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Article history: Background: Current therapeutic models for ischemic stroke (IS) are shifting from a narrow focus on neu-
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brain cells and maintaining their structural and functional integrity through organelle transfer between
healthy and damaged cells. Mounting evidence have supported that intracellular mitochondrial transfer
is an intrinsic response to IS, playing a critical role in mitigating neural damage. Consequently, mitochon-
drial transplantation from stem cell is emerging as a therapeutic avenue for IS.

Aim of review: This article reviews the IS-induced mitochondrial dysfunction, the modes and mechanisms
of endogenous intracellular mitochondrial transfer, and recent advances in using stem cell-derived mito-
chondrial transplantation to treat IS.
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Key scientific concepts: This review emphasizes the dual roles of mitochondrial transfer in determining
neural cells fate and neurological function recovery following IS. On one hand, health cells can donate
intact mitochondria to damaged cells, to revitalize them by restoring cell metabolic function. On the
other hand, damaged cell may expel dysfunction mitochondria, which can be cleared by healthy neigh-
bors or, alternatively propagate injury. We discuss the current challenges in this field and propose that
enhancing healthy mitochondrial transfer or preventing damaged mitochondrial release may hold great

potential for alleviating IS injury.
© 2026 The Author(s). Published by Elsevier B.V. on behalf of Cairo University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction culminate in neuronal damage. The ischemic cascade is complex,

involving excitatory amino acid toxicity, oxidative stress, inflam-

Stroke ranks as the second leading cause of mortality and per-
manent disability in adults worldwide. It is broadly classified into
two main types: ischemic stroke (IS) and hemorrhagic stroke [1,2].
IS accounts for 87% of all stroke patients [3]. With the aging trend
of the population, the incidence of IS has been progressively
increasing, imposing a substantial burden on both society and fam-
ilies [4]. During IS, the sharp decline in cerebral blood flow (CBF)
triggers a cascade of intricate physiological and pathological
responses, referred to as the ischemic cascade, which ultimately

mation, calcium overload, apoptosis and autophagy [5,6]. Cur-
rently, there are two main clinical strategies for treatment of IS:
vascular recanalization and neuroprotective therapy. Vascular
recanalization includes surgical thrombectomy and medicant
thrombolysis [7,8]. However, the time window for thrombolysis
therapy is narrow, and there is also a risk of bleeding [9,10]. Neu-
roprotective therapy involves inhibiting the ischemic cascade fol-
lowing IS to prevent cell death or promote its survival in the
ischemic penumbra, thereby alleviating cerebral ischemic injury
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Fig. 1. The mechanisms of mitochondrial dysfunction in the ischemic cascade following ischemic stroke (IS). The diagram illustrates the pathophysiological events triggered
by cerebral ischemia, with a focus on the pivotal mechanisms of mitochondrial failure. The initial energy deficit caused by oxygen and glucose deprivation leads to membrane
depolarization and glutamate excitotoxicity, driving a pathological rise in intracellular calcium. This calcium is sequestered by mitochondria, disrupting the electron
transport chain (ETC), collapsing the mitochondrial membrane potential (AWm) and triggering abnormal mitochondrial dynamics, mitophagy and mitochondrial DNA
(mtDNA) release. Consequently, oxidative phosphorylation fails, ATP production ceases, reactive oxygen species (ROS) are overproduced and inflammatory response are
activated. The simultaneous opening of the mitochondrial permeability transition pore (mPTP) releases pro-apoptotic factors (e.g., cytochrome c), initiating caspase-
dependent apoptosis. Mitochondrial dysfunction thus acts as a critical hub, amplifying oxidative stress, propagating cell death signaling, and culminating in neuronal necrosis
and infarction. This image was created in BioRender (https://BioRender.com/9wbew;3).

[11,12]. Despite promising results in preclinical studies, most clin-
ical trials using neuroprotective agents have yielded disappointing
outcome. Therefore, it is imperative to further clarify the pathogen-
esis of IS and explore new therapeutic strategies for treatment of
IS.

Mitochondrial dysfunction and mitochondrial transfer in IS

Mitochondria are the primary site for energy metabolism and
signaling hub of cells that integrate a wide range of interconnected
process to maintain cellular homeostasis [13]. They are also impor-
tant mediators of inflammation, endoplasmic reticulum (ER) stress,
apoptosis and autophagy in ischemic cardiovascular and cere-
brovascular diseases [14,15]. The reduction in CBF during IS can
impair oxygen and glucose delivery, which promotes the dysfunc-
tion of mitochondria oxidative phosphorylation and increases cel-
lular bioenergetic stress. Cells response to these stress by
activating mitochondrial quality control mechanisms, such as
mitochondrial biogenesis (MB), mitochondrial fission and fusion,
mitophagy and intercellular mitochondrial transfer [16,17]. These
adaptive responses help to maintain the integrity and function of
the mitochondria network, avoiding the fate of neuron apoptosis
and the disruption of neurovascular unit, thereby reducing IS-
induced brain and neuron damage [18]. Furthermore, mitochon-

dria are involved in various processes such as mitochondrial DNA
(mtDNA) repair [19], mitochondrial reactive oxygen species
(mtROS) production [20,21], MB kinetics, fusion dynamics, and
proteomic regulation [22,23]. These alterations further damage
blood-brain barrier (BBB) and worsen ischemic injury [24,25]
(Fig. 1). Therefore, maintaining mitochondrial functional stability
within cells is crucial for mitigating cerebral ischemic injury.

Is-induced alterations in mitochondrial function

Dysfunction of MB

MB refers to the process of increasing mitochondrial mass and
generation of new mitochondria through the growth and division
of pre-existing mitochondria. This process is predominantly gov-
erned by peroxisome proliferator-activated receptor coactivator o
(PGC-1a), and the proteins encoded by both mitochondrial and
nuclear genomes, as well as replication of mtDNA [26]. PGC-1a
functions as a pivotal regulator of MB, primarily localized within
the cytoplasm. It has been shown that cerebral ischemia is associ-
ated with alternations in MB. Yin et al. have reported that in a rat
model of neonatal hypoxic-ischemic injury, mtDNA content, mito-
chondrial number and proteins such as heat shock protein 60 and
cytochrome c oxidase subunit IV are significantly increased from 6
to 24 h after hypoxia[27,28]. Another study showed that hypoxic
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preconditioning increases MB in a nitric oxide synthase-dependent
manner [29]. Furthermore, Li et al. demonstrated that IS-induced
increase in MB is neuroprotective, because reversing this change
by silencing sestrin2 exacerbates ischemic injury in transient mid-
dle cerebral artery occlusion (tMCAO)-operated rats [30]. However,
there are also several opposite results showing that IS may down-
regulate rather than upregulate MB. For example, IS has been
shown to decrease mtDNA, impair mitochondrial function and
worsen pathological damage [31]. Valerio et al. reported that
oxygen-glucose deprivation (OGD)-induced neuronal damage is
associated with decreased PGC1a and increased mtROS and apop-
tosis, these detrimental effects could be mitigated by a glycogen
synthase kinase-3 inhibitor [32]. The ischemia-mediated decrease
in MB was also observed in other studies, and reversal of this
change through pharmacological intervention can ameliorate cere-
bral ischemic injury [33,34]. In spite of the existence of inconsis-
tencies, most studies support the notion that upregulation of
cerebral ischemia-induced MB plays a protective role in mitigating
cerebral ischemic damage.

Imbalanced mitochondrial fission and fusion

Mitochondrial fission is the process by which a single mito-
chondrion undergoes division to generate two or more mitochon-
drial units [35]. In contrast, mitochondrial fusion involves
merging two or more mitochondria into a single entity, a process
that occurs in a coordinated sequence encompassing two distinct
stages: outer mitochondrial membrane (OMM) and inner mito-
chondrial membrane (IMM) fusion [36].These two processes coor-
dinate with each other to maintain the dynamic balance of
mitochondrial morphology. The dedicated balance between divi-
sion and fusion is crucial for mitochondrial health and cell survival;
an imbalance between the two processes may cause mitochondrial
dysfunction, which has been implicated in the pathogenesis of var-
ious diseases, including IS [37,38].

During IS, moderate mitochondrial fission maintains its health
by facilitating the segregation of damaged mitochondria. However,
excessive mitochondrial fission may exacerbate ischemic damage
[39]. It has been shown that IS can increase mitochondrial fission
and decrease mitochondrial membrane potential (MMP) in OGD-
treated neurons and permanent middle cerebral artery occlusion
(pMCAO)-operated mice, treatment with mdivi-1, an inhibitor of
dynamically-associated protein 1 (Drp1), one of most important
molecules to induce mitochondrial fission, or knockdown of Drp1
can block the translocation of Drp1 into mitochondria and alleviate
cell death [40]. Drp1 activity is regulated by a variety of post-
translational modification, for example, cyclic adenosine
monophosphate (cAMP)-dependent protein kinase induces Drp1
phosphorylation at Ser-656 to inhibits its activity, while cal-
cineurin dephosphorylates Drp1 to induce its activation, promot-
ing neuronal death following OGD [41]. In addition to
phosphorylation, recent studies have further identified acetylation
and SUMOylation as new mechanisms in regulating Drp1 function
during cerebral ischemia. For example, ischemia/hypoxia promotes
Drp1 acetylation through the cyclin-dependent kinase 5-general
control of amino acid synthesis 5 like-1 signaling axis, enhancing
mitochondrial fission [42]. Inhibiting the excessive activation of
Drp1 has been shown to improve cerebral ischemic injury by sup-
pressing pathological fission [43,44]. On the contrary, some studies
suggest that mitochondrial fission may also exert protective effects
in certain context [45]. It has been shown that ligustilid, the main
active ingredient of Angelica sinensis, mitigates ischemic injury by
enhancing Drpl-mediated mitochondrial fission via adenosine
monophosphate-activated protein kinase activation in both OGD-
treated neurons and MCAO-operated rats [46].
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Mitochondrial fusion requires close coordination of mitofusins
1 and 2 (Mfn1 and Mfn2) and optic atrophy 1 (OPA1). It is generally
accepted that promoting mitochondrial fusion can repair mildly
damaged mitochondria. Upregulation of OPA1 promotes mito-
chondrial fusion and alleviates ischemic injury[47,48]. Zhang
et al. have reported that exercise increases OPA1 expression and
mitochondrial fusion, alleviating ischemic injury in tMCAO-
operated rats [49]. Similarly, sirtuin 3 has been found to repair
mitochondrial structure and improve energy metabolism after
ischemia by promoting OPA1 expression and regulating its
deacetylation status [50]. In summary, the role of mitochondrial
fission and fusion in cerebral ischemic injury are complex and
context-dependent. Their overall impact likely hinges on the ded-
icated balance between these two processes in mitochondrial
dynamics, and precisely modulating this balance may represent a
critical therapeutic strategy for the management of IS.

Mitophagy dysfunction

Mitophagy is a form of selective autophagy which participate in
maintenance of normal physiological activities and protection of
cells from injury by facilitating lysosomes-mediating elimination
of impaired mitochondria [51,52]. As an mitophagy process, dam-
aged mitochondria are wrapped by autophagic vacuole to generate
autophagosomes, which are subsequently fused with lysosomes
and degraded by lysosome hydrolytic enzymes [53].

Mounting evidence have shown that IS alters mitophagy in the
brain tissue. However, the role of mitophagy in cerebral ischemia
may be a double-edged sword, it can be either beneficial or harm-
ful, depending on the stage and pathological context of cerebral
ischemia [54,55]. In the early stage, brain cells undergo a metabolic
transformation from oxidative phosphorylation to anerobic glycol-
ysis due to hypoxia, which reduces ATP generation and increases
the accumulation of H', Na* and Ca®* ion in mitochondria, resulting
in mitochondrial dysfunction and injury [6,56]. To maintain cellu-
lar homeostasis, these damaged mitochondria must be cleared up.
In addition, hypoxia diminishes antioxidant capacity, leading to
increased cellular ROS production. As a result, mitophagy is acti-
vated to engulf the damaged mitochondria and reduce ROS levels
[57,58]. Therefore, early induction of mitophagy followed cerebral
ischemia may be beneficial for restoring cellular energy metabo-
lism and homeostasis [59,60]. However, in the middle and late
stages of ischemia, excessive mitophagy may impede recovery
from brain injury due to mitochondria shortage by over-
elimination of mitochondria [59,61]. Therefore, precisely regulat-
ing mitophagy is essential for the recovery of neurological function
in IS.

The mechanisms of intercellular mitochondrial transfer in IS

Given that IS leads to mitochondrial dysfunction, as indicated
above, delivery of functional mitochondria following ischemic
injury holds significant therapeutic potential for the treatment of
IS. Evidence has shown that the delivery of mitochondria into cells
primarily occurs through functional connections formed either
between endogenous cells or between exogenous stem cells and
recipient endogenous cells. In directly contacted cells, the donor
cells can transfer their mitochondria to the host cell via tunneling
nanotubes (TNTs), gap junctions, or cell fusion [62,63]. In the non-
contacted cells, mitochondrial transfer can achieve through extra-
cellular vesicles (EVs) or direct release of unenveloped mitochon-
dria. Mitochondrial transfer can improve mitochondrial function,
mitigate oxidative stress, and preserve the fate of host cells [64]
(Fig. 2). Although the molecular and signaling mechanisms under-
lying mitochondrial transfer in IS have not been fully elucidated,
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Fig. 2. An integrative model of endogenous mitochondrial transfer following IS and therapeutic strategies for exogenous stem cell-based mitochondrial transplantation. A.
The dual role of astrocyte mitochondrial transfer: Astrocytes transfer healthy mitochondria to neurons and other neural cells, a process that enhances neuronal synaptic
plasticity, oligodendrocyte maturation, and endothelial cell function. Conversely, the transfer of damaged mitochondria to neurons can exacerbating neuronal injury. Notably,
a retrograde transfer of damaged mitochondria from neuron to astrocytes may occur as a compensatory signaling mechanism under ischemic stress. B. Detrimental transfer
from microglia: Pro-inflammatory M1 microglia deliver dysfunction mitochondria to neurons, which increases oxidative stress in recipient neurons and further aggravation
of neuronal damage. C. Blood-brain barrier (BBB) reinforcement: Intercellular mitochondrial transfer occurs among the cellular components of the BBB, including from
pericytes to astrocytes, endothelial cells (ECs) to astrocytes, and from healthy to impaired ECs. These transfers enhance the bioenergetic capacity of recipient cells, upregulate
tight junction proteins, and collectively support BBB structural and functional integrity. D. Therapeutic mitochondrial delivery from stem cells: The transportation of stem
cell-derived mitochondria to both neural cells and cerebrovascular ECs improves astrocytic energy metabolism, stimulates angiogenesis, inhibits neuronal apoptosis, and
attenuates microglial activation-mediated neuroinflammation, highlighting its therapeutic potential. This image was created in BioRender (https://BioRender.com/wqup3wz).

most studies suggest that TNTs and EVs may serve as the primary
pathways for the intercellular transfer of functional mitochondria.

Tunneling nanotubes

TNTs are cytoskeleton-based intercellular pipe-like structures
that primarily facilitating the intercellular exchange of lipids,
nucleic acids, proteins, and even organelles [65]. These dynamic,
actin-rich membrane protrusions play pivotal roles in regulating
multiple biological processes, such as repairment of cellular dam-
age, immune response, and cell metabolic reprogramming [66].
M-Sec, an earliest marker during TNTs formation, orchestrates
actin polymerization [67,68]. The role of mammalian protein M
—Sec in inducing membrane protrusions and influencing TNT for-
mation depends on its interaction with Ral and the Exocyst com-
plex [67]. These three components synergistically regulate the
generation of membrane nanotubes.

Numerous studies have demonstrated that IS promotes mito-
chondrial transfer among neural cells by facilitating the formation
of TNTs, thereby reducing IS-mediated cell injury [69]. The forma-
tion of TNTs has been observed in mesenchymal stem cells (MSCs)-
mediated mitochondrial transfer to injured vascular endothelial
cells (ECs). OGD-reperfusion (OGD/R) induced mitochondrial trans-
fer through TNTs from MSCs to injured ECs, thereby rescuing aer-
obic respiration and suppressing apoptosis. This protective

process is facilitated by phosphatidylserine exposure on the sur-
face of apoptotic ECs, which is recognized by stem cells to activate
a defensive rescue mechanism [70].

It has been shown that transplantation of MSCs can facilitate
mitochondrial transfer into cerebral microvasculature and pro-
mote mitochondrial respiration and angiogenesis in tMCAO-
operated rats. These effects can be reversed by TNTs inhibitor LatA
or Annexin V [71]. TNTs can be formed between human induced
pluripotent stem cells-derived MSCs and PC12 cells. Yang et al.
reported that co-culture with MSCs significantly reduced apoptosis
and restored mitochondrial function in the injured PC12 cells
exposed to cobalt chloride. These benefits were partially abolished
when TNT formation was inhibited [72].

Pericytes, astrocytes, ECs are essential components of the
BBB. The TNTs-mediated signal transduction, material and
energy exchange among these cells, participate in maintenance
of the integrity and functionality of the BBB under both physi-
ological and pathological circumstances. It has been reported
that OGD/R can increase both the length and quantity of TNTs
among these cells, enabling functional mitochondria to be trans-
ferred from healthy astrocytes and ECs to the damaged astro-
cytes, thereby inhibiting apoptosis, this protective effect is
reversed by CytoD, an inhibitor of TNTs formation [73]. These
results suggest that the formation of TNTs after IS may provide
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a cytoprotective effect by facilitating mitochondrial transfer.
Notably such transfer also occurred between damaged cells
and partially intact cells with temporary functional integrity.
In OGD/R-treated HT22 cells, melatonin was shown to enhance
PGC-1a-dependent MB by stimulating sirtuin 3 pathway,
inhibiting aberrant mitochondrial fission, promoting mitochon-
drial fusion, and improving mitochondrial morphology and func-
tion. Phalloidin staining further confirmed the presence of F-
actin-rich TNTs transporting mitochondria between damaged
and partially intact HT22 cells [74].

Mitochondrial Rho GTPase 1 (Mirol) is a calcium-sensitive
adaptor protein located on the outer membrane of mitochondria.
Miro1 is a crucial molecule in regulating the formation of TNTs
and mediating the transport of mitochondria [75,76]. In the co-
cultured MSCs and astrocyte subjected to OGD, Miro1 overexpres-
sion in MSCs [77] enhances TNT formation. In summary, TNTs
serve as essential conduits for intercellular mitochondrial transfer,
which helps recipient cells restore mitochondria function, combat
against oxidative stress and cell death after IS, and promoting host
cell survival.

Gap junction channel

Mitochondria contain connexins, a family of proteins known to
form gap junction channels (GJCs) [78]. Connexins are synthesized
in the ER and oligomerized in the Golgi apparatus to form
hemichannels [78,79]. Hemichannels from adjacent cells dock with
each other to form GJCs that aggregate into plaques and facilitate
intercellular communication. The GJCs possess capability to trans-
mit cellular signals and transport various ions, protein molecules,
and cellular organelles such as mitochondria. Connexin 43 (Cx43)
is a key protein involved in the formation of GJCs and mitochon-
drial transfer [80,81].

Li et al. demonstrated that bone marrow derived mesenchymal
stem cells (BMSCs) are able to enhance energy supply and mitigate
neuronal apoptosis by transferring their mitochondria to the OGD-
treated motor neurons through GJCs. Furthermore, they observed
that all-trans retinoic acid, a gap junction enhancer, facilitates
mitochondrial transfer from BMSCs to neurons, while 18p-
glycyrrhetinic acid, a gap junction inhibitor, impedes this process.
Transplantation of mitochondria and BMSCs into the injured spinal
cord improved locomotor functional recovery in spinal cord injury-
operated rats. To further support this mechanism, BMSCs were
found to express Cx43, while motor neurons expressed connexin
32 (Cx32), the heterotypic gap junctions containing both Cx43
and Cx32 suggest a structural basis for mitochondrial transfer from
BMSCs to motor neurons [82].

Plasmogamy

Cell fusion is a biological process in which two autonomous
cells merge their plasma membranes, enabling the exchange of
cytoplasmic constituents and organelles while preserving nuclear
integrity [83,84]. During partial fusion, transient intercellular com-
munication allow for bidirectional organelle transfer, including
mitochondria [62].

It has been shown that cell fusion occurs when MSCs and
neurons are co-cultured, which allows mitochondria to transfer
from MSCs to neurons. However, the cell fusion is disrupted
when the two cells are co-cultured using a transwell system,
which can inhibit cell physical contact. Compared to untreated
MSCs, transplantation of MSCs co-cultured with neurons exhi-
bits a more effective reduction in cerebral ischemic damage in
tMCAO-operated rats. In addition, pre-co-culturing MSCs with
neurons ¢ can upregulate Mirol expression and production of
neurotrophic factors, thereby augmenting their neural protective
effects [85].
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Evs

EVs are nanoscale double-layered vesicles secreted by cells, that
serve as stable transport carrier for lipids, proteins, RNA, micro-
RNA, and organelles between cells [86]. EVs are primarily gener-
ated through the outward or inward protrusion of cell (organelle)
membranes and are categorized into apoptotic bodies (800-
5000 nm), microvesicles (150-1,000 nm), and exosomes (30-
150 nm). Among them, microvesicles formed by cytosolic mem-
brane budding have the ability to encapsulate mitochondria and
release them outside the cell [87,88].

It has been reported that astrocytes release extracellular mito-
chondrial particles through a calcium-dependent mechanism
involving CD38 and cyclic ADP ribose (CADPR) signaling pathways.
These EVs-containing mitochondria can be transferred from astro-
cytes to neurons following IS, providing neuroprotective effects
[89]. Similarly, it has been shown that microvesicles derived from
human brain ECs (BECs) line hCMEC/D3, are capable of transferring
polarized mitochondria to recipient BECs in cultured neurons. This
transfer increases ATP generation in the recipient BECs exposed to
OGD. Under hypoxia condition, only the transfer of microvesicles,
but not exosomes, improve mitochondrial function. Compared
with heterotypic macrophage-derived microvesicles, BEC-derived
microvesicles have greater potential for transferring mitochondria
and improving ECs survival under ischemic conditions [64]. Dave
et al reported that ECs-derived medium-to-large EVs (m/l EVs)
were enriched with functional mitochondria. Following OGD, the
mitochondria from m/l EVs can integrate into the mitochondrial
network of recipient BECs, boosting ATP generation. Intravenous
administration of m/1 EVs significantly decreases the brain infarct
areas in MCAO-operated mice [90].

The process of donor cell-mediated mitochondrial transfer
through microvesicles requires host cells to internalize mitochon-
dria before they integrate into the existing mitochondrial network.
Overall, microvesicles-mediated mitochondrial transfer may be a
crucial mechanism for host cells to uptake extracellular mitochon-
dria. Altering mitochondrial exocytosis and endocytosis can affect
intercellular efficiency of mitochondrial transfer, thereby influenc-
ing the fate of recipient cells. Therefore, microvesicle-based mito-
chondrial transfer may offer a new avenue for exploring non-
contact cellular interchanges and developing novel therapeutic
strategies for mitochondrial transplantation.

Functional role of mitochondrial transfer in IS

IS is characterized by energy depletion resulting from the inter-
ruption of CBF. Mitochondria, as the central organelles for cellular
energy production, play a critical role in maintaining neuronal
homeostasis. Given that neurons are enriched in mitochondria,
they are highly vulnerable to mitochondrial dysfunction, which
leads to energy failure and triggers a cascade of pathological
events, such as calcium overload, neuroinflammation, and oxida-
tive stress. These ischemic cascades ultimately compromise BBB
integrity and exacerbate brain injury. Restoring mitochondrial
function has consequently emerged as a pivotal therapeutic strat-
egy to preserve cellular metabolic stability in the context of cere-
bral ischemia. Notably, accumulating evidence indicates that the
targeted delivery of functional mitochondria to ischemic cells can
improve energy metabolism, suppress oxidative stress and apopto-
sis, and mitigate BBB disruption, offering a novel and promising
avenue for stroke therapy.

Restoration of energy metabolism

Traditionally, brain energy metabolism has been closely linked
to the delivery of oxygen and glucose via CBF. Under normal aero-
bic conditions, glucose is metabolized into pyruvate, which enters
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the mitochondria and is further oxidized through the tricarboxylic
acid (TCA) cycle and oxidative phosphorylation to generate ATP
[91]. Thus, mitochondria serve as essential organelles for cellular
energy production and the maintenance of intracellular homeosta-
sis. In the central nervous system (CNS), astrocytes account for
only 10-15% of total brain energy consumption, neurons utilize
approximately 85% of the glucose taken up by the brain [92]. Given
their high metabolic demands, neurons primarily rely on oxidative
phosphorylation for energy supply [93,94]. Following IS, ischemia
and hypoxia trigger cellular energy failure, metabolic dysregula-
tion, accumulation of pathological metabolites such as lactate,
and subsequent induction of mitochondrial permeability transition
pore (mPTP) opening [95]. The ensuing loss of MMP promotes
excessive leakage of ROS from damaged mitochondria, which fur-
ther exacerbates oxidative phosphorylation uncoupling and sup-
presses ATP production. This cascade establishes a self-
amplifying cycle that intensifies neuronal injury.

A growing body of evidence indicates that functional mitochon-
drial transfer can rescue impaired cellular metabolism [96]. MSCs
have been shown to transfer functional mitochondria to neurons
under oxidative stress, significantly enhancing neuronal survival,
ATP levels, mitochondrial respiratory function, and basal metabolic
activity, thereby promoting neurofunctional recovery and cell via-
bility after IS [77,96]. Moreover, during mitochondrial transfer,
MSCs concurrently upregulate key TCA cycle enzymes, including
citrate synthase, pyruvate dehydrogenase, and aconitase, providing
additional support for the role mitochondrial transfer in the
restoration of neuronal bioenergetics [97]. Recent studies have
demonstrated that astrocytes transfer healthy mitochondria to
damaged neurons via a regulatory mechanism mediated by low-
density lipoprotein receptor-related protein 1 (LRP1), thereby
reducing lactate production, improving neuronal energy metabo-
lism, and alleviating cerebral ischemia-reperfusion injury [98]. In
the MCAO mouse model, targeted delivery of MSCs-derived mito-
chondria to ECs in the lesion area improves mitochondrial function,
reprograms the glutathione (GSH) metabolic pathway, promotes
tip cell phenotype transition and angiogenesis, and ultimately
enhances neurological functional recovery [99]. Collectively, these
findings suggest that the therapeutic benefit of mitochondrial
transfer may stem largely from the replacement of dysfunctional
mitochondria in recipient neurons, potentially representing the
principal mechanism underlying neuroprotection in ischemic brain
injury.

However, it remains unclear whether transferred mitochondria
can functionally integrate into the existing mitochondrial network
of recipient cells, particularly under ischemic conditions where
sustained calcium overload and inflammatory signaling promote
excessive mitochondrial fission. Therefore, a comprehensive
assessment of mitochondrial dynamics following mitochondrial
transfer is critically needed. Notably, a recent groundbreaking
study in a myocardial ischemia model revealed that even depolar-
ized or mtDNA-deficient mitochondria, which lacks canonical
bioenergetic capacity were capable of preserving ECs function
without integrating into the host mitochondrial network [100].
This suggests that transferred mitochondria may not act merely
as energy donors but could instead function as molecular “triggers”
that initiate mitophagy in recipient cells, facilitating the selective
clearance of damaged mitochondria. These findings challenge the
classical “replacement hypothesis” and highlight an alternative,
active role for mitochondrial transfer in stimulating endogenous
repair mechanisms. Consequently, further investigation is war-
ranted to determine, whether in the context of cerebral ischemia,
transferred mitochondria confer protection through direct meta-
bolic substitution or by activating quality control pathways such
as mitophagy to eliminate compromised organelles.
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Modulation of apoptosis

It is generally believed that IS induces neuron apoptosis, and
inhibition of this process alleviates neuronal damage [101]. Evi-
dence have shown that IS-induced mitochondrial dysfunction
and injury promote the release of mtROS, Ca®* and other apoptotic
factors, which in turn trigger the opening of mPTP and the release
of cytochrome ¢ and apoptosis-inducing factor into cytoplasm,
these events ultimately lead to the caspase-dependent apoptosis
and neuronal damage [102]. Numerous studies have demonstrated
that intervention in mitochondria-mediated apoptosis can amelio-
rate cerebral ischemic injury [103-106]. Accumulating evidence
indicates that the transfer of functional mitochondria into dam-
aged neurons significantly reduces the proportion of dysfunctional
or apoptotic cells. Specifically, direct injection of astrocyte-derived
extracellular mitochondria into the peri-infarct cortex of ischemic
mice markedly upregulates the expression of the anti-apoptotic
protein B-cell lymphoma-extra large and suppresses caspase-3
activation [89]. In another study, co-culturing healthy human neu-
ral stem cells (hNSCs) with SH-SY5Y cells subjected to OGD/R
enables transfer of functional mitochondria from hNSCs to stressed
neurons, accompanied by inhibiting caspase-3/7 activation [107].
Together, these findings suggest that mitochondrial delivery to
neural cells may ameliorate ischemic brain injury through sup-
pressing apoptotic pathways. However, it remains unclear whether
transferred mitochondria integrate into endogenous mitochondrial
networks, and whether their anti-apoptotic effects are mediated
primarily by the replacement of damaged mitochondria or via
alternative mechanisms.

Regulation of inflammation and oxidative stress

The OMM serves as a protective barrier, insulating the cell from
innate immune responses. However, under pathological conditions
such as IS, the inner and outer membranes may be damaged, lead-
ing to mitochondria release of mtROS and mtDNA to trigger an
inflammatory response and oxidative stress, which in turn acceler-
ates mitochondrial dysfunction [108].

It has been shown that IS induces an overproduction of mtROS,
which activates nuclear factor-«kB inflammatory pathways to
increase the production of chemokines, interferon regulatory
factor-1, and pro-inflammatory cytokines such as interleukin-
1beta (IL-1B) and tumor necrosis factor-alpha (TNF-a), which exac-
erbate brain tissue injury [109]. Global brain ischemia further
aggravates mitochondrial oxidative stress by increasing mtROS
and, and reducing GSH in the hippocampus. Treatment with
mitochondrial-targeted antioxidant, Mitoquinol, reduces inflam-
matory cytokines TNF-a, and IL-1B, contributing to the improve-
ment of cognitive function and hippocampal morphology [110].

Functional mitochondrial transfer exerts multifaceted antioxi-
dant effects in the context of cerebral ischemia. Chen et al. demon-
strated that umbilical cord MSCs (UC-MSCs) can transfer
mitochondria to T cells, restoring their metabolic function, repair-
ing mtDNA damage, reducing ROS accumulation, and ultimately
mitigating oxidative stress and immune dysregulation [111]. The
antioxidant mechanisms of this transfer are twofold: first, the
delivered functional mitochondria activate the PTEN induced
kinase 1 (PINK1)/Parkin pathway, triggering mitophagy and pre-
venting sustained ROS production from damaged organelles
[100]; second, exogenous mitochondria can fuse with impaired
host mitochondria, effectively decreasing the population of mito-
chondria prone to excessive ROS generation [112]. Oxidative
mtDNA (Ox-mtDNA) is known to activate the cyclic GMP-AMP
Synthase (cGAS)-stimulator of interferon genes (STING) pathway,
an important signaling pathway for detecting pathogenic DNA
and initiating the inflammatory response, and limiting the release
of ox-mtDNA into the cytoplasm has been shown to mitigate
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inflammation and improve neurological functions in tMCAO-
operated rats and OGD/R-treated neurons [113]. These studies sug-
gest that delivering functional mitochondria to cells can reduce
mtROS and ox-mtDNA levels, thereby alleviating inflammation
and oxidative stress after IS.

It is noteworthy that potential crosstalk may exist between
mitochondrial transplantation and inflammatory responses.
Exogenous mitochondria such as mtDNA may act as a damage-
associated molecular pattern, activating the host innate immune
system through the cGAS-STING pathway and triggering an inflam-
matory response [114,115]. This immunogenicity represents a pri-
mary barrier to the clinical translation of exogenous mitochondrial
transplantation. However, emerging evidence suggest counterbal-
ancing mechanisms: transplanted mitochondria can activate
PINK1-mediated mitophagy to suppress the cGAS-STING pathway
and attenuate inflammation [116]. Therefore, the net effect of
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mitochondrial transfer on inflammatory signaling is complex and
requires further elucidation. Combining mitochondrial transplan-
tation with immunosuppressive agents or fine-tuning the cGAS-
STING pathway may offer synergistic strategy for treating ischemic
brain injury.

Maintenance of BBB integrity

The BBB is a specialized multicellular structure that regulates
CNS homeostasis. Its core component is a continuous monolayer
of ECs, which controls molecular exchange between blood and
brain [117]. These cells are enveloped by pericytes, which are
embedded within the basement membrane and are essential for
capillary integrity, blood flow regulation, and diameter control
[118]. The abluminal surface is covered by astrocytic endfeet,
which secrete laminin to promote vascular adhesion and release
signaling molecules to maintain BBB function and homeostasis
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Fig. 3. Intracellular transfer of functional mitochondria among neural cells following IS. A. When cerebral ischemia occurs, adjacent astrocytes can release functional
mitochondria which are taken up by damaged neurons that improve neuronal mitochondrial function, enhance neuronal activity and neuroplasticity. This process may be
mediated by calcium-dependent activation of CD38 and cyclic ADP ribose (cADPR) pathways, while low-density lipoprotein receptor-related protein 1 (LRP1) facilitates
mitochondrial transfer from astrocytes to neurons through extracellular vesicles (EVs) by reducing lactate production and lactylation of ADP-ribosylation factor 1 (ARF1). B.
Astrocyte to oligodendrocyte precursor cells (OPCs) transfer: Type — A2 astrocytes can release and transfer functional mitochondria to OPCs, promoting maturation and
proliferation of OPCs in chronic cerebral ischemia. C. Pericyte-to-Astrocyte Transfer: Transferring healthy mitochondria from pericytes to astrocytes can protect astrocytes
from oxygen-glucose deprivation (OGD)-induced apoptosis. This image was created in BioRender (https://BioRender.com/lzvavgo).
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Fig. 4. Intracellular transfer of dysfunctional mitochondria among brain cells following IS. A. Type — A1 astrocytes can cause neuronal damage by releasing of dysfunctional
mitochondria. This process enhances the interaction between mitochondrial dynamically-associated protein 1 (Drp1) and mitochondrial fission 1 protein (Fis1), which
exaggerate mitochondrial fission processes, resulting in mitochondrial dysfunction. These damaged astrocytic mitochondria are released and enter neighboring neurons to
fuse with the host neuronal mitochondria network, causing neuronal mitochondrial dysfunction and exacerbating neurological damage. B. Pro-inflammatory microglia
propagate neuronal mitochondrial dysfunction: IS induces proinflammatory microglia which enhances the activities of mitochondrial fission and promotes the release of
damaged mitochondria, subsequently transfer of these organelles to neurons, leading to neuronal mitochondrial damage and dysfunction. C. Astrocytic response to engulfed
neuronal mitochondria: IS-injured neurons release damaged mitochondria, which are engulfed by adjacent astrocytes, leading to increased mRNA expression of
mitochondrial Rho GTPase 1 (Miro1) and mitochondrial transcription factor A (TFAM) in astrocytes. This image was created in BioRender (https://BioRender.com/qcugqoyq).

[119,120]. Together with microglia, these elements form an inte-
grated surveillance network that preserves BBB integrity and CNS
function [121,122].

Following IS, excessive ROS production and sustained inflam-
mation in ECs trigger the upregulation of matrix metallopro-
teinases. This enzymatic protease degrades tight junction
proteins such as occludin and claudin-5, disrupting the BBB. The
compromised barrier permits infiltration of peripheral immune
cells, amplifies oxidative stress, activates glial cells, and ultimately
promotes neuronal death [123]. In response, astrocytes undergo
phenotypic transformation into reactive states, differentiating into
either neurotoxic A1 or neuroprotective A2 subtypes, reflecting
their dual roles in ischemic pathophysiology [124]. Notably, peri-
cytes emerge as key contributors to BBB repair during the post-
ischemic phase [125]. Possessing stem cell-like properties and
transdifferentiation potential, pericytes migrate to injury sites to

help restoring BBB integrity [126]. Pericytes also stimulate astro-
cyte activation and contribute to tissue remodeling and repair pro-
cesses [127,128]. Thus, preserving the viability and functional
competence of ECs and astrocytes is essential for maintaining
BBB integrity and neurological recovery.

Emerging evidence indicates mitochondrial transfer as a critical
mechanism for BBB repair. It has been shown that OGD/R can boost
extensive TNT formation between healthy pericytes and astrocytes,
facilitating functional mitochondrial transfer from pericytes to
astrocytes, and help maintaining the structural and functional
integrity of the BBB [73]. Xu et al. reported that healthy brain
microvascular ECs can deliver functional mitochondria to OGD-
damaged cells; however, hyperglycemia following IS impairs this
transfer, exacerbating mitochondrial dysfunction, compromising
the structural integrity of tight junctions, and increasing BBB per-
meability [129]. Further, Dave et al. revealed that endothelial-
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Table 1
Mitochondrial transfer among neural cells following IS.
Donor cells Recipient cells IS Transfer ~ Mitochondrial =~ Mechanisms or outcome Ref
Model mode status
Astrocytes Neurons OGD/R EVs Health Improve their mitochondrial function, enhances neuronal activity and [89]
tMCAO neuroplasticity in a CD38-dependent manner
Astrocytes Neurons OGD/R / Health Rb1 increases MMP and oxygen consumption rate within the OGD/R- [139]
treated neurons co-cultured with conditioned medium of astrocytes in a
CD38-dependent manner
Astrocytes Neurons tMCAO  EVs Health LRP1 facilitates mitochondrial transfer from astrocytes to neurons [98]
through EVs by reducing lactate production and lactylation of ARF1
Astrocytes Neurons OGD/R | Health Trigger post-translational modification via O-GlcNAcylation of [138]
mitochondria protein in astrocytes
A2-type Astrocyte Oligodendrocyte BCAS / Health The transferred functional mitochondria enhance the maturation and [155]
differentiation of OPCs
Pericyte Astrocytes OGD/R  TNTs Health Protect astrocytes from OGD-induced apoptosis, thereby maintaining [73]
the structural and functional integrity of the BBB
Al-type astrocytes Neurons tMCAO |/ damage Treatment with inhibitor that prevents Drp/Fis1 interaction reduces [147]
mitochondrial fission, thereby reducing neuronal damage through
improved neuronal mitochondrial function
M1-type Microglia Neurons tMCAO |/ damage The damaged mitochondria released from microglia fused with neuronal [112]
mitochondria, resulting in neuronal mitochondrial damage and
dysfunction,
Neurons Astrocytes Acidosis | damage Dysfunctional mitochondria are prone to be expelled into the [174]
tMCAO extracellular space by injured neurons and subsequently engulfed by
adjacent astrocytes
Human BECS Brain tMCAO  EVs Health Enhancing mitochondrial function and increased ATP production, [179]
Mouse BECS endothelial cells reduced infarct volume and improved neurological outcomes.
(BECs)

derived EVs transport functional mitochondria to recipient ECs,
reinforcing tight junction assembly, improving BBB integrity, and
reducing cerebral infarct volume [90]. Collectively, these findings
indicate that targeted mitochondria delivery to astrocytes and
ECs following IS restores cellular bioenergetics and rescues critical
cellular functions, thereby enhancing BBB stability and mitigating
neural injury.

Intracellular mitochondrial transfer among neural cells as a
therapeutic target for IS

Mitochondrial transfer, as a part of cell therapy, is gaining great
attention for treatment of IS due to its ability to provide healthy
mitochondria for compromised cells, thereby restoring cellular
metabolism and preserving BBB integrity. It should be noted that
the mitochondrial transfer after IS is bidirectional. On one hand,
intact mitochondria from healthy cells can be transported into
the damaged cells to promote metabolic recovery and cellular revi-
talization [130](Fig. 3). On the other side, mitochondria released
from injured cells may serve as a danger-warning signal to trigger
an inflammatory response which in turn aggravate ischemic injury
[131] (Fig. 4). In addition, mitochondrial transfer after IS can occur
among all brain cells, with mitochondrial transfer between astro-
cytes and neuronal cells being the most common pathway.

Current research on mitochondrial transfer is highly complex
and fragmented. There is an urgent need to systematically review
existing evidence and categorize findings according to specific
sources of donor cells. Such an effort would help clarify research
priorities and guild future strategies aimed at ameliorating
ischemic brain injury through cell-specific enhancement of mito-
chondrial function. Table 1 summarizes key studies investigating
intracellular mitochondrial transfer between various donor and
recipient cell types in cerebral ischemia.

Intracellular mitochondrial transfer from astrocytes
Astrocytes are widely distributed through the entire brain,

exhibiting significant heterogeneity in morphology, functionality,
and molecular properties [132,133]. They play diverse roles and
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display distinct gene expression traits that are related to their
regional localization and interactions with other brain cells
[134,135]. Due to their widespread distribution in the CNS, astro-
cytes become the earliest donor cells to establish cellular commu-
nication and transport mitochondria to damaged neurons and
other brain cells after IS, which plays an important role in reducing
IS-induced neuronal injury.

Mitochondrial transfer from astrocytes to neurons

Neurons are the earliest and most studied recipients to accept
mitochondrial donors. When cerebral ischemia occurs, adjacent
astrocytes release functional mitochondria, which are taken up
by damaged neurons to improves their mitochondrial function,
enhances neuronal activity and neuroplasticity. This process is
potentially mediated by calcium-dependent activation of CD38
and cycle ADP pathways, as the inhibition of CD38 diminishes
mitochondrial transfer and worsens neurological outcomes follow-
ing cerebral ischemia [89]. CD38 is mainly produced by glial cells
in the brain and activated by IS-induced glutamate release. CD38
increases the synthesis of calcium messenger cADPR, activating
ryanodine receptors in the ER, thereby amplifying intracellular sig-
nals within organelle network that includes mitochondria
[136,137].

Interestingly, activation of CD38-cADPR signaling triggers post-
translational modification via O-GIcNAcylation of mitochondria
protein in astrocytes, while OGD/R treatment result in transient
and mild protein modification. Inhibition of ER-Golgi trafficking
using Brefeldin A or siRNA targeting slc35B4 reduces O-
GlcNAcylation, MMP and mtDNA content. These results suggest
that CD38-cADPR signaling pathway-mediated post-translational
modification by O-GIcNAc may be essential for maintaining the
functionality and neuroprotective properties of astrocyte-
released mitochondria [138]. It is worth noting that this pathway
can be activated under IS, but its activity is relatively low and tran-
sient, enhancing this pathway may promote mitochondrial transfer
to restore neuronal function.

Ginsenoside Rb1 has been demonstrated to enhance healthy
mitochondrial transfer from astrocytes to OGD/R-induced dam-
aged neurons via regulating CD38 signaling pathway. Specifically,
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Rb1 increases MMP and oxygen consumption rate within the OGD/
R-treated neurons co-cultured with conditioned medium of astro-
cytes. Blockade of mitochondrial transfer by CD38 knockdown
diminished the neuroprotective effects of Rb1 in mice subjected
to photochemical cerebral thrombosis [139]. Recent studies indi-
cate that electroacupuncture therapy can inhibit neuronal apopto-
sis and improve the neurological function of MCAO rats by
promoting the transfer of mitochondria from astrocytes to neu-
rons, potentially through the regulation of the CD38-cADPR-Ca**
signaling pathway [140]. These findings indicate the critical role
of the CD38 signaling pathway in mediating healthy mitochondrial
transfer from astrocytes to ischemic neurons.

Zhou et al. demonstrated a novel mechanism underling IS-
mediated mitochondrial transfer from astrocyte to damaged neu-
ron. LRP1 is a cell-surface receptor involved in endocytic and sig-
naling processes, LRP1 facilitates mitochondrial transfer from
astrocytes to neurons through EVs by reducing lactate production
and lactylation of ADP-ribosylation factor 1 (ARF1) which is a
cytosolic protein facilitating vesicular trafficking. Clinically, stroke
patients with higher cerebrospinal fluid lactate levels have low
level of astrocytic mitochondria [98]. These findings underscore
the pivotal role of LRP1 in mitigating ischemic injury through facil-
itating mitochondria-mediated astrocyte-neuron communication,
providing clinical evidence for the release of mitochondria by
astrocytes after cerebral ischemia.

Astrocytes exhibit significant heterogeneity and morphological
diversity across distinct brain regions [135]. Under pathophysio-
logical conditions, activated astrocytes can be classified into Al
or A2 phenotypes [141]. It has been reported that Al-type astro-
cytes can cause neuronal damage by the release of dysfunctional
mitochondria [131,142]. In response to stress, astrocytes rapidly
activate into the Al-type astrocytes that enhances the interaction
between mitochondrial Drp1 and mitochondrial fission 1 protein
(Fis1), exaggerates mitochondrial fission processes, and increases
mitochondria fragmentation, mtROS and loss of MMP, ultimately
resulting in mitochondrial dysfunction [143,144]|. The damaged
astrocytic mitochondria are released and enter neighboring neu-
rons to fuse with neuronal mitochondria, causing neuronal mito-
chondrial dysfunction and exacerbating neurological damage
[89,145]. Heptapeptide (Hep), a peptide inhibitor P110 targeting
Drp1-Fis1 interaction, can protect against IS-induced mitochon-
drial dysfunction [146]. Liu et al. reported that Hep-loaded
macrophage-derived exosomes can mitigate mitochondrial dys-
function in lipopolysaccharide-induced A1-type astrocytes by
inhibiting Drp/Fis1-mediated mitochondrial fission. As a result,
more functional mitochondria are released from astrocytes and
transferred into neurons, improving neuronal mitochondrial func-
tion and reducing neuronal damage as well as cerebral ischemia
infarct size in tMCAO rats [147].

Mitochondrial transfer from astrocytes to oligodendrocyte (OLs)

The CNS consists of gray matter and white matter, the latter
accounts for a major brain volume and is composed of axons and
myelin sheaths [148,149]. The major cell type that forms myelin
sheaths is OLs, which are vulnerable to ischemia [150,151]. It is
generally accepted that ischemia-induced white matter lesions
can damage oligodendrocyte precursor cells (OPCs), preventing
them from differentiation into OLs, leading to demyelination
[152,153]. Astrocytes are main cell type of white matter, which
facilitates nutrient transport, providing structure and metabolic
support for the adjacent neurons and OLs that produce myelin
sheath [154]. Magami et al. have shown that A2-type phenotype
of astrocytes release functional mitochondria which are taken up
by OPCs, promoting maturation and differentiation of OPCs under
chronic cerebral hypoperfusion. Cobalt chloride-induced chronic
ischemia typically disrupts OPC maturation, which is reversed by
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incubation with astrocyte-conditioned medium. Further studies
shows that treatment with tyrosine kinase beta (TrkB) agonist
induces astrocyte transformation into A2 astrocytes and facilitates
the release and transfer of functional mitochondria from A2 astro-
cytes, this process enhances OLs maturation and differentiation,
and ultimately alleviating white matter damage and memory dis-
turbance in bilateral common carotid artery stenosis-operated
mice [155]. It is well-known that Trkp is the main receptor of
brain-derived neurotrophic factor (BDNF), which is a neurotrophin
that plays a crucial role in neuron survival and differentiation and
OPC maturation [156].

Mitochondrial transfer from astrocytes to ECs

Astrocytes and ECs are critical cellular constituents of the BBB
[157]. Recent studies indicate that dentin matrix protein 1
(Dmp1)-expressing astrocytes deliver functional mitochondria to
ECs via their endfeet processes, a process essential for maintaining
BBB integrity. Genetic deletion of Mfn2 in Dmp1-positive astro-
cytes impairs mitochondrial transfer, resulting in BBB leakage. Fur-
thermore, age-related decline in astrocytic MFN2 expression
diminishes the efficiency of mitochondrial trafficking, contributing
to progressive BBB dysfunction [158]. Given that cerebral ischemia
induces significant BBB disruption, these findings suggest that
enhancing Dmp1l expression in astrocytes could ameliorate
ischemic injury by promoting intercellular mitochondrial transfer
and preserving BBB integrity.

Mitochondrial transfer derived from microglia

Microglia, as resident immune cells within the CNS, play a piv-
otal role in the pathophysiology of cerebral ischemia [159,160].
When cerebral ischemia occurs, local brain tissue undergoes oxy-
gen deprivation and metabolic disorders. Microglial cells promptly
sense this pathological alteration through various cell surface
receptors, such as toll-like receptors, and activated in response
for the stimuli [161,162]. Microglia can be classified into two phe-
notypes: pro-inflammatory M1 phenotype and anti-inflammatory
M2 phenotype. The dynamic balance between M1 and M2 micro-
glia significantly influences IS progress. In the early stage, M1
microglial activation facilitates pathogen clearance and tissue
damage resolution [163,164]. However, their persistent activation
promotes the release of inflammatory factors, ROS and proteases,
which further exacerbates ischemic injury [164,165]. In the con-
trary, M2 microglia play a critical role in later-stage for tissue
repairing and neural regeneration [166,167]. Liu et al. have shown
that IS induced microglia activation may worsen neuronal injury
through promoting mitochondrial transfer from microglia into
neurons, because activated microglia increase mitochondrial fis-
sion and the release of damaged mitochondria, which may be
taken up by neurons and fused with neuronal mitochondria, result-
ing in neuronal mitochondrial damage and dysfunction. Further-
more, they demonstrate that the injection of mitochondria
derived from M1 microglia into the ischemic cortex exacerbates
neuronal impairment in tMCAO rats [112]. These results suggest
that inhibiting microglia activation and preventing dysfunctional
mitochondrial transfer from microglia to neuros could be a promis-
ing strategy for reducing IS-induced neuronal damage.

Mitochondrial transfer derived from pericytes

It is well-known that pericytes, ECs and astrocytes play a crucial
role in maintaining the integrity and function of the BBB under
physiological conditions [122,168]. IS induces pericyte contraction,
reducing capillary diameter and aggravating hypoxia and ischemia
[169,170], and may eventually promotes pericyte death due to
energy failure, oxidative stress and inflammation [171,172]. Peri-
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cyte demise further compromises the integrity of the BBB and
intensifies cerebral ischemic injury [171]. Pisani et al. have shown
that OGD/R can boost extensive TNT formation between healthy
pericytes and astrocytes, facilitating functional mitochondrial
transfer between these cells. Transferring healthy mitochondria
from pericytes to astrocytes protects astrocytes from OGD-
induced apoptosis, and help maintaining the structural and func-
tional integrity of the BBB. Interestingly, when astrocytes are trea-
ted with staurosporine, a cellular stressor that impairs
mitochondrial function, the number of pericyte-astrocyte TNTs
and pericytes-derived mitochondria within staurosporine-treated
astrocytes increases [73]. These findings suggest that increased
TNT formation may represent a compensatory “help-me” mecha-
nism, by which damaged astrocytes recruit functional mitochon-
dria from pericytes to promote survival under ischemic conditions.

Mitochondrial transfer derived from neurons

Neurons are fundamental entities in the structure and function
of the nervous system, and remain the most widely studied cell
type in IS models [5,173]. Mounting evidence have demonstrated
that IS-mediated mitochondrial dysfunction, predominantly occur
in neurons, implicating neurons as the primary source of injured
mitochondria following IS [174,175]. Interestingly, a recent study
suggests that injured mitochondria derived from neurons may also
act as a “help-me” signal to facilitate neuron-astrocyte communi-
cation following IS. It has been reported that the release of dys-
function mitochondria from neurons increases in response for
stress challenges such as acidosis, hydrogen peroxide, N-methyl-
D-aspartate, or glutamate exposure, concurrent with reduction in
mitochondrial basal respiration and MMP. These dysfunctional
mitochondria are expelled into the extracellular space and subse-
quently engulfed by adjacent astrocytes, leading to increased
mRNA expression of mitochondrial Mirol and mitochondrial tran-
scription factor A in astrocytes, suggesting the activation of MB
pathway [174]. Although it is still unclear whether neurons can
directly obtain rescue from astrocytes through this “help-me” sig-
nal, clearance of neuronal mitochondrial debris by astrocyte
engulfment is undoubtedly helpful for restoring ischemic neuronal
recovery.

Mitochondrial transfer derived from ECs

Mitochondrial respiratory function in brain ECs is frequently
compromised following IS, resulting in impaired vascular repair
and diminishes angiogenic capacity [176]. These findings under-
score the central role of mitochondria in maintaining ECs function
and supporting vascular integrity [177,178]. Supporting this con-
cept, studies have demonstrated that administration of
mitochondrial-enriched EVs derived from BECs significantly atten-
uates OGD-induced endothelial damage, highlighting therapeutic
potential for preserving mitochondrial content in BECs for resili-
ence against ischemic stress [47]. A recent comparative study eval-
uated the therapeutic efficacy of intravenous delivery of
mitochondria-containing EVs derived from human BECs and
mouse BECs in a mouse tMCAO model. The findings revealed that
mitochondria from both sources were effectively internalized by
neighboring BECs, leading to enhanced mitochondrial function
and increased ATP production. Importantly, mouse BEC-derived
EVs contained higher mitochondrial content than human BEC-
derived EVs and homologous pairing (mouse to mouse) yielded
superior improvements in ATP levels and mitochondrial respira-
tion compared to heterologous pairing. In vivo, intravenous admin-
istration of mouse BEC-derived EVs significantly reduced infarct
volume and improved neurological outcomes in tMCAO mice.
These results indicate that mitochondria-containing EVs secreted
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by BECs represent a promising strategy for enhancing post-stroke
recovery [179,180]. Nevertheless, whether endogenous intercellu-
lar mitochondrial transfer occurs from ECs to other cell types
remains unclear, representing a critical direction for future
investigation.

Stem cells-derived mitochondrial transplantation as a novel
therapeutic strategy for IS

Endogenous mitochondrial transfer among brain cells is typi-
cally transient and may be insufficient to confer robust or sus-
tained neuroprotection. A growing body of evidence have
demonstrated that transplantation of healthy mitochondria from
autologous and exogenous sources has emerged as a promising
therapeutic approach for restoring mitochondrial function follow-
ing IS [69,181]. Stem cell transplantation therapy is widely investi-
gated for IS treatment due to their low immunogenicity, high
differentiation capacity and paracrine activity which produce var-
ious growth factors, immunomodulatory factors, and EVs to pro-
mote neurogenesis and functional recovery. The transfer of
mitochondria from donor stem cells to recipient brain cells can
modulate various cellular processes, including proliferation, differ-
entiation, metabolism, inflammation, cell senescence, cell stress,
and cell migration, position the stem cell-derived mitochondria
transplantation as a novel therapeutic avenue for treating IS.
Indeed, the healthy mitochondria derived from stem cells have
been demonstrated to exert multiple beneficial effects on neurons,
ECs and glia to improve IS outcome (Table 2). The administration of
exogenous stem cells after IS has been shown to facilitate mito-
chondrial transfer between the stem cells and all brain cells in
the CNS, the following section will separately discuss the protec-
tive role and potential mechanisms of mitochondrial transfer
between stem cells and individual brain cells, such as neurons,
ECs, astrocytes and microglia for clarity (Fig. 5).

Mitochondrial transfer from stem cells to neurons

Stem cell transplantation, especially using MSCs, offers an
attractive strategy for IS treatment, since MSCs can secret trophic
factors which promote axonal regeneration and neuron survival.
It has been demonstrated that mitochondria could be transferred
from BMSCs to OGD-injured neurons in a GJCs-dependent manner,
which is attenuated by GJCs inhibitor 18 glycyrrhetinic acid. Fur-
ther study shows that gap junctions Cx43 and Cx32 are expressed
in BMSCs and motor neurons, respectively. This mitochondrial
transfer enhances the bioenergetic profile in OGD-treated motor
neurons, mitigating apoptosis, and facilitating cell survival. In
addition, both mitochondrial and BMSCs transplantation have been
shown potential to promote motor function recovery in rats with
SCI [82]. Another study revealed bidirectional transfer of intercel-
lular contents between multipotent MSCs (MMSCs) and neurons
in co-culture. This involves the transfer of cellular contents from
neurons to MMSCs and reversal mitochondrial transfer from
MMSCs back to neural cells. In rats subjected to tMCAO, intra-
venous administration of cell suspension from neuron co-
cultured with MMSC upregulates the expression of BDNF and
Miro1 in MMSCs, reducing infarct volume and improving neurolog-
ical function [77]. Wei et al. reported that low temperature can
increase Mirol expression in MSC, combining administration of
MSC and cooling saline (therapeutic hypothermia) enhances MSC
mitochondrial transfer and neurological recovery in OGD/R-
treated SH-SY5Y cells and tMCAO-operated rats, the mechanisms
underlying may involve upregulating Miro1 and inhibiting inflam-
mation and apoptosis [182]. Upregulation of Mirol in MSCs
enhances mitochondrial transfer, protects against oxidant injury
and improves metabolism in neurons exposed to hydrogen perox-
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Table 2
Mitochondrial transfer from stem cells to neural cells following IS.
Donor cells Recipient cells IS Model  Transfer Mitochondria  Mechanisms and/or outcome Ref
mode status
bone marrow derived Neurons 0OGD GJC Health Mitigate apoptosis, and facilitate cell survival [82]
mesenchymal stem cells
(BMSCs)
multipotent mesenchymal stem  Neurons OGD TNTs Health Upregulate BDNF and Mirol, restore the bioenergy levels in  [77]
cells (MMSCs) Astrocytes MCAO astrocytes and stimulated their proliferation
MMSCs Neurons tMCAO / Health Upregulate Miro1 and BDNF, and promote neurological [85]
recovery
MSCs Neurons hydrogen |/ Health Upregulate Miro1 and protect neurons from oxidant injury  [96]
peroxide and improve metabolism.
exposure
MSCs SH-SY5Y cells OGD/R / Health Upregulate Miro1, reduce inflammation and apoptosis, and ~ [182]
tMCAO promote neurological recovery
umbilical cord derived Neurons MCAO / Health Decrease blood creatine phosphokinase level and [183]
(UC-MSCs) astroglyosis as well as microglia activation, inhibition of
apoptosis
Metabolic switching Neurons 0GD / Health Enhance cell viability, improve cel metabolism, decrease [184]
manipulated MSCs mitochondrial reactive oxidative species, and increase
mitochondria ATP levels
UC-MSCs Neurons OGD/R / Health Decrease ROS and enhance cell survival [185]
Endothelial cells  tMCAO
Astrocytes
Human induced Pluripotent PC12 cells CoCl, TNTs Health The transferred mitochondria reduce apoptosis and restored [72]
stem cells-derived mitochondrial function in the injured PC12 cells
mesenchymal stem cells
(iPSC-MSCs)
Endothelial progenitor cells Endothelial cells OGD / Health Promote angiogenesis and reduce transcellular permeability [186]
(EPCs) of the brain endothelium
MSCs Human umbilical OGD/R TNTs Health Protect mitochondrial function and reduce apoptosis [70]
vein endothelial
cells
MSCs Cerebral tMCAO TNTs Health Improve mitochondrial activity of injured microvasculature  [71]
microvasculature and enhance angiogenesis and neurological function
MSCs Endothelial cells tMCAO EVs Health MSCs-derived mitochondrial transfer rescued mitochondrial [99]
function in endothelial cells and reprogrammed glutathione
metabolism to facilitate tip cell transition, enhance
angiogenesis and facilitate functional recovery
BMSCs Microglia OGD/R / Health Reduce ROS and HIF-1a levels, inhibit microglia activation [187]
Astrocytes tMCAO and neuroinflammation

ide. On the contrary, downregulating Mirol have the opposite
effect [96]. In addition, co-culture of MMSCs with neurons
enhances neuroprotective effects, accompanied by increased Miro1
expression. This suggests that MMSC therapy promotes intracellu-
lar exchange between neurons and stem cells to protect neuronal
damage, contributing to the recovery of neurological function in
tMCAO-operated rats [85]. These results identify Mirol as an
important molecule to mediate mitochondrial transfer.

It has been reported that intracerebroventricular transplanta-
tion of healthy mitochondria from UC-MSCs into MCAO-operated
rats reduced the ischemic injury. This was evidenced by decreased
blood creatine phosphokinase, attenuated astroglyosis and micro-
glia activation, reduced apoptosis, and infarct size, and improved
neurological function [183]. Gorsky et al. reported that the MSC
culture using alternating galactose and glucose medium c can gen-
erate “super mitochondria” with high ATP production and meta-
bolic rate. Importantly, co-culturing neurons with these MSCs
enriched with super mitochondria can increase cell viability and
ATP production, improving cell metabolism, and decreasing
mtROS, compared to standard OGD-treated MSCs [184].

Li et al. compared the ability of different brain cells to internal-
ize UC-MSCs-derived mitochondria after cerebral ischemia. They
found that neurons and ECs exposure to OGD/R or from tMCAO-
operated mice have a higher ability to internalize mitochondria
than astrocytes. The internalized mitochondria effectively reduced
ROS levels and promoted cell survival. Furthermore, stress-induced
ROS further enhanced host cell’s capacity to internalize mitochon-
dria after cerebral ischemia [185]. These results demonstrate that
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application of MSC-derived mitochondrial transfer is beneficial
for neurons survival after IS.

Mitochondrial transfer from stem cells to ECs

IS induces angiogenesis as a compensatory mechanism for
repairing damaged blood vessels. However, post-ischemic
microenvironment, such as inflammation and oxidative stress,
can impair BECs and impede reparative angiogenesis. Therefore,
repairing BECs is crucial for the recovery of IS.

A growing body of evidence supports the therapeutic potential
of mitochondrial transfer from stem cells to ECs [178]. For instance,
it has been shown that endothelial progenitor cells (EPCs) —derived
extracellular mitochondria can incorporate into normal brain ECs,
promoting angiogenesis and reducing endothelial permeability.
This incorporation promotes angiogenesis, reduces endothelial
permeability, and restores bioenergetics by increasing mtDNA
and intracellular ATP levels following OGD [186]. Liu et al. demon-
strated that MSCs improve the mitochondrial function and protect
human umbilical vein ECs against OGD/R-induced apoptosis by
transferring functional mitochondria to improve their mitochon-
drial function via TNTs [70]. This transfer improved mitochondrial
activity in the damaged microvasculature, leading to reduced
infarct volume, enhanced angiogenesis and neurological functional
recovery in tMCAO-operated rats [71].

The link between mitochondrial transfer and the stimulation of
angiogenesis was further elucidated by Zhang et al., who devel-
oped a targeted delivery system for MSC-derived mitochondria.
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Fig. 5. Exogenous mitochondria-derived from stem cells protect neural cells against IS injury. A. Mesenchymal stem cells (MSCs) transfer mitochondria to OGD-injured
neurons through a gap junction channels (GJCs)-dependent manner, primarily involving increased gap junctions connexin 43 (Cx43) and connexin 32 (Cx32), and this transfer
enhances the bioenergetic profile, inhibits apoptosis and facilitates cell survival. B. Mitochondrial transfer from MSCs to brain endothelial cell improves cerebral endothelial
function and angiogenesis. C. IS promotes tunneling nanotubes (TNTs) formation and mitochondrial transfer from MSCs to astrocytes, thereby improving the bioenergy
metabolism and cell proliferation of astrocytes. D. MSCs-derived mitochondria taken up by microglia inhibit its activation and neuroinflammation following IS. This image

was created in BioRender (https://BioRender.com/drte122).

Using an EV-mimetic platform functionalized with Arg-Gly-Asp
(RGD) peptide, they selectively delivered mitochondria to peri-
lesional ECs. This intervention restored mitochondrial function,
reprogrammed GSH metabolism, and promoted a tip cell pheno-
type, a critical initiator of vessel sprouting, thereby enhancing
angiogenesis and functional recovery in mice [99]. Collectively,
these studies build a compelling case for the “replacement hypoth-
esis,” where transferred mitochondria act as direct energy suppli-
ers to restore endothelial function.

However, a pivotal breakthrough from Melero-Martin’s team
challenges this very premise. Their groundbreaking study revealed
that even depolarized or mtDNA-deficient mitochondria, which
lack canonical bioenergetic capacity, can preserve endothelial cell
function without integrating into the host mitochondrial network
[100]. This discovery suggests that transplanted mitochondria
may act not merely as energy suppliers but as molecular “triggers”
that activate mitophagy in recipient cells, thereby selectively clear-
ing damaged organelles and stimulating endogenous repair
mechanisms.

Mitochondrial transfer from stem cells to astrocytes

Babenko et al. investigated mitochondrial transfer between
MMSCs and astrocytes under normal and damaged mitochondrial
condition. They found that MMSCs effectively transfer healthy
mitochondria to injured astrocytes exposed to OGD. The transfer
improves the energy metabolism and proliferation of astrocytes.
They also found that mitochondrial damage in astrocytes pro-
moted the efficiency of mitochondrial transfer and TNTs formation
from MMSCs to astrocytes. Furthermore, administrating MMSCs
with overexpression of Miro 1 into experimental IS animals was
shown to increase the transfer of MMSCs mitochondria to damaged

neuronal and astrocytes, thereby alleviating neurological dysfunc-
tion [77]. This support the proposal when mitochondria of recipi-
ent cells are damaged, these damaged mitochondria may send
signals to promote mitochondrial transfer.

Mitochondrial transfer from stem cells to microglia

Dai et al. compared the ability of microglia and astrocytes to
take up functional mitochondria derived from BMSCs following
cerebral ischemia. They observed that microglia have higher ability
to take up functional mitochondria compared to astrocytes. This
uptake of functional mitochondria reduces ROS and HIF-1a expres-
sion and improves neurological outcome in tMCAO-operated rats.
Notably, the study found that ROS produced by microglia cells fol-
lowing ischemia is a critical regulator of mitochondrial internaliza-
tion, and that enhancing autophagy in microglia cells may
subsequently reduce both ROS and HIF-1a [187].

Challenges and future directions of stem cell-derived mitochondrial
therapy for IS

Limitations and key scientific problems

The translation of stem cell-derived mitochondrial therapy for
IS faces several fundamental limitations. A primary concern is
the low efficiency of mitochondrial delivery and cellular uptake.
Isolated mitochondria lack active homing capabilities; after sys-
temic administration, they are extensively sequestered in the pul-
monary microvasculature and struggle to cross the BBB, resulting
in minimal delivery to the ischemic penumbra. Even if delivered,
the uptake of these large organelles by stressed neurons is ineffi-
cient, and their fate remains unclear, whether they integrate func-
tionally into the host’s mitochondrial network or are degraded in
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lysosomes is a critical unanswered question [188]. Another signif-
icant challenge is ensuring mitochondrial quality and viability. The
processes of isolation, purification, and storage can severely com-
promise MMP, respiratory function, and structural integrity.
Administering dysfunctional mitochondria is not only ineffective
but also risky, as they may release mtDNA and formyl peptides,
which act as damage-associated molecular patterns. These can
trigger innate immune responses via pathways like cGAS-STING,
potentially exacerbating neuroinflammation [114,115]. Further-
more, the field currently lacks standardized protocols for mito-
chondrial isolation, quality assessment, and dosage, leading to
considerable batch-to-batch variability.

Risks and challenges

The clinical application of mitochondrial transplantation is
fraught with risks. Immunogenicity is a foremost risk; given their
bacterial origins, allogeneic mitochondria may provoke immune
recognition and rejection [189,190]. Although an ongoing early-
phase clinical trial is assessing the safety of autologous mitochon-
drial transplantation in brain ischemia (NCT04998357), the long-
term safety profile of exogenous mitochondria, including their
potential to disrupt host metabolic or signaling networks, remains
largely unknown. From a technical perspective, achieving targeted
delivery to the brain remains a major hurdle. Standard intravenous
injections lead to widespread systemic distribution and poor CNS
engagement. Direct intracranial injection, while more local, is
highly invasive and carries risks of additional damage in already
compromised brain tissue.

Potential solutions and future directions

To overcome these barriers, innovative strategies are being
explored. Advanced delivery systems are paramount. For instance,
engineering mitochondria with targeting ligands, such as RGD
peptide-functionalized mitochondrial vesicles (mitoEVMs), has
been shown to enhance specific binding to integrins on ischemic
ECs, improving both delivery precision and therapeutic efficacy
in mouse stroke models [99]. Similarly, packaging mitochondria
into engineered EVs or biocompatible nanoparticles can protect
them during circulation and facilitate BBB crossing [191]. Optimiz-
ing administration routes, such as the intranasal pathway, offers a
non-invasive alternative to bypass the BBB and directly access the
CNS [192]. To address quality control, developing robust biomark-
ers for mitochondrial potency, such as membrane potential, oxy-
gen consumption rate, and establishing good manufacturing
practice (GMP)-compatible production pipelines are essential for
clinical-grade products. Preconditioning stem cells through
hypoxia or genetic engineering to upregulate proteins like Miro1
can enhance the intrinsic quality and transfer competence of their
mitochondria. Finally, combining mitochondrial therapy with bio-
materials, for example, hydrogels for sustained release, or pharma-
cological agents that promote cellular uptake and endosomal
escape could significantly improve functional integration and
long-term benefits in patients[193-196].

In summary, while stem cell-derived mitochondrial transplan-
tation holds revolutionary potential for IS, its clinical success
hinges on resolving the intertwined challenges of targeted deliv-
ery, functional integration, consistent quality, and comprehensive
safety. A multidisciplinary approach, integrating bioengineering,
molecular biology, and clinical neurology, will be crucial to
advancing this promising “organelle therapy” from the bench to
the bedside.

Concluding remarks and future perspectives

The therapeutic landscape for IS is undergoing a paradigm shift,
moving beyond traditional pharmacologic and cellular therapies to
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embrace the innovative concept of mitochondrial transfer as a
form of “organelle therapy.” This approach capitalizes on the fun-
damental biological process of intercellular mitochondrial sharing,
yet faces the dual challenge of deciphering its complex endogenous
regulatory mechanisms while developing effective exogenous
application strategies. The transition from cellular to subcellular
medicine represents a frontier in stroke therapeutics that demands
a concerted multidisciplinary effort.

Advancing the understanding of endogenous mitochondrial transfer

Endogenous mitochondrial transfer represents a double-edged
sword in cerebral ischemia. While the donation of healthy orga-
nelles from supportive cells like astrocytes to stressed neurons
provides well-documented neuroprotection, the reverse transfer
of damaged mitochondria can propagate injury signals across neu-
ral networks. This duality necessitates future strategies that selec-
tively promote beneficial transfer while inhibiting detrimental
dissemination through pharmacological or genetic approaches.

Critical knowledge gaps remain regarding the molecular mech-
anisms governing mitochondrial transfer. Key unanswered ques-
tions include the precise triggers initiating transfer, with
evidence suggesting roles for ischemia-induced ATP depletion as
a “help-me” signal [107,197] and calcium overload regulating
Miro1 protein function [174,198]. The kinetic characteristics of
mitochondrial movement also require investigation, particularly
whether transferred mitochondria can reach energy-demanding
synaptic regions to support neural function effectively.

The balance between functional and damaged mitochondrial
transfer under pathological conditions constitutes another critical
research direction. Future therapeutic strategies should not aim
to generally enhance mitochondrial transfer but rather to selec-
tively promote the transfer of functional mitochondria. This may
be achieved by: (1) improving mitochondrial homeostasis in donor
cells (e.g., astrocytes) through pharmacological or genetic
approaches to ensure source quality; (2) developing targeting sys-
tems that specifically guide healthy mitochondrial subpopulations
for transfer; and (3) identifying specific signaling pathways that
block the transfer of damaged mitochondria. Intriguingly, recent
evidence from myocardial ischemia models suggests that even
depolarized or mtDNA-deficient mitochondria can preserve
endothelial function without integrating into the host mitochon-
drial network [100], indicating that transferred mitochondria
may function not merely as energy donors but as molecular
“primers” that activate mitophagy in recipient cells, facilitating
clearance of dysfunctional organelles.

The possibility of peripheral-to-central mitochondrial transfer
presents another fascinating research avenue. Current studies pre-
dominantly focus on mitochondrial transfer among CNS cells, yet
emerging evidence suggests ECs which are key components of
the BBB may receive mitochondria from peripheral sources
through circulating EVs. Elucidating peripheral-central mitochon-
drial communication could not only provide novel therapeutic
approaches for delivering mitochondria via peripheral circulation
but also identify early diagnostic biomarkers for stroke. However,
given the structural and functional complexity of the BBB, How-
ever, given the structural and functional complexity of the BBB,
future research should employ rigorous in vivo tracking techniques
to confirm the contribution of peripheral mitochondria to the CNS
following IS. Key approaches include: (i) genetic labeling of periph-
eral mitochondria using cell type-specific transgenic reporters; (ii)
real-time intravital imaging to visualize transfer across the BBB;
(iii) single-cell multi-omics and mtDNA haplotype analysis to iden-
tify cells acquiring exogenous mitochondria; (iv) characterization
of circulating extracellular vesicles as potential long-distance carri-
ers; and (v) functional perturbation studies to establish physiolog-
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ical relevance. Integrating these strategies will provide a compre-
hensive framework for deciphering peripheral-central mitochon-
drial communication.

Overcoming challenges in exogenous mitochondrial transplantation

Despite promising preclinical results and ongoing clinical trials,
mitochondrial transplantation faces significant translational hur-
dles. Primary limitations include mitochondrial instability outside
native environments, storage difficulties, and sourcing challenges
— particularly for patients with pre-existing mitochondrial dys-
function where autologous transplantation may be impractical.

Critical uncertainties surround the fate of transplanted mito-
chondria, which often undergo lysosomal degradation rather than
functional integration. Enhancing endosomal escape represents a
key challenge, potentially addressed through bio-inspired engi-
neering approaches. To address the critical bottleneck of lysosomal
degradation of transplanted mitochondria, recent advances in bio-
engineering offer several promising strategies to enhance cytosolic
delivery and functional integration. First, pH-dependent endoso-
mal escape peptides can be conjugated to the mitochondrial sur-
face. These peptides, often engineered by substituting cationic
residues with histidine, remain inert at neutral pH but undergo
protonation within the acidic endosomal environment, disrupting
the endosomal membrane and facilitating mitochondrial release
into the cytosol[199]. Second, co-delivery of small molecules with
endosomolytic activity, such as chloroquine or siramesine, within
extracellular vesicle carriers can compromise endosomal integrity,
promoting mitochondrial escape prior to lysosomal fusion[200].
However, this approach requires careful targeting modifications
to confine activity to ischemic tissue and avoid off-target cytotox-
icity. Third, fusion-based delivery systems that bypass the endoso-
mal pathway entirely represent a transformative approach. By
encapsulating mitochondria within fusogenic liposomes composed
of lipids like DOPE and cationic components, the carrier can fuse
directly with the target cell membrane, depositing mitochondria
directly into the cytosol and circumventing endosomal entrapment
altogether[201,202]. These strategies, while at varying stages of
development, provide a mechanistic roadmap for improving mito-
chondrial delivery efficiency to the brain and other target tissues.

Safety assessment must address mtDNA-mediated immune
activation via cGAS-STING signaling and potential long-term
effects from persistent mitochondrial presence. Finally, standard-
ized protocols for isolation, quality control and delivery are
urgently needed to ensure reproducible clinical translation.

A roadmap for clinical Translation: From mechanisms to medicine

To systematically address these challenges, we propose a struc-
tured research roadmap comprising three integrated phases. The
initial Foundational & Mechanistic Understanding phase should
resolve core biological questions by confirming transfer dynamics,
assessing mitochondrial functionality, determining integration
within recipients, and elucidating mechanisms governing release,
uptake, and endosomal escape. The subsequent Technology &
Therapeutic Development phase must translate these insights into
practical strategies by enhancing donor mitochondrial quality,
optimizing targeted delivery platforms, and establishing standard-
ized GMP-compatible protocols. Finally, the Translational & Clini-
cal Strategy phase should pave the way for clinical application
through rigorous preclinical testing, biomarker validation, and
early-phase clinical trials progressing toward allogeneic products.

In conclusion, mitochondrial transfer represents a paradigm
shift in IS treatment, moving therapeutic strategies from the cellu-
lar to the subcellular level. The successful clinical translation of this
approach requires addressing interconnected challenges in under-
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standing endogenous transfer mechanisms, developing targeted
delivery systems, ensuring functional integration, maintaining
consistent quality, and comprehensively evaluating safety profiles.
A multidisciplinary approach integrating bioengineering, molecu-
lar biology, and clinical neurology will be essential to safely har-
ness this powerful biological phenomenon, ultimately restoring
metabolic function and promoting neural repair after ischemic
brain injury.
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