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Introduction

Mitochondria are the powerhouse of cardiomyocytes to maintain a sufficient
energy supply for the strenuous mechanical workload. Mitochondrial dysfunction and
consequent reduced ATP generation have thus a significant deleterious impact on heart
function. In addition to their role as the cell’s powerhouse, mitochondria are also central
to several other activities, including calcium storage, production of reactive oxygen
species, regulation of metabolic responses, and cell death. Irreversible mitochondrial
defects make the relevant heart diseases only amenable to palliative treatments. As
a result, the cell has evolved mechanisms to enable the clearance of compromised
mitochondria, such as mitophagy, and repaired by the expulsion of mitochondria-
derived vesicles (MDVs) containing damaged cellular components (1). In this article, we
emphasize the barriers and opportunities of a new mitochondrial quality control process
that enables the clearance of compromised mitochondria through extracellular vesicles
to increase cell fitness at the heart.

Mitochondrial transfer through different
cell-derived EVs

A landmark study details a novel way by which cardiomyocytes eject “cardiac
exophers”, potentially new types of extracellular vesicles (EVs) containing
damaged dysfunctional mitochondria into the interstitium, where they are actively
phagocytosed by neighboring cardiac resident macrophages (cMacs) through the
surface phosphatidylserine (PS) signal, coupling the cell-autonomous autophagy to
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phagocyte-mediated heterophagy (2). This process of
mitochondrial disposal through these subcellular particles
occurs in a range of pathophysiological conditions and is
enhanced by intense stress to maintain both myocyte and
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interstitial homeostasis and avoid inflammasome activation.

It is noteworthy that these vesiculated fragments do not stain
with nuclear DNA indicator DAPI. In addition, properties
including size, cargo, and mechanism of formation distinguish
them from classical extracellular vesicles. Most notable is their
ability to mediate intercellular transport of cytosolic cargo
that is more likely to contain dysfunctional and potentially
harmful organelles.

The transfer of compromised mitochondria from
cardiomyocytes to cMacs appears to be tissue-specific.

Clearance pathways
Engulfed by the epithelium

Fused by macrophages

Captured and eliminated by
cardiac-resident macrophages

Taken up by cardiomyocytes

Released into the extracellular space or
directly taken up by surrounding cells

Not mentioned

Other long-lived, post-mitotic cells without the ability of

common self-renewal and regeneration pathways, such as
neurons and skeletal myocytes, which have high mitochondrial
content and remarkable metabolic activity, rely heavily on waste
disposal systems for quality control. Evidence is accumulating
that intercellular mitochondria transfer to macrophages
mediates systemic metabolic homeostasis. For example, a
recent comprehensive study demonstrates that adipose tissue-
resident macrophages acquire mitochondria from neighboring
adipocytes (3). Genetic disruption of this process exhibits
lower energy expenditure and more diet-induced obesity (3).

Generate reactive oxygen species (ROS),
change pro-inflammatory function and

Protect against acute lung injury
Manage intracellular oxidative stress
signaling

Support heart function and metabolism
Preservation of metabolic stability

Increase ROS in cardiomyocytes

In the case of adipocytes, Crewe et al. recently demonstrated
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Therapeutic significance of
mitochondrial transfer

The ability of these endogenous vesicles to survive in
the extracellular space, bypass biological barriers, and deliver
their bioactive molecules to recipient cells gives them great
therapeutic potential. EVs with cardiovascular efficacy have
been isolated from various cell sources, such as mesenchymal
stem cells, putative cardiac progenitors, pluripotent stem cell-
differentiated cells, and differentiated somatic cells (9). The
therapeutic effects of EVs are mainly attributed to the delivery
of proteins and/or noncoding RNAs, especially miRNAs.
Although the mechanism of mitochondrial protein and mtDNA
loading in different EVs remains unknown, the recognition of
intercellular mitochondria transfers through EVs has opened
up promising therapeutic perspectives. Ikeda et al. present a
novel strategy in which human-induced pluripotent stem cell-
derived cardiomyocytes (iCMs) derived EVs can effectively
transfer mitochondria from progenitor cells to cardiomyocytes
in vitro, and this process has been related to therapeutic effects
in animal models of ischemia/ reperfusion injury (10). Isolated
mitochondria showed no beneficial effects on cardiomyocytes,
highlighting the key role of EVs to release their cargo and
exerting relevant beneficial effects by facilitating the quick
transfer of mitochondrial cargo into the recipient iCMs and
conferring marked resistance to extracellular damage.

Boudreau et al. found that a pro-inflammatory setting
(LPS stimulation) led to the release of free and encapsulated
active mitochondria (11), and studies reporting the selective
release of mitochondrial content mainly used resting non-
immune cell lines, suggesting that cellular conditions may
greatly affect the release of mitochondrial EV content. It has
long been known that cells, especially mesenchymal stem
cells, are capable of transferring mitochondrial content to
cells lacking mtDNA, thereby rescuing their metabolic activity.
However, very few studies have taken advantage of the cellular
machinery to engineer EVs with specific epitopes to target
the heart. More research on different EV sources and how
the cellular environment affects mitochondrial release could
help regulate the nature and quantity of EVs containing
mitochondria and develop new therapies for diseases related to
mitochondrial dysfunction.

Autogenous utilization of EVs is feasible under certain
conditions. However, most applications are likely to use well-
established non-autologous EVs primarily due to demand,
safety concerns, and commercial requirements. It is with
these considerations that creative and audacious regenerative
ways have been proposed in pursuit of designing EV-
based therapeutic delivery systems, such as using genetically
engineered cell and EV-inspired liposomes, or post-modifying
with drugs or surface ligands (12). Non-engineered and
non-autologous EVs have been used in human subjects in

Frontiers in Cardiovascular Medicine

03

10.3389/fcvm.2022.1024481

many clinical studies with promising safety results (13). The
limitations of EVs in cardiovascular therapeutics relate to the
lack of tools to effectively target the injured myocardium. Several
professional recommendations have been raised to assist the
clinical translation of EVs, which involve minimal experimental
guidelines, transparency tools, reference materials, validation,
etc. (14). However, massive efforts are required for fulfilling the
clinical application, whether it is to mature endogenous EVs to
transport damaged mitochondria or to prepare exogenous EVs
containing healthy mitochondria.

Barriers and opportunities

As mentioned previously, the existence of parenchymal-
immune crosstalk further highlights the critical role of
(15).
Depending on their strong phagocytic capacity, macrophages

macrophages in maintaining cardiac homeostasis
closely cooperate with tissue-resident cells to eliminate broken
mitochondria. Interestingly, previous data suggest differences
in phagocytosis efficiency between cMac subsets (16). This
may be interrogated by using comprehensive lineage tracing
and fate mapping studies. Functional mitochondria might be
required to supply energy for EV transferring or degradation.
Although it is unclear how garbage is distinguished and
classified, cells may balance the energy demand for cellular
repair and that required for mitochondrial release. Whether a
specific threshold of garbage accumulation is required to be
reached to generate EVs remains poorly understood, although
intense mechanical stress and functionally compromised
cardiomyocytes can increase the trash extrusion response.
Moreover, how macrophages can sense the presence of EVs and
secondarily impact overall mitochondrial function or tissue
maintenance in homeostatic vs. injury environments remains
to be explored further. Nevertheless, the remarkably plastic
nature and multifaceted origins of macrophages indicate that
more unexpected physiological functions will emerge in the
future (17).

The nomenclature and definition of EVs have been a hot
topic in the field due to their different biogenesis, morphology,
composition, and secretion. Transmission electron microscopy
(TEM) has been the preferred technique to directly observe
the size and morphology of EVs, but the visualized analysis
still remains a major challenge because of the uncertain
identification of the optimal parameters and subjective defining.
EVs offer great clinical potential, with applications in both
diagnostics and therapeutics. Technologies have been developed
to track EVs in vivo and follow their biodistribution [e.g.,
luminescence imaging techniques and methods that rely on
PET-MRI (18) or SPECT (19)]. Moreover, bioengineering of EV's
can enrich their therapeutic contents, control their spatial and
temporal release, and improve their internalization and capacity
for on-target binding (9).
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The
delivery systems to freely clear damaged mitochondria

possibility of designing EV-based therapeutic

or transplant healthy mitochondria into failing hearts
will represent a revolution in regenerating and repairing
issues should

hearts with aberrant metabolism. Several

be solved related to the translational potential of this

approach: (I) the spatial and temporal information of
released EVs and their coupling with the mitophagy
pathway, (II) the viability of transferred mitochondria
in interstitial space or into recipient cells, (III) the
mechanism of degradation or internalization of defective
mitochondria, and (IV) the adjustable approach of

communication between cardiac working cells and EVs.
Moreover, given the harsh environment of the injured
myocardium (i.e., inflammatory, hypoxic, and proapoptotic
conditions), poor transplantation results may hinder its
clinical applications.

Conclusion

The intercellular transport of mitochondria attempts
the
mtDNA  segregation and inheritance. This mitochondrial

to eliminate preconceptions of mitochondria and

role in cardiac tissue

plasticity may play a
homeostasis, development, and aging. The development
of mitochondrial delivery protocols is task

great

a critical
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