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Extracellular vesicles (EVs) have emerged in the last decade as critical cell-to-cell
communication devices used to carry nucleic acids and proteins between cells. EV
cargo includes plasma membrane and endosomal proteins, but EVs also contain
material from other cellular compartments, including mitochondria. Within cells,
mitochondria are responsible for a large range of metabolic reactions, but they can also
produce damaging levels of reactive oxygen species and induce inflammation when
damaged. Consistent with this, recent evidence suggests that EV-mediated transfer of
mitochondrial content alters metabolic and inflammatory responses of recipient cells. As
EV mitochondrial content is also altered in some pathologies, this could have important
implications for their diagnosis and treatment. In this review, we will discuss the nature
and roles of mitochondrial EVs, with a special emphasis on the nervous system.
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INTRODUCTION

Mitochondria play a crucial role in maintaining metabolic homeostasis. This includes ATP
production, but also a range of biosynthetic and catabolic pathways required for cellular
homeostasis. In addition, mitochondria regulate cell death and the production of reactive oxygen
species (ROS) (Friedman and Nunnari, 2014; Murphy et al., 2016). To perform these tasks,
mitochondria require proteins that are encoded by both nuclear and mitochondrial DNA (mtDNA)
(West and Shadel, 2017; Russell et al., 2020). Mutations in mitochondrial genes encoded by
either genome are associated with neurological or muscular pathologies (Vafai and Mootha, 2012).
Similarly, damaged or otherwise dysfunctional mitochondria can cause cellular damage through
increased mitochondrial ROS production (West and Shadel, 2017). These events can also lead to the
release of mtDNA to the cytosol where it acts as a damage-associated molecular pattern (DAMP)
that triggers inflammation (West and Shadel, 2017). Given the potentially deleterious consequences
of these events, cells have evolved a number of quality control mechanisms, including mitophagy
and mitochondria-derived vesicles (MDVs), that promote the lysosomal degradation of damaged
mitochondrial components. Failure of these quality control mechanisms and accumulation
of dysfunctional mitochondria result in many pathologies ranging from cardiovascular
diseases to cancer (Srinivasan et al., 2017; Johnson et al., 2021). However, the nervous
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system is particularly sensitive to alterations in mitochondrial
quality control mechanisms and alterations in these are
particularly prominent in neurodegenerative diseases.
Intriguingly, recent studies have shown that mitochondrial
content can also be found outside of cells, either as free mtDNA,
functional mitochondria or within extracellular vesicles (EVs),
where it could participate in the etiology of these diseases
(Yousefi et al., 2009; Keshari et al., 2012; Lindqvist et al., 2018;
Singel et al., 2019).

EXTRACELLULAR VESICLES

Most cells release an array of molecules and vesicles into their
environment that serve to communicate with other cells or
get rid of unwanted cellular material (Devhare and Ray, 2018;
Mathieu et al., 2019). This secreted material includes EVs,
lipid bilayer-delimited vesicles that carry proteins, DNA and
RNA molecules. As such, EVs have been implicated in a large
range of physiological and pathological processes, including
immune responses, cancer progression, and neurodegeneration
(Shanmughapriya et al., 2020; Ma et al., 2021; She et al.,
2021). EVs can be divided into different types based on their
size and origin: exosomes are 30–150 nm in size and derived
from intracellular vesicles (multivesicular bodies, a form of late
endosome); microvesicles directly bud off the plasma membrane
and are usually between 100 and 1000 nm; while apoptotic bodies
are generated from dying cells and are generally between 100
and 5000 nm (Devhare and Ray, 2018; Théry et al., 2018). This
simple classification however does not take into account that EVs
from different origins can have similar sizes and densities, or
that distinct vesicles within the same class of EVs express diverse
surface markers and transport distinct cargoes (Kowal et al., 2016;
Théry et al., 2018). As a result, while some common themes
have emerged, there is a great heterogeneity in the structure and
functions reported for EVs.

In recent years, the discovery of mitochondrial content
within EVs has led to the identification of a number of
biological functions of extracellular mitochondrial content,
including outsourcing mitochondrial degradation, activating
inflammation, and modulating metabolism. In the following
sections, we will discuss the nature and roles of extracellular
mitochondrial content, as well as the major gaps in our
understanding of extracellular mitochondrial content, with a
focus on the nervous system whenever the data is available.

EVIDENCE FOR THE RELEASE OF
MITOCHONDRIAL MATERIAL FROM
CELLS

A number of studies have shown that mitochondria or
mitochondrial components (proteins, mtDNA, and cardiolipin)
are secreted by cells. This extracellular mitochondrial content
was found in media from cells in culture, as well as in
biological fluids (plasma and cerebrospinal fluid) under both
physiological and pathological conditions (Chou et al., 2017;

Al Amir Dache et al., 2020). Among this, several studies have
specifically showed extracellular mitochondrial content within
the nervous system. This includes astrocytes and microglia under
basal conditions (Guescini et al., 2010) and in cellular models of
amyotrophic lateral sclerosis (SOD1) and Huntington’s disease
(Htt) (Joshi et al., 2019), neural stem cells (Peruzzotti-Jametti
et al., 2021), glioblastoma (Guescini et al., 2010), as well as animal
models of subarachnoid hemorrhage (Chou et al., 2017) and
Down syndrome (D’Acunzo et al., 2021).

Three types of extracellular mitochondrial content have
been reported: free mtDNA, functional mitochondria, and
mitochondrial content within EVs. Some cells including
neutrophils release free mtDNA that function to stimulate
inflammation and fight pathogens (Yousefi et al., 2009;
Keshari et al., 2012). Elevated extracellular mtDNA was also
reported in rheumatoid arthritis (Collins et al., 2004) and
depressive patients (Lindqvist et al., 2018), suggesting that
mtDNA release is associated with several pathological conditions.
On the other hand, most studies looking at extracellular
mitochondrial components found evidence that it was contained
within membrane-bound vesicles, either as cell-free functional
mitochondria or mitochondrial content packed within EVs
(Table 1). The first evidence of functional cell-free extracellular
mitochondria came from the study of platelets, where it was
shown that their activation in a pro-inflammatory setting (LPS
stimulation) led to the release of free and encapsulated active
mitochondria (Boudreau et al., 2014). These were defined by
their ability to be stained with mitochondrial dyes (mitotracker
or JC-1), their oxygen consumption and their ultrastructure.
Subsequent studies showed evidence for the presence of cell-free
mitochondria associated with cell lines, microglia and biological
fluids (Joshi et al., 2019; Puhm et al., 2019; Al Amir Dache et al.,
2020; Choong et al., 2020; Levoux et al., 2021; Peruzzotti-Jametti
et al., 2021).

In contrast, other studies are more consistent with specific
mitochondrial components being released within EVs. In these
studies, specific mitochondrial proteins were excluded from EVs
and EM analysis did not show vesicles with typical mitochondrial
structure (Torralba et al., 2018; D’Acunzo et al., 2021; Todkar
et al., 2021). Nevertheless, the excluded proteins varied across
the studied [i.e., TOM20 is present only in Todkar et al.
(2021); VDAC is excluded from Torralba et al. (2018) but not
D’Acunzo et al. (2021) suggesting the presence of different types
of mitochondrial EVs].

Several factors can help explain the differences in
mitochondrial EV content. First, a number of studies reporting
functional extracellular mitochondria used immune-related
cells (platelets and microglia) in a pro-inflammatory (e.g.,
LPS) setting, while the studies reporting selective release of
mitochondrial content mainly used resting non-immune cell
lines. This suggests that cellular conditions greatly affect the
nature and amount of extracellular mitochondrial material. In
fact, both LPS and the Complex III inhibitor Antimycin A affect
the release of mitochondrial content (Bernimoulin et al., 2009;
Boudreau et al., 2014; Joshi et al., 2019; Choong et al., 2020;
Crewe et al., 2021; Peruzzotti-Jametti et al., 2021; Todkar et al.,
2021) although the resulting effects are not always consistent.
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TABLE 1 | Nature and properties of mitochondrial EVs.

EV source Disease link Type of EV Effect on target cells References

Microglia, astrocytes (LPS) Neurodegeneration Mitochondria, lEVs Pro-inflammatory effect Joshi et al., 2019

(<10 k × g)

THP1 (LPS) Mitochondria, lEVs Pro-inflammatory effect Puhm et al., 2019

(<18 k × g)

Platelets (LPS) Rheumatoid arthritis Mitochondria, EVs
(>100 nm), MTR+, JC1+

Pro-inflammatory effect Boudreau et al.,
2014

Neural stem cells EVs (>1 k × g), MTR+,
JC1+

Stimulates OXPHOS, inhibits the Peruzzotti-Jametti
et al., 2021

pro-inflammatory activity of

LPS-activated macrophages

Platelets Wound healing EVs (trans-well cultures) Stimulates pro-angiogenic Levoux et al., 2021

properties of MSCs causes

metabolic remodeling

MSCs sEVs + lEVs In macrophages, enhances their Phinney et al., 2015

bioenergetics, blocks their

activation

T cells sEVs (>10 k × g) Induces antiviral responses in Torralba et al., 2018

dendritic cells

Plasma, breast cancer cells Cancer sEVs (>12 k × g) Exit from metabolic dormancy Sansone et al.,
2017

Bronchoalveolar lavage Asthma sEVs (>10 k × g), MTR+ Hough et al., 2018

Myeloid-derived regulatory cells Exosomes kit isolation Transfer to T cells, increasing ROS

Adipocytes Heart ischemia/reperfusion sEVs (>10 k × g) Increases ROS in cardiomyocytes, Crewe et al., 2021

protective role

MEFs, U2OS sEVs + lEVs Oxidized mitochondrial content is Todkar et al., 2021

excluded from EVs, preventing

DAMP-induced inflammation in

RAW cells

PC12, fibroblasts,
cerebrospinal fluid

Parkinson’s disease EVs (<60 k × g), JC1+ Mitochondria quality control, not tested
on recipient cells

Choong et al., 2020

Cerebrospinal fluid Subarachnoid hemorrhage lEVs (14 k × rpm), JC1+ Not tested on target cells, correlates
with better outcome

Chou et al., 2017

Brain Down syndrome sEVs (>10 k × g) D’Acunzo et al.,
2021

Melanoma cells, plasma Melanoma sEVs + lEVs Jang et al., 2019

Plasma, cancer cells Cancer sEVs (<16 k × g), MTR+ Al Amir Dache
et al., 2020

EV type classification was normalized to reflect the MISEV2018 guidelines (Théry et al., 2018) and the centrifugation speed noted when available. sEVs, small EVs; lEVs,
large EVs; MTR, mitotracker.

Beside the use of different systems, a major cause of the
discrepancies in reported extracellular mitochondrial content is
likely the variations in isolation protocols. In fact, while studies
reporting intact active mitochondria mainly analyzed larger
vesicles isolated at lower centrifugation speeds (<20 k × g),
studies reporting selective mitochondrial content have analyzed
much smaller vesicles (100 k × g), sometimes at the exclusion
of the smaller (<10 k × g) vesicles (Torralba et al., 2018;
D’Acunzo et al., 2021). This is a crucial point as most
mitochondrial EV content has been reported to fractionate in
larger vesicles in a thorough proteomic EV analysis (Kowal
et al., 2016). A more complete analysis of mitochondrial EVs
in accordance with the MISEV2018 guidelines (Théry et al.,
2018) will thus be required to identify the exact nature of

mitochondrial EV content under different conditions. This
includes using more sensitive fractionation [i.e., OptiPrep (Kowal
et al., 2016)] along with recognized markers for the different
fractions (Théry et al., 2018) and the quantification of a
larger number of proteins (outer membrane, inner membrane,
and matrix). It will also be important to use membrane
potential-sensitive dyes (TMRM, JC-1) along with proper
controls (depolarization with CCCP). Given the complexity
of other types of EVs, it is likely that several biochemically
and functionally distinct types of mitochondrial EVs will
emerge, with each their own triggers and regulation. In
support of this, two studies found complementary mitochondrial
EVs, one including ETC component but excluding mtDNA-
associated proteins (D’Acunzo et al., 2021), the other containing
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the mtDNA-associated protein TFAM but excluding ETC
components (Torralba et al., 2018).

MECHANISMS REGULATING
MITOCHONDRIA EXTRACELLULAR
VESICLES

Another important step in the proper characterization of
mitochondrial EVs is the identification of the mechanism(s)
through which the release occurs. Based on the size of
extracellular mitochondria and some mitochondrial EVs, it was
originally suggested that these are released as microvesicles,
directly though plasma membrane blebbing. However, live cell
imaging of mesenchymal stem cells (MSCs) suggested that
mitochondrial content is first incorporated into LC3-positive
autophagosomes before being released (Phinney et al., 2015),
more consistent with an exosomal/endolysosomal mechanism.

An endosomal origin is also suggested by recent studies
linking extracellular mitochondrial content to MDVs (Crewe
et al., 2021; Todkar et al., 2021; Vasam et al., 2021). MDVs
are small vesicles that deliver mitochondrial content to other
organelles including peroxisomes and late endosomes/lysosomes,
the latter serving to degrade damaged mitochondrial components
(Sugiura et al., 2014). We recently demonstrated that in resting
cells, the inclusion of mitochondrial content inside EVs requires
MDV formation (Todkar et al., 2021). This conclusion is
also supported by a recent study in adipocytes (Crewe et al.,
2021) and a proteomic analysis of MDVs (Vasam et al., 2021).
This process is regulated by the Parkinson’s disease (PD)
associated protein Parkin, which plays a key role in mitochondrial
quality control by promoting both the autophagic degradation
(mitophagy) of damaged mitochondria and the generation of
MDVs containing oxidized mitochondrial components destined
for lysosomal degradation. Parkin activation thus targets
damaged mitochondrial content to lysosomes for degradation,
therefore preventing their inclusion into EVs (Todkar et al.,
2021). Consistent with this, inhibition of lysosomal activity
increases the release of mitochondrial EVs (Crewe et al., 2021).
Interestingly, in a distinct study, Parkin overexpression was
shown to prevent the release of extracellular mitochondria while
its mutation in patient fibroblasts stimulated it (Choong et al.,
2020), further supporting a role for the Pink1/Parkin pathway
in the regulation of mitochondrial EVs. Interestingly, a similar
Parkin-regulated MDV pathway controls the presentation of
mitochondrial antigens to the immune system, while deletion of
the Parkin activator Pink1 causes PD symptoms in mice with a
gut infection (Matheoud et al., 2016, 2019). As Parkin-dependent
sorting of oxidized mitochondrial content prevents the release of
pro-inflammatory mitochondrial content (Todkar et al., 2021),
both pathways support the role of inflammation in the etiology
of PD. Whether the two pathways act together or independently
however remains to be determined.

Overall, emerging evidence indicates that cells package and
release some of their mitochondrial content in the extracellular
milieu. While this is likely to involve several functionally distinct
vesicles and mechanisms depending on the cellular context,

MDVs likely plays a crucial role in this process. Nevertheless,
while the mechanism regulating mitochondrial EVs are still
emerging, a larger body of work has started to address their roles
in both physiological and pathological contexts.

FUNCTIONAL ROLES OF
EXTRACELLULAR MITOCHONDRIAL
CONTENT

Extracellular mitochondrial content has been proposed to have
different roles depending on the cells involved and the stimulus
that triggered its release (Table 1). In the central nervous
system, oligodendrocytes transfer material to be degraded to
microglia, allowing efficient removal of cellular material without
risking immune activation. In this setting, EVs containing
oligodendrocyte-specific proteins are selectively endocytosed
by microglial cells and sent to lysosomes for degradation
(Fitzner et al., 2011). Similarly, damaged axonal mitochondria
within the optic nerve can be transferred to astrocytes for
lysosomal degradation (Davis et al., 2014), although in this
case, the role of EVs was not assessed. A role for EVs in this
process is nevertheless supported by the observation that MSCs
use EVs to export mitochondria to macrophages to outsource
mitophagy (Phinney et al., 2015). However, others have shown
that damaged mitochondrial content (oxidized or mitochondria
lacking mtDNA) is retained within the donor cell (Mahrouf-
Yorgov et al., 2017; Todkar et al., 2021). While this could be
down to differences in the nature of the EVs and the recipient
cells, accumulating evidence suggests that the main roles of
mitochondrial EVs could instead be related to alterations in
cellular metabolism and inflammation.

Cells, especially MSCs, have been known for a long time
to be able to transfer mitochondrial content to cells lacking
mtDNA, thereby rescuing their metabolic activity (Spees et al.,
2006; Dong et al., 2017; Peruzzotti-Jametti et al., 2021).
However, the nature and metabolic functions of physiological
mitochondrial transfer are still emerging. Several recent studies
have shown that macrophages endocytose mitochondrial EVs
released by other cells, which stimulates their mitochondrial
activity (Hough et al., 2018; Joshi et al., 2019; Puhm et al.,
2019; Peruzzotti-Jametti et al., 2021). This occurred in a
number of in vitro and in vivo setting, including a model of
experimental autoimmune encephalomyelitis where astrocytes
also endocytosed mitochondria (Peruzzotti-Jametti et al., 2021).
Similarly, endocytosis of mitochondrial EVs stimulates the
mitochondrial activity of other cell types including MSCs
(Levoux et al., 2021) and brain microvasculature (Liu et al.,
2019), the latter leading to reduced infarct size following a
stroke (Middle Cerebral Artery Occlusion in rats). Altogether,
these results indicate a role for mitochondrial transfer in
regulating metabolism at both the level of cells and the organism
(Brestoff et al., 2021).

Free extracellular mitochondria and mitochondrial EVs
have also been shown to regulate inflammation, although the
effect can be either anti- or pro-inflammatory depending on the
context. Extracellular mitochondria were originally associated
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FIGURE 1 | Model for the roles and mechanisms of secretion of mitochondrial EVs. Under basal conditions, MDVs are required to package mitochondrial
components into mitochondrial EVs, which serve to increase OXPHOS in recipient cells. In this setting, oxidized mitochondrial components are not released into EVs
but rather sent to lysosomes for degradation through a different type of MDV (Parkin-dependent). On the other hand, pro-inflammatory stimuli like LPS cause the
release of free mitochondria or mitochondria packaged within microvesicles that further stimulate inflammation.

with increased inflammation in setting that were already pro-
inflammatory. For example, LPS stimulation of immune cells,
including platelets, stimulates the release of free and encapsulated
mitochondria that further drive inflammation (Boudreau et al.,
2014). This was also demonstrated in models where expression
of neurotoxic proteins associated with neurodegenerative
diseases in microglia stimulated mitochondria-dependent
activation of astrocytes and neuronal death (Joshi et al., 2019).
Nevertheless, immune stimulation by mitochondrial content
can occur in the absence of inflammation. In this case, T
lymphocytes have been shown to activate the antiviral state of
antigen presenting cells (dendritic cells) by transferring mtDNA
(Torralba et al., 2018).

In contrast, other studies have reported that mitochondrial
transfer to macrophages has anti-inflammatory roles (Phinney
et al., 2015; Peruzzotti-Jametti et al., 2021). Importantly, while
the pro-inflammatory role of extracellular mitochondria is
activated by pro-inflammatory treatments (i.e., LPS), the
anti-inflammatory activity is promoted by the transfer of
mitochondrial content from resting cells. In this case, the
anti-inflammatory activity was directly linked to mitochondrial
EV-driven increase in OXPHOS in the recipient macrophages.
This is likely down to the metabolic differences between pro-
inflammatory (M1) and anti-inflammatory (M2) macrophages.
Upon stimulation with a pro-inflammatory signal, naïve
macrophages differentiate toward an M1, glycolytic phenotype.
In contrast, differentiation toward a M2 fate promotes
mitochondrial OXPHOS. Thus, the hypothesis is that by

stimulating OXPHOS in M1 macrophages, mitochondrial EVs
will downregulate their pro-inflammatory phenotype. This is
indeed what was observed when LPS-activated macrophages
were exposed to EVs isolated from neural stem cells (Peruzzotti-
Jametti et al., 2021). In addition, release of highly immunogenic
oxidized mitochondrial content is actively repressed by cells
(Todkar et al., 2021), preventing inflammatory responses and
avoiding the transfer of non-functional material that could
hamper metabolic fine-tuning of distant cells.

Overall, the current evidence suggests that in most contexts,
mitochondrial EVs serve to modulate the metabolism of
distant cells and prevent unwanted immune activation. This
likely involves MDV-dependent loading of mitochondrial
content into EVs, loading that is blocked by mitochondrial
damage in a Parkin-dependent manner. In contrast, the pro-
inflammatory role of mitochondrial EVs probably requires
microvesicle-like EVs and is likely restricted to specific cells and
circumstances. Importantly, this model supports the notion that
different types of mitochondrial EVs fulfill different roles, with
MDV/endosome-derived EVs regulating metabolism and LPS-
induced, microvesicle-like EVs promoting inflammation under
specific conditions (Figure 1).

CONCLUSION

As the field of EVs has been expanding, it is now clear that
a variety of cells, including neurons, astrocytes, and microglia

Frontiers in Molecular Neuroscience | www.frontiersin.org 5 October 2021 | Volume 14 | Article 767219

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-767219 October 19, 2021 Time: 11:42 # 6

Amari and Germain Mitochondria in Extracellular Vesicles

actively release mitochondrial content in their environment.
However, the exact nature and roles of these mitochondrial
EVs remain to be fully defined. In that respect, a better
characterization of mitochondrial EVs released under a range
of physiological and pathological conditions will certainly be
crucial. In addition, while the presence of mitochondrial EVs
has clearly been established in the nervous system, their
roles remain elusive since only a very limited number of
studies have started to address this question. As the brain is
metabolically highly active and astrocytes are a key partner in
the regulation of neuronal function, it will be important to
determine if the metabolic changes occurring in macrophages
and MSCs following mitochondrial transfer also occur between
neurons, astrocytes and microglia. This is certainly plausible as
astrocytes and microglia do release active mitochondrial EVs
(Joshi et al., 2019).

A better understanding of the mechanisms underlying
mitochondrial EV transfer between cells could also lead to new
diagnostic tools and treatments. For example, mitochondrial
EVs could represent an important biomarker for disease
diagnosis, especially for neurodegenerative disorders. In
addition, mitochondrial EVs could serve as a therapeutic
tool not only in neurodegenerative diseases, but also

for stroke and other brain pathologies, for example by
the use of MSCs.
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