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Mitochondria as secretory organelles and therapeutic cargos
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Mitochondria have been primarily considered intracellular organelles that are responsible for generating energy for cell survival.
However, accumulating evidence suggests that mitochondria are secreted into the extracellular space under physiological and
pathological conditions, and these secreted mitochondria play diverse roles by regulating metabolism, the immune response, or
the differentiation/maturation in target cells. Furthermore, increasing amount of research shows the therapeutic effects of local or
systemic administration of mitochondria in various disease models. These findings have led to growing interest in exploring
mitochondria as potential therapeutic agents. Here, we discuss the emerging roles of mitochondria as extracellularly secreted
organelles to shed light on their functions beyond energy production. Additionally, we provide information on therapeutic
outcomes of mitochondrial transplantation in animal models of diseases and an update on ongoing clinical trials, underscoring the
potential of using mitochondria as a novel therapeutic intervention.

Experimental & Molecular Medicine (2024) 56:66-85; https://doi.org/10.1038/s12276-023-01141-7

INTRODUCTION

Mitochondria are multifaceted organelles that perform various
functions to regulate cellular homeostasis'. Despite being the
most well-known site of energy production or the “powerhouse”
of the cell, mitochondria play many other pivotal roles, such as
controlling the biosynthesis of molecules needed for cell growth
and regulation of apoptosis®, intracellular calcium level®, redox
balance?, the immune response®, cell stemness®, and interorga-
nelle communication’. Mitochondria are also highly dynamic
organelles, continuously changing their shapes through fusion
and fission events®®. The coordinated remodeling of mitochon-
drial morphology is tightly coupled with the major mitochondrial
functions listed above, and imbalances in mitochondrial dynamics
lead to mitochondrial dysfunction and pathological conditions®. A
notable feature of mitochondria is their ability to generate
mitochondrial-derived vesicles (MDVs) that transport mitochon-
drial components to lysosomes'®, endosomes'’, or peroxisomes'?
for communication'®. Emerging evidence suggests that MDVs and
mitochondria may also be involved in intercellular communication
or systemic regulation of cellular function'*'®, the mechanisms of
which are currently under active investigation.

Cells release diverse membrane-bound vesicles into the
extracellular space to eliminate or transfer specific compounds
or communicate with other cells'’. Depending on their size and
biogenesis pathway, these extracellular vesicles (EVs) are sub-
categorized as exosomes (50-150 nm in diameter, multivesicular
body-derived), ectosomes (less than 0.1 pm to several ym in
diameter, plasma membrane-derived), microvesicles (0.1-1 pm in
diameter), large oncosomes (>1 um in diameter), apoptotic bodies
(>1 um in diameter, apoptotic cell-derived), migrasomes
(0.5-3 pm in diameter, migrating cell-derived), and the newly
identified exomers (<50 nm in diameter, biogenesis unclear)'’2°,
However, simple categorization based on size and biogenesis
pathway does not fully reflect the heterogeneity of the cellular

origins, cargos, and functions of EVs. In this regard, the relatively
recent discovery of extracellular mitochondria and EVs containing
mitochondrial components that are secreted by many cell types
adds a new level of complexity to EV biology?'. The characteriza-
tion, sorting and secretory mechanisms, and biological effects of
extracellular mitochondria and EVs containing mitochondrial
components under physiological or pathological conditions are
currently under intense research.

Accumulating evidence suggests that extracellularly secreted
mitochondria are transferred to recipient cells to induce
therapeutic responses, suggesting that exogenous supplementa-
tion with mitochondria isolated from proper donor cells or tissues
could be a therapeutic strategy. Local or systemic delivery of
isolated mitochondria or mitochondrial transplantation has shown
promising outcomes in animal models under various conditions,
and several clinical trials involving mitochondrial transplantation
to treat myocardial ischemia, cerebral ischemia, or inflammatory
muscle diseases have been initiated. Despite significant attention
and efforts aimed at developing mitochondrial transfer/transplan-
tation strategies, research on the mechanisms of mitochondrial
transfer is still in its early stages, and many critical questions
remain unanswered. Importantly, understanding the mechanisms
and biological effects of the extracellular secretion and transfer of
mitochondria in vivo, as well as the mechanisms of recipient cell
contact and uptake of extracellular mitochondria, will aid in the
selection of appropriate sources for mitochondrial isolation and
improve target specificity for successful mitochondrial transplan-
tation therapy with minimal adverse effects.

In the first part of the review, we will discuss the evidence,
mechanism and outcomes of extracellular mitochondrial secre-
tion, focusing on the release of whole mitochondria due to its
relevance with mitochondrial transplantation therapy involving
the isolation and administration of intact mitochondria. We will
not discuss the release of selective mitochondrial components
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(mitochondrial proteins, lipids, RNAs and/or DNA) or other modes
of intercellular mitochondrial transfer such as tunnelling nano-
tubes (TNTs) as EVs containing mitochondrial components and
TNT-mediated mitochondrial transfer have been previously
reviewed?'~23. In the second part, we will review the therapeutic
effects of mitochondrial transfer in animal models under
pathological conditions and current updates on human trials
involving mitochondrial transplantation.

EXTRACELLULAR MITOCHONDRIAL SECRETION AND ITS
BIOLOGICAL EFFECTS

Evidence and mechanisms of extracellular mitochondrial
secretion

Mitochondria have been reported to be secreted extracellularly by
many cell types, including mesenchymal stem cells (MSCs),
astrocytes, neural stem cells, platelets, adipocytes, hepatocytes,
cardiomyocytes, endothelial progenitor cells, osteoblasts, and
various cell lines (Table 1). In this section, we briefly discuss key
evidence and major mechanisms of mitochondrial extrusion.

ARRDC1-mediated microvesicles. Extracellular release of mito-
chondria was reported as early as 2006** in human MSCs under
normal conditions in vitro. Vesicles containing fluorescently
labelled mitochondria were released by MSCs onto tissue culture
plates and contacted the plasma membranes of nearby cells®*.
Since then, a number of reports have demonstrated that human,
mouse, and rat MSCs actively release microvesicles containing
mitochondria into the extracellular space (Table 1). Regarding the
mechanism of mitochondrial secretion, Phinney et al. showed that
under standard culture conditions, MSCs manage oxidative stress
by extracellularly releasing depolarized mitochondria through
arrestin domain-containing protein 1 (ARRDC1)-mediated micro-
vesicles (ARMMs)?, Live cell imaging showed that mitochondria
travel toward the cell periphery and are included in the outward
budding blebs of the plasma membrane?®. Electron microscopy
confirmed the presence of microvesicles containing mitochondria
in MSC-conditioned media®®.

CD38/cADPR/calcium signaling. In addition to MSCs, astrocytes
have been shown to secrete mitochondria into the extracellular
space through a calcium-dependent mechanism (Table 1). In 2016,
Hayakawa et al. reported the presence of extracellular particles
(0.3-1.1 pm in diameter) containing functional mitochondria
released from rat cortical astrocytes®®. A high percentage of
extracellular mitochondria-containing particles were B1-integrin-
and CD63-positive and were released via CD38/cyclic ADP-ribose
(cADPR)/calcium signaling in astrocytes®. Similarly, our group
recently demonstrated that mature osteoblasts secrete CD63-
positive mitochondria-containing vesicles (>0.2 um in diameter)
into the extracellular space partly through CD38/cADPR signal-
ing?. CD38 is highly expressed in osteoblasts®® and has been
suggested to play a critical role during bone formation, and Cd38-
knockout mice exhibit an osteoporotic phenotype®>°. Our group
showed that the Cd38 expression pattern in differentiating
osteoblasts coincided with the pattern of mitochondrial secretion,
and knockdown of Cd38 significantly impaired mitochondrial
release®’. However, whether CD38/cADPR signaling is specific to
mitochondrial release or regulates mitochondrial secretion by
other cell types requires further investigation.

Actin polymerization. Activated platelets can release functional
mitochondria into the extracellular space through actin dynamics
(Table 1). Boudreau et al. demonstrated that intact free
mitochondria or microparticles containing mitochondria were
present in the supernatant of thrombin-activated human plate-
lets'®. The group used actin polymerization inhibitors (cytochala-
sin B, D, E, or latrunculin A) or tubulin polymerization inhibitor
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(nocodazole) and found that the extrusion of free mitochondria
and microparticles containing mitochondria was significantly
decreased by the addition of actin inhibitors but not the tubulin
inhibitor, suggesting that mitochondrial secretion requires intact
actin but not microtubule dynamics'®. However, the release of
microparticles without mitochondria also significantly decreased
in response to the actin inhibitors and not the tubulin inhibitor,
suggesting that the mechanism may not be mitochondria-specific
but may apply to microparticle secretion in general. The
involvement of actin polymerization in mitochondrial extrusion
was also demonstrated in cellular FLICE-like inhibitory protein
(cFLIP)-deficient mouse embryonic fibroblasts (MEFs) stimulated
with tumor necrosis factor alpha (TNF-a)®'. Unlike in platelets,
exposure to an actin polymerization inhibitor (cytochalasin D) or
tubulin destabilizer (paclitaxel) impaired cytoplasmic vacuole
formation and the subsequent secretion of free mitochondria by
MEFs, indicating that both intact actin and tubulin dynamics are
essential for mitochondrial release by MEFs>'.

Changes in mitochondrial morphology. Specific alterations in
mitochondrial morphology have been suggested as a mechanism
leading to extracellular mitochondrial secretion®’>'. Nakajima
et al. showed that cytoplasmic vacuoles within cFLIP-deficient
MEFs engulfed fragmented mitochondria but not elongated
mitochondria and released them into the extracellular space in
response to TNF-a stimulation, indicating that mitochondrial
fragmentation is a prerequisite for their extracellular release®'.
Likewise, our group recently reported that mitochondrial frag-
mentation and donut formation, which actively produce MDVs,
stimulated mitochondrial extrusion from osteoblasts®’. We
demonstrated that inducing mitochondrial fission and donut
formation by knocking down Opa1, which mediates mitochondrial
fusion, or overexpressing Fis1, which promotes mitochondrial
fission and MDV formation®, significantly increased the extra-
cellular release of mitochondria, while treatment with the
mitochondrial fusion promoter M1 prevented mitochondrial
secretion by osteoblasts?’. These results indicate that mitochon-
drial dynamics may play direct and critical roles in mediating
mitochondrial extrusion. Close examination of mitochondrial
morphology in different cell types that secrete mitochondria will
help determine whether this mechanism applies universally.

Secretory autophagy. Extracellular release of mitochondria may
be a mitochondrial quality control (MQC) process alternative to
mitophagy®>>*. Nicolas-Avila et al. reported that healthy or
stressed mouse cardiomyocytes ejected defective mitochondria
into the extracellular space through LC3-positive membrane
vesicles called exophers, which are distinct from classical EVs in
that they are larger in size (3.5 + 0.1 pm in mean diameter),
contain large organelles such as mitochondria and are driven by
the autophagy machinery®*. The group showed that extracellular
secretion of damaged mitochondria through exophers was a
mechanism of mitochondrial quality control*®. In the same vyear,
Choong et al. suggested that extracellular release of mitochondria
was an alternative MQC system to maintain mitochondrial
homeostasis in rat PC12 cells and several human cell lines®. In
support of this conclusion, genetic deletion or knockdown of
autophagy/mitophagy genes significantly increased mitochondrial
secretion into the extracellular environment through direct
budding from the plasma membrane to compensate for defective
mitophagy>>. Likewise, Tan et al. reported that during PINK1-
Parkin-mediated mitophagy, damaged mitochondria could still be
cleared (through extracellular secretion) without the mammalian
ATG8 (mATG8)-conjugation system, which is a crucial step in
autophagy that leads to lysosomal degradation®2. The group
suggested that mitochondria were extruded through the secretory
autophagy pathway that releases secretory cargos within autop-
hagosomes, which was supported by data showing that genetic
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expression of proinflammatory genes (//183, Nos2, and Il6) was also
significantly downregulated in mononuclear phagocytes in
response to extracellular mitochondria released by neural stem
cells®. Although further research is necessary, the reported anti-
inflammatory effects of extracellular mitochondria appear to be
secondary responses to improvements in mitochondrial integrity
and function.

Secreted mitochondria have also been reported to stimulate
proinflammatory responses in recipient cells. For example, extra-
cellular mitochondria released by activated platelets were shown
to act as endogenous substrates of secreted phospholipase A; IIA
(sPLA,-IIA), which hydrolyzes the mitochondrial membrane and
leads to the generation of inflammatory mediators such as
lysophospholipids, fatty acids, and mtDNAs that induce a
proinflammatory response in neutrophils'®. Furthermore, extra-
cellular mitochondria or mtDNA enclosed by microparticles
released from hepatocytes activate Toll-like receptor 9 (TLR9) and
the proinflammatory response in lysozyme-expressing cells such as
neutrophils, monocytes, and macrophages*?. Damaged mitochon-
dria released extracellularly by Hela cells via the secretory
autophagy pathway induced a proinflammatory response in
recipient Hela cells by activating the cGAS-STING pathway,
possibly through mtDNA>2 Based on these reports, mtDNA, which
is a well-known and potent damage-associated molecular pattern
(DAMP), appears to be largely responsible for the proinflammatory
response triggered by extracellular mitochondria. Importantly,
specific mechanisms that induce or prevent the proinflammatory
effects of mtDNAs on recipient cells warrant further investigation.

Cell differentiation/maturation effects. Extracellular mitochondria
have been shown to regulate target cell differentiation or
maturation. Recently, Rosina and colleagues reported that brown
adipocytes released EVs containing MDVs with damaged mito-
chondrial parts, which were incorporated into recipient brown
adipocytes and activated AMP-activated protein kinase (AMPK) to
suppress adipocyte differentiation and thermogenic potential by
downregulating the expression of Cd36, Fabp4, and Ucp1'®. The
group suggested that oxidized materials and high levels of AMP
contained within EVs could trigger AMPK in target cells to prevent
adipogenesis'®. Regarding the effects of extracellularly secreted
mitochondria on stimulating target cell maturation, mitochondria
released by necroptotic, Fas-associated protein with death domain
(FADD)-deficient Jurkat cells were engulfed by human monocyte-
derived dendritic cells (MDDCs) and promoted their maturation,
inducing the cell surface markers CD80, CD83, and CD86%.
Furthermore, our group recently reported that mitochondria
secreted from mature osteoblasts enhanced the osteogenic
maturation of osteoprogenitor cells without affecting mitochon-
drial respiration through the delivery of cargo proteins®’. We
showed that the incorporation of intact extracellular mitochondria
into recipient cells was not required for this effect as treatment
with secreted mitochondria after a repeated freeze/thaw cycle did
not abrogate the increase in the maturation of osteoprogenitors.
Instead, exposure of extracellular mitochondria to proteinase K
abolished their ability to stimulate osteoprogenitor maturation,
indicating that specific proteins within mitochondria were
responsible for this effect. Whether the proteins activate surface
receptors or are taken up by target cells needs further
investigation, but the results suggest a mechanism that does
not involve direct metabolic effects mediated by the integration of
intact mitochondria into recipient cells®’.

MITOCHONDRIAL TRANSPLANTATION THERAPY

Therapeutic effects of mitochondrial transplantation on
animal models

The beneficial effects of extracellularly secreted mitochondria on
the metabolism and function of recipient cells indicate that
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exogenous supplementation with mitochondria could induce
curative responses through similar mechanisms. As with those
secreted extracellularly by donor cells, injected mitochondria have
been shown to enter recipient cells to regulate target cell
metabolism, inflammatory response, or their differentiation/
maturation in vivo (Table 2). Through these effects, mitochondrial
transplantation has been shown to repair damaged tissues,
including but not limited to the heart, brain, spinal cord, liver,
lungs, kidney, musculoskeletal tissues, and intestine, in animal
models of critical illnesses (Table 2). Currently, several clinical trials
are recruiting or selecting patients to investigate the effects of
mitochondrial treatment on myocardial ischemia, cerebral ische-
mia, or inflammatory muscle diseases such as polymyositis and
dermatomyositis (Table 3). Thus, we will briefly review the major
therapeutic effects of mitochondrial transplantation on animal
models of cardiac ischemia, cerebral ischemia, and decline in
skeletal muscle function or mass. Descriptions of mitochondrial
transplantation in animal models of other diseases are provided in
Table 2.

Cardiac ischemia. The first therapeutic evaluation of mitochon-
drial transplantation in an animal model dates back to 2009 when
McCully et al. demonstrated that directly injecting viable
mitochondria isolated from a nonischemic heart into the ischemic
zone of cardiac tissue promoted myocardial functional recovery
and cell viability in rabbits subjected to ischemia/reperfusion (I/R)
injury™. The authors emphasized that the isolated mitochondria
must be fresh, viable, and respiration-competent to induce
cardioprotective effects, since frozen mitochondria or separated
mitochondrial components failed to do so**. Since then, McCully’s
team has actively investigated mitochondrial transplantation
therapy for cardiac ischemia in rabbits, pigs, and rats (Table 2).
Masuzawa et al. reported that injecting mitochondria isolated
from autologous skeletal muscle into the ischemic heart
attenuated myocardial injury and improved cardiac function in
rabbits subjected to I/R injury®*. The group showed that the
injected mitochondria were taken up by cardiomyocytes 2 hours
after administration, and this uptake resulted in an increase in the
oxygen consumption rate and ATP production, while also leading
to a significant decrease in serum inflammatory markers®.
Notably, the authors suggested that the transplanted mitochon-
dria also exerted extracellular effects (without internalization by
cardiomyocytes) as cardioprotection was apparent within
10 minutes of reperfusion when mitochondria were present in
the interstitial space outside of cardiomyocytes*®. The authors also
highlighted the importance of transplanting viable mitochon-
dria®®. A few years later, McCully’s team reported similar findings
in a porcine model of I/R, suggesting that injecting mitochondria
derived from autologous skeletal muscle into the ischemic area of
cardiac tissue improved myocardial cell viability*®, and recently
reported the cardioprotective effects of mitochondrial transplan-
tation on diabetic rat hearts subject to warm global ischemia®’.

Cerebral ischemia. Mitochondrial transplantation has also exerted
beneficial effects on animal models of cerebral ischemia. In 2016,
Huang et al. first demonstrated that local intracerebral or systemic
intra-arterial injection of xenogenic hamster mitochondria (iso-
lated from the BHK-21 hamster cell line) significantly rescued
motor performance and attenuated infarct size and neuronal cell
death in a rat ischemic stroke model induced by middle central
artery occlusion (MCAO)*2. The group detected the internalization
of transplanted mitochondria into neurons and astrocytes but
with low efficacy, suggesting that cellular uptake of exogenous
mitochondria may not be necessary for their neuroprotective
effects*®. A few years later, Zhang et al. used the same rat stroke
model of MCAO and showed that intracerebroventricular (ICV)
injection of mitochondria isolated from autologous skeletal
muscle led to their internalization by neurons, especially in the
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ischemic penumbra, thereby increasing ATP levels and neurogen-
esis while decreasing oxidative stress, apoptosis, reactive astro-
gliosis, and brain infarct volume*®. Nakamura et al. also showed
that in a mouse MCAO model, intravenous infusion of mitochon-
dria isolated from cryopreserved placentas significantly reduced
infarction volume™°. The infused mitochondria crossed the blood—
brain barrier and were distributed in the ischemic brain and
peripheral organs such as the lung, liver, kidney, and heart, the
effects of which are yet to be determined™°. Xie et al. and Lee
et al. further confirmed the therapeutic potential of mitochondrial
transplantation, which decreased infarct volume and improved
cell survival in a rat MCAO model of stroke®'*2,

Suh et al., 2023%”

Zheng et al.,

Reference
2021°°

Loss of skeletal muscle function or mass. The therapeutic effects
of mitochondrial transplantation on skeletal muscle tissues have
only recently been investigated. In 2020, Zhao et al. demonstrated
that tail vein injection of mitochondria isolated from young
mouse livers significantly improved skeletal muscle function in
aged mice (18-month-old mice with compromised muscle
function), which was assessed by the forced swimming test for
muscular endurance and rotarod test for muscular coordination®.
Mitochondrial treatment significantly increased pyruvate dehy-
drogenase, a-ketoglutarate dehydrogenase, NADH dehydrogen-
ase, and ATP levels in aged skeletal muscles while decreasing ROS
levels®>. In the same year, McCully's group evaluated the
therapeutic potential of mitochondrial transplantation in a mouse
model of acute limb ischemia (ALI), which leads to loss of muscle
viability and function®®. The injection of mitochondria isolated
from donor mouse skeletal muscle into the hindlimb muscles of
ALl-induced mice resulted in their distribution within myofibers, a
decrease in apoptosis, and an increase in hindlimb function and
power, as measured by DigiGait>*. Recently, Alway et al. showed
that in a mouse model of muscle injury induced by BaCl,,
injecting liver-derived mitochondria through the tail vein resulted
in preferential uptake by injured myofibers, which was possibly
facilitated by the damaged sarcolemma. This uptake significantly
improved muscle regeneration, increased muscle weight and fiber
size and restored maximal muscle force®. Kim et al. also reported
that intramuscular injection of mitochondria obtained from
human umbilical cord-derived mesenchymal stem cells (UC-MSCs)
significantly increased muscle mass by 1.5-fold and reduced the
expression of muscle-specific ubiquitin E3-ligases in a
dexamethasone-induced rat model of muscle atrophy>®. Although
research on skeletal muscle-targeted mitochondrial transplanta-
tion is still in its early stage, the results thus far suggest that
mitochondrial treatment is a promising therapeutic strategy to
accelerate the recovery of muscle function and mass.

Effects

Enhanced bone
regeneration
Improved
mitochondrial
function and intestinal
barrier function

Effect mediated by
protein cargo

within
Internalization into

Target/uptake
mechanism
mitochondria (in
vitro)

Intact
mitochondria may
be unnecessary
recipient cells and
delivery of
mitochondrial
proteins,
promoting
mitochondrial
fusion and
biogenesis

Intestinal epithelial

Osteoprogenitors (in
cells

target/distribution
vitro)

Mitochondrial

mitochondria released
Extracellular
microvesicles from
MSCs

Mitochondrial source
Extracellular

from mature
osteoblasts

Clinical trials
The encouraging results of mitochondrial transplantation in
animal models of diseases have led to several human trials. Here,
we identified registered clinical trials based on the information
provided by ClinicalTrials.gov with search terms for intervention/
treatment, including “mitochondria transplantation” or “mito-
chondria injection”. At the time that this manuscript was revised,
another review discussing clinical trials using mitochondrial
transplantation has been published”’. To date, two human trials
involving mitochondrial transplantation have been completed,
which include the microinjection of mitochondria into oocytes to
treat infertility and the infusion of mitochondria-transplanted/
augmented hematopoietic stem cells to treat Pearson syndrome
(Table 3). More importantly, four trials involving systemic or tissue-
specific injection of isolated mitochondria, which align more
closely with the focus of this review, are currently recruiting or
enrolling by invitation (Table 3). We will introduce these 4 clinical
trials in the following paragraphs.

A clinical trial sponsored by Boston Children’s Hospital is recruiting
participants to assess the effects of autologous mitochondrial

Local treatment with
extracellular mitochondria
Intravenous injection of
vesicles containing
mitochondria/
mitochondrial proteins

Intervention

ligation and puncture

iodoacetate-induced
procedure)

rats)
subjected to cecal

subjected to cranial

Bone defects (Mice
defect surgery)

Disease/Injury
(animal model)

Sepsis (Rats

continued

Tissue
Intestine

cardiomyocytes, I/R ischemia/reperfusion, LAD left anterior descending coronary artery, LPS lipopolysaccharide, MCAO middle cerebral artery occlusion, mtDNA mitochondrial DNA, PC12 adrenal

AdMSCs adipose-derived mesenchymal stem cells, BaCl, barium chloride, BMSCs bone marrow-derived MSCs, EV extracellular vesicle, hMSCs human MSCs, iCM induced pluripotent stem cell-derived
pheochromocytoma, PMVECs pulmonary microvascular endothelial cells, STCs scattered tubular cells, TFAM transcription factor A, mitochondrial, TNTs tunneling nanotubes.

Table 2.
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Fig. 1

Mitochondrial secretion, transplantation, and biological effects on target cells. Donor cells extracellularly secrete microvesicles

containing mitochondria through outward budding, exosomes containing mitochondrial-derived vesicles (MDVs) through the fusion of

multivesicular bodies (MVBs) with the plasma membrane, free/naked

mitochondria through an unclarified mechanism, or depolarized

mitochondria through the secretory autophagy pathway. Mitochondrial fission and CD38/cADPR signaling have been suggested to mediate
extracellular mitochondrial secretion. Mitochondrial transplantation involves the isolation of mitochondria from autologous tissues such as

skeletal muscle or healthy cells such as mesenchymal stem cells (MSCs)

via differential centrifugation or filtration methods and subsequent

local or systemic administration. Although the administration of freeze-stored mitochondria has been described, the injection of freshly
isolated mitochondria appears to be ideal. Mitochondria that are secreted extracellularly or introduced exogenously can be taken up by
recipient cells through membrane fusion or endocytosis. Extracellular mitochondria may also interact with recipient cell surface receptors
such as heparan sulfate proteoglycans (HSPGs) for uptake. Once inside the cells, the mitochondria integrate with the host mitochondrial
network or activate signaling pathways mediated by their cargo. Although further investigation is needed, secreted or transplanted
mitochondria have also been suggested to exert extracellular effects. Overall, these reactions elicit major biological effects on recipient cells,

including increases in mitochondrial respiration and cell survival and
response, and cell differentiation or maturation.

transplantation on myocardial I/R injury and extracorporeal mem-
brane oxygenation (ECMO) complications (NCT02851758). The
mitochondria will be isolated from the skeletal muscle of the chest
wall and administered to the ischemic myocardium by direct
injection (for surgical reoperation subjects) or intracoronary infusion
(for catheterization subjects). The outcomes will be determined by
safety, improvements in ventricular function, and the ability to be
removed from ECMO support.

A clinical trial held at the University of Washington is recruiting
subjects to investigate the effects of autologous mitochondrial
transplantation on brain ischemia for the first time (NCT04998357).
The mitochondria will be isolated from muscle tissues adjacent to
the surgical access site and will be infused into an artery in the
brain by a microcatheter during standard-of-care endovascular
reperfusion therapy. For the outcome measures, investigators will
monitor adverse effects associated with mitochondrial infusion
and check for a reduction in infarct volume.

SPRINGER NATURE

the regulation of the oxidative stress response, the inflammatory

A human trial in South Korea sponsored by Paean Biotechnol-
ogy Inc. is enrolling by invitation to evaluate the safety,
tolerability, and efficacy of the transplantation of PN-101
(mitochondria isolated from allogeneic UC-MSCs) in subjects with
refractory polymyositis or dermatomyositis (NCT04976140). In
mice, PN-101 was shown to reduce pathological inflammatory
responses by blocking the nuclear factor kappa B (NFkB) signaling
pathway>®. The mitochondria will be administered intravenously,
and the primary outcome will be measured by dose-limiting
toxicity (DLT) and International Myositis Assessment and Clinical
Studies Group-total improvement score (IMACS-TIS).

Finally, investigators at Tehran University of Medical Sciences are
recruiting patients to determine the therapeutic effects of
transplanting autologous mitochondria and/or MSC-derived exo-
somes on myocardial infarction, ischemia, and stunning
(NCT05669144). Exosomes-only, mitochondria-only, exosomes plus
mitochondria, or placebo will be administered through intracoronary

Experimental & Molecular Medicine (2024) 56:66 - 85



and intramyocardial injection. The primary outcome measures
include left ventricle ejection fraction and allergic reactions.

CONCLUSION AND FUTURE PERSPECTIVES

Over the past several years, it has become evident that
mitochondria are spontaneously secreted by various cells into
the extracellular space and are transferred to recipient cells
(Fig. 1). The field of extracellular mitochondrial secretion and
transfer has increasingly gained attention partly because (1) a
significant advancement in imaging technology has led to a more
qualitative way to detect extracellular mitochondrial release by
different cell types; (2) the development of various mitochondrial
reporter mice, such as PHaM mitoDendra2°°, C57BL/6J*¥%9Red237,
adipo-mitoFlag®, MitoFat®®, and Collal-Cre; Igs1CH-mitocrP/+27
(Table 1), which has allowed greater experimental and technical
convenience in the analysis of mitochondrial secretion and
transfer in vivo; and 3) the potential therapeutic applications
because mitochondria released by donor cells have been shown
to enter recipient cells to enhance mitochondrial bioenergetics
and cellular functions. Similar to those secreted extracellularly,
mitochondria that are transferred exogenously have been shown
to regulate mitochondrial metabolism, the inflammatory response,
or the differentiation and maturation of recipient cells. This
regulation can occur through their integration into the host
mitochondrial network, signaling by mitochondrial cargos, or
other unspecified extracellular effects (Fig. 1). The promising
outcomes of exogenous mitochondrial transfer in animal models
of diseases have led to the development of clinical trials with
mitochondrial transplantation-based therapeutic interventions.
However, research on the mechanisms of the secretion and
transfer of mitochondria is still in its early stages, and several
critical questions remain to be answered in future investigations.

First, the molecular mechanisms specific to extracellular mito-
chondrial secretion are largely unknown. While CD38/cADPR
signaling has been shown to promote extracellular mitochondrial
release in astrocytes and osteoblasts®®%’, whether it plays the same
role in other cells that highly express CD38, such as immune cells,
needs further examination. Future research could also focus on
identifying additional pathways that commonly regulate mitochon-
drial secretion by different cell types. Furthermore, mechanisms
that differentiate the secretion of free/naked mitochondria from
vesicle-enclosed mitochondria also require additional investigation.

Second, it is still unclear whether there are mechanisms that
allow extracellularly released mitochondria to target specific cell
types. Recently, mitochondria released by adipocytes were shown
to preferentially target macrophages among various clusters of
cells in adipose tissues®®, and cellular heparan sulfates were
thought to act as receptors to mediate the specific uptake of
extracellular mitochondria by macrophages®' and human HepG2
cells®? (Fig. 1). However, it is also possible that specific surface
molecules or proteins are expressed on extracellularly secreted
mitochondria to direct their interaction with the recipient cell
membrane. Identifying these molecules may allow for the
modification or genetic engineering of isolated mitochondria to
improve the target specificity of mitochondrial transplantation
therapies and minimize off-target effects.

Third, future research should focus on developing techniques to
enhance the purity of isolated mitochondria for biological/
biochemical analysis and exogenous delivery. While differential
centrifugation and differential filtration are the most popular
methods used to isolate mitochondria for therapeutic transfer
because they are simple and quick processes, they likely also yield
nonmitochondrial particles that may contribute to undesired effects.
Flow cytometry-based sorting of mitochondria significantly increases
purity and allows precise quantification®® but takes relatively longer
to obtain a sufficient number of mitochondria and requires a
specialized device, making it applicable for biochemical analysis of
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pure mitochondria but suboptimal for clinical situations where fresh
mitochondria are expected to be rapidly isolated. The development
of strategies to enhance the long-term storage of viable mitochon-
dria for off-the-shelf use would partly overcome this limitation.

Finally, mitochondrial transplantation protocols, including
methods, time point, frequency, and dose of administration,
needs further establishment and optimization for long-term
efficacy. Whether treatment with mitochondria plus other drugs
can enhance mitochondrial transfer efficiency or function may
also be investigated. The transplantation of cells that are naturally
capable of mitochondrial transfer may prolong the effects of
mitochondrial delivery and minimize the rejection of exogenous
mitochondria. In this regard, in vivo transplantation of CD34+
hematopoietic stem and progenitor cells (HSPCs) augmented with
normal exogenous mitochondria ex vivo induced long-term
persistence (up to 4.5 months post transplantation) of exogenous
mitochondrial transfer from HSPCs to myeloid and B cells in a
mouse model of mitochondrial dysfunction®. Transplantation of
CD34+ stem cells enriched with mitochondria is currently being
examined in a clinical trial in pediatric patients with Pearson
syndrome (Table 3). Additionally, whether artificially packaging
mitochondria in vesicles for transplantation enhances mitochon-
drial stability or uptake may be tested in the future as
mitochondria inside EVs have been suggested to be more
resistant to the extracellular environment containing high levels
of Ca®" and oxidative stress than free isolated mitochondria®®.

In conclusion, extracellular mitochondrial secretion, their transfer
to recipient cells, and mitochondrial transplantation are increas-
ingly gaining attention for their potential in a variety of therapeutic
settings. Understanding the mechanisms and biological effects of
the extracellular secretion and transfer of mitochondria, which still
require extensive research, serves as a theoretical basis for the
development of successful mitochondrial transplantation strate-
gies. Therefore, future efforts should focus on unraveling the
molecular and cellular mechanisms of extracellular mitochondrial
secretion and transfer, as well as methods to improve the efficiency
and efficacy of mitochondrial transplantation therapy.
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