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Abstract
Interest in cell-derived microvesicles (or microparticles) within cardiovascular diagnostics and therapeutics is rapidly
growing. Microvesicles are often measured in the circulation at a single time point. However, it is becoming clear
that microvesicle levels both increase and decrease rapidly in response to certain stimuli such as hypoxia, acute
cardiac stress, shear stress, hypertriglyceridaemia and inflammation. Consequently, the levels of circulating
microvesicles will reflect the balance between dynamic mechanisms for release and clearance. The present review
describes the range of triggers currently known to lead to microvesicle release from different cellular origins into the
circulation. Specifically, the published data are used to summarize the dynamic impact of these triggers on the
degree and rate of microvesicle release. Secondly, a summary of the current understanding of microvesicle
clearance via different cellular systems, including the endothelial cell and macrophage, is presented, based on
reported studies of clearance in experimental models and clinical scenarios, such as transfusion or cardiac stress.
Together, this information can be used to provide insights into potential underlying biological mechanisms that
might explain the increases or decreases in circulating microvesicle levels that have been reported and help to
design future clinical studies.
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INTRODUCTION

Interest in extracellular vesicles within cardiovascular diagnostics
and therapeutics is growing rapidly. These vesicles encompass
both those released from the surface of cells, typically referred to
as MVs (microvesicles) or microparticles, and smaller particles
released from multivesicular bodies that are described as exo-
somes. MVs released from the surface of cells have been of
particular interest because they express markers that indicate
changes in the apoptosis or activation state of their cell of ori-
gin, thereby providing a means to deduct the status of a tissue or
organ from the nature and quantity of the vesicles present in the
circulation [1]. The present review focuses on these larger cell-
surface-derived MVs as there is now consistent evidence that the
absolute level of these circulating MVs in the circulation varies
in different cardiovascular conditions [2–6]. It is important to
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note emerging evidence which suggests that exosomes cannot
be easily divided from MVs by size, and that many techniques
are unable to distinguish between them. Therefore, although the
present review focuses on MVs, some of the cited studies may
well have included exosomes in their analysis.

MVs have been identified in other body fluids including saliva
[7], synovial fluid [8], seminal fluid [9] and urine [10], but it is
differences in circulating levels that may have the greatest clin-
ical significance as they have been shown to predict the future
risk of cardiovascular events in some patients [11–17]. There-
fore quantitative circulating MV measurement in cardiovascular
patients has been proposed as a way to generate diagnostic and
prognostic information [18–22].

To fully evaluate the likely clinical significance of a change in
circulating MV levels, a deeper understanding of the technical and
biological factors that determine these levels is required. There
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are a number of technical limitations, as well as inconsistencies in
terminology and preparation techniques, which have previously
made it difficult to compare studies [23]. In fact, because of dif-
ferences in the detection limit of various methodologies, such as
flow cytometry, nanoparticle tracking analysis and resistive pulse
sensing, it is likely that these technologies are measuring very
different vesicle populations. Even within a single technology,
such as flow cytometry, there are great discrepancies between
detected levels of vesicles, partly due to the sensitivity of the
machine [23].

An area that still requires consideration, and forms the basis of
the present review, is the traditional measurement of MVs in the
circulation of patients or healthy controls at a single time point.
MV levels both increase and decrease very rapidly in response to
certain physiological stimuli such as hypoxia, vessel shear stress
and inflammation. Furthermore, how effectively MVs are cleared
from the circulation depends on the efficiency of clearance mech-
anisms known to exist within different cellular compartments.
Therefore levels of circulating MVs at any one time point are
likely to reflect the balance between these dynamic mechanisms
rather than a static marker of cellular state. For example, if rates
of MV production and removal are balanced, no changes in levels
will be detected, even if there is a markedly increased rate of MV
production related to a disease state.

The present review draws together evidence from experi-
mental studies to identify key triggers for MV release based
on pathophysiological mechanisms as well as environmental ex-
posures (Figure 1). These are each interpreted within the context
of in vivo studies to understand their potential clinical relevance.
Key clearance mechanisms are then defined and discussed on the
basis of their potential clinical relevance. In particular, the rates
at which these two processes, release and clearance, occur in vivo
are considered and the likely resultant impact on degree of change
in circulating MV levels over time is discussed. An understand-
ing of these mechanisms is likely to provide deeper insights into
the clinical relevance, and underlying biological background, of
changes in MV levels increasingly being reported in cardiovas-
cular conditions. Furthermore, knowledge of these processes will
ensure more informed design of future clinical studies that in-
vestigate changes in MV levels.

TRIGGERS FOR RELEASE

Pathophysiological triggers
Hypoxia
Hypoxia has long been considered a mechanism which can trigger
the release of MVs. In cell culture, hypoxic conditions have been
shown to trigger the release of vesicles from several cell types,
particularly from tumour cell lines [24–26]. It would therefore
be reasonable to expect hypoxia to trigger MV release in vivo
and this has been confirmed by experiments that artificially in-
duce hypoxia in a laboratory setting. When eight healthy males
were exposed to a level of hypoxia for 80 min, equivalent to that
experienced at an altitude of 3000 m, they had an elevation in cir-
culating CD106+ endothelial-cell-derived MVs [27]. Similarly,

Lichtenauer et al. [28] found an increase in CD31+ MVs in 14
healthy controls following a slightly different hypoxic exposure
regime based on normobaric hypoxia in an air-conditioned cham-
ber equivalent to hypoxia at 5500 m altitude. Use of CD31 posit-
ivity, in conjunction with negativity for CD41 or CD42, excludes
platelet MVs, and is often used to define endothelial-cell-derived
MVs, but may also comprise MVs derived from leucocytes and
activated platelets. Therefore the precise nature of the MV rise
in this experiment is not clear, but does confirm MV release in
response to acute hypoxia in vivo.

However, this response appears to change after more pro-
longed exposure to hypoxia. Two studies using high altitude as a
model for inducing hypoxia have reported a reduction in circu-
lating platelet-derived MVs under hypoxic conditions [29,30]. In
a study of 51 healthy male volunteers, a two-day stay at moder-
ate altitude (2590 m) also led to a significant reduction in MVs
derived from platelets and erythrocytes with no change in en-
dothelial or leucocyte-derived MVs [29]. The changes in this
study were associated with a reduction in inflammatory mark-
ers and an improvement in lipid profiles [31]. Therefore general
systemic effects on vascular health may be of relevance to this
change in MV levels. However, similar differences related to
chronic exposure to hypoxia have been reported in exercise train-
ing studies. Training under hypoxic conditions appears to atten-
uate hypoxia-driven elevations in MVs. Hypoxic-relative (50 %
maximal heart rate) exercise training for 4 weeks depressed the
high-shear-stress-mediated platelet MV increase in the circula-
tion [32]. Hypoxic exercise also triggers the release of TF (tis-
sue factor) + monocyte-derived MVs [33] and TF+ neutrophil-
derived MVs [34], and this release can be suppressed by exer-
cise training over 5 weeks in sedentary healthy males [33,34].
Therefore sustained hypoxia exposure may provide tolerance to
hypoxia.

OSA (obstructive sleep apnoea) is an in vivo disease model
of recurrent intermittent hypoxia with normoxia in between epis-
odes. Several investigations have used flow cytometry and MV
ELISA to demonstrate that patients with OSA of different severity
have elevated circulating platelet, leucocyte and endothelial-cell-
derived MVs compared with controls [35–39] consistent with the
laboratory human studies of acute hypoxia. Furthermore, effect-
ive treatment of this condition with CPAP (continuous positive
airway pressure) to reduce the frequency of hypoxic episodes
leads to a reduction in platelet and endothelial MVs [37,39].
Withdrawal from CPAP treatment can then lead to subsequent
CD62E+ endothelial MV increases [40]. However, it is possible
that hypoxia alone may not be responsible for these changes. Ox-
idative stress has been identified as an important trigger for altered
levels of circulating MVs in chronic obstructive pulmonary dis-
ease patients [41]. Oxidative stress can also trigger the release of
MVs from human neutrophils [42], human endothelial cells [43]
and mouse endothelial cells [44] in vitro. Furthermore, there ap-
pears to be a close positive-feedback relationship between MVs
and oxidative stress, as MVs from mouse endothelial cells can
trigger endothelial injury and reactive oxygen species production
[44].

Despite the differences in these study designs and potential for
the role of linked biological pathways, such as inflammation and
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Figure 1 Triggers, release and effects of circulating-cell-derived MVs
Summary of the cellular triggers, release and effects of MVs in the circulation. The cellular triggers are detailed at the
top, including vessel shear stress, cardiovascular stress, inflammation, hypoxia and high-fat consumption. Arrows then
indicate where there is evidence in the literature of a relationship between this trigger and release of a specific cellular MV,
with relevant references cited. The cellular effects of these circulating MVs, both physiological and pathological, although
not specifically reviewed in the present paper, are then provided for information to help interpret the potential clinical
impact of release of these MVs.
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oxidative stress, there are a growing number of publications that
have tried to focus on the in vivo impact of hypoxia. These appear
to indicate that circulating MVs from different cell types show
various responses to hypoxia. Furthermore, the MV release in
response to chronic hypoxia exposure differs from that to acute
hypoxia. Therefore timing and duration of exposure as well as
measurement of cell-specific MVs is of importance in conditions
in which hypoxia forms a component of the stimulus for MV
release.

Vessel shear stress
A common feature of many cardiac conditions, such as athero-
sclerosis or hypertension, is an association with changes in vessel
shear stress. In vitro studies suggest that shear stress may be an
important regulator of MV release. Chen et al. [32] used a rota-
tional viscometer to generate high shear stress and found release
of platelet-derived MVs in platelet rich plasma. The use of vis-
cometers and perfusion systems have also revealed the release of
both megakaryocyte MVs [45] and platelet MVs [46–50] during
periods of high shear stress. In contrast, low shear stress ap-
pears to trigger endothelial MV release, probably through a Rho
kinase and ERK (extracellular-signal-regulated kinase) 1/2 path-
way [51]. Therefore, in vitro, the degree of shear stress appears
to determine the type of MV release.

In vivo changes in shear stress are more difficult to divide
into high and low shear exposures. Furthermore, any disease
process that alters shear stress has other associated biological
conditions, which themselves may lead to MV release. For in-
stance, patients with severe aortic valve stenosis have high shear
stress around the valve and aorta, and this condition has been
associated with increased platelet MVs, but also elevated leu-
cocytes and endothelial MVs [46]. However, aortic stenosis can
be linked with atherosclerotic coronary disease and changes in
cardiac function. Evidence for a variable impact of shear stress
on circulating MV type and levels may be stronger from studies
of artificial devices. External counter-pulsation is a therapy that
reduces ischaemia by increasing preload and cardiac output, but
also leads to significant increases in vessel shear stress. When
given for sustained periods amounting to 30 h over 4 weeks, an
increase in platelet-derived MVs was observed, but no change in
those derived from monocytes or endothelial cells [52]. Again
this could relate in part to disease modification. Nevertheless,
a study of patients with continuous-flow left ventricular assist
devices, which directly expose blood cells to high shear stress,
also found increased levels of PS (phosphatidylserine)-exposing
MVs associated with the activity of the device [53].

The most convincing evidence has come from studies that
have tried to directly relate the degree of vessel wall shear stress to
MV release in humans. Patients who receive transcatheter aortic
valve implantation to correct aortic stenosis have been found to
have an increase in brachial artery wall shear stress related to
the increase in cardiac output. This has been linked to improved
endothelial function and also a decrease in endothelial MVs, but
no change in platelet-derived MVs [54]. This would be consistent
with lower shear stress being more commonly associated with
endothelial MV release. This is supported by the findings in
patients with end-stage renal disease, who have reduced shear

stress. Their aortic and brachial artery shear stress were both
found to be inversely correlated with endothelial derived MVs,
but not platelet-derived MVs. Treatment of these patients with
erythropoietin and intravenous iron for an average of 15 weeks
led to increased brachial artery shear stress and an associated
decrease in endothelial MVs [55]. This differential response to
the level of shear stress highlights the need to interpret changes
in MV levels on the basis of knowledge of the haemodynamic
impact of different diseases and a careful consideration of the
type of MV being studied.

Inflammation
Inflammation and MV release are often considered to be closely
linked and function in a positive-feedback loop. Several studies,
which have utilized both flow cytometry and microscopy, show
release of endothelial and monocyte MVs from cell lines after
exposure to pro-inflammatory cytokines [56–59]. This release
has then been linked to the up-regulation of adhesion molecules
and release of inflammatory markers in response to the MVs
themselves when they are incubated with cells [2,57,58,60–62].
It might therefore be expected that pro-inflammatory conditions
also trigger MV release in vivo and that treatments which reduce
inflammation in turn reduce circulating MVs.

Initial evidence to support this hypothesis can be drawn from
studies that show correlations of MVs with levels of inflammat-
ory markers in the circulation. A study of 154 chronic heart
failure patients found correlations between endothelial MVs and
several markers of inflammation including TNF (tumour nec-
rosis factor)-α, soluble Fas and Fas-ligand [22]. In a study of
patients with myocardial infarction or angina, significant correl-
ations were noted between levels of platelet and endothelial-cell-
derived MVs and the inflammatory markers IL (interleukin)-6
and CRP (C-reactive protein) [63]. More direct experimental
evidence for a link between MV release and inflammation comes
from work in healthy individuals. In these studies, acute inflam-
mation has been modelled by injection of endotoxin. This leads
to an increase in TF-expressing MVs, determined by microscopy
and by MV-capture assays, which is associated with a rise in both
pro-inflammatory and anti-inflammatory cytokines [64,65]. Fur-
ther support for a potential direct role of inflammatory mediators
has been drawn from work with anti-TNF-α therapies. TNF-α has
been shown to be a potent stimulator of MVs in vitro, including
from cardiomyocytes [58,59,66–68] and it is correlated with MV
levels in the circulation [22]. In patients with psoriasis, treatment
with anti-TNF-α, a commonly used therapy in autoimmune con-
ditions, led to a decrease of platelet and endothelial-cell-derived
MVs following 3 months of treatment [69]. This finding sup-
ports findings from Sari et al. [70] who showed that platelet
and endothelial MVs were significantly reduced in an ankylosing
spondylitis patient receiving anti-TNF-α therapy, compared with
conventional therapy.

In the more extreme clinical inflammatory condition of sepsis,
systemic inflammation predominates and these patients also have
been found to exhibit elevated levels of MVs [71–74]. Interest-
ingly, the positive-feedback loop between MVs and inflammation
may not be so clear cut, as MVs from patients with sepsis have
been shown to enhance aortic contraction in mice and it has been
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proposed they may play a protective role by reversing the fall in
peripheral resistance and hypotension seen in severe sepsis [71]
as well as promoting the release of IL-10 [75]. MVs, particu-
larly those derived from granulocytes, have also been noted to
have anti-inflammatory properties [75–78]. Together, these stud-
ies suggest that pro-inflammatory cytokines are potent triggers
for MV release and the response can be modified with targeted
cytokine therapies. In turn, MVs are capable of triggering both
pro-inflammatory and anti-inflammatory responses dependent on
the clinical scenario, reinforcing the importance of understanding
the type of trigger and MV being studied in clinical studies.

Environmental and lifestyle triggers
High fat consumption
As well as being a risk factor for cardiovascular disease, the con-
sumption of high-fat meals has previously been shown to impact
on various biomarkers. This also seems to be the case for MVs.
Ferreira et al. [79] demonstrated an elevation of CD31+CD42−

endothelial MVs 1 and 3 h following a high-fat meal in 18
healthy subjects. This appeared to correlate with a postpran-
dial elevation in serum triacylglycerols and a direct association
with exposure to triacylglycerols has been proposed [79]. Har-
rison et al. [80] also noted elevated CD31+CD42b− endothelial
MVs following a high-fat meal. This effect appears to last for
only the first few hours after ingestion of fatty foods, as no
change in either CD31+CD42− or CD62E+ endothelial-cell-
derived MVs was evident 4 hours following ingestion of a high-
fat meal in ten healthy men [81]. Tushuizen et al. [82] found
that two high-fat meals in one day led to increased levels of
total MVs, but not endothelial-cell-specific MVs, in the circu-
lation, along with impaired flow-mediated dilatation in healthy
individuals. Intriguingly, the drink consumed alongside the high-
fat meal may also have an impact on the circulating MV levels,
with cola giving the greatest increase in MVs at 1 and 2 h fol-
lowing consumption and red wine ameliorating the impact on
MV release [83]. Exercise before consumption of the high-fat
meal also altered the release of MVs although with different
effects between studies. Harrison et al. [80] noted that the rise
in endothelial MVs was not attenuated by exercise before the
meal, despite a considerable reduction in postprandial lipaemia
[80], whereas another study found that prior moderate intens-
ity cycling can blunt the postprandial increases in endothelial
MVs [84].

The range of biological changes that result from a high-fat
meal as well as the ability of various dietary and lifestyle factors
to modify release make identification of the precise mechanism
for release difficult to identify. A high-fat meal is known to lead
to an increase in markers of inflammation, such as CRP [85]. As
inflammation causes elevated MVs, it is possible that this drives
the changes in MV levels. Alternatively, several studies have
correlated changes in MVs with levels of lipaemia or triglycerid-
aemia. There are also haemodynamic effects of a high-fat meal
with redistribution of blood flow to the mesenteric circulation that
could alter vascular shear stress. Whatever the precise mechan-
ism, it would appear that timing of MV measurement in clinical
studies and interpretation of changes in levels should take into

account the recent dietary history of research study participants.
This raises the question of whether all blood samples for MV
analysis should be taken from fasting participants or patients?
At the very least, the consumption of high-fat foods should be
avoided for several hours before sampling to avoid elevations in
levels.

Exercise and cardiovascular stress
Several studies have investigated the impact of acute cardiovas-
cular stress on circulating MV levels, using both exercise and
pharmacological models to generate changes in heart rate and
cardiac contractility. Exercise or acute cardiac stress is likely to
lead to changes in circulating MVs due to a combination of the
pathophysiological mechanisms described above, including hyp-
oxia and shear stress. It is also possible that cardiac stress itself
serves as a trigger for MV release. The time course for release
of MVs into the circulation is similar to those observed with
other triggers. For example, moderate exercise for 90 min has
been shown to lead to an immediate increase in platelet-derived
MVs [86] in healthy males. In addition, moderate exercise causes
an increase in endothelial-cell- and monocyte-derived MVs in
highly trained healthy individuals [87].

Elevated platelet MVs measured by ELISA have also been
shown in healthy males and females after completing treadmill
exercise [88]. Even exercise carried out while scuba diving has
been shown to increase PS-expressing MV levels, when com-
pared with remaining stationary at depth [89]. Strenuous ex-
ercise has also been shown to induce a release of MVs from
platelets in sedentary healthy men performing a graded exercise
test [90]. Furthermore, maximal exercise, achieved by a graded
exercise test, was associated with an elevation of MVs from
platelets and neutrophils, but not erythrocytes in healthy males
[91].

The length of time MVs remain elevated has been studied
to a limited extent. Durrer et al. [92] took blood 18 h after
high-intensity exercise and found an increase in endothelial
MVs. However, intriguingly, this was only evident in females,
with a decrease in endothelial MVs in males [92]. Interest-
ingly, the interpretation of levels may be further complicated
by the pre-existing fitness of individuals taking part in stud-
ies as a 5-day reduction in daily exercise in normally active
young men leads to increased CD31+CD42b− (apoptotic), but
not CD62E+ (activated), endothelial-cell-derived MVs [93]. This
suggests that regular moderate cardiac stress may be neces-
sary to keep apoptotic endothelial MVs at baseline levels. Fur-
thermore, in the study of scuba divers, exercise before diving
actually reduced levels of PS expressing MVs while diving
[94].

The majority of these studies of acute cardiac stress and
exercise were conducted in healthy volunteers and consistently
showed significant elevations in circulating MVs. In contrast with
the above studies, a study of high-intensity interval training in pa-
tients with coronary heart disease revealed no significant change
in platelet or endothelial derived MVs [95]. This lack of MV
response in those with cardiovascular disease is further suppor-
ted by the findings of Augustine et al. [96] who used dobutam-
ine during stress echocardiogram to trigger cardiac stress.
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Table 1 In vivo triggers of microvesicle release into the circulation

Trigger Generated by Findings Ref

Hypoxia Withdrawal of CPAP in OSA patients
(2 weeks)

↑ CD62E+ endothelial MVs in 18 OSA patients [40]

Laboratory Induced hypoxia (15 %
O2, 80 min)

↑ CD106+ endothelial MVs in 8 healthy males [27]

Hypoxic chamber (equivalent to
5500m)

↑ CD31+ MVs in 14 healthy controls [28]

Hypoxic Exercise (12 % O2, 30 min) ↑ TF+ neutrophil MVs in 60 sedentary males [34]

Hypoxic Exercise (12 % O2, 30 min) ↑ TF+ monocyte MVs in 40 sedentary healthy males [33]

Altitude (2590m, 2 days) ↓ Platelet and erythrocyte MVs and no change in
CD31+CD41-, CD144+ or CD62E+ endothelial or
leucocyte MVs in 51 healthy males

[29]

Vessel shear stress External counter-pulsation (30 hours
in 4 weeks)

↑ Platelet MVs, no change in CD62E+ and CD146+
endothelial or monocyte MVs in 7 CAD patients

[52]

Continuous-flow left ventricular
assist devices (average 28 days)

↑ PS exposing MVs in 20 patients [53]

Transcatheter aortic valve
implantation (3 months)

↓ CD31+CD41-, CD144+ and CD62E+ endothelial
MVs, no change in platelet MVs in 56 aortic valve
stenosis patients

[54]

Erythropoietin and intravenous Iron
treatment (15 weeks)

↓ CD31+CD41- endothelial MVs, no change in platelet
MVs in 25 end-stage renal disease patients

[55]

Inflammation Injection of LPS (3 hours post) ↑ Tissue Factor MV activity in 8 healthy males [64]

Injection of LPS (3 hours post) ↑ Tissue Factor MVs in 18 healthy individuals [65]

Anti-TNF (3 months treatment) ↓ Platelet and endothelial MVs after 3 months
treatment in 20 psoriasis patients

[69]

Exercise and cardiovascular stress Moderate exercise (Immediately and
45 min and 2 h post)

↑ Platelet-MVs, no change in CD62E+ endothelial or
monocyte MVs in 16 healthy males

[86]

Moderate exercise (45 min post) ↑ Platelet MVs, which fall to baseline within 2 hours
but only in trained healthy males

[87]

Strenuous exercise (Immediately
and 2 h post)

↑ Platelet and neutrophil MVs, no change in
erythrocyte MVs in 7 healthy males.

[91]

High intensity training (20 min post) No change in platelet or CD31+CD42b- or CD62E+
endothelial MVs in 19 CHD patients

[95]

Stress echocardiogram
(Immediately)

↑ Platelet, CD31+CD41- endothelial and erythrocyte
MVs in individuals without vascular disease, no
change in those with vascular disease

[96]

High fat consumption High fat meal (1 and 3 hours post) ↑ CD31+CD42- endothelial MVs in 18 healthy
individuals

[79]

High fat meal (2, 4 and 6 hours
post)

↑ CD31+CD42b- endothelial MVs in 8 healthy males [80]

High fat meal (4 hours post) No change in CD31+CD42- or CD62E+ endothelial
MVs in 10 healthy males

[81]

2 x High fat meal (2 hours post) ↑ Total MVs in 17 healthy males [82]

High fat meal (1 and 2 hours post) ↑ Total and endothelial MVs in 10 healthy males [83]

They found that platelet, endothelial cell and erythrocyte MVs
measured by flow cytometry and a coagulation assay are increased
during cardiac stress in those with normal stress responses, but not
in those with vascular disease [96]. Exercise- and dobutamine-
induced stress both cause increased heart rate and can induce
hypoxia as well as increased vascular shear stress. The physiolo-
gical effects of exercise and dobutamine are not identical and
therefore these studies cannot be necessarily directly compared.
However, these findings raise the possibility that individuals with
cardiovascular disease lose the ability to release MVs during
cardiac stress. The findings from stress studies in healthy vo-
lunteers, and those with disease, do demonstrate that the back-

ground level of fitness, degree of stress exposure and underlying
disease process needs to be considered in interpretation of res-
ults from studies that use cardiac stress as a stimulus for MV
release.

RATE OF RELEASE

Acute stimuli
The studies described above and listed in Table 1 demon-
strate that the time course of MV release differs with different
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stimuli. However, all of these studies are limited in their fidelity
for characterization of MV release by the relatively broad selec-
tion of sampling period they use. What is clear from these studies
is that most acute stimuli such as shear stress, inflammation and
hypoxia will have led to an increase in MV levels that can be de-
tected within minutes and it remains possible that changes occur
earlier. Exercise and stress echocardiogram studies indicate pres-
ence of platelet-derived MVs after 90 min of moderate exercise
[87] or 5–10 min of cardiac stress induced by dobutamine [96].
Similar timeframes are reported in studies of laboratory-induced
hypoxia, which have identified increases in MV levels imme-
diately after hypoxic states that are then still detectable 80 min
later [27]. High-fat meals also lead to evidence of MVs in the
circulation within 1 h of consumption [79,80] and TF-exposing
MVs, which are normally rare in the circulation, are elevated
within hours of administration of endotoxin in healthy individuals
[64,65].

These timeframes are consistent with the known time rate
of the signalling cascades and cellular mechanisms that lead
to MV release. MV release from the cell membrane is gener-
ated by two mechanisms: cell activation and cell apoptosis. In
cell activation, agonists are detected by a cell receptor causing
cytosolic calcium to increase, leading to activation of kinases
and calpain, inhibition of phosphatases, talin breakdown and a
loss of membrane asymmetry [97]. These mechanisms cause dis-
ruption of the membrane cytoskeleton and consequent budding
of the membrane, with formation of MVs [98]. In apoptosis,
Rho-associated kinase 1 is activated by caspase 3 [99], causing
cell contraction, redistribution of fragmented DNA and mem-
brane blebbing [100]. MVs formed by apoptosis differ from
those formed by cell activation in size, in lipid and protein
composition, and in their surface markers [98]. The MVs de-
scribed in the studies of acute response to a stimulus are likely
to be a combination of MVs produced by both cell activation
and apoptosis. Both of the mechanisms described above are
likely to be able to result in MV release within minutes of the
stimulus.

Chronic stimuli
The impact of sustained stimuli on MV levels suggest prolonged
exposure to different factors may be able to induce chronic
changes in the rate of release. This is suggested by studies which
have looked at release following prolonged therapies that study
MV levels after several weeks or even months from the ini-
tial baseline assessment [52,53] and show significant sustained
changes in circulating MV levels. However, such studies are lim-
ited by the potential modifying effect of therapies on the under-
lying triggers for MV release. More convincingly, as can be seen
from Figure 2, studies of sustained hypoxia appear to demon-
strate a differential effect on MV levels depending on whether
measurements are performed in response to the acute stimulus or
prolonged exposure. In these more prolonged studies, however,
consideration needs to be given to the clearance mechanisms
for MVs and prolonged effects of exposure on these processes
and how this alters the MV balance within the circulation. We
therefore now consider potential clearance mechanisms.

MECHANISMS OF CLEARANCE

Overview
Once an appropriate trigger has resulted in MV release, then, for
those MVs to be detectable in the blood, they need to persist in the
circulation until the time of sampling. It was thought that, because
of their smaller size and greater ability to diffuse and escape pha-
gocytosis, MVs may be able to survive in the circulation longer
than the cells from which they originate [101]. However, this is
by no means clear, as several mechanisms have now been identi-
fied that actively clear MVs from the circulation through cellular
uptake. Figure 3 summarizes the cells and organs identified to be
involved in MV clearance. The predominant route of uptake ap-
pears to be by endocytosis (clathrin- and caveolin-dependent and
lipid-raft-mediated), micropinocytosis, phagocytosis and mem-
brane fusion [102]. This is largely driven by exposure of PS by
MVs that are recognized by phagocytes, as well as endothelial
cells. These then bind PS directly or by receptors for the proteins,
such as the complement component C3b, that leads to opsoniz-
ation of MVs [103] and activation of the complement cascade.
PS is known to be involved in the clearance of red cells and
platelets from the circulation [104,105], through a lactadherin-
mediated process. This process has also been shown to be rel-
evant in the removal of PS-exposing platelet MVs from the
circulation [106].

The extent of exposure of PS, or other cellular proteins, in
different situations or on different MVs would therefore be ex-
pected to alter the ease and rate of clearance. Consistent with
this, exploratory studies using modified liposomes have shown
that retention and clearance behaviour is affected by the molecu-
lar composition of the vesicle membrane and size [107]. However,
the extent of PS exposure on MVs in vivo remains unclear [108].
It may be that much of the exposure of PS on MVs detected in
the circulation is due to post-venepuncture manipulation of the
vesicles, such as freeze/thawing, centrifugation and filtration. It
is becoming increasingly clear that many circulating MVs do not
bind to annexin V and therefore may not expose PS on their sur-
face [109]. This puts the role of PS in the clearance of MVs under
scrutiny (Figure 4). Furthermore, rate of clearance may vary de-
pending on the way that cells interact with their environment as it
is known that live cells actively react to changing environmental
cues, and will therefore alter their membrane composition leading
to different retention times for their MVs within the circulation.
Below we summarize the known in vivo mechanisms for specific
clearance pathways and the rates at which these are thought to
operate.

Cellular uptake
Endothelium
Several studies have now demonstrated that MVs can be cleared
from the circulation through endothelial uptake by endocytosis.
It has been proposed that this is through a lipid-raft-mediated
process [102,110]. PS exposure on MVs appears to be particu-
larly important for effective clearance [111] and Del-1 (devel-
opmental endothelial locus 1), a glycoprotein expressed on the
endothelium, has been shown to mediate uptake of MVs through
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Figure 2 Time course of MV release
Different stimuli are listed on the left and then the impact of these stimuli on MV levels over time are detailed across the
Figure. The timescale along the bottom describes the time between the stimulus and when the venepuncture for the study
reported took place. Red indicates MV levels that had increased, blue represents MVs that had remained the same and
green shows MVs that had decreased from baseline levels. References are provided for each study presented. The cellular
origin of MVs have been defined, where known. PMVs, platelet MVs; EMVs, endothelial cell MVs; EryMVs, erythrocyte MVs;
LMVs, leucocyte MVs.

endothelial endocytosis by acting as a bridge between integrins
on endothelial cells and PS on MVs [112]. Endothelial clearance
has also been demonstrated in in vivo studies. Wahl et al. [113]
studied levels of CD31+CD42b− endothelial MVs, which they
generated with high-volume and high-intensity training exercise,
and linked reducing levels with increased uptake by endothelial
cells in a PS-dependent manner.

One reason endothelial cells may take up MVs is that it
provides a mechanism for transmission of signals to the endothe-
lium from remote cells. This could be of importance particularly
in view of the range of specific functions performed by the en-
dothelium, such as pro-coagulant responses [114], vascular repair
[115,116] and vascular control. In particular, the carriage of cod-
ing (mRNA) and non-coding (miRNA) RNAs within membrane
vesicles, which confers protection on the RNAs against degrad-
ation, can ensure endothelial target specificity for these factors.
Endothelial uptake of MVs may constitute a pathway of MV
clearance that leads to the deliverance of intact miRNAs [117],

and therefore changes in gene expression in the endothelial cell.
In support of this targeted approach, the uptake of MVs by en-
dothelial cells has been shown to be dependent on how the MV
was produced. Alexy et al. [67] found that two distinct popu-
lations of MVs were produced following stimulation of human
aortic endothelial cells with TNF-α: one Rho-associated-kinase-
dependent, rich in miRNAs, and one caspase-dependent, poor in
miRNAs [67]. Of these, the MVs rich in miRNAs were much
more readily taken up, which suggests that endothelial cells are
able to recognize MVs generated upon different molecular cues,
thereby removing MVs from the circulation that contain high
levels of miRNAs. Uptake by endothelial cells is therefore less
likely to constitute a waste removal system and is much more
likely to be a targeted mechanism of cellular communication.

Macrophages
Macrophages are the prototypical phagocytes and, as MVs of-
ten represent by-products of apoptotic cells, it is not surprising
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Figure 3 Mechanisms of MV clearance
The cells and organs involved in MV clearance are described in the centre and bottom with the passage of MVs from the
circulation to cell and organ then illustrated by arrows. References are stated for the studies that have provided evidence
for this passage of MVs and their targeted clearance in specific cells and organs.

that many pathways of MV uptake by macrophages overlap with
the mechanisms governing the removal of apoptotic cells. The
ubiquitous presence of macrophages, in their different forms,
across a broad range of tissues also means macrophages could
be a major site for MV clearance. PS are richly expressed on
MVs and are central to the ‘eat me’ signals used in phagocytic
processes [118]. Lactadherin, which binds to PS, appears to play
an important role in the uptake of MVs by splenic macrophages,
as lactadherin deficiency leads to increased levels of circulating
MVs [106,119]. Another key factor that governs attachment to,
as well as detachment from, macrophages is CD31 [120]. CD31
is abundant on many vascular cells such as platelets, leucocytes
and endothelial cells, and is therefore also readily expressed on
their MVs. Additionally, size and density of Fc or IgM, found to
be present on MVs, appears to influence their uptake by macro-
phages [121,122]. Therefore uptake of MVs from different cell
types by phagocytes is likely to vary depending on the degree of
expression of PS, CD31, Fc or IgM on the MV surface. Technical
factors or disease processes that influence the degree of expres-
sion of these factors will therefore influence how long MVs re-
main in the circulation. Interestingly, MVs themselves appear to
trigger phagocytic activity by macrophages, which is not limited
to the MVs. Therefore increased presence and clearing of MVs
may induce clean-up processes of surrounding damaged tissue
[123].

Clearance in organs
Liver
To understand whether there is variation in the site of MV clear-
ance within the body, Willekens et al. [124] injected rats with
sodium [51Cr]chromate-labelled MVs and tracked their uptake.
Within 5 min, 80 % of the labelled MVs were cleared from the
circulation and, of these, 55 % had been taken up by the liver. It
was noted that the Kupffer cells contained the majority of activity
and also haemoglobin, suggesting their importance in clearance
of erythrocyte MVs [124]. This clearance mechanism appears
to be modifiable, depending on different environmental clues
as, when injected with the artificial oestrogen diethylstilboes-
trol, mice show an enhanced clearance of liposomes associated
with an increase in liver weight. Both the resident Kupffer cells
and recruited macrophages may be responsible for the increased
clearance of liposomes by the liver in this context, as Mac-1 has
been implicated, but is also not essential, in this process of liver
uptake [125].

Lungs
The lungs are rich in a variety of cell types, including endothelial
cells, leucocytes and epithelial cells [126], known to facilitate
MV clearance and it is therefore proposed that the lungs may act
as an important site for MV clearance. This may explain why
patients with pulmonary hypertension show elevated levels of
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Figure 4 Rate of MV clearance
Clearance of MVs is known to be dependent on expression of PS on the surface. This Figure describes how differences
in in vivo and in vitro conditions could lead to different external expression of PS and therefore alter clearance rates.
In vitro processing of MVs (on the right), including stimulation, freezing and centrifugation, leads to increased external PS
expression on MVs and therefore faster uptake by endothelial cells and macrophages. Therefore how samples have been
processed in vitro should be considered when interpreting relevance of findings to in vivo clearance rates.

circulating leucocyte- and endothelial-cell-derived MVs as the
available vascular beds for MV clearance are reduced [127]. Ef-
ferocytosis, a process of ‘silent’ removal of apoptotic cells, but
also of MVs, has also been reported to be disturbed in various
diseases of the lung [128], and patients suffering from various
diseases of the lung show increased levels of MVs within samples
of lavage fluid or alveolar oedema [129]. Nevertheless, this elev-
ation in MV levels could be in part driven by greater release of
MVs in these pulmonary inflammatory states and further work
is required to define the relative balance of production and lung
clearance in these conditions.

Spleen
Splenectomized mice infused with tumour cell MVs have in-
creased mortality compared with non-splenectomized mice, an
observation that has highlighted the potential importance of the
spleen in clearance of MVs [130]. The importance of the spleen
has also been highlighted in human studies in which splenec-
tomized patients with ITP (idiopathic thrombocytopenic pur-
pura) have been demonstrated to have increased MVs, in the
form of red blood cell and leucocyte-derived MVs, compared

with non-splenectomized patients [131]. However, some of the
most convincing evidence has come from the use of endothelial-
cell-derived MVs labelled with fluorescence or iron oxide nano-
particles. When injected into mice they have been found to local-
ize mainly in the spleen (within monocytes and macrophages) and
to a lesser extent in the liver and lungs [132]. This result appears
discordant to studies that have identified significant liver uptake.
However, as noted above, MV clearance is dependent on the sur-
face receptors, protein and lipid composition of the MVs, which
will vary with disease state and type of MV. Therefore there may
be preferential uptake of certain MVs in different organs [133].

Rate of clearance from the circulation
Knowledge of clearance rates of microparticles is largely derived
from experimental models. However, in each experiment, a key
finding has been the extremely rapid clearance of MVs from the
circulation. When platelet-derived MVs from platelet prepara-
tions were injected into rabbits, they were no longer identifiable
in the circulation within 10 min of injection and remained ab-
sent from the circulation for up to 50 min, suggesting that, once
cleared, they were not being re-released [134]. Flaumenhaft [103]
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also reported clearance of platelet-derived MVs within 30 min of
infusion in mice. Up to 80 % of erythrocyte vesicles have also
been shown to be cleared from the circulation within 5 min of
injection into rats [124], and endothelial MVs can be detected in
the spleen within 5 min of injection into mice [132]. However, in
some more unusual settings, MV clearance may be delayed, for
example, elevated circulating platelet-derived MVs in canines
caused by insertion of material test segments to a shunt, were
cleared from the circulation over a 3–24 h period following re-
moval of the test segment from the shunt [135].

It should be noted that some of these studies of MV clearance
use vesicles that have been through a freeze–thaw cycle or were
artificially stimulated using calcium ionophores. The processing
of samples, particularly freeze–thawing or artificial stimulation,
can induce ‘flip-flop’ of the plasma membrane and a higher ex-
posure of PS on the surface of vesicles than that found in natur-
ally circulating MVs [136–138]. As discussed above, rate of MV
clearance is likely to be dependent on the degree of exposure of
PS on the MV surface and therefore uptake of manipulated MVs
may not be representative of in vivo uptake [109] and care should
be taken when using such data to define clearance times in vivo
(Figure 4).

Injecting labelled MVs into humans is ethically complex, but
some studies have found alternative ways in which to monitor
human MV clearance. As with animal studies, certain types of
MV must clear very rapidly from the circulation. For example,
re-transfusion of pericardial blood, which contains high levels
of TF-exposing MVs, during cardiopulmonary bypass, does not
cause systemic coagulation suggesting the elevated MVs must be
cleared within ∼15 min [139]. Consistent with this rapid clear-
ance, Augustine et al. [96] demonstrated that elevated platelet
MV levels generated by dobutamine-induced cardiac stress, had
returned to baseline within 1 h. However, interestingly, this study
supported the concept that variation in clearance rate depends
on the cellular origin of the MV [96]. Erythrocyte MVs ap-
peared to have slower clearance as they were still elevated at
1 h, whereas endothelial MVs had fallen below baseline levels,
suggesting an ability to up-regulate clearance in the presence
of a stress stimulus [96]. This differential rate of clearance ac-
cording to cellular origin or stimulus was also found by Rank
et al. [140] who identified that the half-life of PS-expressing
MVs, derived from transfusion of platelet concentrates, in hu-
mans was 5.8 h, and that the removal of platelet MVs was
quicker than the removal of platelets. Vince et al. [27] also noted
that elevated CD106+ endothelial MVs, induced by breathing
hypoxic air, took 10 h to fall to baseline levels after hypoxia
exposure.

Importantly, the rate of clearance for a single cellular type of
MV may also vary with the physical state of the individual. Soss-
dorf et al. [86,87] carried out two studies using moderate endur-
ance exercise as a model for excess MV generation in vivo. They
found that, in physically untrained individuals, platelet MVs re-
mained elevated in the circulation (even continuing to rise) up to
2 h following exercise [86,87]. Supporting this, Chaar et al. [91]
also noted that elevated platelet- and neutrophil-derived MVs re-
mained elevated 2 h following maximal exercise in healthy males,
whereas in trained individuals, exercise-elevated platelet MVs re-

turned to baseline within 2 h [87] and high-intensity training in
triathletes/cyclists led to a fall in CD31+CD42− endothelial MVs
below baseline within 1 h [113].

CONCLUSIONS

It is increasingly becoming clear that an understanding of the trig-
gers and regulators of the dynamic change in MV levels observed
in different clinical scenarios is required to interpret findings from
clinical investigations. The present review has drawn together the
evidence from experimental and clinical studies that demonstrate
that changes in circulating MV levels are due to both cellular
release and clearance. Furthermore, it has described how these
factors differ in their impact on both the degree and time course of
change in circulating MV levels. There remain discrepancies in
the change of MV levels reported in these studies, even when con-
sidering the same triggers, and some of this variation may relate
to differences in techniques used to identify and quantify the cell-
specific vesicles. The majority of studies use flow cytometry, but
even among these there is great variation in the levels reported,
partly explainable by pre-analytical (sampling, centrifugation,
storage) and analytical (antibody choice, flow cytometer resolu-
tion, flow cytometer set-up) variables [138,141–145]. Standard-
ization of MV methodologies will be important to improve con-
sistency and analysis across multiple centres [141,143,146,147].
A collaborative working group between ISEV (International So-
ciety for Extracellular Vesicles), ISTH (International Society on
Thrombosis and Haemostasis) and ISAC (International Society
for Advancement of Cytometry) has recently been formed (at
ISEV Meeting 2015) to focus on the standardization of EV meas-
urement by flow cytometry, which should address some of these
issues. However, in addition, it is now clear that careful con-
sideration needs to be given to the different stimuli and cellular
processes that may underlie changes in circulating MV levels.
By taking these factors into account, it should be possible to start
to gain deeper insights into the likely biological background for
changes in MV levels and also lead to technically superior design
of future clinical studies that assess MV levels in cardiovascular
disease states.
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