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ABSTRACT: Ischemic stroke remains a leading cause of death and long-term disability worldwide, yet effective
neuroprotective therapies beyond reperfusion strategies are still lacking. Emerging evidence highlights
mitochondria as central regulators of neuronal fate, expanding their traditional role in cellular energy
homeostasis through ATP production by oxidative phosphorylation (OXPHOS). Together with calcium
buffering and redox regulation, these represent canonical mitochondrial functions. Mitochondria also regulate
cellular adaptation to stress through mitochondrial quality control (MQC), mitochondrial ferritin-dependent
iron buffering, signaling mediated by mitochondrial metabolites and mitochondrial DNA (mtDNA), and
intercellular organelle transfer. These non-canonical functions link mitochondrial state to ferroptotic cell death,
innate immune activation, and epigenetic regulation of nuclear responses. During cerebral ischemia,
mitochondrial dysfunction involves impaired OXPHOS, the generation of reactive oxygen species (ROS),
opening of the permeability transition pore, disruption of organelle dynamics, and dysregulation of non-
canonical functions, collectively promoting neuronal injury, inflammation, and impaired recovery. These
disturbances are further exacerbated by aging, which compromises MQC mechanisms, including fusion/fission
balance, mitophagy, and biogenesis, and increases neuronal vulnerability. Mitochondrial signals, including
mtDNA, cardiolipin, and ROS, also contribute to inflammasome activation and glial metabolic reprogramming,
linking mitochondrial injury to neuroinflammation. Moreover, mitochondrial ferritin and iron buffering may
influence oxidative damage and ferroptosis. Therefore, integrating canonical and non-canonical mitochondrial
functions provide a broader framework for understanding ischemic injury and underscore the potential of
MQC, redox regulation, iron homeostasis, and mitochondrial transfer as therapeutic targets and strategies for
stroke recovery.
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between preclinical and clinical efficacy has prompted a
re-evaluation of the underlying mechanisms contributing
to ischemic brain injury, with growing attention directed
toward cellular organelles that govern not only energy

Introduction

Ischemic stroke remains one of the leading causes of death

and long-term disability worldwide, with a significant
socioeconomic burden and limited therapeutic options
beyond thrombolysis or thrombectomy [1]. Despite
decades of research, neuroprotective strategies aimed at
preserving neuronal viability have largely failed to
translate into clinical applications [2—6]. This discrepancy

production but also stress signaling, cell death, and
neuroimmune crosstalk [7-14]. Mitochondria are
traditionally known as the “powerhouses of the cell”
because of their role in oxidative phosphorylation
(OXPHOS) and ATP production [15]. Here, these
bioenergetic functions, together with substrate oxidation
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through PB-oxidation and the tricarboxylic acid (TCA)
cycle, calcium uptake and buffering, redox homeostasis
and reactive oxygen species (ROS) detoxification, heme
and iron—sulfur cluster biosynthesis, amino acid and
intermediary metabolism, are referred to as canonical
mitochondrial functions. Collectively, these processes
sustain cellular metabolic, ionic, and redox homeostasis.
Alongside  these direct homeostatic  functions,
mitochondria engage in regulatory, signaling, and
adaptive processes referred to here as non-canonical.
These include mitochondrial quality control (MQC),
encompassing mitochondrial biogenesis, fusion/fission
dynamics, and mitophagy, as well as the regulation of
cell-fate and cell-death pathways, including apoptosis and
the modulation of ferroptosis and pyroptosis. Non-

canonical functions also encompass mitochondria-to-
nucleus retrograde signaling involving redox, metabolic,
stress, and epigenetic responses; innate immune signaling
driven by mitochondria-derived danger signals, including
released mitochondrial DNA (mtDNA) and externalized
or oxidized cardiolipin and intercellular mitochondrial
transfer (Fig.1) [9, 16-24]. These processes are
dynamically remodeled in response to injury, as reflected
by changes in mitochondrial morphology, abundance, and
contacts with other organelles [14, 25-28]. During
cerebral ischemia, their disruption may influence cell
death, inflammatory, and reparative responses, making
the mechanisms governing mitochondrial plasticity and
signaling potential therapeutic targets (Fig.1).
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Figure 1. Canonical and non-canonical mitochondrial functions. Mitochondria play fundamental canonical functions in cellular
bioenergetics and metabolism, including B-oxidation, the tricarboxylic acid (TCA) cycle, oxidative phosphorylation (OXPHOS), ATP
production, redox homeostasis, and biosynthetic processes. Moreover, mitochondria perform non-canonical functions, including serving
as signaling and regulatory centers involved in apoptosis and cell survival, mitochondrial quality control (MQC; dynamics and
mitophagy), interactions between mitochondria and the cell nucleus, stress signaling, innate immunity, epigenetic regulation,

intercellular mitochondrial transfer, and iron metabolism.
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Ischemia induces a rapid collapse of the
mitochondrial membrane potential, the generation of
ROS, and the opening of the mitochondrial permeability
transition pore (mPTP), leading to the release of pro-
apoptotic factors [8]. Beyond these acute events,
mitochondria play central roles in shaping long-term
neuroinflammatory cascades, cell fate decisions, and
supporting regenerative processes [29-36]. Particularly
relevant are the mechanisms of MQC, including
mitophagy, dynamics (fusion and fission), and biogenesis,
which become progressively impaired with aging and
under ischemic stress [10, 13, 14, 37—41]. Additionally,
mitochondria act as key modulators of intercellular
communication, enabling transfer of intact mitochondria
between cells, notably from astrocytes to neurons, in a
potentially reparative mechanism following stroke [25,
27,42, 43].

This narrative review first outlines how ischemia-
induced failure of canonical mitochondrial functions
disrupts metabolic, ionic, and redox homeostasis, thereby
engaging non-canonical responses. It then examines
MQC, with particular emphasis on mitophagy, alongside

immunometabolism, mitochondrial iron handling and
ferroptosis, = mitochondria-nucleus  crosstalk, and
intercellular mitochondrial transfer. Building on these
mechanisms, the review considers how aging modifies
mitochondrial responses to ischemia and influences post-
stroke injury, repair, and therapeutic responsiveness.
Finally, it addresses the potential therapeutic relevance
and translational limitations of targeting these pathways.

2. Mitochondrial dysfunction in ischemic stroke,
pathophysiology

The pathophysiology of ischemic stroke involves a
complex cascade of events triggered by the sudden
disruption of cerebral blood flow [8, 44]. At the cellular
level, mitochondria are among the first organelles
affected, experiencing a rapid collapse in OXPHOS, loss
of membrane potential (Aym), and deficiency of ATP
production [45-50]. While this energetic crisis is central
to early neuronal injury, mitochondria are also involved
in amplifying oxidative and inflammatory damage (Fig.
2) [9, 20, 51, 52].
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Figure 2. Mitochondrial dysfunction and inflammatory signaling in cerebral ischemia. Cerebral ischemia disrupts mitochondrial
homeostasis through a cascade of related events, including the loss of mitochondrial membrane potential (Aym), reactive oxygen species
(ROS) generation, intracellular Ca?* accumulation, and opening of the mitochondrial permeability transition pore (mPTP). These
changes impair oxidative phosphorylation and mitochondrial bioenergetics and promote mitochondrial dysfunction. Mitochondrial
membrane permeabilization facilitates the release of cytochrome ¢ (Cyt. ¢) and mitochondrial DNA (mtDNA) into the cytosol. While
Cyt. ¢ contributes to the activation of apoptotic signaling, oxidized mtDNA and ROS overload promote the activation of the NLRP3
inflammasome, which in turn, by activating caspase-1, leads to the maturation and release of interleukin-1p (IL-1p) and interleukin-18
(IL-18), thereby contributing to neuroinflammatory signaling. These interrelated processes exacerbate mitochondrial dysfunction and

inflammatory responses following cerebral ischemia.
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Within seconds-minutes of oxygen and glucose
deprivation, neurons switch from efficient mitochondrial
respiration to anaerobic glycolysis, leading to intracellular
acidification and lactate = (LA)  accumulation.
Simultaneously, the electron transport chain (ETC)
becomes uncoupled, and mitochondrial ROS generation
rapidly increases [53—57]. In particular, reperfusion after
ischemia initiates a burst of superoxide ions (O and
hydrogen peroxide (H2O;) production, for example, at
complex I and III of the ETC, a phenomenon largely
attributed to reverse electron transport (RET) and
succinate accumulation during ischemia [20, 48, 58, 59].

Among the ROS, the hydroxyl radical (OH) is one of the
most toxic species, as it damages mtDNA, lipids, and
proteins, and also activates signaling pathways that
prompt cell death and neuroinflammation [60—65].

The mPTP, a high-conductance channel formed under
pathological conditions, plays a critical role in ischemic
injury. Its opening triggers mitochondrial matrix swelling,
rupture of the outer membrane, and release of cytochrome
¢ and other pro-apoptotic factors into the cytosol,
activating caspase-dependent and independent cell death
pathways (Fig. 3) [66—69].
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Figure 3. Mitochondrial dysfunction and ROS generation during ischemia-reperfusion. Ischemia impairs mitochondrial
respiration, resulting in reduced electron transport chain (ETC) activity, decreased oxidative phosphorylation (OXPHOS), ATP
depletion, and a metabolic shift toward increased glycolysis and lactate (LA) production. Reperfusion restores oxygen availability but
promotes a rapid increase mitochondrial ROS generation, particularly at ETC complexes I and I1I, including through reverse electron
transport (RET). Overproduction of ROS, including hydroxyl radicals (*OH), contributes to oxidative damage to mitochondrial DNA
(mtDNA), lipids, and proteins. These changes are associated with mitochondrial permeability transition pore (mPTP) opening, matrix
swelling, and cytochrome c (Cyt. ¢) release, followed by caspase activation and cell death.

Mitochondrial function is further compromised by
dysregulation of calcium homeostasis. Excess glutamate
release and N-methyl-D-aspartate (NMDA) receptor
activation promote massive Ca** influx into neurons,
overloading mitochondria and triggering ROS generation
through enhanced TCA cycle activity. This vicious cycle
of oxidative stress and mitochondrial damage contributes
to the expansion of the ischemic core and impairs
recovery in the penumbra [8]. Importantly, ischemic
stroke alters not only mitochondrial function but also the

distribution and morphology of the mitochondrial
network [45, 70—73]. Fragmentation of mitochondria due
to excessive fission, primarily mediated by dynamin-
related protein 1 (Drpl), reduces interconnectivity and
impairs metabolic efficiency [74-78]. Mitochondrial
swelling, disruption of cristae, and altered contact with the
endoplasmic reticulum (ER) have also been observed in
experimental models of cerebral ischemia [7, 79].
Moreover, ischemic mitochondria release damage-
associated molecular patterns (DAMPs), including

Aging and Disease * Volume 18, Number 6, December 2027 4



Berezka P., et al.

Non-Canonical Mitochondria in Stroke and Aging

mtDNA and cardiolipin fragments, which may activate
innate immune sensors such as the NLR family pyrin
domain-containing 3 (NLRP3) inflammasome. This
contributes to a self-propagating inflammatory response
that amplifies tissue damage above the initial ischemic
insult [31, 32, 80—84].

Mitochondrial-derived stress also engages retrograde
signaling to the nucleus. The mitochondrial unfolded
protein response (UPRmt), although less well
characterized in the brain than in other tissues, is believed
to play a role in the transcriptional adaptation to
mitochondrial ~ dysfunction, involving  activating
transcription factor 4 (ATF4) and activating transcription
factor 5 (ATFS), and C/EBP homologous protein (CHOP)
[85-90]. This may serve both protective and maladaptive
roles, depending on context and duration of activation.

Mitochondria also serve as a central regulator of
intracellular iron metabolism [91]. Mitochondrial ferritin
(FtMt), an iron-storage protein localized within the
mitochondrial matrix, has been linked to buffering of
redox-active iron and reduction of ROS-driven lipid
peroxidation [92].

Notably, mitochondrial susceptibility to ischemic
stress is modulated by age, sex, and metabolic

comorbidities [93-97]. Aging is characterized by a
decline in mitochondrial density, reduced respiratory
reserve, and impaired antioxidant defense, all of which
may exacerbate injury and limit endogenous repair.
Furthermore, age-related loss of mitochondrial membrane
fluidity and cardiolipin integrity disrupts cristae structure
and compromises the activity of key respiratory
complexes [98—101].

Taken together, these findings show that ischemic
stroke disrupts canonical mitochondrial functions, as
manifested by bioenergetic failure, dysregulated calcium
handling, and loss of redox balance. These homeostatic
disturbances are closely intertwined with changes in non-
canonical mitochondrial processes, including MQC, iron
buffering, stress and immune signaling, and cell-death
regulation, which are discussed in the following sections.
Table 1 summarizes the key mitochondrial functions,
molecular pathways, aging-related changes, and potential
therapeutic relevance. Age-related evidence is limited for
several mechanisms and may derive from non-stroke
models or studies without direct young-aged
comparisons.

Table 1. Canonical and non-canonical mitochondrial functions in ischemic stroke and their modification by aging.

Canonical: OXPHOS, B- Primarily neurons; also  Reduced respiratory Preservation of substrate  [45-50,
Bioenergetics  oxidation, TCA reported in astrocytes,  capacity and metabolic oxidation, ETC function, 93-101,
cycle, ETC and microglia/macrophages, flexibility limit ATP mitochondrial Aym, and  108]
substrates: CoQ oligodendrocytes, and  recovery after ischemia; NAD+ availability can
and cyt. ¢ endothelial cells. aged animals show sustain ATP production
persistent acylcarnitine and metabolic recovery.
accumulation and
glycolytic remodeling.
Canonical: Ca?" uptake, Primarily neurons; also  Reduced cardiolipin and Preventing mitochondrial [8, 66-69,
Ca>/mPTP mPTP, OPA1 and reported in astrocytes, OPAL1 content with Ca?" overload and the 98-101]
cyt.c microglia and increased cardiolipin permeability transition to
endothelial cells. peroxidation; direct preserve Aym, cristae
evidence for age-related architecture, and ATP
changes in mitochondrial  production, and to limit
Ca?" handling and mPTP  infarct expansion.
sensitivity remains
limited.
Canonical: ROS generation:  Neurons and Reduced antioxidant Restraining excessive [20, 48,
Redox ETC/RET oligodendrocytes are capacity and increased ETC/RET-derived ROS  58-65, 98—
Antioxidant primary targets of oxidative damage to and reinforcing 101, 120,
systems: NRF2 mitochondrial oxidative macromolecules with mitochondrial 121]
signaling, GSH injury; glial, vascular, lower cardiolipin content  antioxidant systems can
and infiltrating immune and complex I activity, limit cardiolipin,
cells modulate ROS and higher cardiolipin mtDNA, protein, and
production and redox peroxidation. lipid oxidation; preserve
signaling. ETC and reduce
oxidative injury in
neurons and the
neurovascular unit.
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Canonical:

Iron . FtMt, heme/Fe-S,

metabolism ETC, MPs, and
mitochondrial
labile Fe?* pool

Non- AMPK/SIRT1/PG

canonical: -

MQC 1a/NRF1/TFAM;
MFN1/2, OPA1,
Drpl;
PINK1/Parkin

Non-

canonical: mtDNA,

Immune cardiolipin, ROS,

signaling NLRP3/cGAS-
STING/TLRY9/TX
NIP signaling

Non- Ferritin, labile

canonical: Fe?'/Fe**, Fenton

Iron buffering reaction,

and GSH/GPX4,

ferroptosis ACSL4

regulation

Non- NAD"/sirtuins,

canonical: AMPK, PGC-1a,

Mitochondria- UPRmt

nucleus

signaling

Non- CD38/cADPR;

canonical: LRP1/ARF1

Mitochondrial lactylation;

transfer RHOT1/Mirol/P
GC-la

Astrocytes transfer
mitochondria/mitochon
drial cargo to neurons,
endothelial cells, and
pericytes; activated
microglia transfer
mitochondria to
neurons.

Primarily neurons; also
reported in astrocytes,
microglia/macrophages,
oligodendrocytes, and
endothelial cells.

Neurons; microglia and
monocyte-derived
macrophages (major
responders); astrocytes
and endothelial cells
(additional responders).

Primarily neurons; also
reported in
oligodendrocytes and
endothelial cells.

Primarily neurons and
microglia/macrophages,
also reported in
astrocytes and
endothelial cells.

Astrocytes to neurons,
endothelial cells, and
pericytes; pro-
inflammatory microglia
to neurons; MSCs to
neurons and cerebral
endothelial cells.

Aging promotes cortical
cytosolic and
mitochondrial non-heme
iron accumulation,
associated with increased
HAMP and decreased
FTM-1, suggesting
impaired iron export.
Evidence for age-related
changes in heme or Fe-S
cluster synthesis is
lacking.

Reduced OPA1 and PGC-
lo signaling, increased
mitochondrial
fragmentation, altered
dynamics and mitophagy
(region- and cell type-
specific).

Age-related mitochondrial
disruption and cytosolic
mtDNA accumulation are
associated with cGAS—
STING activation.
TXNIP-dependent
inflammasome activity
also increases with brain

aging.

Increased non-heme iron,
higher HAMP and
reduced FPN1; altered
FtMt regulation/function
in the aged ischemic brain
remains unknown.

Aging is associated with
declining NAD*
availability, altered sirtuin
signaling, decreased PGC-
la signaling, reduced
mtDNA
content/maintenance; age-
related changes in UPRmt,
metabolite-dependent
chromatin signaling, and
HDACSs remain unclear.

Limited evidence;
increased astrocyte-
derived mitochondrial
signal in cerebral
capillaries in young adult
mice (7 vs. 3 months).

Restoring balanced
mitochondrial iron
availability can sustain
heme and Fe-S

cluster synthesis,
aconitase, ETC activity,
and ATP production,
while limiting the labile
Fe2+ pool that promotes
Fenton reaction and lipid
peroxidation.

Restoring MQC
promotes biogenesis,
preserves mitochondrial
integrity, enhances
mitophagy, and improves
neuronal survival and
functional recovery.

Suppress
mtDAMP/NLRP3-
cGAS-STING-TLR9-
TXNIP signaling to
reduce sterile
inflammation and
secondary injury;
promote reparative
microglial/macrophage
metabolism to enhance
debris clearance,
remyelination, and tissue
repair.

Enhancing FtMt-
dependent buffering of
labile mitochondrial Fe?"
can restrict Fenton
reaction and lipid
peroxidation, preserve
GSH/GPX4-dependent
antioxidant defense, and
reduce ferroptotic injury
in neurons and brain
endothelial cells.

Enhancing
communication between
mitochondria and the
nucleus supports
proteostasis, antioxidant
defense, biogenesis, and
metabolic adaptation,
improving neuronal
resilience and recovery.

Enhancing mitochondrial
transfer restores
bioenergetics, reduces
oxidative stress and
apoptosis, stabilizes the
BBB, and promotes
repair; limiting damaged-
mitochondria transfer
may prevent dysfunction
spread.

[91,214,
218,219
225, 228]

(10,13, 14,
37-41,93,
104-116,
164-180]

[31, 60,
80-84,
122,123,
183-201]

[18, 19,
214-230]

[85-90,
117-119,
231-282]

[25,27, 42,
43,283
310]

Abbreviations: AMPK, AMP-activated protein kinase; ATP, adenosine triphosphate; BBB, blood—brain barrier; cADPR, cyclic ADP-ribose; DAMP,

damage-associated molecular pattern; DI}]]J

FtMt, mitochondrial ferritin; GSH, glutat]

cerebral artery occlusion; MQC, mitochondrial Euality control; mtDNA, mitochondrial
nicotinamide adenine dinucleotide; NLRP3, N

atrophy protein 1; OXPHOS, oxidative phosphorylation;
kinase  1; RET, reverse electron tran_s[g\(])rt;

mitochondrial transcription factor A;

OS, reactive oxygen species; S
T, tunneling nanotube;

1, dynamin-related protein 1; ER, endoplasmic reticulum; ETC, electron transport chain; FPN1, ferroportyna;
one; HAMP, hepcidin; HDAC, histone deacetylase; IMT, intercellular mitochondrial transfer; MCAO, middle
NA; mPTP, mitochondrial permeability transition 80re; NAD?,
R family Ppa'/rm domain-containing 3; NRF2, nuclear factor erythroid 2-related factor 2; |
C-1a, peroxisome proliferator-activated receptor-y coactivator 1o; PINK1, PTEN-induced

TFNG, stimulator of interferon genes; TCA, tricarboxylic acid; TFAM,

PRmt, mitochondrial unfolded protein response; Aym, membrane potential.

PA1, optic
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3. Aging as a modifier of mitochondrial responses to
ischemic stroke

Aging is the strongest non-modifiable risk factor for
ischemic stroke. It is associated with profound changes in
mitochondrial homeostasis that may influence both
susceptibility to ischemic damage and recovery from
stroke. This part of our review focuses on how aging
modifies both canonical and non-canonical mitochondrial
functions and thereby modifies the response to ischemic
stroke. Age-related mitochondrial dysfunction extends
beyond impaired bioenergetics and includes changes in
MQC, dynamics, redox regulation, metabolism,
nicotinamide adenine dinucleotide (NADY)-dependent
signaling, immunometabolism, iron handling,
proteostasis, and intercellular mitochondrial transfer
(IMT). The accumulation of mtDNA damage, reduced
OXPHOS efficiency, impaired mitochondrial turnover,
and diminished antioxidant capacity may progressively
decrease the mitochondrial reserve of the aging brain even
before ischemic damage occurs. Consequently,
mitochondria in aging cells may have a limited capacity
to maintain homeostasis and adapt to the additional
metabolic and oxidative stress induced by ischemia and
reperfusion. Therefore, mitochondrial aging may
represent an important link between increased
susceptibility to ischemic injury and decreased capacity
for post-stroke repair and recovery. However, the strength
of evidence varies substantially across mechanisms.
Direct comparisons between young and aged animals in
experimental stroke are available for only a subset of these
non-canonical mitochondrial processes.

Moreover, aging may impair MQC by disrupting the
coordination of mitochondrial biogenesis, dynamics, and
mitophagy. Reduced turnover and inefficient removal of
damaged mitochondria may impede the restoration of
mitochondrial integrity and function following
ischemia/reperfusion, thereby reducing mitochondrial
resilience to ischemic stress [102]. Recent evidence
showed that expression of optic atrophy 1 (OPAl), a
mitochondrial and cristae-organizing protein declined
with age and was further reduced after stroke. In aged
mice subjected to distal middle cerebral artery occlusion
(dMCAO), neuron-specific OPA1 deletion exacerbated
mitochondrial cristae disruption, infarct expansion, and
neuronal loss, whereas translocase of inner mitochondrial
membrane 8B (TIMMSB) overexpression partially
restored OPAl-dependent cristae organization and
reduced injury [103]. In a separate study of aged female
mice subjected to cerebral ischemia/reperfusion,
mitofusin 2 (MFN2) and Drpl protein content were
reduced in the ischemic cortex, while exercise
preconditioning increased both proteins and improved
neurological outcomes [104]. Supporting evidence

outside ischemia further shows age-related increases of
fission 1 protein (Fisl) and Drpl, higher mitochondrial
fragmentation in astrocytes, and reduced OPAIl and
translocase of outer mitochondrial membrane 20
(TOMM20) with increased Drpl immunoreactivity in
human motor-cortex neurons [105-107]. Collectively,
these findings suggest that aging alters mitochondrial
dynamics in a region- and cell-dependent manner,
potentially limiting structural recovery after cerebral
ischemia, however, direct age-comparative measurements
of fusion and fission after stroke remain limited.

Direct studies evaluating whether and how aging
modifies mitochondrial biogenesis after ischemic stroke
remain sparse. In 18—20-month-old male mice subjected
to permanent distal MCAO (pdMCAO) combined with 45
min of hypoxia, formoterol initiated 24 h after stroke
increased mtDNA copy number and mitochondrial
transcription factor A (TFAM) in the infarct region. These
changes were accompanied by reduced acylcarnitine and
lipid accumulation, consistent with  enhanced
mitochondrial biogenesis and lipid processing [108].
However, the absence of a young comparison group
precludes direct assessment of age-dependent
impairment, although the findings suggest that
mitochondrial biogenesis remains pharmacologically
inducible in the aged post-stroke brain. Complementary
evidence from non-ischemic models indicates age-related
changes in mitochondrial biogenesis that may influence
mitochondrial resilience to ischemic stress. In male mice,
aging from 10 to 30 months was accompanied by a
progressive decline in the cortical expression of multiple
peroxisome proliferator-activated receptor gamma
coactivator-1 alpha (PGC-1a) isoforms, including
neuron-specific brain-derived variants [109]. Consistent
with this pattern, separate rodent studies identified age-
related reductions in PGC-1a protein across the cortex,
substantia nigra, and hippocampus, variably accompanied
by lower nuclear respiratory factor 1 (NRF1) and TFAM
content, citrate synthase activity, and mtDNA content
[110-112]. In the human post-mortem brain, mtDNA
copy number declined with age in the frontal cortex but
not the cerebellum, whereas mtDNA deletions
accumulated in both regions [113]. Collectively, these
findings indicate region and context-dependent
remodeling of mitochondrial biogenesis and mtDNA
maintenance with age, with converging evidence for a
gradual decline in key biogenesis-related pathways across
multiple brain regions. Evidence regarding the impact of
aging on the mitophagy response after ischemic stroke
remains limited, as available studies largely examine
interventions in aged animals rather than directly
comparing post-ischemic mitophagy across age groups. In
aged female  mice subjected to  cerebral
ischemia/reperfusion, nine weeks of exercise
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preconditioning increased cortical protein content of
BCL2-interacting protein 3-like (BNIP3L/NIX), Parkin,
autophagy-related protein 7 (ATG7), microtubule-
associated protein 1 light chain 3 (LC3) II and
sequestosome 1 (p62/SQSTMI1), as well as the LC3 1I/I
ratio, at 12 h after injury. These changes were
accompanied by reduced infarct volume and neurological
deficits [104]. However, the single-time-point
measurements cannot establish enhanced mitophagy flux
or a causal contribution to neuroprotection.
Complementary evidence from non-stroke models
indicates that aging alters mitophagy in region and cell-
type-specific trajectories. For example, mt-Keima
(mitochondria-targeted,  pH-sensitive  reporter  of
mitochondrial delivery to acidic lysosomes) imaging
showed lower lysosomal mitophagy signal in cortical
neurons and astrocytes of 18—20-month-old male mice
compared with young animals, although astrocytes
maintained higher mitophagy than neurons in both ages
[114]. Other studies similarly indicate region-specific and
age-dependent changes in basal and inducible mitophagy,
including altered PTEN-induced kinase 1 (PINK1)/Parkin
signaling and mitochondrial clearance [93, 115, 116].
Collectively, aging appears to differentially affect
mitochondrial damage recognition and clearance across
brain regions and cell types, whereas how these changes
modify the mitophagy response to ischemic stroke
remains unresolved.

Age-related changes in NAD* metabolism and sirtuin
signaling pathways are key factors determining
mitochondrial resilience. NAD* concentration decreases
with aging, which may restrict the activity of NAD"-
dependent sirtuins that link cellular energy status to
mitochondrial metabolism, antioxidant defense, and stress
adaptation. Moreover, NAD"-dependent pathways are
also closely linked to the regulation of inflammation and
epigenetics, serving as a mechanistic link between
mitochondrial aging and broader cellular dysfunction
[117]. In particular, sirtuin 1 (SIRT1) regulates
transcription pathways associated with mitochondrial
biogenesis and cellular stress response, while the
mitochondrial sirtuin 3 (SIRT3) regulates protein
acetylation, oxidative metabolism, and redox homeostasis
[118]. Reduced NAD" availability and altered sirtuin
activity may consequently impair the ability of aging
mitochondria to adapt to the energetic and oxidative
challenges associated with ischemia/reperfusion. This
may be particularly meaningful during reperfusion, when
the restoration of oxygen availability is accompanied by
intensified mitochondrial ROS generation. A study on
cerebral ischemia has shown that ischemia itself depletes
mitochondrial NAD* and that restoration of NAD*
availability may diminish mitochondrial protein
hyperacetylation, ROS generation, and mitochondrial

fragmentation through SIRT3-dependent mechanisms
[119]. Therefore, age-related impairment of NAD*-sirtuin
signaling may reduce mitochondrial resilience to ischemic
stress and shift the balance from adaptive redox signaling
toward oxidative damage. These alterations may also
promote inflammatory signaling, providing a mechanistic
link between mitochondrial dysfunction and the
development of inflammaging.

It is also worth noting that the redox environment of
the aged brain further contributes to mitochondrial
vulnerability. Thus, aging is associated with aggravated

oxidative  damage, accumulation of oxidized
macromolecules, and reduced efficiency of endogenous
antioxidant systems [120]. At the same time,

overproduction of ROS not only generates harmful
byproducts but also participates in redox signaling and the
regulation of cellular adaptation [121]. The age-related
shift toward a less effective redox control system may
therefore alter both the magnitude and duration of
mitochondrial  responses to ischemia/reperfusion.
Additionally, when oxidative burden generated during
reperfusion is imposed on this pre-existing redox
imbalance, mitochondrial proteins, lipids, and mtDNA
may become more susceptible to oxidative modifications
[120]. Therefore, aging may lower the threshold above
which physiological mitochondrial ROS signaling shifts
toward chronic oxidative stress and pathophysiological
dysfunction of mitochondria.

Aging is associated with chronic low-grade
inflammation, oxidative stress, and dysregulation of
immune response, collectively contributing to the state of
inflammaging. In the aged brain, altered basal activity of
microglia, astrocytes, and endothelial cells, as well as
peripheral immune pathways, may create an
inflammatory environment even before a stroke occurs
[122]. In this way, mitochondria may both respond to and
contribute to this inflammatory state through ROS
generation and the release of mitochondrial components,
including mtDNA [123]. Aging may therefore influence
not only the magnitude of mitochondrial dysfunction
following ischemia but also the inflammatory response
that develops in parallel. Moreover, the interaction
between mitochondrial stress and inflammaging may
contribute to prolonged inflammatory signaling and
delayed restoration of cellular homeostasis after stroke.

Another  important  non-canonical role of
mitochondria is related to age-associated alterations in
iron homeostasis, which may provide an additional link
between mitochondrial dysfunction and ischemic insult.
Iron serves as an essential cofactor for numerous enzymes
and is involved in numerous physiological processes
fundamental to cellular function, including oxygen
transport, DNA synthesis and repair, and mitochondrial
energy metabolism [124]. Mitochondria play a central
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role in cellular iron utilization, heme synthesis, and the
biogenesis of iron-sulfur clusters, making mitochondrial
function highly dependent on adequate iron availability
and regulation. Age-related alterations in iron
homeostasis may increase the availability of redox-active
iron and the susceptibility of cells to oxidative damage.
An expanded labile iron pool may promote ROS
generation through iron-catalyzed reactions, including the
Fenton reaction, thereby increasing oxidative damage to
cellular components and potentially contributing to
cellular senescence. When imposed on the metabolic and
redox disturbances induced by ischemia—reperfusion,
impaired iron homeostasis may further exacerbate lipid
peroxidation and increase susceptibility to iron-dependent
cell death, including ferroptosis. Moreover, disruption of
mitochondrial ~ iron  homeostasis may  impair
mitochondrial function and contribute to age-related
mitochondrial dysfunction [125]. Thus, age-related
alterations in iron homeostasis may further reduce
mitochondrial resilience and contribute to the
vulnerability of the aged brain to oxidative and metabolic
injury.

Importantly, the effects of mitochondrial aging
extend beyond neurons to the entire neurovascular unit.
Mitochondrial dysfunction in endothelial cells, pericytes,
astrocytes, and vascular smooth muscle cells may
influence vascular tone, endothelial function, blood—brain
barrier (BBB) integrity, cerebral blood flow, and
metabolic coupling between vascular and neural cells.
Since aging itself is associated with progressive
impairment of neurovascular function, age-related
mitochondrial dysfunction may further reduce the
neurovascular unit's capacity to respond to ischemia and
restore homeostasis after reperfusion [126]. This vascular
aspect is particularly relevant to ischemic stroke, as
mitochondrial dysfunction may affect both the metabolic
support of neural tissue and the vascular processes
required for cerebral perfusion and neurovascular repair
[127].

The consequences of age-related mitochondrial
dysfunction likely extend beyond the acute phase of
ischemic damage and affect the ability to recover after a
stroke. Recovery requires significant metabolic flexibility
and coordinated mitochondrial function to support
synaptic remodeling, axonal plasticity, angiogenesis,
neurogenesis, and the restoration of neurovascular
interactions [128]. Aging is accompanied by reduced
regenerative capacity and impaired neuroplasticity [129],
while persistent mitochondrial dysfunction, oxidative
stress, impaired MQC, and chronic inflammatory
signaling may further limit the cellular energy and
signaling necessary for these processes [130].

Taken together, aging should be considered a
fundamental modifier of canonical and non-canonical

mitochondrial responses to ischemic stroke rather than
simply an additional risk factor. The aged brain enters
ischemia with reduced mitochondrial energy reserve,
disturbed MQC, altered NAD'-sirtuin and redox
signaling, increased inflammatory tone, and disturbed
metabolic and iron homeostasis. Ischemia/reperfusion
imposes an additional stress on this already vulnerable
system, potentially resulting in a more persistent state of
mitochondrial dysfunction and impaired cellular
adaptation. These age-dependent changes provide a
mechanistic framework linking mitochondrial aging with
increased susceptibility to ischemic injury and reduced
post-stroke repair. Understanding how biological age
modifies mitochondrial responses may therefore be
essential  for  developing  mitochondrial-targeted
interventions that are effective across different stages of
the lifespan.

4. Mitochondrial quality control systems and
ischemic sensitivity

Mitochondria are highly dynamic organelles that maintain
their function through continuous remodeling, repair, and
degradation processes collectively referred to as MQC
[131]. These include mitochondrial biogenesis, dynamics,
and selective autophagic degradation (mitophagy). In the
context of ischemic stroke, MQC mechanisms are
disrupted, compromising the ability of cells to restore
mitochondrial integrity and metabolic homeostasis [40].
One of the central regulators of mitochondrial
biogenesis is PGC-1a, which coordinates the transcription
of nuclear-encoded mitochondrial proteins, antioxidant
enzymes, and components of oxidative phosphorylation.
PGC-1a activity is modulated by AMP-activated protein
kinase (AMPK) and NAD*-dependent SIRT1, forming a
metabolic-sensing axis that is sensitive to cellular energy
status and redox balance [132, 133]. While mitochondrial
biogenesis replenishes the organelle pool, fusion and
fission continuously remodel the resulting network by
redistributing contents and segregating damaged
components for mitophagy. Fusion and fission events
regulate mitochondrial morphology and facilitate the
distribution of mtDNA, proteins, and lipids across the
mitochondrial network. Under physiological conditions,
mitochondrial fusion promotes complementation between
disrupted and functional mitochondria, stabilizes cristae
structure, and supports metabolic efficiency [134]. This
process is coordinated by mitofusin 1 (MFN1) and MFN2
on the outer mitochondrial membrane, and OPA1 on the
inner membrane. MFN1 is essential for the initial
tethering and merging of outer membranes, while MFN2
contributes to ER-mitochondria tethering and calcium
homeostasis [135]. OPA1 not only mediates inner
membrane fusion but also maintains cristae integrity,
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thereby protecting against cytochrome c release and
apoptosis [136]. Downregulation of these fusion proteins
has been associated with impaired mitochondrial
connectivity and increased vulnerability to neuronal death
following ischemia [137].

Conversely, mitochondrial fission is mediated
primarily by Drp1, a cytosolic GTPase that translocates to
the outer membrane upon activation [138]. There, Drp1 is
recruited to fission sites through interactions with outer
mitochondrial membrane receptors, primarily
mitochondrial fission factor (MFF), Fisl, mitochondrial
dynamics proteins 49 and 51 (MiD49, and MiD51), which
regulate its recruitment and assembly, whereas the
contribution of Fisl to basal mitochondrial fission is less
clearly defined and appears to become more relevant
under cellular stress [139, 140]. Ischemic stress induces
hyperactivation of Drpl via phosphorylation at Ser616
and dephosphorylation at Ser637, resulting in excessive
fragmentation, mitochondrial depolarization, and ROS
generation [141, 142].

The balance between fusion and fission is critical for
maintaining mitochondrial structure and function [143].
Disruption of this stability during ischemic stroke not only
impairs mitochondrial bioenergetics but also interferes
with mitophagy, calcium and iron buffering, and cell
death signaling [7, 22, 73, 77, 144, 145]. Moreover,
imbalanced MQC may trigger a sterile innate immune
response, contributing to inflammation during both the
acute and chronic phases of ischemic stroke [31, 60, 146].
A-kinase anchoring protein 1 (AKAP1) anchors protein
kinase A (PKA) at the outer mitochondrial membrane,
where it phosphorylates Drpl at Ser637 to inhibit its
fission activity [147, 148]. Loss of AKAP1 leads to
mitochondrial fragmentation, ROS generation, decreased
membrane potential, and impaired complex 11 of the ETC
[78, 149]. In models of transient middle cerebral artery
occlusion (tMCAO), AKAP1 knockout mice show larger
infarct volumes and reduced neuronal survival [75, 150].
Conversely, deletion of the mitochondria-localized Drp1
activator neuron-specific Bf2 regulatory subunit of
protein phosphatase 2A (PP2A/Bf2) maintains inhibitory
Drp1 phosphorylation at Ser637, reduces infarct volume,
and improves neuronal survival [150]. Together, these
findings identify phosphorylation-dependent control of
Drpl as an important determinant of ischemic sensitivity.
Despite this evidence from genetically modified mouse
models, no selective pharmacological modulator of
AKAPI1 has been evaluated in cerebral ischemia.

In the absence of direct AKAP1 modulators,
pharmacological approaches have focused on limiting
excessive mitochondrial fission by targeting Drpl. A
mitochondrial division inhibitor 1 (Mdivi-1) reduced
infarct volume and neurological injury in rat MCAO
models when administered either before ischemia or

following ischemia immediately before reperfusion [151,
152]. However, Mdivi-l can reversibly inhibit
mitochondrial complex I and alter ROS production
independently of Drpl, preventing unambiguous
attribution of its neuroprotective effects to inhibition of
mitochondrial fission [153]. A more interaction-selective
approach is provided by P110, which disrupts the stress-
induced interaction between Drp1 and Fis1 [76]. Systemic
P110 administered before tMCAO reduced acute
infarction and neurological deficits, whereas exosome-
mediated delivery at reperfusion increased carrier
accumulation in ischemic brain tissue and improved acute
outcomes compared with the free peptide [154, 155]. SC9,
a small-molecule mimetic developed to reproduce the
inhibitory action of P110, reduced Fisl-associated Drpl
dysfunction in cellular and endotoxemia models but has
not yet been evaluated in experimental stroke models
[141].

Translational evidence remains limited. Studies with
Mdivi-1 and P110 were conducted exclusively in
otherwise healthy male rodents, without evaluation of
aged animals, females, or common stroke comorbidities.
Treatment was either preventive or administered in close
temporal association with controlled experimental
reperfusion, and most outcomes were assessed during the
acute phase. Interactions with thrombolysis or
thrombectomy were not examined, and quantitative brain
pharmacokinetics were not reported for Mdivi-1 or free
P110. Free P110 is also susceptible to proteolysis and
lacks oral bioavailability, while SC9, although developed
to address these limitations, showed a brain-to-plasma
ratio of approximately 2% and a plasma half-life below
0.5 h in non-ischemic mice [141]. None of these
approaches has entered clinical evaluation in ischemic
stroke. Therefore, current findings support excessive
Drpl-dependent fission as a pharmacological proof of
concept, but its therapeutic efficiency and -clinical
translatability remain to be established.

Another mechanism through which MQC prevents
the accumulation of dysfunctional organelles and the
release of pro-apoptotic and pro-inflammatory signals is
mitophagy, the selective elimination of dysfunctional
mitochondria via autophagosomes. The PINK1 pathway,
among others, is a well-characterized mitophagy pathway
that becomes activated upon mitochondrial depolarization
[156].

Altogether, the MQC system represents a critical
interface between mitochondrial integrity and cellular
homeostasis during cerebral ischemia. In this context,
mitochondrial dysfunction in ischemic stroke should not
be viewed solely as a source of oxidative damage, but
rather as a dynamic hub of redox signaling. ROS,
particularly those generated via RET during reperfusion,
may modulate MQC, inflammasome activation, and
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metabolic reprogramming. In this way, the mitochondrial
redox landscape integrates bioenergetic failure with
immune and epigenetic responses, thereby shaping both
acute neuronal injury and long-term regenerative
responses. These observations further support the concept
that disruption of MQC pathways represents a central
mechanism linking mitochondrial dysfunction with
ischemic sensitivity and post-stroke neurodegeneration.

5. Mitophagy in stroke: A double-edged process

Mitophagy is a specialized form of autophagy that
selectively removes dysfunctional mitochondria to
maintain cellular homeostasis. This MQC mechanism is
crucial in neurons, which rely heavily on mitochondrial
integrity to meet high metabolic demands and maintain
calcium and iron homeostasis. In ischemic stroke,
mitophagy emerges as a context-dependent modulator of
injury and recovery and may become detrimental if
clearance is insufficient, excessive, or uncoupled from
mitochondrial biogenesis [22, 40, 143, 157, 158]. The
best-characterized pathway of mitophagy involves PINK1
and the E3 ubiquitin ligase Parkin. Under physiological
conditions, PINK1 is constitutively imported into
mitochondria and degraded [156, 157, 159]. Upon
mitochondrial depolarization, PINK1 accumulates on the
outer mitochondrial membrane and recruits cytosolic
Parkin, which ubiquitinates outer membrane proteins such
as voltage-dependent anion channel 1 (VDACI) and
MFN2, targeting the mitochondrion for autophagic
engulfment [160—162]. This pathway is rapidly activated
in neurons following ischemic injury, particularly during
reperfusion when ROS generation peaks and
mitochondrial membrane potential collapses [163].

Several pharmacological agents have been shown to
modulate  PINK/parkin-dependent mitophagy after
cerebral ischemia. Rapamycin reduced infarct size and
preserved mitochondrial function in tMCAO,
accompanied by increased recruitment of autophagy-
related proteins and ultrastructural evidence of
mitochondrial sequestration [164]. However, its broad
activation of macroautophagy precludes attributing
protection to selective mitophagy. Methylene blue,
clinically approved for non-stroke indications and capable
of crossing the BBB, demonstrated stronger translational
relevance by reducing infarct volume and increasing
mitophagy-associated markers, when administered
immediately after permanent middle cerebral artery
occlusion [165].

More pathway-focused evidence comes from
ligustilide and tetrahydroxy stilbene glucoside.
Ligustilide enhanced PINK1/Parkin-mediated mitophagy
in tMCAO and oxygen-glucose
deprivation/reoxygenation (OGD/R) models, and its

mitochondrial protection was attenuated by PINKI
deficiency [166]. Tetrahydroxy stilbene glucoside
administered four hours after reperfusion and continued
for seven days reduced injury in adult male rats through
ubiquitin-specific  protease 10 (USP10)-dependent
activation of PINK1/Parkin signaling [167].

Sex and metabolic status further shape these
responses. In male mice, AP39 administered acutely after
photothrombotic stroke improved motor performance,
cerebral blood flow, and lesion volume, accompanied by
increased PINK 1 and Parkin expression, whereas females
showed only minimal benefit [168]. In diabetic rats,
metformin  attenuated  hyperglycemia-exacerbated
ischemia/reperfusion injury through AMPK/UNC-51-like
kinase 1(ULKI1)/PINK1/Parkin signaling, and its
protective effects in vitro were suppressed by
pharmacological inhibition of autophagy or AMPK [169].
Collectively, these studies broaden mechanistic insight
into mitophagy modulation after ischemic stroke while
also highlighting key limitations; AP39’s effects were
inferred from pathway-associated markers rather than
direct mitophagy flux measurements, and metformin’s
pleiotropic metabolic actions preclude attributing its
protection solely to mitophagy. However, mitophagy is
not uniformly protective [170]. Consistent with its
context-dependent nature, rehmapicroside reduced
ischemic injury after tMCAO by limiting peroxynitrite-
driven  excessive  mitophagy [171].  Sustained
mitochondrial degradation can deplete the mitochondrial
pool and impair cellular bioenergetics, particularly in
neurons with limited capacity for mitochondrial
biogenesis [93, 172]. In this setting, mitophagy may act as
a “double-edged sword”, mitigating damage through the
selective elimination of dysfunctional mitochondria but
contributing to delayed energy failure and neuronal death
when clearance exceeds replacement [173].

In addition to the canonical PINK1/Parkin pathway,
receptor-mediated mitophagy also contributes to
mitochondrial turnover in stroke. BCL2-interacting
protein 3 (BNIP3), BNIP3L/NIX, and FUN14 domain-
containing protein 1 (FUNDCI) possess LC3-interacting
regions that directly recruit autophagosomes to
mitochondria [145, 174-176]. Hypoxia-inducible factor
l-alpha (HIF-la), rapidly stabilized during ischemia,
upregulates BNIP3 and NIX while FUNDCI1 is regulated
through stress-responsive post-translational
modifications, including phosphorylation by casein
kinase 2 and dephosphorylation by phosphoglycerate
mutase family member 5 (PGAMS) [177-179]. Recent
evidence showed that Src-dependent phosphorylation
contributes to the delayed FUNDCI inactivation after
ischemia. Pharmacological Src inhibition restored
FUNDCI1-dependent mitophagy in cultured neurons,
although this remains an in vitro mechanistic observation
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rather than a therapeutic strategy [158]. These receptor-
mediated pathways provide additional flexibility of
mitophagy regulation under different injury contexts. In
aged mice, exosome-delivered 3-n-butylphthalide
enhanced drug accumulation in ischemic tissue, restored
microglial mitochondrial function and phagocytosis,
reduced neuroinflammation, and attenuated excessive
mitophagy [180]. Clinical evidence remains indirect. In a
cohort of 280 patients with acute ischemic stroke, higher
serum autophagy-related protein 5 (ATGS5) concentration
was associated with greater neurological impairment,
stroke recurrence, and mortality. However, circulating
ATGS does not specifically reflect mitophagy flux in the
ischemic brain [181]. Collectively, the available studies

\".AW(\_ — (siRTr)
PGC-10) Mitochondrial
i (——-k/} %'1:‘ \
(NRE12 (Tram ) OXBHOS
. -T-/ components
; ANucleus /
Ischemia / #Nuc ih—.\ New mitochondria \
; / pavmarc N\ MQC
ﬁ" i
. . LISCHEMIA AND AGING
| Biogenesis Mitochondrial
T Fission ~— I\Tctteagg(l)tl)l]c
4 Fusion homeostasis

Cell survival

—>

-

am

=
2

*
Recruitment at fission sites
MFF Fisl MiD49 MiD51 4
! |
=
Excessive fission
—Fragmentation
1 Aym
T ROS
MQC balance
Mitochondrial integrity
ATP prodaction i L J

Oxidative balance

indicate that therapeutic benefit of mitophagy modulation
depends on timing, magnitude, pathway, specificity, and
cellular context. No study has yet demonstrated
mitophagy-dependent efficacy in humans, and most
pharmacological evidence derives from young or adult
male rodents, with limited data in females, aged animals,
and comorbid stroke models. Brain exposure, mitophagy
flux, and causal pathway dependence are rarely assessed,
leaving temporal and cell-type-specific therapeutic
windows unresolved. Mitophagy is a dynamic, tightly
regulated process balancing survival and death in
ischemic stroke. An overview of MQC mechanism in
ischemic stroke is provided in Fig. 4
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Figure 4. Mitochondrial quality control (MQC) in ischemic stroke. MQC comprises mitochondrial biogenesis, fusion, fission, and
mitophagy, which together regulate mitochondrial integrity and metabolic homeostasis. Mitochondrial biogenesis is regulated by the
AMP-activated protein kinase (AMPK)/sirtuin 1 (SIRT1)/peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-
la) pathway, which promotes the expression of nuclear and mitochondrial factors required for mitochondrial biosynthesis.
Mitochondrial fusion is mediated primarily by mitofusin 1 and 2 (MFN1/2) and optic atrophy 1 (OPA1), while fission involves dynamin-
related protein 1 (Drpl) and its associated proteins, including mitochondrial fission factor (MFF), fission 1 protein (Fis1), mitochondrial
dynamics proteins of 49 and 51 kDa (MiD49 and MiD51). A-kinase anchoring protein 1 (AKAP1) modulates Drp1-dependent fission
through protein kinase A (PKA)-mediated phosphorylation of Drpl. Mitophagy, including the PTEN-induced kinase 1 (PINK1)/Parkin
pathway, promotes the selective removal and degradation of damaged mitochondria. Ischemia and aging disrupt the balance among
these MQC processes, with reduced biogenesis, altered fusion and fission, and impaired mitophagy. This MQC imbalance compromises
mitochondrial integrity and contributes to ROS generation, mtDNA release, inflammation, and cell death.
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6. Mitochondria in inflammation and
immunometabolism

Mitochondria are increasingly recognized not only as
central metabolic hubs but also as active regulators of
innate immunity [182]. In ischemic stroke, mitochondrial
dysfunction contributes to neuroinflammation through the
release of DAMPs, metabolic reprogramming of glial
cells, and activation of inflammasomes [31, 81, 82, 183,
184]. Among these, NLRP3 is a central effector of sterile
inflammation and an important target of mitochondrial
stress signals in the injured brain [84]. NLRP3 activation
generally involves an initial priming step, commonly
mediated by nuclear factor kappa B (NF-xB), which
increases the NLRP3 and pro-IL-1 expression, followed
by inflammasome assembly with apoptosis-associated
speck-like protein containing a CARD (ASC) and pro-
caspase-1. During early ischemia/reperfusion, ETC
dysfunction and RET-mediated at complex I can generate
mitochondrial ROS, which facilitate inflammasome
activation, leading to caspase-1-dependent maturation and
release pro-inflammatory cytokines interleukin-1p (IL-
1B) and interleukin-18 (IL-18).

Cytosolic mtDNA released through mitochondrial
membrane permeabilization or insufficient mitophagy
provides a parallel link between mitochondrial injury and
innate immunity [51, 81, 82, 146]. Oxidized mtDNA may
promote NLRP3 activation, although direct evidence for
this interaction derives predominantly from immune-cell
models outside stroke. Cytosolic mtDNA can also activate
cyclic GMP-AMP  synthase(cGAS)-stimulator  of
interferon genes (STING) signaling, and downstream
interferon regulatory factor 3 (IRF3)- and NF-kB-
dependent responses, whereas mtDNA delivered to
endolysosomal compartments may be recognized by Toll-
like receptor 9 (TLR9). Following tMCAO in rats,
phosphorylated STING was prominent early in neurons
and progressively increased in microglia over the first 4-
24 h of reperfusion [60]. In the same study, oxidized
mtDNA accumulated in neurons, and experiments in
OGD/R-exposed HT22 cells demonstrated cytosolic
mtDNA binding to ¢cGAS and attenuation of pathway
activation after mtDNA depletion. A separate mouse and
BV2-cell study linked microglial cytosolic mtDNA to
STING-dependent  inflammatory  signaling  using
exogenous mMtDNA and pharmacological STING
inhibition [31]. Subsequent genetic evidence further
supports a causal contribution of microglial STING to
ischemic injury [185]. However, neuron and microglial
STING signaling has not been directly compared within
the same experimental model. In patients with acute
ischemic stroke, elevated plasma mtDNA has been
associated with the extent of tissue injury [83]. However,
circulating mtDNA may reflect cellular damage and does

not identify its cellular source nor confirm activation of
NLRP3, cGAS-STING, or TLR9 in the human brain.

Pharmacological evidence indicates that STING
remains modifiable beyond the acute phase. SN-011
initiated three days after reperfusion in young male mice
promoted remyelination and long-term functional
recovery [186]. More recent delivery approaches have
demonstrated increased ischemic-brain accumulation of
intranasally administered LB244-loaded microglial-
membrane nanoparticles and neuronal-mitochondrial
localization of a ROS-scavenging nanozyme that limited
mtDNA leakage and reduced cGAS-STING activation in
microglia [187, 188]. However, these interventions have
not been systematically evaluated across sex, age, or
stroke-related comorbidities. [31, 60, 189].

Cardiolipin externalization and ER-mitochondria
contact sites provide complementary interfaces through
which mitochondrial stress may regulate inflammasome
activity. Under stress, cardiolipin redistributes from the
inner to the outer mitochondrial membrane, where it can
participate in mitophagy and provide a binding surface for
NLRP3 [190]. Cerebral ischemia/reperfusion also induces
cardiolipin oxidation and hydrolysis, however, a direct
contribution of these modifications to NLRP3 activation
in the ischemic brain has not been established.

Similarly, mitochondria-associated ER membranes
facilitate mitochondrial calcium transfer and may provide
a structural platform for inflammasome assembly derives
mainly from immune-cell models outside the stroke [191].
However, direct evidence linking cardiolipin or
mitochondria-associated membranes (MAMs) to
inflammasome assembly derives mainly from immune-
cell models outside stroke, their contribution in neurons
and glia after cerebral ischemia remains unclear.

Mitophagy provides an important regulatory link
between mitochondrial damage and inflammation.
Clearance of damaged mitochondria through the
PINK 1/Parkin pathway or receptor-mediated mechanisms
limits ROS generation and mtDNA release, thereby
restraining inflammasome activation [81, 192-194]. In
contrast, insufficient mitophagy leads to the persistence of
dysfunctional mitochondria and amplifies inflammation
[195-199]. However, the influence of mitophagy after
cerebral ischemia depends on its magnitude, timing, and
cellular context, as discussed in the previous section.
Thioredoxin-interacting protein (TXNIP) may provide an
additional redox-sensitive link between mitochondrial
ROS and NLRP3 [200, 201]. Under oxidative stress,
TXNIP dissociates from thioredoxin-1 (Trx1) and binds
directly to NLRP3, promoting inflammasome activation
[201]. In addition, mitochondrial NADPH supports
thioredoxin-2 (Trx2) reduction and glutathione-dependent
antioxidant systems and may therefore indirectly
influence TXNIP access for NLRP3, however, direct
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interaction of the mitochondrial Trx2-TXNIP complex
has not been established.

In rats subjected to tMCAO, NLRP3 expression
peaked at 24 h; Trxl knockdown increased cytosolic
TXNIP and NLRP3 expression, whereas pre-ischemic
activation of Nrf2 reduced cytosolic TXNIP, caspase-1,
IL-1B, and IL-18 levels. Notably, the Nrf2-mediated
reduction in cytosolic TXNIP was attenuated by Trxl
knockdown [202]. More recent work in a mouse model of
global cerebral ischemia demonstrated time-dependent
increases in hippocampal TXNIP and NLRP3 expression.
Adeno-associated  virus (AAV)-mediated TXNIP
knockdown reduced microglial activation, neuronal
apoptosis, pro-inflammatory cytokine levels, and
cognitive impairments [203]. Together, these findings
support redox-sensitive regulation of the TXNIP/NLRP3
axis after cerebral ischemia. Mitochondrial ROS represent
a plausible upstream signal, but their specific contribution
has not yet been directly resolved in this setting.

The involvement of NLRP3 in cerebral ischemic
injury has provided a rationale for evaluating
pharmacological NLRP3 inhibition in experimental
stroke. The selective NLRP3 inhibitor, MCC950 reduced
subacute infarct progression when administrated 24 h
after tMCAO in young male mice and attenuated infarct
growth in 18-month-old mice subjected to large-vessel
occlusion and reperfusion [146, 204]. In diabetic mice,
however, MCC950 was administered before ischemia;
therefore, this study does not establish its efficacy when
initiated after stroke onset [205]. Complementing these
experimental findings, the number of NLRP3-positive
leukocytes in pial blood collected before recanalization
during mechanical thrombectomy was associated with
three-month outcome. This association supports the
potential clinical relevance of NLRP3 activation but does
not demonstrate the therapeutic efficacy of NLRP3

inhibition [204]. Beyond initiating inflammatory
signaling, mitochondria shape immune-cell behaviour
through immunometabolism. Acute inflammatory

activation is frequently accompanied by increased
glycolysis, whereas mitochondrial metabolism continues
to provide TCA cycle-derived signals and contribute to
mitochondrial redox signaling [206-208]. Three days
after tMCAO, microglia-selective deletion of the Na*/H*
exchanger 1 (NHE1) increased OXPHOS and ATP-linked
respiration in isolated purinergic receptor P2Y12
(P2RY12)-positive cells and was accompanied by
enhanced phagocytosis, subsequent remyelination, and
improved cognitive recovery [209]. Because NHEI1
deletion also alters intracellular pH and broader
transcriptional programs, these findings link oxidative
metabolism with reparative microglial functions but do
not establish OXPHOS as their sole driver.

A distinct mitochondrial immunometabolic pathway
involves aconitate decarboxylase 1 (ACOD1), formerly
immune-responsive gene 1 (IRG1), which diverts
mitochondrial cis-aconitate from the TCA cycle to
produce itaconate. Itaconate has been proposed to restrain
inflammatory immunometabolism by limiting succinate
dehydrogenase-dependent  succinate oxidation and
activating NRF2-heme oxygenase 1 (HO-1) antioxidant
signaling. Itaconate and its derivatives have also been
reported to suppress NLRP3 inflammasome activation,
although this mechanism has been characterized
predominantly outside the context of cerebral ischemia.
Two independent studies demonstrated more severe acute
brain injury following focal cerebral ischemia/reperfusion
in global Acod1/IRG1-deficient mice [210, 211]. In one
study, ischemic-induced IRG1 expression was detected
primarily in CD11b-positive cells. IRG1 deficiency was
accompanied by lower microglial HO-1 expression,
greater microglial activation, and increased immune-cell
infiltration, whereas dimethyl itaconate restored HO-1
expression and attenuated brain injury in IRG1-deficient
animals [210]. No comparable IRGI1 induction was
detected in the CD11b-negative fraction, suggesting that
these cells are unlikely to be a major acute source of IRG1
in this model of non-myeloid brain cells. In 18-20-month-
old male mice subjected to dMCAO, alterations in
glycolytic intermediates, acylcarnitines, and itaconate
persisted from the acute phase into recovery. At four
weeks spatial transcriptomics analysis associated the
corresponding chronic metabolic gene expression
signature to TMEMI119-positive  microglia in
degenerating thalamic white matter [212]. Together, these
findings are consistent with a protective role of ACODI-
associated immunometabolism after cerebral ischemia
and indicated marked regional heterogeneity. However,
they do not establish cell-specific itaconate production or
metabolic flux. Global knockout models cannot
definitively distinguish the effects of resident microglia
from those of infiltrating monocyte-derived macrophages
or exclude systemic contributions. Moreover, dimethyl
itaconate is not converted intracellularly to itaconate and
exhibits distinct electrophilic activity. Its protective effect
therefore likely reflects pharmacological modulation of
related stress-response pathways rather than direct
replacement of the endogenous metabolite [213]. Cell-
resolved metabolic flux studies and post-ischemic
pharmacological interventions are needed to define the
therapeutic potential of the ACOD]1-itaconate axis. In
summary, mitochondria are central to the initiation and
regulation of innate immune responses in stroke. By
integrating redox signaling, DAMP release, and metabolic
status, they act as both sensors and amplifiers of
inflammation. Mitophagy can restrain inflammatory
signaling by removing damaged mitochondria, whereas
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metabolic reprogramming shapes the inflammatory,
phagocytic, and reparative functions of microglia.
Therapeutic modulation of mtDNA-STING signaling,
mitochondria-linked inflammasome activation, and the
ACOD1-itaconate axis remains preclinical. Establishing

ISCHEMIA

translational relevance will require post-reperfusion
interventions with verified brain and cellular exposure,
evaluation in both sexes and in aged and comorbid
models, and long-term functional assessment.
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Figure 5. Mitochondrial ROS generation, iron dysregulation, and ferroptosis during ischemia/reperfusion injury in the ischemic
brain. The major molecular and mitochondrial mechanisms contributing to oxidative damage following cerebral ischemia/reperfusion.
During ischemia, oxygen and ATP depletion impair oxidative phosphorylation, increase glycolysis and acidosis, promote Ca*" overload,
and induce succinate accumulation together with iron release from intracellular stores. Upon reperfusion, rapid reoxygenation and
accelerated succinate oxidation drive excessive ROS generation, particularly through RET at mitochondrial complex 1. Concurrent
mitochondrial iron accumulation enhances -OH generation, elevating lipid peroxidation and mitochondrial dysfunction. These processes
lead to cardiolipin oxidation, mtDNA damage, mitochondrial mPTP opening, loss of mitochondrial Aym, impaired Fe-S cluster
biogenesis, and reduced ATP production. Iron dysregulation, including altered ferritinophagy, increased transferrin saturation, DMT1
upregulation, and reduced ferroportin, further exacerbates mitochondrial iron overload and ferroptotic signaling.

7. Mitochondrial ferritin and neuroprotection

Iron is essential for mitochondrial metabolism as a
component of heme- and iron-sulfur-containing proteins
required for ETC and other redox reactions [214].
However, excess redox-active Fe?* can catalyze the
formation of highly reactive ‘OH through the Fenton
reaction, thereby aggravating oxidative damage [215]. In
the ischemic brain, disruption of iron homeostasis
contributes to lipid peroxidation, mitochondrial
dysfunction, and ferroptosis. Within this context, FtMt

has emerged as an endogenous modulator of
mitochondrial iron handling and resistance to oxidative
injury [19, 216, 217].

FtMt is a nuclear-encoded protein selectively targeted
to the mitochondrial matrix, where its ferroxidase activity
facilitates the conversion of Fe?" to Fe** and its storage
within a ferritin shell [218, 219]. In contrast to cytosolic
ferritins, FtMt is not regulated by the classical iron-
responsive element (IRE)/iron-regulatory protein (IRP)
system. Instead, its expression is controlled through
transcriptional and epigenetic mechanisms and can be
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induced by oxidative stress or hypoxia [220-222]. FtMt
exhibits a restricted tissue and cellular distribution, with
prominent expression in the testes and nervous system
[223, 224]. In the brain, is detected predominantly in
neurons but also in oligodendrocytes and brain
microvascular endothelial cells, and its regional
abundance appears to correspond more closely to
mitochondrial density than to total iron content [18, 223].
During cerebral ischemia/reperfusion, mitochondrial
membrane disruption and impaired ETC function promote
ROS  overproduction, which mobilizes labile
mitochondrial iron pools (Fig. 5) [58, 225].

The most direct evidence for a protective role of FtMt
comes from a study in three-month-old male mice
subjected to 90 min of tMCAO followed by 24 h of
reperfusion [217]. FtMt expression increased in the
cortical penumbra, whereas FtMt deletion aggravated
neurological deficits, infarct volume, BBB leakage, iron
accumulation, and lipid peroxidation. These effects were
accompanied by glutathione (GSH) and glutathione
peroxidase 4 (GPX4) and increased acyl-CoA synthetase
long-chain family member 4 (ACSL4) expression,
consistent with enhanced ferroptotic injury. Conversely,
constitutive FtMt overexpression reduced infarct volume
and neurological deficits. Findings from primary cortical
neurons and SH-SYS5Y cells exposed to OGD/R further
implicated a neuronal FtMt in the regulation of labile iron
and lipid peroxidation [217].

Subsequent studies extended these observations to
other components of ischemic injury. In 12-week-old
male mice examined 24 h after tMCAO, FtMt
overexpression preserved tight-junction proteins, reduced
endothelial apoptosis and oxidative damage, and limited
BBB permeability [18]. FtMt deficiency also aggravated
impairment of cortical mitochondrial respiration and
increased  mitochondria-dependent  apoptosis  after
cerebral ischemia/reperfusion [19]. In oxygen-glucose
deprivation (OGD) SH-SYS5Y cells, FtMt overexpression
preserved mitochondrial membrane potential, ATP
content, maximal respiration, and spare respiratory
capacity. It was also associated with increased glucose
utilization and pentose phosphate pathway activity,
potentially supporting NADPH and GSH-dependent
antioxidant capacity [19]. However, these metabolic
effects were demonstrated primarily in a constitutive
overexpression cell model and require confirmation in
primary neural cells and in vivo.

The effects of FtMt expression are nevertheless
context-dependent. Although mitochondrial iron is
required for heme and iron-sulfur cluster synthesis,
excessive sequestration by FtMt may deplete the cytosolic
labile iron pool and restrict iron availability for metabolic
processes. In tetracycline-inducible H1299 cells, forced
FtMt expression for 48—72 h redirected iron from cytosol

to mitochondria, induced a cytosolic iron-deficient
phenotype, reduced cytosolic and mitochondrial aconitase
activities, and decreased iron incorporation into heme
[226]. In a related inducible model, exposure to tert-butyl
hydroperoxide, FtMt enhanced ROS accumulation, GSH
depletion, apoptosis, and iron-dependent lysosomal
destabilization [227]. Because these effects were
observed under forced overexpression and acute chemical
oxidative stress in non-neural cells, their relevance to
endogenous FtMt in the ischemic brain remains uncertain.

Aging provides a clinically relevant but insufficiently
investigated  model.  Increased  cytosolic  and
mitochondrial non-heme iron in the aged mouse cortex
has been associated with enhanced local hepcidin
(HAMP) expression and reduced ferroportin-1 abundance
[228]. Cerebral ischemia can similarly increase astrocytic
HAMP, tissue iron accumulation, and ferroptotic injury
[229, 230]. These findings establish a plausible
interaction between age-related iron dysregulation and
post-ischemic injury but do not demonstrate how FtMt
expression or function changes in the aged ischemic brain.
Therefore, it remains unknown whether stroke-induced
FtMt expression is maintained with aging, becomes
insufficient relative to iron accumulation, or differs
among neurons, endothelial cells, oligodendrocytes, and
glial populations.

The translational potential of FtMt modulation
remains uncertain. Available in vivo stroke studies relied
on constitutive FtMt deletion or overexpression in young
adult male mice, with outcomes assessed predominantly
24 h after tMCAO [18, 19, 217]. Although these models
demonstrate the biological significance of FtMt they do
not show that FtMt can be safely increased after stroke
within a clinically relevant therapeutic window. No
selective pharmacological FtMt modulator has been
evaluated in cerebral ischemia, and dose-response
relationships, brain delivery, long-term functional effects,
and efficacy in females, aged animals, or models
incorporating common stroke comorbidities remain
undefined. Moreover, the possibility that excessive
mitochondrial iron sequestration may compromise heme
and iron-sulfur cluster synthesis indicates that therapeutic
modulation would require precise control over its
magnitude and cellular distribution.

Collectively, current evidence identifies FtMt as an
endogenous modulator of mitochondrial iron handling
that can limit ferroptotic injury, endothelial dysfunction,
and bioenergetic failure in experimental cerebral
ischemia. However, its value as a biomarker or
therapeutic target remains unestablished, particularly in
aged and clinically heterogeneous stroke populations.
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8. Mitochondria—nucleus crosstalk and epigenetic
regulation

Mitochondria rely extensively on nuclear-encoded
proteins for maintenance, replication, and stress
adaptation, and in turn, transmit retrograde signals that
reshape nuclear transcription in response to metabolic
perturbations, damage, or oxidative stress [85, 88, 231].
This bidirectional communication is highly relevant in
ischemic stroke, where mitochondrial dysfunction may
alter gene expression, chromatin structure, and cell fate
[232, 233].

One of the best studied retrograde pathways is
UPRmt, activated by proteostasis disruption, ROS
accumulation, and ETC impairment. UPRmt induces
chaperones (e.g., HSP60, HSP10), proteases (e.g.,
LONP1), and antioxidant enzymes through transcription
factors such as ATFS5, ATF4, and CHOP, which
translocate to the nucleus and orchestrate a coordinated
gene  expression program aimed at restoring
mitochondrial integrity [85, 88, 89, 234-236]. In the
brain, UPRmt is less well characterized than in other
tissues, but recent evidence shows its involvement in
stroke pathology [86, 87, 90]. Transient focal cerebral
ischemia increased HSP60 and HSP10 transcripts
reflecting UPRmt activation [237]. SIRT3 further
supports this adaptive response by preserving UPRmt-
related gene expression and reducing injury after transient
MCAO [238]. Low doses of oligomycin and meclizine
also induced UPRmt and protected cortical neurons
against OGD; ATF5 knockdown abolishes meclizine
protection, and pretreatment reduced infarct volume and
neurological outcomes in mice [86]. These findings
support an adaptive role of UPRmt in experimental
cerebral ischemia, but the boundary between protective
and maladaptive signaling remains unclear. Constitutive
or excessive UPRmt promotes retention of deleterious
mtDNA and non-apoptotic dopaminergic
neurodegeneration in C. elegans [239, 240] whereas
attenuation of overactive signaling improves tissue
function during chronic mtDNA damage [241]. In human
induced pluripotent stem cell (iPSC)-derived microglia,
mitochondrial proteotoxic stress was accompanied by
UPRmt activation, a senescence-associated inflammatory
phenotype, and disrupted neuron-glia communication
[242]. Conversely, ATF5 knockdown increases cytokine
release in BV-2 microglia [243]. These observations
indicate that UPRmt—inflammation interactions vary
across cell types and stress contexts. Although
maladaptive UPRmt responses are well documented in
other systems, it remains unclear whether UPRmt
becomes detrimental after cerebral ischemia or simply
reflects unresolved mitochondrial injury.

Beyond proteostasis signaling, mitochondrial stress
also influences nuclear transcription through changes in
NAD" availability and sirtuin activity. SIRT1 deacetylates
histones and transcription factors including PGC-1a,
NF-kB, and forkhead box O (FOXO) transcription factors
[244]. During ischemia, declining NAD* concentrations
limit SIRT1 activity, leading to increased acetylation, pro-
inflammatory ~ gene  expression, and  reduced
mitochondrial biogenesis [245-248]. Meanwhile, AMPK
activation promotes mitochondrial adaptation by
increasing PGC-la transcription, autophagy, and
inhibiting mechanistic target of rapamycin (mTOR)
signaling. Together with SIRT1 coordinates metabolic
and stress responses, and their dysregulation contributes
to impaired mitochondrial recovery and oxidative damage
[133, 249, 250]. NAD" precursor studies show
context-dependent outcomes. Post-reperfusion
nicotinamide riboside (NR) reduces hippocampal injury
and improves cognition [251], whereas multiday
pretreatment exacerbates ischemic damage [252]. Four-
week oral NR supplementation before pdMCAO reduces
inflammation and infarct area in both young and aged
mice [253]. These divergent outcomes may reflect
differences in dosing, timing, age, ischemia model, and
metabolic context.

Evidence in females and comorbid models remains
limited. Nicotinamide (NAM) shows benefit in female,
hypertensive, and diabetic rats [254, 255], but cannot be
extrapolated to NR due to distinct salvage pathways and
potential inhibition of sirtuins and poly(ADP-ribose)
polymerase (PARP) [244, 256]. NAM reduces infarction
and BBB leakage but impairs cell maturation [257],
indicating central neuroprotection may coexist with
peripheral immune suppression. Although oral NR
increases cerebral NAD* in humans [258, 259],
stroke-specific pharmacokinetics and efficacy remain
unresolved.

Mitochondrial dysfunction also alters metabolite
concentrations such as a-ketoglutarate, succinate, and
fumarate, which  modulate  dioxygenases and
demethylases [20, 232, 233, 260, 26l].
Mitochondria-derived metabolites may also influence
histone deacetylase (HDAC)-dependent regulation. [-
hydroxybutyrate (BHB) crosses the BBB and serves as an
alternative oxidative fuel [262, 263]. Initially reported to
inhibit class I HDACs [264], subsequent work did not
confirm direct inhibition [265]. Post-reperfusion BHB
temporarily improves mitochondrial respiration and
neurological function [266], but HDAC involvement
remains unclear. HDAC inhibition preserves ATP and
axonal mitochondrial integrity in white-matter ischemia
and activates Nrf2-dependent antioxidant responses [36,
267-269], suggesting mitochondrial bioenergetic and
redox processes contribute to HDAC-dependent
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neuroprotection. Post-ischemic chromatin remodeling
persists beyond the acute phase, but the contribution of
mitochondrial metabolites remains unclear [270, 271].

These metabolite-driven mechanisms converge with
signaling pathways that sense cellular energy and redox
status. Energy and oxidative cues modify class [la HDAC
localization through AMPK-calcium/calmodulin-
dependent protein kinase (CaMK), and redox-dependent
pathways [272-274]. In neurons, HDAC4 translocates to
the nucleus after MCAO and OGD, a response associated
with calcium/calmodulin-dependent protein kinase IV
(CaMKI1V) signaling [275, 276]. NADPH
oxidase-derived ROS  further reduce HDACA4/5
expression and promote high-mobility group box 1
(HMGB1) mediated inflammatory signaling [277].
Although a direct mitochondrial ROS-HDAC4/5 axis has
not been established, ischemia clearly alters class Ila
HDAC localization and abundance.

Beyond these epigenetic routes, mitochondria—
nucleus communication also involves nuclear receptors,
including vitamin D receptor (VDR), which further
modulate mitochondrial responses to ischemia. VDR is
upregulated in peri-infarct microglia/macrophages, and
Vdr deletion exacerbates neuroinflammation, BBB
disruption, infarct size, and neurological deficits [278].
Vitamin D analogs reduce oxidative stress and apoptosis
partly through AMPK/protein kinase B (AKT)/glycogen
synthase kinase 3 beta (GSK3f ) and Nrf2/HO1 signaling
[279, 280], however, most studies rely on pretreatment
and pharmacological inhibition rather than genetic
validation. Mitochondrial VDR may regulate mtDNA-
encoded OXPHOS transcripts [281], but this mechanism
remains unconfirmed. Low vitamin D status in clinical
cohorts correlates with poorer prognosis after stroke
[282], but causality is unclear.

In summary, mitochondrial dysfunction after cerebral
ischemia reshapes nuclear transcription and chromatin
regulation by altering proteostasis, cellular energy and
NAD" availability, redox state, and metabolite signaling,
while  nuclear  pathways  reciprocally  modify
mitochondrial adaptation. The outcome of this
bidirectional crosstalk is not uniformly protective:
depending on timing, cell type, and metabolic context, it
may restore cellular homeostasis or reinforce
inflammation, bioenergetic failure, and neuronal injury.
UPRmt, NAD"/sirtuin signaling, HDAC-dependent
regulation, and VDR-related pathways therefore provide
mechanistically distinct points of intervention, but their
therapeutic windows and efficacy across sex, aging, and
comorbid conditions remain incompletely defined.

9. Intercellular mitochondrial transfer and stroke
recovery

Mitochondria can move between cells and thereby
provide metabolic support or participate in intercellular
signaling [283-285]. IMT occurs without cell division
and differs from mitochondrial transplantation, which
involves the exogenous administration of isolated
organelles [286].

Astrocytes-to-neuron transfer is one of the best-
characterized forms of IMT after cerebral ischemia.
Relatively hypoxia-resistant astrocytes can release
mitochondria into the extracellular space or deliver them
directly through tunneling nanotubes (TNTs). CD38
cyclic ADP-ribose signaling promotes mitochondrial
release under oxidative and calcium stress, and neuronal
acquisition of astrocyte-derived mitochondria has been
associated with restored ATP production, improved
mitochondrial function, and increased neuronal viability
after stroke [27]. Astrocytic low-density lipoprotein
receptor-related protein 1 (LRPI1) has recently been
implicated in metabolic regulation of mitochondrial
donation. Mechanistically, LRP1 limits glucose uptake,
glycolysis, and the associated production of lactate-
derived metabolites that can modify intracellular proteins
through lactylation. One critical target of this
modification is ADP-ribosylation factor 1 (ARF1), a
small GTPase involved in vesicle trafficking. In ischemic
conditions, the loss of LRP1 in astrocytes leads to
increased LA accumulation and hyper-lactylation of
ARF1, which impairs its function and disrupts
mitochondrial trafficking toward the astrocytic
membrane. As a result, mitochondrial transfer to neurons
is severely reduced, compromising neuronal recovery.
Restoration of LRP1 function or inhibition of ARFI
lactylation rescues this phenotype and reinstates
astrocyte-derived mitochondrial support. In patients with
stroke, cerebrospinal fluid LA was inversely associated
with the astrocyte-derived mitochondrial signal, although
this observational relationship does not demonstrate
neuronal uptake or clinical benefit [42].

Astrocyte-derived mitochondrial material may also
be transferred to other cells of the neurovascular unit.
Using astrocyte-specific genetic mitochondrial labeling,
astrocyte-derived mitochondrial signal was detected in
brain endothelial cells and pericytes within isolated
cerebral capillaries [287]. The signal was greater in
capillaries from 7-month-old than from 3-month-old
mice. However, these experiments were not conducted
after stroke or in advanced-age animals and did not
distinguish increased transfer, reduced clearance of
transferred material, or demonstrate functional
incorporation of intact mitochondria. The effects of aging
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on IMT after cerebral ischemia therefore remain
insufficiently defined.

The consequences of mitochondrial exchange are not
uniformly protective. After experimental ischemia,
transfer from pro-inflammatory microglia to neurons was
associated with reduced neuronal ATP production and
membrane potential, increased ROS generation, and cell
death [288]. Ischemic neurons were also reported to
release depolarized mitochondria into the cerebrospinal
fluid, where they may act as “help-me” signals that
stimulate compensatory astrocytic responses [289]. IMT
may, therefore, provide metabolic support, propagate
mitochondrial dysfunction, or facilitate the disposal and
signaling of damaged organelles, depending on the donor
and recipient cell types, mitochondrial quality, and post-
transfer fate [290].

Mesenchymal stem cells (MSCs) provide another
potential source of mitochondria for injured neural and
vascular cells. Experimental studies indicate that MSCs
can transfer mitochondria to neurons and cerebral
endothelial cells through TNTs or extracellular vesicles
[42, 291-295]. This transfer has been associated with
improved mitochondrial function and recipient-cell
survival [292-294]. In experimental stroke, intra-arterial
MSC administration reduced infarct size and the severity
of neurological deficits and improved mitochondrial
function through a mechanism associated with a SIRT1-
mitochondrial Rho GTPase 1 (RHOT1/Mirol)-PGC-1a
regulatory loop [296]. However, mitochondrial donation
cannot yet be separated from numerous paracrine effects
of MSCs.

Beyond TNTs and extracellular vesicle-mediated
transfer, cell fusion and endocytic uptake of extracellular
mitochondria have been proposed as additional routes of
mitochondrial exchange [286, 297-299]. Combined
mitochondrial labeling and mtDNA analyses have
reported recovery of aerobic respiration and acquisition of
donor-derived mtDNA in metabolically deficient
recipient cells [300]. However, these findings do not
necessarily establish transfer of intact organelles, and
evidence for sustained functional integration varies across
experimental approaches [286].

The regulation of IMT is influenced by the metabolic
status and mitochondrial health of both donor and
recipient cells [297, 301, 302]. For instance, activated
astrocytes increase mitochondrial biogenesis and export
under stress, while mitochondrial dysfunction in recipient
cells may promote the uptake of extracellular
mitochondria. IMT may therefore act as a compensatory
response to mitochondrial damage and energy failure in
injured tissue [27, 290, 301-303]. Experimental
interventions have attempted to enhance endogenous
IMT. In OGD/R models and a photothrombotic stroke
model, ginsenoside Rbl reduced astrocytic ROS

production, preserved extracellular mitochondria, and
promoted CD38-associated mitochondrial transfer to
neurons [304]. CD38 knockdown attenuated the
neuroprotective effect of Rbl, consistent with a
contribution of CD38-dependent mitochondrial transfer.
Rbl1 also influences astrocyte activation and multiple
metabolic pathways. Melatonin treatment in an
experimental model of cerebral ischemia and mild
hypothermia at 33°C in astrocyte-neuron OGD/R co-
cultures have each been associated with increased TNT
formation and mitochondrial transfer [305]. Because
these interventions are pleiotropic, the extent to which
mitochondrial transfer is required for their protective
effects in vivo remains uncertain.

Mitochondrial transplantation represents a related but
distinct therapeutic approach. In mice, intra-arterial
delivery of isolated mitochondria after one hour of
pdMCAO reduced infarct volume by 34% at 24 hours,
while focused ultrasound increased their extravascular
distribution within the ischemic brain [306]. Although
genetically labeled MitoTimer mitochondria confirmed
donor-derived mitochondrial material, the acute
observations do not establish long-term persistence or
sustained functional integration. Direct intrastriatal
administration of MSC-derived mitochondria 24 hours
after reperfusion reduced infarct volume and improved
neurological and motor outcomes, with donor
mitochondria detected preferentially in neurons and
endothelial cells [307]. In a photothrombotic stroke
model, intravenous administration of isolated
mitochondria within one hour of ischemia suppressed
pyroptosis-associated ~ signaling  and  promoted
neurogenesis [23]. Direct intracerebral administration
bypasses major delivery barriers but has limited clinical
applicability, whereas systemic administration raises
questions about brain delivery, organelle integrity, and
off-target distribution.

Initial clinical translation has been reported. Pilot
trials suggest potential benefits of melatonin and MSC
administration after ischemic stroke [308, 309]. More
directly, autologous mitochondria were administered
intra-arterially during thrombectomy in a study involving
four patients, without significant procedure-related
adverse events [310]. However, this study establishes
feasibility rather than efficacy and cannot determine the
influence of sex, age, comorbidities, or stroke subtype.
Major translational challenges include preserving
mitochondrial stability and functional quality, limiting
immunogenicity-particularly for non-autologous
preparations-achieving efficient and targeted delivery,
and determining the duration of persistence and functional
integration [286, 311, 312]. Quantitative longitudinal data
on mitochondrial biodistribution, clearance, persistence,
and sustained functional competence remain limited [23,
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306, 307]. Studies in aged and comorbid stroke models
and direct comparisons between sexes are also scarce.
Cell-targeted systems such as MitoCatch have improved
mitochondrial uptake and intracellular integration outside
stroke, but their efficacy and safety in cerebral ischemia
remain unknown [313].

In conclusion, IMT represents a context-dependent
form of cellular communication in the injured brain.
Depending on mitochondrial quality and the donor—
recipient context, IMT may support metabolic
stabilization, redox homeostasis, and cell survival after
stroke. However, transfer of damaged mitochondria may

amplify oxidative stress and cell death or act as a stress
signal. Therapeutic exploitation of this process will
therefore require control over donor-cell phenotype,
mitochondrial quality, recipient-cell targeting, and
treatment timing, together with rigorous confirmation that
intact mitochondrial transfer is responsible for the
observed functional effects. Table 2 summarizes the main
experimental  findings, treatment characteristics,
developmental stage, translational limitations, and
evidence from aged or comorbid stroke models for each
mitochondria-targeted strategy.

Table 2. Mitochondria-targeted therapeutic strategies in ischemic stroke: experimental evidence, development

status, translational limitations, and relevance to aging.

Ty g i (T v A

Mitochondrial dynamics and biogenesis

Stress-induced P110 Rodent tMCAO; Reduced Preclinical  Proteolysis; None — healthy [76, 154,
Drpl-Fisl free P110 before infarction and  only limited brain; no  male rodents 155]
interaction ischemia; exosome-  deficits; reperfusion-
P110 at reperfusion. exosomal therapy studies.
delivery
improved acute
outcomes.
Drpl-Fisl SC9 Cellular and Reduced Drpl- Preclinical ~Brain: plasma None [141]
interaction endotoxemia Fisl only ratio ~2%; plasma
models; no stroke dysfunction in half-life <0.5 h in
model. non-stroke non-ischemic
model. mice; stroke
efficacy
unknown.
PGC-1o~ Formoterol Aged male mice Increased Preclinical No young Direct —aged  [108]
NRF1-TFAM (18-20 m old); distal mtDNA and in stroke; comparator; PK,  post-stroke
biogenesis MCAO + hypoxia;, TFAM,; approved  safety, and model
24 h post-stroke. reduced for another reperfusion
acylcarnitine indication  interaction
and lipid unknown.
accumulation.
Mitophagy and integrated MQC
mTOR/autoph Rapamycin Adult male rats; Reduced Preclinical Nonselective None — adult [164]
agy-mitophagy tMCAO; acute infarction; only autophagy male
treatment. preserved activation; flux
mitochondrial not established.
function.
Mitophagy- Methylene blue  Adult male rats; Reduced Preclinical  Pleiotropic None — adult [165]
associated permanent MCAQ;  infarction; in stroke; effects; male rodents.
pathways immediately after increased approved  nonselective
occlusion. mitophagy- for other mechanistic
associated indications evidence.
markers.
PINKI1-Parkin Ligustilide; Male rat MCAO/R;  Enhanced Preclinical ~Limited flux and  None — male [166,
mitophagy tetrahydroxystil  TSG 4 h post- PINK1/Parkin  only causal evidence.  rodents. 167]
bene glucoside  reperfusion. signaling and
mitochondrial
protection.
PINK1-Parkin AP39 Male/female mice;  Improved Preclinical Mitophagy Indirect — both  [168]
mitophagy photothrombotic outcomes only inferred from sexes, but no
stroke; 10 min after mainly in PINK 1/Parkin aged animals or
stroke. males. expression, not comorbidities
flux; sex-
dependent effect.
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AMPK- Diabetic rats; Attenuated Early Pleiotropic Direct — [169]
ULKI1- cerebral I/R; hyperglycemia- clinical effects; brain diabetic stroke
PINKI1-Parkin schedule as aggravated evaluation  exposure and model
signaling reported. injury. in ischemic treatment window
stroke; unclear.
approved
for
diabetes
Integrated 18-month-old mice; Improved Preclinical ~ Delivery, PK, and Direct—aged [180]
MQC/excessive butylphthalide ischemic stroke. mitochondrial ~ only causal mitophagy stroke model
mitophagy function and evidence
reduced unresolved.
neuroinflammat
ion.
NAD*-dependent metabolic adaptation
NRK1/2- Post-reperfusion Context- and Preclinical ~ Direction of Direct — [251-
dependent dosing in adult timing- only effect varies by young/aged 253, 258,
NAD* salvage males; or 4-week dependent schedule, dose, comparison 259]
pretreatment before  effects: benefit route, model, and  exists, but
permanent distal after context; stroke mainly male
MCAO in young reperfusion, but PK, reperfusion pretreatment
and aged males. variable interactions, and  data;
outcomes with mechanism female/comorbi
prolonged unresolved. d evidence
pretreatment. lacking
NAMPT- Delayed high-dose ~ Reduced Preclinical  Pleiotropic Direct — [254—
dependent IV in female rats infarction; in stroke; effects; possible female, 257]
NAD" salvage and reduced BBB clinical use peripheral hypertensive,
hypertensive/diabeti leakage. in other immunosuppressi  and diabetic
¢ male rats; dosing contexts on. stroke models;
at reperfusion in aging not
another study. directly tested
Mitochondria-linked innate immune and immunometabolic signaling
mtDNA- Young male mice; Promoted Preclinical ~ PK, aging, sex, None — young [186]
¢GAS-STING initiated 3 d post- remyelination  only cell specificity; male mice
signaling reperfusion. and recovery. reperfusion
interactions
unknown.
mtDNA- Experimental Reduced Preclinical ~ Delivery, None — no [187,
cGAS-STING ischemia; mtDNA only biodistribution, systematic aged, 188]
signaling intranasal/engineere  leakage and PK safety. sex, or
d delivery. cGAS-STING comorbidity
activation. testing
ACODI1- Global Acod1/Irgl- Restored HO-1 Preclinical Not converted Indirect — aged [210-
itaconate/NRF deficient focal I/R expression and  proof of intracellularly to  stroke data 213]
2-HO-1 mice; treatment attenuated mechanism itaconate; no describe
context in deficient  brain injury in established post-  endogenous
animals. IRG1-deficient stroke window. metabolic
animals. signatures
Intercellular mitochondrial transfer and transplantation
Astrocyte- OGD/R and Increased TNT  Ginsenosid Pleiotropic None — [304,
neuron Rbl1; melatonin  photothrombotic formation, e Rbl - effects; aged/comorbid 305,
mitochondrial stroke (Rbl); mitochondrial ~ preclinical mitochondrial evidence not 308],
transfer experimental transfer and only, transfer/integratio reported
ischemia or reduced injury. n not established.
astrocyte—neuron
OGD/R
(melatonin/hypother
mia).
MSC-mediated Intra-arterial MSCs  Improved Clinical MSC paracrine None — [42,
mitochondrial administration after stroke; or mitochondrial ~ phase II effects; systematic 291-296,
donation or MSC-derived direct intrastriatal function and persistence/integr  aged/comorbid 307,
MSC-derived neurological/m ation unresolved.  and sex 309],
mitochondria 24 h otor outcomes. comparisons
after reperfusion. scarce
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Mitochondrial Isolated Mouse permanent Reduced acute  Clinical Mitochondrial None — no [23, 286,
replacement mitochondria MCAO, 1 h; infarct volume  phase | quality, systematic 306—

(intra-arterial, photothrombotic and altered immunogenicity, aged/comorbid  310]

1V, or stroke, within 1 h; injury delivery, animal studies;

ultrasound- Phase 1 signaling; persistence, and n=4 cannot

assisted thrombectomy, Phase 1 functional assess age

delivery) intra-arterial during  reperfusion. integration; effects

reperfusion. limited clinical

efficacy data.

Evidence classification: Direct, tested as an intervention in an aged and/or comorbid stroke model; Indirect, relevant evidence is available but not as
treatment-efficacy evidence in a comparable aged or comorbid stroke model; None, no such evidence was identified. Clinical use or human exposure in

another indication does not constitute clinical efficacy in ischemic stroke.

Abbreviations: 3-MA, 3-methyladenine; BBB, blood—brain barrier; Drpl,

dynamin-related protein 1; I/R, ischemia/reperfusion; IMT, intercellular

mitochondrial transfer; IV, intravenous; MCAO, middle cerebral artery occlusion; MSC, mesenchymal stromal cell; MQC, mitochondrial quality control;

NAD?, nicotinamide adenine dinucleotide; NR, nicotinamide riboside; PK, pharmacokinetics; ROS, reactive ox
dehydrogenase; TFAM, mitochondrial transcription factor A; tMCAO, transient middle cerebral

tetrahydroxystilbene glucoside; VDR, vitamin D receptor.

10. Conclusions and future perspectives

This narrative review has outlined a diverse array of non-
canonical mitochondrial functions, considered in the
broader context of canonical roles in bioenergetics,
calcium handling, and redox balance. These include
MQC, regulation of  cell-death pathways,
immunometabolic reprogramming and innate immune
signaling, mitochondrial ferritin-dependent iron buffering
linked to ferroptosis, mitochondria-nucleus and
epigenetic signaling, and IMT. Collectively, these
processes influence neuronal injury and survival and may
also contribute to post-stroke recovery.

Key insights include the understanding that
mitochondrial dysfunction is not merely a consequence of
ischemia, but an active contributor to secondary injury
through the release of damage signals (e.g., ROS,
mtDNA), disruption of quality control mechanisms (e.g.,
mitophagy, dynamics, biogenesis), and loss of metabolic
flexibility.  Furthermore, mitochondria orchestrate
neuroimmune responses, influence gene expression
through retrograde signaling, and serve as vehicles for
intercellular rescue via mitochondrial transfer.
Importantly, these processes are influenced by age,
cellular phenotype, and systemic context factors that
should be accounted for in both mechanistic studies and
therapeutic design.

Therapeutic strategies targeting mitochondria have
shown encouraging results in preclinical stroke models.
Interventions such as modulators of fission/fusion
balance, mitophagy, NAD"-elevating strategies, and
mitochondrial transplantation have demonstrated the
potential to preserve mitochondrial integrity and improve
outcomes. However, their clinical translation remains
limited, in part due to challenges in delivery, timing, and
patient stratification. Therefore, looking forward, several
key directions stand out. These include the development
of targeted delivery systems, which may modulate
mitochondrial function with cell-type specificity, as well
as combined therapeutic strategies that integrate
mitochondrial interventions with anti-inflammatory,
vascular, or metabolic agents. In addition, future studies

en species; SDH, succinate

artery occlusion; T, tunneling nanotube; TSG,

should explore mitochondrial roles in long-term stroke
recovery, including neuroplasticity, remyelination, and
cognitive function, while also accounting for comorbid
conditions, sex differences, and age-related metabolic and
inflammatory changes that may modify these processes.

In summary, a better understanding of mitochondrial
biology in stroke will not only enrich our view of ischemic
pathophysiology but also enable the development of
novel, mitochondria-focused therapies. Integrating both
canonical and non-canonical perspectives highlights
mitochondria not only as powerhouses but also as
signaling hubs and vehicles of cellular communication.
Exploring this duality may hold promise for developing
mitochondria-based strategies to sustain neuronal health
and enhance post-stroke recovery.

Acknowledgements

This research was supported by the University of Gdansk,
the Faculty of Biology, Department of Animal and Human
Physiology No. 531-D080-D248-25.

Author contributions

Conceptualization, “P.B and J.J.K,;” literature analysis
and interpretation, ‘“P.B and N.P,;” manuscript
preparation, “P.B,;” figure preparation, “J.J.K,;” critical
revision of the manuscript, “J.J.K and N.P,;” supervision,
“J.J.K,”. All authors have read and agreed to the published
version of the manuscript.

Competing interests

The authors declare no conflict of interest.

References
[1]  Feigin VL, Stark BA, Johnson CO, Roth GA, Bisignano
C, Abady GG, et al. (2021). Global, regional, and
national burden of stroke and its risk factors, 1990-2019:
a systematic analysis for the Global Burden of Disease
Study 2019. Lancet Neurol, 20(10):795-820.

Aging and Disease * Volume 18, Number 6, December 2027

22



Berezka P., et al.

Non-Canonical Mitochondria in Stroke and Aging

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

O'Collins VE, Macleod MR, Donnan GA, Horky LL, van
der Worp BH, Howells DW (2006). 1,026 Experimental
treatments in acute stroke. Ann Neurol, 59(3):467-477.
Fisher M, Feuerstein G, Howells DW, Hurn PD, Kent
TA, Savitz SI, et al. (2009). Update of the Stroke
Therapy Academic Industry Roundtable Preclinical
Recommendations. Stroke, 40(6):2244-2250.

Stroke Therapy Academic Industry Roundtable (STAIR)
(1999). Recommendations for Standards Regarding
Preclinical Neuroprotective and Restorative Drug
Development. Stroke, 30(12):2752-2758.
Schmidt-Pogoda A, Bonberg N, Koecke MHM, Strecker
JK, Wellmann J, Bruckmann NM, et al. (2020). Why
Most Acute Stroke Studies Are Positive in Animals but
Not in Patients: A Systematic Comparison of Preclinical,
Early Phase, and Phase 3 Clinical Trials of
Neuroprotective Agents. Ann Neurol, 87(1):40-51.

Dhir N, Medhi B, Prakash A, Goyal MK, Modi M,
Mohindra S (2020). Pre-clinical to Clinical Translational
Failures and Current Status of Clinical Trials in Stroke
Therapy: A Brief Review. Curr Neuropharmacol,
18(7):596-612.

Zhang C, Lan X, Wang Q, Zheng Y, Cheng J, Han J, et
al. (2025). Decoding ischemic stroke: Perspectives on
the endoplasmic reticulum, mitochondria, and their
crosstalk. Redox Biol, 82:103622.

Qin C, Yang S, Chu YH, Zhang H, Pang XW, Chen L, et
al. (2022). Signaling pathways involved in ischemic
stroke: molecular mechanisms and therapeutic
interventions. Signal Transduct Target Ther, 7(1):215.
Gao L, Peng L, Wang J, Zhang JH, Xia Y (2024).
Mitochondrial stress: a key role of neuroinflammation in
stroke. J Neuroinflammation, 21(1):44.

Giorgi C, Marchi S, Simoes ICM, Ren Z, Morciano G,
Perrone M, et al. (2018). Mitochondria and reactive
oxygen species in aging and age-related diseases. Int Rev
Cell Mol Biol, 340:209-344.

Popa-Wagner A, Glavan DG, Olaru A, Olaru DG,
Margaritescu O, Tica O, et al. (2018). Present Status and
Future Challenges of New Therapeutic Targets in
Preclinical Models of Stroke in Aged Animals
with/without Comorbidities. Int J Mol Sci, 19(2):356.
Rossmann MP, Dubois SM, Agarwal S, Zon LI (2021).
Mitochondrial function in development and disease. Dis
Model Mech, 14(6):dmm048912.

Harrington JS, Ryter SW, Plataki M, Price DR, Choi
AMK (2023). Mitochondria in health, disease, and aging.
Physiol Rev, 103(4):2349-2422.

Archer SL (2013). Mitochondrial Dynamics —
Mitochondrial Fission and Fusion in Human Diseases. N
Engl J Med, 369(23):2236-2251.

Gnaiger E, MitoEAGLE Task Group (2020).
Mitochondrial ~ physiology.  Bioenerg = Commun,
2020(1):1.

Wu W, Chang S, Wu Q, Xu Z, Wang P, Li Y, et al.
(2016). Mitochondrial ferritin protects the murine
myocardium from acute exhaustive exercise injury. Cell
Death Dis, 7(11):¢2475-¢2475.

Wang XX, Mao GH, Li QQ, Tang J, Zhang H, Wang KL,
et al. (2023). Neuroprotection of NAD+ and NBP against

[18]

[19]

[20]

(21]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

[29]

[30]

ischemia/reperfusion brain injury is associated with
restoration of sirtuin-regulated metabolic homeostasis.
Front Pharmacol, 14:1096533.

Wang P, Ren Q, Shi M, Liu Y, Bai H, Chang YZ (2022).
Overexpression of Mitochondrial Ferritin Enhances
Blood-Brain Barrier Integrity Following Ischemic
Stroke in Mice by Maintaining Iron Homeostasis in
Endothelial Cells. Antioxidants (Basel), 11(7):1257.
Wang P, CuiY,LiuY, LiZ, BaiH, Zhao Y, et al. (2022).
Mitochondrial ferritin alleviates apoptosis by enhancing
mitochondrial bioenergetics and stimulating glucose
metabolism in cerebral ischemia reperfusion. Redox
Biol, 57:102475.

Chouchani ET, Pell VR, Gaude E, Aksentijevi¢ D,
Sundier SY, Robb EL, et al. (2014). Ischaemic
accumulation of succinate controls reperfusion injury
through mitochondrial ROS. Nature, 515(7527):431-
435.

Piantadosi CA, Zhang J (1996). Mitochondrial
Generation of Reactive Oxygen Species After Brain
Ischemia in the Rat. Stroke, 27(2):327-332.

Bharat V, Durairaj AS, Vanhauwaert R, Li L, Muir CM,
Chandra S, et al. (2023). A mitochondrial inside-out
iron-calcium signal reveals drug targets for Parkinson’s
disease. Cell Rep, 42(12):113544.

Sun L, Zhao Z, Guo J, Qin Y, Yu Q, Shi X, et al. (2024).
Mitochondrial transplantation confers protection against
the effects of ischemic stroke by repressing microglial
pyroptosis and promoting neurogenesis. Neural Regen
Res, 19(6):1325-1335.

Tang S, Zhang J, Chen J, Zhou Z, Lin Q (2025).
Ferroptosis in neurodegenerative diseases: potential
mechanisms of exercise intervention. Front Cell Dev
Biol, 13:1622544.

Islam MN, Das SR, Emin MT, Wei M, Sun L,
Westphalen K, et al. (2012). Mitochondrial transfer from
bone-marrow—derived stromal cells to pulmonary alveoli
protects against acute lung injury. Nat Med, 18(5):759-
765.

Livingston MJ, Wang J, Zhou J, Wu G, Ganley IG, Hill
JA, etal. (2019). Clearance of damaged mitochondria via
mitophagy is important to the protective effect of
ischemic preconditioning in kidneys. Autophagy,
15(12):2142-2162.

Hayakawa K, Esposito E, Wang X, Terasaki Y, Liu Y,
Xing C, et al. (2016). Transfer of mitochondria from
astrocytes to neurons after stroke. Nature,
535(7613):551-555.

Yuan Y, Zheng Y, Zhang X, Chen Y, Wu X, Wu J, et al.
(2017). BNIP3L/NIX-mediated mitophagy protects
against ischemic brain injury independent of PARK2.
Autophagy, 13(10):1754-1766.

West AP, Khoury-Hanold W, Staron M, Tal MC, Pineda
CM, Lang SM, et al. (2015). Mitochondrial DNA stress
primes the antiviral innate immune response. Nature,
520(7548):553-557.

Wu C, Wen X, Xu Q, Liu X, Li R, Chen H, et al. (2024).
STING inhibition suppresses microglia-mediated
synapses engulfment and alleviates motor functional
deficits after stroke. J Neuroinflammation, 21(1):86.

Aging and Disease * Volume 18, Number 6, December 2027

23



Berezka P., et al.

Non-Canonical Mitochondria in Stroke and Aging

[31]

[32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Kong L, Li W, Chang E, Wang W, Shen N, Xu X, et al.
(2022). mtDNA-STING Axis Mediates Microglial
Polarization via IRF3/NF-xB Signaling After Ischemic
Stroke. Front Immunol, 13:860977.

Guan X, Zhu S, Song J, Liu K, Liu M, Xie L, et al.
(2024). Microglial CMPK2 promotes
neuroinflammation and brain injury after ischemic
stroke. Cell Rep Med, 5(5):101522.

Bahire KLc, Maluhins R, Bello F, Upite J, Makarovs A,
Jansone B (2024). Long-Term Region-Specific
Mitochondrial Functionality Changes in Both Cerebral
Hemispheres after fMCAo Model of Ischemic Stroke.
Antioxidants (Basel), 13(4):416.

Bai F, Li Q, Li B, Wang X, Zhang X, Wang Y, et al.
(2025). Induction of mitochondrial biogenesis enhances
neurogenesis and cognitive recovery following
ischaemic stroke. Anesthesiol Perioper Sci, 3(1):135.
Chen T, Luo W, Fan Q, Xiong J, Liu P, Xiao F, et al.
(2022). Mitochondrial =~ Transplantation  Promotes
Remyelination and Long-Term Locomotion Recovery
Following Cerebral Ischemia. Mediators Inflamm,
2022:1346343.

Liao Y, Cheng J, Kong X, Li S, Li X, Zhang M, et al.
(2020). HDAC3 inhibition ameliorates
ischemia/reperfusion-induced brain injury by regulating
the microglial cGAS-STING pathway. Theranostics,
10(21):9644-9662.

Fivenson EM, Lautrup S, Sun N, Scheibye-Knudsen M,
Stevnsner T, Nilsen H, et al. (2017). Mitophagy in
neurodegeneration and aging. Neurochem Int, 109:202-
209.

Webb M, Sideris DP (2020). Intimate Relations—
Mitochondria and Ageing. Int J Mol Sci, 21(20):7580.
Springer-Sapp CB, Ogbara O, Canellas Da Silva M,
Henderson A, Liu Y, Prior SJ, et al. (2025). Age and sex-
specific changes in mitochondrial quality control in
skeletal and cardiac muscle. Front Aging, 6:1606110.
AnH, Zhou B, Ji X (2021). Mitochondrial quality control
in acute ischemic stroke. J Cereb Blood Flow Metab,
41(12):3157-3170.

Vongsfak J, Pratchayasakul W, Apaijai N, Vaniyapong
T, Chattipakorn N, Chattipakorn SC (2021). The
alterations in mitochondrial dynamics following cerebral
ischemia/reperfusion injury. Antioxidants (Basel),
10(9):1384.

Zhou J, Zhang L, Peng J, Zhang X, Zhang F, Wu Y, et
al. (2024). Astrocytic LRP1 enables mitochondria
transfer to neurons and mitigates brain ischemic stroke
by suppressing ARFI1 lactylation. Cell Metab,
36(9):2054-2068.c14.

Zhang M, Wei J, He C, Sui L, Jiao C, Zhu X, et al.
(2024). Inter- and intracellular mitochondrial
communication: signaling hubs in aging and age-related
diseases. Cell Mol Biol Lett, 29(1):153.

Kuriakose D, Xiao Z (2020). Pathophysiology and
treatment of stroke: Present status and future
perspectives. Int J Mol Sci, 21(20):1-24.

Solenski NJ, diPierro CG, Trimmer PA, Kwan AL,
Helms GA (2002). Ultrastructural Changes of Neuronal

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Mitochondria After Transient and Permanent Cerebral
Ischemia. Stroke, 33(3):816-824.

Hata R, Maeda K, Hermann D, Mies G, Hossmann KA
(2000). Evolution of Brain Infarction after Transient
Focal Cerebral Ischemia in Mice. J Cereb Blood Flow
Metab, 20(6):937-946.

LuL, Guo L, Gauba E, Tian J, Wang L, Tandon N, et al.
(2015). Transient Cerebral Ischemia Promotes Brain
Mitochondrial Dysfunction and Exacerbates Cognitive
Impairments in Young S5xFAD Mice. PLoS One,
10(12):e0144068.

LiJ,MaX,YuW,LouZ, MuD, Wang Y, et al. (2012).
Reperfusion Promotes Mitochondrial Dysfunction
following Focal Cerebral Ischemia in Rats. PLoS One,
7(9):e46498.

Liu RR, Murphy TH (2009). Reversible Cyclosporin A-
sensitive Mitochondrial Depolarization Occurs within
Minutes of Stroke Onset in Mouse Somatosensory
Cortex in Vivo. J Biol Chem, 284(52):36109-36117.
Dave KR, Saul I, Busto R, Ginsberg MD, Sick TJ, Pérez-
Pinzon MA (2001). Ischemic Preconditioning Preserves
Mitochondrial Function after Global Cerebral Ischemia
in Rat Hippocampus. J Cereb Blood Flow Metab,
21(12):1401-1410.

Tabata Fukushima C, Dancil IS, Clary H, Shah N,
Nadtochiy SM, Brookes PS (2024). Reactive oxygen
species generation by reverse electron transfer at
mitochondrial complex I under simulated early
reperfusion conditions. Redox Biol, 70:103047.

Zhou K, Chen J, Wu J, Wu Q, Jia C, Xu YXZ, et al.
(2019). Atractylenolide IIT ameliorates cerebral ischemic
injury and neuroinflammation associated with inhibiting
JAK2/STAT3/Drpl-dependent mitochondrial fission in
microglia. Phytomedicine, 59:152922.

Silachev DN, Plotnikov EY, Pevzner 1B, Zorova LD,
Balakireva A, Gulyaev M, et al. (2018). Neuroprotective
Effects of Mitochondria-Targeted Plastoquinone in a Rat
Model of Neonatal Hypoxic—Ischemic Brain Injury.
Molecules, 23(8):1871.

Abe K, Tonomura M, Ito M, Takai N, Imamoto N,
Rokugawa T, et al. (2015). Imaging of reactive oxygen
species in focal ischemic mouse brain using a radical
trapping tracer [3H]hydromethidine. EJNMMI Res,
5(1):37.

Sun D, Gilboe DD (1994). Ischemia-Induced Changes in
Cerebral Mitochondrial Free Fatty Acids, Phospholipids,
and Respiration in the Rat. J Neurochem, 62(5):1921-
1928.

Fujiwara N, Abe T, Endoh H, Warashina A, Shimoji K
(1992). Changes in intracellular pH of mouse
hippocampal slices responding to hypoxia and/or
glucose depletion. Brain Res, 572(1-2):335-339.

Chopp M, Frinak S, Walton DR, Smith MB, Welch KM
(1987). Intracellular acidosis during and after cerebral
ischemia: in vivo nuclear magnetic resonance study of
hyperglycemia in cats. Stroke, 18(5):919-923.

Almeida A, Allen KL, Bates TE, Clark JB (1995). Effect
of Reperfusion Following Cerebral Ischaemia on the
Activity of the Mitochondrial Respiratory Chain in the
Gerbil Brain. J Neurochem, 65(4):1698-1703.

Aging and Disease * Volume 18, Number 6, December 2027

24



Berezka P., et al.

Non-Canonical Mitochondria in Stroke and Aging

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

Wijermars LGM, Schaapherder AF, Kostidis S, Wiist
RCI, Lindeman JH (2016). Succinate Accumulation and
Ischemia—Reperfusion Injury: Of Mice but Not Men, a
Study in Renal Ischemia—Reperfusion. Am J Transplant,
16(9):2741-2746.

Li Q, Yang L, Wang K, Chen Z, Liu H, Yang X, et al.
(2024). Oxidized mitochondrial DNA activates the
c¢GAS-STING pathway in the neuronal intrinsic immune
system after brain ischemia-reperfusion injury.
Neurotherapeutics, 21(4):e00368.

Ste-Marie L, Vachon P, Vachon L, Bémeur C, Guertin
MC, Montgomery J (2000). Hydroxyl Radical
Production in the Cortex and Striatum in a Rat Model of
Focal Cerebral Ischemia. Can J Neurol Sci, 27(2):152-
159.

Yamamoto T, Yuki S, Watanabe T, Mitsuka M, Saito KI,
Kogure K (1997). Delayed neuronal death prevented by
inhibition of increased hydroxyl radical formation in a
transient cerebral ischemia. Brain Res, 762(1-2):240-
242.

Ohtaki H, Takeda T, Dohi K, Yofu S, Nakamachi T,
Satoh K, et al. (2007). Increased mitochondrial DNA
oxidative damage after transient middle cerebral artery
occlusion in mice. Neurosci Res, 58(4):349-355.

Weih M, Schmitt M, Gieche J, Harms C, Ruscher K,
Dirnagl U, et al. (2001). Proteolysis of Oxidized Proteins
after Oxygen—Glucose Deprivation in Rat Cortical
Neurons is Mediated by the Proteasome. J Cereb Blood
Flow Metab, 21(9):1090-1096.

Cui J, Holmes EH, Greene TG, Liu PK (2000). Oxidative
DNA damage precedes DNA fragmentation after
experimental stroke in rat brain. FASEB J, 14(7):955-
967.

Endlicher R, Drahota Zk, Stefkova Ki, Cervinkova Z,
Kucera O (2023). The Mitochondrial Permeability
Transition Pore—Current Knowledge of Its Structure,
Function, and Regulation, and Optimized Methods for
Evaluating Its Functional State. Cells, 12(9):1273.
Bonora M, Giorgi C, Pinton P (2022). Molecular
mechanisms and consequences of mitochondrial
permeability transition. Nat Rev Mol Cell Biol,
23(4):266-285.

Lee BI, Lee DJ, Cho KJ, Kim GW (2005). Early nuclear
translocation of endonuclease G and subsequent DNA
fragmentation after transient focal cerebral ischemia in
mice. Neurosci Lett, 386(1):23-27.

Zhao H, Yenari MA, Cheng D, Sapolsky RM, Steinberg
GK (2005). Biphasic Cytochrome c Release After
Transient Global Ischemia and its Inhibition by
Hypothermia. J Cereb Blood Flow Metab, 25(9):1119-
1129.

Kumari S, Anderson L, Farmer S, Mehta SL, Li PA
(2012). Hyperglycemia Alters Mitochondrial Fission and
Fusion Proteins in Mice Subjected to Cerebral Ischemia
and Reperfusion. Transl Stroke Res, 3(2):296-304.

Liu W, Tian F, Kurata T, Morimoto N, Abe K (2012).
Dynamic changes of mitochondrial fusion and fission
proteins after transient cerebral ischemia in mice. J
Neurosci Res, 90(6):1183-1189.

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Kislin M, Sword J, Fomitcheva I, Croom D, Pryazhnikov
E, Lihavainen E, et al. (2017). Reversible Disruption of
Neuronal Mitochondria by Ischemic and Traumatic
Injury Revealed by Quantitative Two-Photon Imaging in
the Neocortex of Anesthetized Mice. J Neurosci,
37(2):333-348.

Wappler EA, Institoris A, Dutta S, Katakam PVG, Busija
DW (2013). Mitochondrial Dynamics Associated with
Oxygen-Glucose Deprivation in Rat Primary Neuronal
Cultures. PLoS One, 8(5):€63206.

Benard G, Bellance Ng, James D, Parrone P, Fernandez
H, Letellier T, et al. (2007). Mitochondrial bioenergetics
and structural network organization. J Cell Sci,
120(5):838-848.

Flippo KH, Gnanasekaran A, Perkins GA, Ajmal A,
Merrill RA, Dickey AS, et al. (2018). AKAP1 Protects
from Cerebral Ischemic Stroke by Inhibiting Drpl-
Dependent  Mitochondrial ~ Fission. J Neurosci,
38(38):8233-8242.

Qi X, Qvit N, Su YC, Mochly-Rosen D (2012). Novel
Drpl inhibitor diminishes aberrant mitochondrial fission
and neurotoxicity. J Cell Sci, 126(3):789-802.

Barsoum MJ, Yuan H, Gerencser AA, Liot G,
Kushnareva Y, Gréaber S, et al. (2006). Nitric oxide-
induced mitochondrial fission is regulated by dynamin-
related GTPases in neurons. EMBO J, 25(16):3900-
3911.

Edwards G, Perkins GA, Kim KY, Kong Y, Lee Y, Choi
SH, et al. (2020). Loss of AKAPI triggers Drpl
dephosphorylation-mediated mitochondrial fission and
loss in retinal ganglion cells. Cell Death Dis, 11(4):254.
LiM, Zhang Y, Yu G, GuL, Zhu H, Feng S, et al. (2024).
Mitochondria-associated endoplasmic reticulum
membranes tethering protein VAPB-PTPIP51 protects
against ischemic stroke through inhibiting the activation
of autophagy. CNS Neurosci Ther, 30:¢14707.

JiJ, Baart S, Vikulina AS, Clark RS, Anthonymuthu TS,
Tyurin VA, et al. (2015). Deciphering of Mitochondrial
Cardiolipin Oxidative Signaling in Cerebral Ischemia-
Reperfusion. J Cereb Blood Flow Metab, 35(2):319-328.
Shimada K, Crother TR, Karlin J, Dagvadorj J, Chiba N,
Chen S, et al. (2012). Oxidized Mitochondrial DNA
Activates the NLRP3 Inflammasome during Apoptosis.
Immunity, 36(3):401-414.

Iyer SS, He Q, Janczy JR, Elliott EI, Zhong Z, Olivier
AK, et al. (2013). Mitochondrial Cardiolipin Is Required
for Nlrp3 Inflammasome Activation. Immunity,
39(2):311-323.

Tsai NW, Lin TK, Chen SD, Chang WN, Wang HC,
Yang TM, et al. (2011). The value of serial plasma
nuclear and mitochondrial DNA levels in patients with
acute ischemic stroke. Clinica Chimica Acta, 412(5-
6):476-479.

Gong Z, Pan J, Shen Q, Li M, Peng Y (2018).

Mitochondrial dysfunction induces NLRP3
inflammasome activation during cerebral
ischemia/reperfusion injury. J Neuroinflammation,
15(1):242.

Fiorese CJ, Schulz AM, Lin YF, Rosin N, Pellegrino
MW, Haynes CM (2016). The Transcription Factor

Aging and Disease * Volume 18, Number 6, December 2027

25



Berezka P., et al.

Non-Canonical Mitochondria in Stroke and Aging

[86]

[87]

[88]

[89]

[90]

(91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

ATF5 Mediates a Mammalian Mitochondrial UPR.
Current Biology, 26(15):2037-2043.

An H, Zhou B, Hayakawa K, Duran Laforet V, Park JH,
Nakamura Y, et al. (2024). ATF5-Mediated
Mitochondrial Unfolded Protein Response (UPR mt )
Protects Neurons Against Oxygen-Glucose Deprivation
and Cerebral Ischemia. Stroke, 55(7):1904-1913.

Torres AK, Fleischhart V, Inestrosa NC (2024).
Mitochondrial unfolded protein response (UPRmt): what
we know thus far. Front Cell Dev Biol, 12:1405393.
Melber A, Haynes CM (2018). UPRmt regulation and
output: a stress response mediated by mitochondrial-
nuclear communication. Cell Res, 28(3):281-295.

Teske BF, Fusakio ME, Zhou D, Shan J, McClintick JN,
Kilberg MS, et al. (2013). CHOP induces activating
transcription factor 5 (ATF5) to trigger apoptosis in
response to perturbations in protein homeostasis. Mol
Biol Cell, 24(15):2477-2490.

Chen X, An H, He J, Guo J, Xu S, Wu C, et al. (2026).
Mitochondrial unfolded protein response (UPR mt ) as
novel therapeutic targets for neurological disorders. J
Cereb Blood Flow Metab, 46(2):333-349.

Lill R, Hoffmann B, Molik S, Pierik AJ, Rietzschel N,
Stehling O, et al. (2012). The role of mitochondria in
cellular iron—sulfur protein biogenesis and iron
metabolism. Biochim Biophys Acta Mol Cell Res,
1823(9):1491-1508.

Yuan Y, Yang X, Zhao Y, Flores JJ, Huang L, Gu L, et
al. (2025). Mitochondrial ferritin upregulation by
deferiprone reduced neuronal ferroptosis and improved
neurological deficits via NDRG1/Yap pathway in a
neonatal rat model of germinal matrix hemorrhage. J
Cereb Blood Flow Metab, 45(3):510-527.

Tyrrell DJ, Blin MG, Song J, Wood SC, Goldstein DR
(2020). Aging Impairs Mitochondrial Function and
Mitophagy and Elevates Interleukin 6 Within the
Cerebral Vasculature. J Am Heart Assoc, 9(23):¢017820.
Li N, Kong X, Ye R, Yang Q, Han J, Xiong L (2011).
Age-Related Differences in Experimental Stroke:
Possible Involvement of Mitochondrial Dysfunction and
Oxidative Damage. Rejuvenation Res, 14(3):261-273.
Gaignard P, Fréchou M, Schumacher M, Thérond P,
Mattern C, Slama A, et al. (2016). Progesterone reduces
brain mitochondrial dysfunction after transient focal
ischemia in male and female mice. J Cereb Blood Flow
Metab, 36(3):562-568.

Liu P, Yang X, Niu J, Hei C (2022). Hyperglycemia
aggravates ischemic brain damage via ERK1/2 activated
cell autophagy and mitochondrial fission. Front
Endocrinol (Lausanne), 13:928591.

Shukla V, Fuchs P, Liu A, Cohan CH, Dong C, Wright
CB, et al. (2019). Recurrent Hypoglycemia Exacerbates
Cerebral Ischemic Damage in Diabetic Rats via
Enhanced Post-Ischemic Mitochondrial Dysfunction.
Transl Stroke Res, 10(1):78-90.

Petrosillo G, De Benedictis V, Ruggiero FM, Paradies G
(2013). Decline in cytochrome ¢ oxidase activity in rat-
brain mitochondria with aging. Role of peroxidized
cardiolipin and beneficial effect of melatonin. J Bioenerg
Biomembr, 45(5):431-440.

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Petrosillo G, Matera M, Casanova G, Ruggiero F,
Paradies G (2008). Mitochondrial dysfunction in rat
brain with aging. Involvement of complex I, reactive
oxygen species and cardiolipin. Neurochem Int,
53(5):126-131.

Espino de la Fuente-Mufioz C, Rosas-Lemus M,
Moreno-Castilla P, Bermtidez-Rattoni F, Uribe-Carvajal
S, Arias C (2020). Age-Dependent Decline in Synaptic
Mitochondrial Function Is Exacerbated in Vulnerable
Brain Regions of Female 3xTg-AD Mice. Int J Mol Sci,
21(22):8727.

Rybka V, Suzuki YJ, Gavrish AS, Dibrova VA, Gychka
SG, Shults N (2019). Transmission Electron Microscopy
Study of Mitochondria in Aging Brain Synapses.
Antioxidants (Basel), 8(6):171.

Chistiakov DA, Sobenin IA, Revin VV, Orekhov AN,
Bobryshev YV (2014). Mitochondrial aging and age-
related dysfunction of mitochondria. Biomed Res Int,
2014:238463.

LiH, Li X, Xu Z, Li L, Sun E, Cao C, et al. (2026).
Decreased OPA1 expression increases neuronal
vulnerability to ischaemic stroke during ageing: Role of
Timm8b as a therapeutic target. Free Radic Biol Med,
244:529-545.

Qin YY, Pan SY, Dai JR, Wang QM, Luo X, Qin ZH, et
al. (2023). Alleviation of ischemic brain injury by
exercise preconditioning is associated with modulation
of autophagy and mitochondrial dynamics in cerebral
cortex of female aged mice. Exp Gerontol, 178:112226.
LiY, YuH, Chen C, Li S, Zhang Z, Xu H, et al. (2020).
Proteomic Profile of Mouse Brain Aging Contributions
to Mitochondrial Dysfunction, DNA Oxidative Damage,
Loss of Neurotrophic Factor, and Synaptic and
Ribosomal Proteins. Oxid Med Cell Longev, 2020:1-21.
Araujo APB, Vargas G, Hayashide LdS, Matias I,
Andrade CBV, de Carvalho JJ, et al. (2024). Aging
promotes an increase in mitochondrial fragmentation in
astrocytes. Front Cell Neurosci, 18:1496163.

Baranich TI, Voronkov DN, Okulova KM, Shcherbak
EV, Egorova AV, Velts OV, et al. (2026). Features of
Mitochondrial Dynamics Changes in Large Pyramidal
Neurons of the Human Motor Cortex during Aging.
Biochemistry (Mosc), 91(2):380-387.

Loppi SH, Tavera-Garcia MA, Scholpa NE, Maiyo BK,
Becktel DA, Morrison HW, et al. (2023). Boosting
Mitochondrial Biogenesis Diminishes Foam Cell
Formation in the Post-Stroke Brain. Int J Mol Sci,
24(23):16632.

Souder DC, McGregor ER, Clark JP, Rhoads TW, Porter
TJ, Eliceiri KW, et al. (2025). Neuron-specific isoform
of PGC-la regulates neuronal metabolism and brain
aging. Nat Commun, 16(1):2053.

Jiang T, Yin F, Yao J, Brinton RD, Cadenas E (2013).
Lipoic acid restores age-associated impairment of brain
energy metabolism through the modulation of Akt/JNK
signaling and PGC-1la transcriptional pathway. Aging
Cell, 12(6):1021-1031.

Yan W, Zhang T, Kang Y, Zhang G, Ji X, Feng X, et al.
(2021). Testosterone ameliorates age-related brain

Aging and Disease * Volume 18, Number 6, December 2027

26



Berezka P., et al.

Non-Canonical Mitochondria in Stroke and Aging

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

mitochondrial dysfunction.
13(12):16229-16247.

Wu X, Yang L, Li Z, Gu C, Jin K, Luo A, et al. (2024).
Aging-associated decrease of PGC-la promotes pain
chronification. Aging Cell, 23(8):e14177.

Omidsalar AA, Tyrpak DR, MacKay JA, Yen K, Cohen
P, Serrano G, et al. (2026). Mitochondrial DNA
Variation in the Aging Human Cerebral Cortex and
Cerebellum. Aging Cell, 25(1):¢70340.

Escobar-Doncel B, Zhang X, Ljostad A, de la Puebla
MF, Rao SB, Fjeldstad SA, et al. (2026). Two-photon in
vivo imaging reveals cell type-specific mitophagy
dynamic changes in mouse somatosensory cortex during
aging. NPJ Aging, 12(1):115.

Rappe A, Vihinen HA, Suomi F, Hassinen AJ, Ehsan H,
Jokitalo ES, et al. (2024). Longitudinal autophagy
profiling of the mammalian brain reveals sustained
mitophagy throughout healthy aging. EMBO J,
43(23):6199-6231.

Hou X, Fiesel FC, Truban D, Castanedes Casey M, Lin
W1, Soto Al et al. (2018). Age- and disease-dependent
increase of the mitophagy marker phospho-ubiquitin in
normal aging and Lewy body disease. Autophagy,
14(8):1404-1418.

Yusri K, Jose S, Vermeulen KS, Tan TCM, Sorrentino V
(2025). The role of NAD+ metabolism and its
modulation of mitochondria in aging and disease. NPJ
Metab Health Dis, 3(1):26.

Covarrubias AJ, Perrone R, Grozio A, Verdin E (2021).
NAD+ metabolism and its roles in cellular processes
during ageing. Nat Rev Mol Cell Biol, 22(2):119-141.
Klimova N, Fearnow A, Long A, Kristian T (2020).
NAD+ precursor modulates post-ischemic mitochondrial
fragmentation and reactive oxygen species generation
via SIRT3 dependent mechanisms. Exp Neurol,
325:113144.

Stefanatos R, Sanz A (2018). The role of mitochondrial
ROS in the aging brain. FEBS Lett, 592(5):743-758.
Castejon-Vega B, Cordero MD, Sanz A (2023). How the
disruption of mitochondrial redox signalling contributes
to ageing. Antioxidants (Basel), 12(4):831.

Mészaros A, Molnar K, Nogradi B, Hernadi Z, Nyul-
Toth A, Wilhelm I, et al. (2020). Neurovascular
inflammaging in health and disease. Cells, 9(7):1614.
Xu X, Pang Y, Fan X (2025). Mitochondria in oxidative
stress, inflammation and aging: from mechanisms to
therapeutic advances. Signal Transduct Target Ther,
10(1):190.

Hentze MW, Muckenthaler MU, Andrews NC (2004).
Balancing acts: molecular control of mammalian iron
metabolism. Cell, 117(3):285-297.

Levi S, Rovida E (2009). The role of iron in
mitochondrial function. Biochim Biophys Acta,
1790(7):629-636.

Cai W, Zhang K, Li P, Zhu L, XuJ, Yang B, et al. (2017).
Dysfunction of the neurovascular unit in ischemic stroke
and neurodegenerative diseases: an aging effect. Ageing
Res Rev, 34:77-87.

Novorolsky RJ, Kasheke GDS, Hakim A, Foldvari M,
Dorighello GG, Sekler 1, et al. (2023). Preserving and

Aging (Albany NY),

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

enhancing mitochondrial function after stroke to protect
and repair the neurovascular unit: novel opportunities for
nanoparticle-based drug delivery. Front Cell Neurosci,
17:1226630.

Joy MT, Carmichael ST (2021). Encouraging an
excitable brain state: mechanisms of brain repair in
stroke. Nat Rev Neurosci, 22(1):38-53.

Feng S, Yang M, Liu S, He Y, Deng S, Gong Y (2023).
Oxidative stress as a bridge between age and stroke: a
narrative review. J Intensive Med, 3(4):313-319.

Yang M, He Y, Deng S, Xiao L, Tian M, Xin Y, et al.
(2022). Mitochondrial quality control: a
pathophysiological mechanism and therapeutic target for
stroke. Front Mol Neurosci, 14:786099.

Ng MYW, Wai T, Simonsen A (2021). Quality control
of the mitochondrion. Dev Cell, 56(7):881-905.

Qian L, Zhu Y, Deng C, Liang Z, Chen J, Chen Y, et al.
(2024). Peroxisome proliferator-activated receptor
gamma coactivator-1 (PGC-1) family in physiological
and pathophysiological process and diseases. Signal
Transduct Target Ther, 9(1):50.

Rakshe PS, Dutta BJ, Chib S, Maurya N, Singh S (2024).
Unveiling the interplay of AMPK/SIRT1/PGC-1a axis in
brain health: Promising targets against aging and NDDs.
Ageing Res Rev, 96:102255.

Roca-Portoles A, Tait SWG (2021). Mitochondrial
quality control: from molecule to organelle. Cell Mol
Life Sci, 78(8):3853-3866.

Naon D, Zaninello M, Giacomello M, Varanita T, Grespi
F, Lakshminaranayan S, et al. (2016). Critical reappraisal
confirms that Mitofusin 2 is an endoplasmic reticulum—
mitochondria tether. Proc Natl Acad Sci U S A,
113(40):11249-11254.

Frezza C, Cipolat S, Martins de Brito O, Micaroni M,
Beznoussenko G, Rudka T, et al. (2006). OPA1 Controls
Apoptotic Cristae Remodeling Independently from
Mitochondrial Fusion. Cell, 126(1):177-189.

Li X, LiH, Xu Z, Ma C, Wang T, You W, et al. (2024).
Author Correction: Ischemia-induced cleavage of OPA1
at S1 site aggravates mitochondrial fragmentation and
reperfusion injury in neurons. Cell Death Dis, 15(9):653.
Otera H, Wang C, Cleland MM, Setoguchi K, Yokota S,
Youle RJ, et al. (2010). Mff is an essential factor for
mitochondrial recruitment of Drp1 during mitochondrial
fission in mammalian cells. J Cell Biol, 191(6):1141-
1158.

Palmer CS, Osellame LD, Laine D, Koutsopoulos OS,
Frazier AE, Ryan MT (2011). MiD49 and MiD51, new
components of the mitochondrial fission machinery.
EMBO Rep, 12(6):565-573.

Zhou H, Hu S, Jin Q, Shi C, Zhang Y, Zhu P, et al.

(2017).  Mff-Dependent  Mitochondrial ~ Fission
Contributes to the Pathogenesis of Cardiac
Microvasculature Ischemia/Reperfusion Injury via

Induction of mROS-Mediated Cardiolipin Oxidation and
HK2/VDACI Disassociation-Involved mPTP Opening.
J Am Heart Assoc, 6(3):¢005328.

Rios L, Pokhrel S, Li SJ, Heo G, Haileselassie B,
Mochly-Rosen D (2023). Targeting an allosteric site in

Aging and Disease * Volume 18, Number 6, December 2027

27



Berezka P., et al.

Non-Canonical Mitochondria in Stroke and Aging

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

dynamin-related protein 1 to inhibit Fisl-mediated
mitochondrial dysfunction. Nat Commun, 14(1):4356.
Chen Y, Guo S, Tang Y, Mou C, Hu X, Shao F, et al.
(2020). Mitochondrial Fusion and Fission in Neuronal
Death Induced by Cerebral Ischemia-Reperfusion and Its
Clinical Application: A Mini-Review. Med Sci Monit,
26:928651.

Pickles S, Vigié P, Youle RJ (2018). Mitophagy and
Quality Control Mechanisms in  Mitochondrial
Maintenance. Current Biology, 28(4):R170-R185.
Paradies G, Paradies V, Ruggiero FM, Petrosillo G
(2019). Role of Cardiolipin in Mitochondrial Function
and Dynamics in Health and Disease: Molecular and
Pharmacological Aspects. Cells, 8(7):728.

Cai Y, Yang E, Yao X, Zhang X, Wang Q, Wang Y, et
al. (2021). FUNDCI1-dependent mitophagy induced by
tPA protects neurons against cerebral ischemia-
reperfusion injury. Redox Biol, 38:101792.

Bellut M, Bieber M, Kraft P, Weber ANR, Stoll G,
Schuhmann MK (2023). Delayed NLRP3 inflammasome
inhibition ameliorates subacute stroke progression in
mice. J Neuroinflammation, 20(1):4.

Dickey AS, Strack S (2011). PKA/AKAPI and
PP2A/BB2 Regulate Neuronal Morphogenesis via Drpl
Phosphorylation and Mitochondrial Bioenergetics. J
Neurosci, 31(44):15716-15726.

Merrill RA, Strack S (2014). Mitochondria: A kinase
anchoring protein 1, a signaling platform for
mitochondrial form and function. Int J Biochem Cell
Biol, 48:92-96.

Liu Y, Merrill RA, Strack S (2020). A-Kinase Anchoring
Protein 1: Emerging Roles in Regulating Mitochondrial
Form and Function in Health and Disease. Cells,
9(2):298.

Flippo KH, Lin Z, Dickey AS, Zhou X, Dhanesha NA,
Walters GC, et al. (2020). Deletion of a Neuronal Drpl
Activator Protects against Cerebral Ischemia. J Neurosci,
40(15):3119-3129.

Zhang N, Wang S, Li Y, Che L, Zhao Q (2013). A
selective inhibitor of Drpl, mdivi-1, acts against cerebral
ischemia/reperfusion injury via an anti-apoptotic
pathway in rats. Neurosci Lett, 535:104-109.

Ma X, Xie Y, Chen Y, Han B, Li J, Qi S (2016). Post-
ischemia  mdivi-1  treatment  protects  against
ischemia/reperfusion-induced brain injury in a rat model.
Neurosci Lett, 632:23-32.

Bordt EA, Clerc P, Roelofs BA, Saladino AJ, Tretter L,
Adam-Vizi V, et al. (2017). The Putative Drp1 Inhibitor
mdivi-1 Is a Reversible Mitochondrial Complex I
Inhibitor that Modulates Reactive Oxygen Species. Dev
Cell, 40(6):583-594.¢6.

Guo X, Sesaki H, Qi X (2014). Drp1 stabilizes p53 on
the mitochondria to trigger necrosis under oxidative
stress conditions in vitro and in vivo. Biochem J,
461(1):137-146.

LiuW,SuC,QiY, Liang J, Zhao L, Shi Y (2022). Brain-
targeted heptapeptide-loaded exosomes attenuated
ischemia—reperfusion injury by promoting the transfer of
healthy mitochondria from astrocytes to neurons. J
Nanobiotechnology, 20(1):242.

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

Narendra DP, Jin SM, Tanaka A, Suen DF, Gautier CA,
Shen J, et al. (2010). PINK Is Selectively Stabilized on
Impaired Mitochondria to Activate Parkin. PLoS Biol,
8(1):¢1000298.

Lazarou M, Sliter DA, Kane LA, Sarraf SA, Wang C,
Burman JL, et al. (2015). The ubiquitin kinase PINK1
recruits autophagy receptors to induce mitophagy.
Nature, 524(7565):309-314.

Tang T, Hu Lb, Ding C, Zhang Z, Wang N, Wang T, et
al. (2024). Src inhibition rescues FUNDCI1-mediated
neuronal mitophagy in ischaemic stroke. Stroke Vasc
Neurol, 9(4):367-379.

Barodia SK, McMeekin LJ, Creed RB, Quinones EK,
Cowell RM, Goldberg MS (2019). PINKI
phosphorylates ubiquitin predominantly in astrocytes.
NPJ Parkinsons Dis, 5(1):29.

McLelland GL, Goiran T, Yi W, Dorval G, Chen CX,
Lauinger ND, et al. (2018). Mfn2 ubiquitination by
PINK1/parkin gates the p97-dependent release of ER
from mitochondria to drive mitophagy. eLife, 7:¢32866.
Sun Y, Vashisht AA, Tchieu J, Wohlschlegel JA, Dreier
L (2012). Voltage-dependent Anion Channels (VDACsS)
Recruit Parkin to Defective Mitochondria to Promote
Mitochondrial Autophagy. J Biol Chem, 287(48):40652-
40660.

Tanaka A, Cleland MM, Xu S, Narendra DP, Suen DF,
Karbowski M, et al. (2010). Proteasome and p97 mediate
mitophagy and degradation of mitofusins induced by
Parkin. J Cell Biol, 191(7):1367-1380.

Hwang I, Kim BS, Lee HY, Cho SW, Lee SE, Ahn JY
(2024). PA2G4/EBP1 ubiquitination by
PRKN/PARKIN promotes mitophagy protecting neuron
death in cerebral ischemia. Autophagy, 20(2):365-379.
Li Q, Zhang T, Wang J, Zhang Z, Zhai Y, Yang GY, et
al. (2014). Rapamycin attenuates mitochondrial
dysfunction via activation of mitophagy in experimental
ischemic stroke. Biochem Biophys Res Commun,
444(2):182-188.

Di Y, He YL, Zhao T, Huang X, Wu KW, Liu SH, et al.
(2015). Methylene Blue Reduces Acute Cerebral
Ischemic Injury via the Induction of Mitophagy. Mol
Med, 21(1):420-429.

Mao Z, Tian L, Liu J, Wu Q, Wang N, Wang G, et al.
(2022). Ligustilide ameliorates hippocampal neuronal
injury after cerebral ischemia reperfusion through
activating PINK1/Parkin-dependent mitophagy.
Phytomedicine, 101:154111.

LiY, HuK, LiJ, Yang X, Wu X, Liu Q, et al. (2024).
Tetrahydroxy Stilbene Glucoside Promotes Mitophagy
and Ameliorates Neuronal Injury after Cerebral Ischemia
Reperfusion via Promoting USP10-Mediated YBX1
Stability. eNeuro, 11(10):ENEURO.0269-24.2024.
Jurczyk J, Guzda Z, Skoérkowska A, Broniowska A,
Piechaczek MG, Wigcek A, et al. (2025). The
mitochondria-targeted hydrogen sulfide donor AP39
reduces cortical stroke volume and improves motor
function in a photothrombotic stroke model in mice in a
sex-dependent manner. Neuropharmacology,
279:110602.

Aging and Disease * Volume 18, Number 6, December 2027

28



Berezka P., et al.

Non-Canonical Mitochondria in Stroke and Aging

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

Guo Y, Jiang H, Wang M, Ma Y, Zhang J, Jing L (2023).
Metformin alleviates cerebral ischemia/reperfusion
injury aggravated by hyperglycemia via regulating

AMPK/ULK1/PINK1/Parkin pathway-mediated
mitophagy and apoptosis. Chem Biol Interact,
384:110723.

Shi RY, Zhu SH, Li V, Gibson SB, Xu XS, Kong JM
(2014). BNIP3 Interacting with LC3 Triggers Excessive
Mitophagy in Delayed Neuronal Death in Stroke. CNS
Neurosci Ther, 20(12):1045-1055.

Zhang Y, He Y, Wu M, Chen H, Zhang L, Yang D, et al.
(2020). Rehmapicroside ameliorates cerebral ischemia-
reperfusion injury via attenuating peroxynitrite-mediated
mitophagy activation. Free Radic Biol Med, 160:526-
539.

You W, Knoops K, Berendschot TTIM, Benedikter BJ,
Webers CAB, Reutelingsperger CPM, et al. (2024).
PGC-1la mediated mitochondrial biogenesis promotes
recovery and survival of neuronal cells from cellular
degeneration. Cell Death Discov, 10(1):180.

Tang L, Zhang W, Liao Y, Wang W, Deng X, Wang C,
et al. (2025). Autophagy: a double-edged sword in
ischemia—reperfusion injury. Cell Mol Biol Lett,
30(1):42.

Rogov V, Suzuki H, Marinkovi¢ M, Lang V, Kato R,
Kawasaki M, et al. (2017). Phosphorylation of the
mitochondrial autophagy receptor Nix enhances its
interaction with LC3 proteins. Sci Rep, 7(1):1131.

Guo K, Searfoss G, Krolikowski D, Pagnoni M, Franks
C, Clark K, et al. (2001). Hypoxia induces the expression
of the pro-apoptotic gene BNIP3. Cell Death Differ,
8(4):367-376.

Novak I, Kirkin V, McEwan DG, Zhang J, Wild P,
Rozenknop A, et al. (2010). Nix is a selective autophagy
receptor for mitochondrial clearance. EMBO Rep,
11(1):45-51.

Sowter HM, Ratcliffe PJ, Watson P, Greenberg AH,
Harris AL (2001). HIF-1-dependent regulation of
hypoxic induction of the cell death factors BNIP3 and
NIX in human tumors. Cancer Res, 61(18):6669-73.
Chen G, Han Z, Feng D, Chen Y, Chen L, Wu H, et al.
(2014). A Regulatory Signaling Loop Comprising the
PGAMS5 Phosphatase and CK2 Controls Receptor-
Mediated Mitophagy. Mol Cell, 54(3):362-377.

Wei H, Liu L, Chen Q (2015). Selective removal of
mitochondria via mitophagy: distinct pathways for
different mitochondrial stresses. Biochim Biophys Acta
Mol Cell Res, 1853(10):2784-2790.

Wang B, Xi M, Lin K, Guo Q, Wang Y (2026).
Exosome-mediated delivery of 3-n-butylphthalide
rescues microglial energy crisis and ameliorates
neuroinflammation in ischemic stroke.
Neurotherapeutics, 23(5):¢00977.

Chen F, Wu L, Zhang M, Kan M, Chen H, Wang X, et
al. (2024). Autophagy-related 5 in acute ischemic stroke:
Variation and linkage with neurofunction, and survival.
Ann Clin Transl Neurol, 11(4):856-865.

Marques E, Kramer R, Ryan DG (2024). Multifaceted
mitochondria in innate immunity. NPJ Metab Health Dis,
2(1):6.

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

Zhang G, Zhao A, Zhang X, Zeng M, Wei H, Yan X, et
al. (2024). Glycolytic reprogramming in microglia: A
potential therapeutic target for ischemic stroke. Cell
Signal, 124:111466.

Kong L, Xu P, Shen N, Li W, Li R, Tao C, et al. (2024).
STING orchestrates microglia polarization via
interaction with LC3 in autophagy after ischemia. Cell
Death Dis, 15(11):824.

Li W, Shen N, Kong L, Huang H, Wang X, Zhang Y, et
al. (2024). STING mediates microglial pyroptosis via
interaction with NLRP3 in cerebral ischaemic stroke.
Stroke Vasc Neurol, 9(2):153-164.

Maimaiti M, Li C, Cheng M, Zhong Z, Hu J, Yang L, et
al. (2024). Blocking cGAS-STING pathway promotes
post-stroke functional recovery in an extended treatment
window via facilitating remyelination. Med (N Y),
5(6):622-644.¢8.

Zhang X, Guo J, Zhang Y, Zhao S, Chen J, Jiang J, et al.
(2025). Intranasal delivery of LB244-loaded M2
microglia membrane nanoparticles for targeted treatment
of neuroinflammation after I/R brain injury. Mater
Today Bio, 35:102412.

Zheng W, Wang Z, Zhou X, Wang S, Shi X, Xiong T, et
al.  (2026). Intrinsically = Mitochondria-Targeting
Nanozyme via Coordination-Assembly of Natural
Quercetin for Cascade Antioxidant Therapy of Cerebral
Ischemia-Reperfusion Injury. Adv Sci (Weinh), ¢76038.
Oka T, Hikoso S, Yamaguchi O, Taneike M, Takeda T,
Tamai T, et al. (2012). Mitochondrial DNA that escapes
from autophagy causes inflammation and heart failure.
Nature, 485(7397):251-255.

Chu CT, JiJ, Dagda RK, Jiang JF, Tyurina Y'Y, Kapralov
AA, etal. (2013). Cardiolipin externalization to the outer
mitochondrial membrane acts as an elimination signal
for mitophagy in neuronal cells. Nat Cell Biol,
15(10):1197-1205.

Missiroli S, Patergnani S, Caroccia N, Pedriali G,
Perrone M, Previati M, et al. (2018). Mitochondria-
associated membranes (MAMs) and inflammation. Cell
Death Dis, 9(3):329.

Nakahira K, Haspel JA, Rathinam VAK, Lee SJ, Dolinay
T, Lam HC, et al. (2011). Autophagy proteins regulate
innate immune responses by inhibiting the release of
mitochondrial DNA mediated by the NALP3
inflammasome. Nat Immunol, 12(3):222-230.
Mouton-Liger F, Rosazza T, Sepulveda-Diaz J, Ieang A,
Hassoun SM, Claire E, et al. (2018). Parkin deficiency
modulates NLRP3 inflammasome activation by
attenuating an A20-dependent negative feedback loop.
Glia, 66(8):1736-1751.

Li J, Lin Q, Shao X, Li S, Zhu X, Wu J, et al. (2023).
HIF10-BNIP3-mediated mitophagy protects against
renal fibrosis by decreasing ROS and inhibiting
activation of the NLRP3 inflammasome. Cell Death Dis,
14(3):200.

He Q, Li Z, Meng C, Wu J, Zhao Y, Zhao J (2019).
Parkin-Dependent Mitophagy Is Required for the
Inhibition of ATF4 on NLRP3 Inflammasome
Activation in Cerebral Ischemia-Reperfusion Injury in
Rats. Cells, 8(8):897.

Aging and Disease * Volume 18, Number 6, December 2027

29



Berezka P., et al.

Non-Canonical Mitochondria in Stroke and Aging

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

Guilbaud E, Sarosieck KA, Galluzzi L (2024).
Inflammation and mitophagy are mitochondrial
checkpoints to aging. Nat Commun, 15(1):3375.

Zhong W, Rao Z, Xu J, Sun Y, Hu H, Wang P, et al.
(2022). Defective mitophagy in aged macrophages
promotes mitochondrial DNA cytosolic leakage to
activate STING signaling during liver sterile
inflammation. Aging Cell, 21(6):e13622.

Linghu K, Hu L, Wang YE, Zhou Y, Wang Y, Shi M, et
al. (2025). Fat-targeted small molecule alleviates
abnormal adipose tissue remodeling in obesity via
SIRT3-driven mitophagy and inflammasome inhibition.
Chin Med, 20(1):215.

Borsche M, Koénig IR, Delcambre S, Petrucci S, Balck
A, Briiggemann N, et al. (2020). Mitochondrial damage-
associated inflammation highlights biomarkers in
PRKN/PINK1 parkinsonism. Brain, 143(10):3041-3051.
Choi EH, Park SJ (2023). TXNIP: A key protein in the
cellular stress response pathway and a potential
therapeutic target. Exp Mol Med, 55(7):1348-1356.

Han Y, Xu X, Tang C, Gao P, Chen X, Xiong X, et al.
(2018). Reactive oxygen species promote tubular injury
in diabetic nephropathy: The role of the mitochondrial
ros-txnip-nlrp3 biological axis. Redox Biol, 16:32-46.
Hou Y, Wang Y, He Q, Li L, Xie H, Zhao Y, et al.
(2018). Nrf2 inhibits NLRP3 inflammasome activation
through regulating Trx1/TXNIP complex in cerebral
ischemia reperfusion injury. Behav Brain Res, 336:32-
39.

Yang C,MoJ,LiuQ,Li W, Chen Y, Feng J, etal. (2024).
TXNIP/NLRP3 aggravates global cerebral ischemia-
reperfusion injury-induced cognitive decline in mice.
Heliyon, 10(6):e27423.

Bellut M, Kollikowski AM, Vogt ML, Rossnagel L,
Hawwari I, Franklin BS, et al. (2026). Identifying the
role of NLRP3 inflammasome in stroke progression and
outcome before recanalization. Cell Rep Med,
7(4):102723.

Hong P, Li FX, Gu RN, Fang YY, Lai LY, Wang YW,
et al. (2018). Inhibition of NLRP3 Inflammasome
Ameliorates Cerebral Ischemia-Reperfusion Injury in
Diabetic Mice. Neural Plast, 2018:1-8.

Soto-Heredero G, Gomez de las Heras MM, Gabandé-
Rodriguez E, Oller J, Mittelbrunn M (2020). Glycolysis
— a key player in the inflammatory response. FEBS J,
287(16):3350-33609.

Mills EL, Kelly B, Logan A, Costa ASH, Varma M,
Bryant CE, et al. (2016). Succinate Dehydrogenase
Supports Metabolic Repurposing of Mitochondria to
Drive Inflammatory Macrophages. Cell, 167(2):457-
470.e13.

Xie M, Yu Y, Kang R, Zhu S, Yang L, Zeng L, et al.
(2025). PKM2-dependent glycolysis promotes NLRP3
and AIM2 inflammasome activation. Nat Commun,
16(1):6158.

Song S, Yu L, Hasan MN, Paruchuri SS, Mullett SJ,
Sullivan MLG, et al. (2022). Elevated microglial
oxidative phosphorylation and phagocytosis stimulate
post-stroke brain remodeling and cognitive function
recovery in mice. Commun Biol, 5(1):35.

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

Kuo PC, Weng WT, Scofield BA, Furnas D, Paraiso HC,
Yu IC, et al. (2021). Immunoresponsive gene 1
modulates the severity of brain injury in cerebral
ischaemia. Brain Commun, 3(3):fcab187.

Vigil TM, Frieler RA, Kilpatrick KL, Wang MM,
Mortensen RM (2022). Aconitate decarboxylase 1
suppresses cerebral ischemia-reperfusion injury in mice.
Exp Neurol, 347:113902.

Loppi SH, Tavera-Garcia MA, Becktel DA, Maiyo BK,
Johnson KE, Nguyen TVV, et al. (2023). Increased fatty
acid metabolism and decreased glycolysis are hallmarks
of metabolic reprogramming within microglia in
degenerating white matter during recovery from
experimental stroke. J Cereb Blood Flow Metab,
43(7):1099-1114.

ElAzzouny M, Tom CTMB, Evans CR, Olson LL, Tanga
MI, Gallagher KA, et al. (2017). Dimethyl Itaconate Is
Not Metabolized into Itaconate Intracellularly. J Biol
Chem, 292(12):4766-4769.

Read AD, Bentley RE, Archer SL, Dunham-Snary KJ
(2021). Mitochondrial iron—sulfur clusters: Structure,
function, and an emerging role in vascular biology.
Redox Biol, 47:102164.

Galaris D, Barbouti A, Pantopoulos K (2019). Iron
homeostasis and oxidative stress: An intimate
relationship. Biochim Biophys Acta Mol Cell Res,
1866(12):118535.

Li Y, Feng D, Wang Z, Zhao Y, Sun R, Tian D, et al.
(2019). Ischemia-induced ACSL4 activation contributes
to ferroptosis-mediated tissue injury in intestinal
ischemia/reperfusion. Cell Death Differ, 26(11):2284-
2299.

Wang P, Cui Y, Ren Q, Yan B, Zhao Y, Yu P, et al.
(2021). Mitochondrial ferritin attenuates cerebral
ischaemia/reperfusion injury by inhibiting ferroptosis.
Cell Death Dis, 12(5):447.

Corsi B, Cozzi A, Arosio P, Drysdale J, Santambrogio P,
Campanella A, et al. (2002). Human Mitochondrial
Ferritin Expressed in HeLa Cells Incorporates Iron and
Affects Cellular Iron Metabolism. J Biol Chem,
277(25):22430-22437.

Levi S, Corsi B, Bosisio M, Invernizzi R, Volz A,
Sanford D, et al. (2001). A Human Mitochondrial
Ferritin Encoded by an Intronless Gene. J Biol Chem,
276(27):24437-24440.

Guaraldo M, Santambrogio P, Rovelli E, Di Savino A,
Saglio G, Cittaro D, et al. (2016). Characterization of
human mitochondrial ferritin promoter: identification of
transcription factors and evidences of epigenetic control.
Sci Rep, 6(1):33432.

Gao G, Zhang N, Wang YQ, Wu Q, Yu P, Shi ZH, et al.
(2017). Mitochondrial Ferritin Protects Hydrogen
Peroxide-Induced Neuronal Cell Damage. Aging Dis,
8(4):458.

Wu Q, Wu WS, Su L, Zheng X, Wu WY, Santambrogio
P, et al. (2019). Mitochondrial Ferritin Is a Hypoxia-
Inducible Factor 1a-Inducible Gene That Protects from
Hypoxia-Induced Cell Death in Brain. Antioxid Redox
Signal, 30(2):198-212.

Aging and Disease * Volume 18, Number 6, December 2027

30



Berezka P., et al.

Non-Canonical Mitochondria in Stroke and Aging

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

Snyder AM, Neely EB, Levi S, Arosio P, Connor JR
(2010). Regional and cellular distribution of
mitochondrial ferritin in the mouse brain. J Neurosci
Res, 88(14):3133-3143.

Santambrogio P, Biasiotto G, Sanvito F, Olivieri S,
Arosio P, Levi S (2007). Mitochondrial Ferritin
Expression in Adult Mouse Tissues. J Histochem
Cytochem, 55(11):1129-1137.

Niatsetskaya Z, Sosunov SA, Matsiukevich D, Utkina-
Sosunova I, Ratner VI, Starkov AA, et al. (2012). The
Oxygen Free Radicals Originating from Mitochondrial
Complex I Contribute to Oxidative Brain Injury
Following Hypoxia—Ischemia in Neonatal Mice. J
Neurosci, 32(9):3235-3244.

Nie G, Sheftel AD, Kim SF, Ponka P (2005).
Overexpression of mitochondrial ferritin  causes
cytosolic iron depletion and changes cellular iron
homeostasis. Blood, 105(5):2161-2167.
LuZ,NieG,LiY, Soe-lin S, Tao Y, Cao Y, et al. (2009).
Overexpression of Mitochondrial Ferritin Sensitizes
Cells to Oxidative Stress Via an Iron-Mediated
Mechanism. Antioxid Redox Signal, 11(8):1791-1803.
Sato T, Shapiro JS, Chang HC, Miller RA, Ardehali H
(2022). Aging is associated with increased brain iron
through cortex-derived hepcidin expression. eLife,
11:¢73456.

Ding H, Yan CZ, Shi H, Zhao YS, Chang SY, Yu P, et
al. (2011). Hepcidin Is Involved in Iron Regulation in the
Ischemic Brain. PLoS One, 6(9):¢25324.

Davaanyam D, Lee H, Seol SI, Oh SA, Kim SW, Lee JK
(2023). HMGBI induces hepcidin upregulation in
astrocytes and causes an acute iron surge and subsequent
ferroptosis in the postischemic brain. Exp Mol Med,
55(11):2402-2416.

Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant
G, Mootha V, et al. (1999). Mechanisms controlling
mitochondrial biogenesis and respiration through the
thermogenic coactivator PGC-1. Cell, 98(1):115-124.
Cardamone MD, Tanasa B, Cederquist CT, Huang J,
Mahdaviani K, Li W, et al. (2018). Mitochondrial
Retrograde Signaling in Mammals Is Mediated by the
Transcriptional Cofactor GPS2 via Direct Mitochondria-
to-Nucleus Translocation. Mol Cell, 69(5):757-772.e7.
Zhao H, Han Z, Ji X, Luo Y (2016). Epigenetic
Regulation of Oxidative Stress in Ischemic Stroke.
Aging Dis, 7(3):295.

Narne P, Pandey V, Phanithi PB (2017). Interplay
between mitochondrial metabolism and oxidative stress
in ischemic stroke: An epigenetic connection. Mol Cell
Neurosci, 82:176-194.

Quirés PM, Prado MA, Zamboni N, D’Amico D,
Williams RW, Finley D, et al. (2017). Multi-omics
analysis identifies ATF4 as a key regulator of the
mitochondrial stress response in mammals. J Cell Biol,
216(7):2027-2045.

Inigo JR, Chandra D (2022). The mitochondrial unfolded
protein response (UPRmt): shielding against toxicity to
mitochondria in cancer. J] Hematol Oncol, 15(1):98.
Izaki K, Kinouchi H, Watanabe K, Owada Y, Okubo A,
Itoh H, et al. (2001). Induction of mitochondrial heat

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

shock protein 60 and 10 mRNAs following transient
focal cerebral ischemia in the rat. Brain Res Mol Brain
Res, 88(1-2):14-25.

Xiaowei X, Qian X, Dingzhou Z (2023). Sirtuin-3
activates the mitochondrial unfolded protein response
and reduces cerebral ischemia/reperfusion injury. Int J
Biol Sci, 19(13):4327-4339.

Lin YF, Schulz AM, Pellegrino MW, Lu Y, Shaham S,
Haynes CM (2016). Maintenance and propagation of a
deleterious mitochondrial genome by the mitochondrial
unfolded protein response. Nature, 533(7603):416-419.
Martinez BA, Petersen DA, Gaeta AL, Stanley SP,
Caldwell GA, Caldwell KA (2017). Dysregulation of the
Mitochondrial Unfolded Protein Response Induces Non-
Apoptotic Dopaminergic Neurodegeneration in C.
elegans Models of Parkinson's Disease. J Neurosci,
37(46):11085-11100.

Kirmes I, Hung GCC, Hahn A, Dai CY, Campbell D,
Ahier A, et al. (2025). The microRNA miR-71
suppresses maladaptive UPRmt signaling through both
cell-autonomous and cell-non-autonomous mechanisms.
Nat Commun, 17(1):510.

Perez J MJ, Lam A, Weissleder C, Bertoli F, Raji H,
Bosch M, et al. (2026). The mitochondrial unfolded
protein response in human microglia disrupts neuronal—
glial communication and promotes senescence. Nat
Neurosci, 29(8):1858-1872.

Zhu J, Lee MJ, An JH, Oh E, Chung W, Heo JY (2023).
ATF5 Attenuates the Secretion of Pro-Inflammatory
Cytokines in Activated Microglia. Int J Mol Sci,
24(4):3322.

Khoury N, Koronowski KB, Young JI, Perez-Pinzon
MA (2018). The NAD + -Dependent Family of Sirtuins
in Cerebral Ischemia and Preconditioning. Antioxid
Redox Signal, 28(8):691-710.

Wang S, Xing Z, Vosler PS, Yin H, Li W, Zhang F, et al.
(2008). Cellular NAD Replenishment Confers Marked
Neuroprotection Against Ischemic Cell Death. Stroke,
39(9):2587-2595.

Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM,
Puigserver P (2005). Nutrient control of glucose
homeostasis through a complex of PGC-1a and SIRT1.
Nature, 434(7029):113-118.

Olmos Y, Sanchez-Goémez FJ, Wild B, Garcia-Quintans
N, Cabezudo S, Lamas S, et al. (2013). SirT1 Regulation
of Antioxidant Genes Is Dependent on the Formation of
a FoxO3a/PGC-la Complex. Antioxid Redox Signal,
19(13):1507-1521.

Ying W, Xiong ZG (2010). Oxidative Stress and NAD+
in Ischemic Brain Injury: Current Advances and Future
Perspectives. Curr Med Chem, 17(20):2152-2158.

Jager S, Handschin C, St.-Pierre J, Spiegelman BM
(2007). AMP-activated protein kinase (AMPK) action in
skeletal muscle via direct phosphorylation of PGC-1a.
Proc Natl Acad Sci U S A, 104(29):12017-12022.

Jiang S,Li T, Ji T, Yi W, Yang Z, Wang S, et al. (2018).
AMPK: Potential Therapeutic Target for Ischemic
Stroke. Theranostics, 8(16):4535-4551.

Cheng Yh, Zhao Jh, Zong Wf, Wei Xj, XuZ, Yuan Y, et
al. (2022). Acute Treatment with Nicotinamide Riboside

Aging and Disease * Volume 18, Number 6, December 2027

31



Berezka P., et al.

Non-Canonical Mitochondria in Stroke and Aging

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

Chloride Reduces Hippocampal Damage and Preserves
the Cognitive Function of Mice with Ischemic Injury.
Neurochem Res, 47(8):2244-2253.

Qu W, Ralto KM, Qin T, Cheng Y, Zong W, Luo X, et
al. (2023). NAD* precursor nutritional supplements
sensitize the brain to future ischemic events. J Cereb
Blood Flow Metab, 43(2_suppl):37-48.

Cabrera M, Eastman B, Ennerfelt H, Alsaadi Al,
Alexandrova L, Ay YA, et al. (2025). NAD" depletion
drives age-related monocyte hyperinflammation after
stroke and is reversed by nicotinamide riboside. J
Neuroinflammation, 23(1):7.

Sakakibara Y, Mitha AP, Ogilvy CS, Maynard KI
(2000). Post-treatment with nicotinamide (vitamin B3)
reduces the infarct volume following permanent focal
cerebral ischemia in female Sprague—Dawley and Wistar
rats. Neurosci Lett, 281(2-3):111-114.

Sakakibara Y, Mitha AP, Ayoub IA, Ogilvy CS,
Maynard KI (2002). Delayed treatment with
nicotinamide (vitamin B3) reduces the infarct volume
following focal cerebral ischemia in spontaneously
hypertensive rats, diabetic and non-diabetic Fischer 344
rats. Brain Res, 931(1):68-73.

Liu D, Gharavi R, Pitta M, Gleichmann M, Mattson MP
(2009). Nicotinamide Prevents NAD+ Depletion and
Protects Neurons Against Excitotoxicity and Cerebral
Ischemia: NAD+ Consumption by SIRT1 may Endanger
Energetically Compromised Neurons. Neuromolecular
Med, 11(1):28-42.

Tai SH, Chao LC, Huang SY, Lin HW, Lee AH, Chen
YY, etal. (2023). Nicotinamide Deteriorates Post-Stroke
Immunodepression  Following Cerebral Ischemia—
Reperfusion Injury in Mice. Biomedicines, 11(8):2145.
Brakedal B, Dolle C, Riemer F, Ma Y, Nido GS, Skeie
GO, et al. (2022). The NADPARK study: A randomized
phase I trial of nicotinamide riboside supplementation in
Parkinson’s disease. Cell Metab, 34(3):396-407.¢6.
Nanga RPR, Wiers CE, Elliott MA, Wilson NE, Liu F,
Cao Q, et al. (2024). Acute nicotinamide riboside
supplementation increases human cerebral NAD* levels
in vivo. Magn Reson Med, 92(6):2284-2293.

Wang P, Xu TY, Guan YF, Tian WW, Viollet B, Rui YC,
et al. (2011). Nicotinamide phosphoribosyltransferase
protects against ischemic stroke through SIRTI-
dependent adenosine monophosphate—activated kinase
pathway. Ann Neurol, 69(2):360-374.

Xiao M, Yang H, Xu W, Ma S, Lin H, Zhu H, et al.
(2012). Inhibition of a-KG-dependent histone and DNA
demethylases by fumarate and succinate that are
accumulated in mutations of FH and SDH tumor
suppressors. Genes Dev, 26(12):1326-1338.

Newman JC, Verdin E (2017). B-Hydroxybutyrate: A
Signaling Metabolite. Annu Rev Nutr, 37(1):51-76.
Jensen NJ, Wodschow HZ, Nilsson M, Rungby J (2020).
Effects of Ketone Bodies on Brain Metabolism and
Function in Neurodegenerative Diseases. Int J Mol Sci,
21(22):8767.

Shimazu T, Hirschey MD, Newman J, He W, Shirakawa
K, Le Moan N, et al. (2013). Suppression of Oxidative

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

Stress by B-Hydroxybutyrate, an Endogenous Histone
Deacetylase Inhibitor. Science, 339(6116):211-214.
Chriett S, Dabek A, Wojtala M, Vidal H, Balcerczyk A,
Pirola L (2019). Prominent action of butyrate over B-
hydroxybutyrate as histone deacetylase inhibitor,
transcriptional modulator and  anti-inflammatory
molecule. Sci Rep, 9(1):742.

Lehto A, Koch K, Barnstorf-Brandes J, Viel C, Fuchs M,
Klein J (2022). pB-Hydroxybutyrate Improves
Mitochondrial Function After Transient Ischemia in the
Mouse. Neurochem Res, 47(11):3241-3249.

Baltan S, Murphy SP, Danilov CA, Bachleda A,
Morrison RS (2011). Histone Deacetylase Inhibitors
Preserve White Matter Structure and Function during
Ischemia by Conserving ATP and Reducing
Excitotoxicity. J Neurosci, 31(11):3990-3999.

Fessler E, Chibane F, Wang Z, Chuang DM (2013).
Potential Roles of HDAC Inhibitors in Mitigating
Ischemia-induced Brain Damage and Facilitating
Endogenous Regeneration and Recovery. Curr Pharm
Des, 19(28):5105-5120.

Wang B, Zhu X, Kim Y, Li J, Huang S, Saleem S, et al.
(2012). Histone deacetylase inhibition activates
transcription factor Nrf2 and protects against cerebral
ischemic damage. Free Radic Biol Med, 52(5):928-936.
TeSlaa T, Chaikovsky AC, Lipchina I, Escobar SL,
Hochedlinger K, Huang J, et al. (2016). a-Ketoglutarate
Accelerates the Initial Differentiation of Primed Human
Pluripotent Stem Cells. Cell Metab, 24(3):485-493.
Zhang R, Guo S, Zhou J, Lin X, Wang Y, Wang Y, et al.
(2025). Monitoring of single-nucleus chromatin
landscape of ischemic stroke in mouse cerebral cortex
across time. Sci Data, 12(1):47.

Liu Y, Hernandez-Ochoa EO, Randall WR, Schneider
MF (2012). NOX2-dependent ROS is required for
HDACS nuclear efflux and contributes to HDAC4
nuclear efflux during intense repetitive activity of fast
skeletal muscle fibers. Am J Physiol Cell Physiol,
303(3):C334-C347.

McGee SL, van Denderen BJW, Howlett KF, Mollica J,
Schertzer JD, Kemp BE, et al. (2008). AMP-Activated
Protein Kinase Regulates GLUT4 Transcription by
Phosphorylating Histone Deacetylase 5. Diabetes,
57(4):860-867.

Ago T, Liu T, Zhai P, Chen W, Li H, Molkentin JD, et
al. (2008). A Redox-Dependent Pathway for Regulating
Class II HDACs and Cardiac Hypertrophy. Cell,
133(6):978-993.

Yuan H, Denton K, Liu L, Li XJ, Benashski S,
McCullough L, et al. (2016). Nuclear translocation of
histone deacetylase 4 induces neuronal death in stroke.
Neurobiol Dis, 91:182-193.

McCullough LD, Tarabishy S, Liu L, Benashski S, Xu
Y, Ribar T, et al. (2013). Inhibition of
Calcium/Calmodulin-Dependent Protein Kinase Kinase
B and Calcium/Calmodulin-Dependent Protein Kinase
IV Is Detrimental in Cerebral Ischemia. Stroke,
44(9):2559-2566.

He M, Zhang B, Wei X, Wang Z, Fan B, Du P, et al.
(2013). HDAC4/5-HMGBI signalling mediated by

Aging and Disease * Volume 18, Number 6, December 2027

32



Berezka P., et al.

Non-Canonical Mitochondria in Stroke and Aging

[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

[285]

[287]

[288]

[289]

[290]

[291]

to cerebral
Mol Med,

NADPH oxidase activity contributes
ischaemia/reperfusion injury. J Cell
17(4):531-542.

Cui P, Lu W, Wang J, Wang F, Zhang X, Hou X, et al.
(2023). Microglia/macrophages require vitamin D
signaling to restrain neuroinflammation and brain injury
in a murine ischemic stroke model. J
Neuroinflammation, 20(1):63.

Li Y, Li X, Xu S, Zhao Y, Pang M, Zhang X, et al.
(2022). 1,25-D3 attenuates cerebral ischemia injury by
regulating  mitochondrial  metabolism  via  the
AMPK/AKT/GSK3p pathway. Front Aging Neurosci,
14:1015453.

Dai J, Huang H, Wu L, Ding M, Zhu X (2024). Protective
Role of Vitamin D Receptor in Cerebral
Ischemia/Reperfusion Injury In Vitro and In Vivo
Model. Front Biosci (Landmark Ed), 29(11):389.
Gezen-Ak D, Alaylioglu M, Yurttas Z, Camoglu T,
Sengiil Br, Isler C, et al. (2023). Vitamin D receptor
regulates transcription of mitochondrial DNA and
directly interacts with mitochondrial DNA and TFAM. J
Nutr Biochem, 116:109322.

Xiong J, Zhao C, Li J, Li Y (2024). A systematic review
and meta-analysis of the linkage between low vitamin D
and the risk as well as the prognosis of stroke. Brain
Behav, 14(6):e3577-e3577.

Galmozzi A, Mitro N, Ferrari A, Gers E, Gilardi F,
Godio C, et al. (2013). Inhibition of Class I Histone
Deacetylases Unveils a Mitochondrial Signature and
Enhances Oxidative Metabolism in Skeletal Muscle and
Adipose Tissue. Diabetes, 62(3):732-742.

Fairley LH, Grimm A, Eckert A (2022). Mitochondria
Transfer in Brain Injury and Disease. Cells, 11(22):3603.
Geng Z, Guan S, Wang S, Yu Z, Liu T, Du S, et al.
(2023). Intercellular mitochondrial transfer in the brain,
a new perspective for targeted treatment of central
nervous system diseases. CNS Neurosci Ther,
29(11):3121-3135.

Brestoff JR, Singh KK, Aquilano K, Becker LB,
Berridge MV, Boilard E, et al. (20295).
Recommendations for mitochondria transfer and
transplantation nomenclature and characterization. Nat
Metab, 7(1):53-67.

Velmurugan GV, Vekaria HJ, Patel SP, Sullivan PG,
Hubbard WB (2026). Astrocytic mitochondrial transfer
to brain endothelial cells and pericytes in vivo increases
with aging. J Cereb Blood Flow Metab, 46(2):418-429.
Liu W, Qi Z, Li W, Liang J, Zhao L, Shi Y (2022). M1
Microglia Induced Neuronal Injury on Ischemic Stroke
via Mitochondrial Crosstalk between Microglia and
Neurons. Oxid Med Cell Longev, 2022(1):4335272.
Gao L, Liu F, Hou PP, Manaenko A, Xiao ZP, Wang F,
et al. (2022). Neurons Release Injured Mitochondria as
“Help-Me” Signaling After Ischemic Stroke. Front
Aging Neurosci, 14:785761.

Li H, Sun W, Gong W, Han Y (2024). Transfer and fates
of damaged mitochondria: role in health and disease.
FEBS J, 291(24):5342-5364.

Li C, Cheung MKH, Han S, Zhang Z, Chen L, Chen J, et
al. (2019). Mesenchymal stem cells and their

[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]

[301]

[302]

[303]

[304]

[305]

mitochondrial transfer: a double-edged sword. Biosci
Rep, 39(5):BSR20182417.

Velarde F, Ezquerra S, Delbruyere X, Caicedo A,
Hidalgo Y, Khoury M (2022). Mesenchymal stem cell-
mediated transfer of mitochondria: mechanisms and
functional impact. Cell Mol Life Sci, 79(3):177.

Liu K, Guo L, Zhou Z, Pan M, Yan C (2019).
Mesenchymal stem cells transfer mitochondria into
cerebral microvasculature and promote recovery from
ischemic stroke. Microvasc Res, 123:74-80.

Babenko V, Silachev D, Popkov V, Zorova L, Pevzner I,
Plotnikov E, et al. (2018). Mirol Enhances Mitochondria
Transfer from Multipotent Mesenchymal Stem Cells
(MMSC) to Neural Cells and Improves the Efficacy of
Cell Recovery. Molecules, 23(3):687.

Tseng N, Lambie SC, Huynh CQ, Sanford B, Patel M,
Herson PS, et al. (2021). Mitochondrial transfer from
mesenchymal stem cells improves neuronal metabolism
after oxidant injury in vitro: The role of Mirol. J Cereb
Blood Flow Metab, 41(4):761-770.

Sarmah D, Datta A, Rana N, Suthar P, Gupta V, Kaur H,
et al. (2024). SIRT-1/RHOT-1/PGC-1a loop modulates
mitochondrial biogenesis and transfer to offer resilience
following endovascular stem cell therapy in ischemic
stroke. Free Radic Biol Med, 225:255-274.

Bang OY, Kim EH (2019). Mesenchymal Stem Cell-
Derived Extracellular Vesicle Therapy for Stroke:
Challenges and Progress. Front Neurol, 10:211.
Torralba D, Baixauli F, Sanchez-Madrid F (2016).
Mitochondria Know No Boundaries: Mechanisms and
Functions of Intercellular Mitochondrial Transfer. Front
Cell Dev Biol, 4:107.

Kitani T, Kami D, Matoba S, Gojo S (2014).
Internalization of isolated functional mitochondria:
involvement of macropinocytosis. J Cell Mol Med,
18(8):1694-1703.

Spees JL, Olson SD, Whitney MJ, Prockop DJ (2006).
Mitochondrial transfer between cells can rescue aerobic
respiration. Proc Natl Acad Sci U S A, 103(5):1283-
1288.

Cowan DB, Yao R, Thedsanamoorthy JK, Zurakowski
D, del Nido PJ, McCully JD (2017). Transit and
integration of extracellular mitochondria in human heart
cells. Sci Rep, 7(1):17450.

Liu D, Gao Y, Liu J, Huang Y, Yin J, Feng Y, et al.
(2021). Intercellular mitochondrial transfer as a means of
tissue revitalization. Signal Transduct Target Ther,
6(1):65.

Shih EK, Robinson MB (2018). Role of Astrocytic
Mitochondria in Limiting Ischemic Brain Injury?.
Physiology, 33(2):99-112.

Ni XC, Wang HF, Cai YY, Yang D, Alolga RN, Liu B,
et al. (2022). Ginsenoside Rbl inhibits astrocyte
activation and promotes transfer of astrocytic
mitochondria to neurons against ischemic stroke. Redox
Biol, 54:102363.

Yip HK, Dubey NK, Lin KC, Sung PH, Chiang JY, Chu
YC, et al. (2021). Melatonin rescues cerebral ischemic
events through upregulated tunneling nanotube-
mediated mitochondrial transfer and downregulated

Aging and Disease * Volume 18, Number 6, December 2027

33



Berezka P., et al.

Non-Canonical Mitochondria in Stroke and Aging

[306]

[307]

[308]

[309]

mitochondrial oxidative stress in rat brain. Biomed
Pharmacother, 139:111593.

Norat P, Sokolowski JD, Gorick CM, Soldozy S, Kumar
JS, Chae Y, et al. (2023). Intraarterial Transplantation of
Mitochondria After Ischemic Stroke Reduces Cerebral
Infarction. Stroke Vasc Interv Neurol, 3(3):¢000644.

Li Y, Wang Y, Yang W, Wu Z, Ma D, Sun J, et al.
(2023).  ROS-responsive  exogenous functional
mitochondria can rescue neural cells post-ischemic
stroke. Front Cell Dev Biol, 11:1207748.

Mehrpooya M, Mazdeh M, Rahmani E, Khazaie M,
Ahmadimoghaddam D (2022). Melatonin
supplementation may benefit patients with acute
ischemic stroke not eligible for reperfusion therapies:
Results of a pilot study. J Clin Neurosci, 106:66-75.
Jaillard A, Hommel M, Moisan A, Zeffiro TA, Favre-
Wiki IM, Barbieux-Guillot M, et al. (2020). Autologous
mesenchymal stem cells improve motor recovery in
subacute ischemic stroke: a randomized clinical trial.
Transl Stroke Res, 11(5):910-923.

[310]

[311]

[312]

[313]

Walker M, Levitt MR, Federico EM, Miralles FJ, Levy
SH, Lynne Prijoles K, et al. (2024). Autologous
mitochondrial transplant for acute cerebral ischemia:
Phase 1 trial results and review. J Cereb Blood Flow
Metab, 271678X241305230.

Aharoni-Simon M, Ben-Yaakov K, Sharvit-Bader M,
Raz D, Haim Y, Ghannam W, et al. (2022). Oxidative
stress facilitates exogenous mitochondria internalization
and survival in retinal ganglion precursor-like cells. Sci
Rep, 12(1):5122.

D’Amato M, Morra F, Di Meo I, Tiranti V (2023).
Mitochondrial ~ Transplantation in  Mitochondrial
Medicine: Current Challenges and Future Perspectives.
Int J Mol Sci, 24(3):1969.

Ayupov T, Moreno-Juan V, Curtoni S, Fratzl A, Sharma
U, Posada-Céspedes S, et al. (2026). Cell-type-targeted
mitochondrial transplantation rescues cell degeneration.
Nature, 653(8113):221-231.

Aging and Disease * Volume 18, Number 6, December 2027

34



