs 
are required.

EndoEVs as biomarkers for disease

As discussed above, elevated levels of circulating EVs in 
patient samples are often observed in CVD patient sam-
ples. Recent advances in the previously discussed EV isola-
tion methods and the ability to characterise EVs based on 
analysis of cell type-specific antigens have given rise to the 
potential use of circulating EVs as biomarkers for disease 
[116, 117]. EndoEVs have been investigated in a number of 
studies for their potential value as therapeutic biomarkers for 
atherosclerosis and related diseases. For example, a cohort 
study of 844 patients with a history of CVD revealed posi-
tive correlation between EMV levels and risk of triglycer-
ide levels, hypertension and metabolic syndrome [118]. In a 
study investigating CVD risk in menopausal, asymptomatic 
women, elevated levels of EMVs contributed to assessment 
of overall CVD risk through showing positive correlation 
with high blood pressure [119]. In addition, high levels of 
EMVs were positively associated with angiographic lesions 
in patients undergoing coronary angiography, suggesting 
EMVs could be a useful marker for risk of acute coronary 
syndrome [120]. Although these, and several other stud-
ies reviewed previously [116, 117], demonstrate the value 
in pursuing the use of EMVs as biomarkers, variation in 
EV isolation methods between studies will remain a major 
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limitation and further reflects the need for standardisation 
of laboratory techniques.

Concluding remarks

A better understanding of the mechanisms underlying the 
development and progression of atherosclerosis is required 
to develop new treatments to prevent associated CVDs, 
which remain the number one cause of morbidity and mor-
tality worldwide. Endothelial cell apoptosis can occur in 
response to risk factors for atherosclerosis including elevated 
plasma LDL and glucose levels, or natural physiological 
processes such as shear stress and ROS. These observa-
tions highlight the importance of further investigating the 
consequences of endothelial cell death in atherosclerosis. 
Furthermore, endothelial cells can release distinct EV sub-
sets during activation and apoptosis including exosomes, 
MVs, apoptotic MVs and ApoBDs. To date, several stud-
ies have suggested that through the transfer of cellular con-
tents, EndoEVs contribute to intercellular communication 
throughout the development of atherosclerosis. However, 
the characterisation of the roles of EndoEVs in atheroscle-
rosis has been limited due to ambiguity in methods of EV 
generation, isolation and characterisation. The development 
of standardised and reproducible techniques is required to 
determine the precise functions of EndoEVs in atheroscle-
rosis and to elucidate whether EndoEVs can be used as bio-
markers for disease progression.
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