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Mitochondria, as the primary energy factories of cells, play a pivotal role in
maintaining nervous system function and regulating inflammatory responses.
The balance of mitochondrial quality control is critical for neuronal health, and
disruptions in this balance are often implicated in the pathogenesis of various
neurological disorders. Mitochondrial dysfunction not only exacerbates energy
deficits but also triggers neuroinflammation through the release of damage-
associated molecular patterns (DAMPs), such as mitochondrial DNA (mtDNA) and
reactive oxygen species (ROS). This review examines the mechanisms and recent
advancements in mitochondrial quality control in neurological diseases, focusing
on processes such as mitochondrial fusion and fission, mitophagy, biogenesis,
and protein expression regulation. It further explores the role of mitochondrial
dysfunction and subsequent inflammatory cascades in conditions such as
ischemic and hemorrhagic stroke, neurodegenerative diseases and brain
tumors. Additionally, emerging research highlights the significance of
mitochondrial transfer mechanisms, particularly intercellular transfer between
neurons and glial cells, as a potential strategy for mitigating inflammation and
promoting cellular repair. This review provides insights into the molecular
underpinnings of neuroinflammatory pathologies while underscoring the
translational potential of targeting mitochondrial quality control for
therapeutic development.

mitochondrial quality control, mitochondrial transfer, neurological disorders,
neuroinflammation, mitochondrial

1 Introduction

Mitochondria, the central powerhouses of cells, are indispensable for energy
metabolism, maintaining cellular metabolism through ATP production by oxidative
phosphorylation (OXPHOS). In addition to their well-known metabolic role,
mitochondria regulate key processes such as apoptosis, calcium homeostasis, immune
signaling, and the production of reactive oxygen species (ROS). These functions are critical

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1542369/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1542369/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1542369/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1542369/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1542369&domain=pdf&date_stamp=2025-04-28
mailto:duanchenyang1991@cqmu.edu.cn
https://doi.org/10.3389/fimmu.2025.1542369
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1542369
https://www.frontiersin.org/journals/immunology

Ma et al.

for maintaining cellular homeostasis, especially in the nervous
system, where neurons have high energy demands to sustain
synaptic transmission, neuroplasticity, and repair mechanisms (1,
2). Given the significant energy demands of neurons, mitochondrial
health and function are of particular importance for the survival
and proper functioning of the nervous system.

Mitochondrial quality control (MQC) encompasses a range of
tightly regulated processes, including mitochondrial fusion and
fission, mitophagy, and mitochondrial biogenesis. These processes
ensure the removal of defective mitochondria, prevent
mitochondrial dysfunction, and maintain an optimal population
of healthy mitochondria within the cell (3). However, when
mitochondrial quality control is impaired, dysfunctional
mitochondria accumulate, leading to the release of mitochondrial
DNA (mtDNA) and ROS. These molecules act as damage-
associated molecular patterns (DAMPs), which can activate
innate immune responses and contribute to chronic
neuroinflammation, a key feature in various neurological
disorders (4).

Current understanding of MQC in neurodegenerative and
neuroinflammatory diseases has advanced significantly over the
past decade. Studies have revealed that mitochondrial dysfunction
plays a central role in the pathogenesis of neurological diseases such
as Alzheimer’s disease, and Parkinson’s disease (5, 6). In these
diseases, mitochondrial fusion-fission dynamics are disrupted,
mitophagy is insufficient, and excessive ROS production leads to
widespread neuroinflammation and neuronal damage.
Furthermore, recent research has highlighted the role of
intercellular mitochondrial transfer, whereby mitochondria or
their components can be transferred between cells to modulate
inflammation and promote repair, offering new insights into
potential therapeutic strategies (7). Despite these advancements,
many critical questions remain unresolved: What are the precise
mechanisms by which impaired mitochondrial quality control
contributes to neurodegeneration? How can we harness the
therapeutic potential of intercellular mitochondrial transfer to
alleviate neuroinflammation and repair neuronal networks? These
need to be explored in depth.

Abbreviations: ALOX5, arachidonate 5-lipoxygenase; AMPK, adenosine 5-
monophosphate (amp)-activated protein kinase; AIM2, absent in melanoma 2;
BNIP3, BCL2/adenovirus E1B 19 kDa interacting protein 3; cGAS, cyclic GMP-
AMP synthase; DJ-1, parkinsonism associated deglycase; GPX4, glutathione
peroxidase 4; HIF-1a, hypoxia inducible factor 1 subunit alpha; LRRK2,
leucine rich repeat kinase 2; MIOR, transcription factor binding to IGHM
enhancer 3; NLRP3, NLR family pyrin domain containing 3; NIX, BCL2
interacting protein 3 like; NOX4, NADPH oxidase 4, NMDA, N-methyl-D-
aspartic acid; NBP, DI-3-n-butylphthalide; PPAR, peroxisome proliferator
activated receptor; PGC-1a., peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; PINK1, PTEN induced kinase 1; PS1, Alzheimer’s disease
(AD)-related protein presenilin-1; PRKN, parkin RBR E3 ubiquitin protein ligase;
PARPI, poly(ADP-ribose) polymerase 1; SIRTS, sirtuin 6; STING, stimulator of
interferon response cGAMP interactor; SLC7A11, solute carrier family 7 member
11; SNCA, synuclein alpha; TRAF6, TNF receptor associated factor 6; TRAK,
trafficking kinesin protein; VDACI, voltage dependent anion channel 1.
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This review aims to explore the mechanisms of mitochondrial
quality control and their role in the pathogenesis of neurological
disorders. Specifically, it will summarize recent studies on how
mitochondrial dysfunction contributes to neuroinflammation,
highlight the importance of maintaining mitochondrial quality in
neurons, and examine the emerging therapeutic potential of
targeting mitochondrial quality control and intercellular
mitochondrial transfer to modulate inflammation and promote
neural repair. It aims to contribute to a deeper understanding of
mitochondrial quality control’s critical role in neurological diseases
and its potential as a therapeutic target.

2 Fundamental mechanisms of
mitochondrial quality control

Mitochondrial quality control comprises a suite of
interconnected mechanisms that maintain mitochondrial function
and homeostasis, including fusion and fission dynamics,
mitophagy, proteostasis, and biosynthesis. These processes are
tightly regulated to ensure that damaged or dysfunctional
mitochondria are effectively repaired or eliminated as shown
in Figure 1.

2.1 Mitochondrial dynamics and quality
control mechanisms

2.1.1 Dynamic remodeling through fusion-fission
balance

Mitochondrial dynamics, regulated by the processes of fusion
and fission, are crucial for maintaining mitochondrial integrity and
function. Fusion facilitates the mixing of mitochondrial contents,
allowing functional recovery and energy redistribution across the
mitochondrial network. Mitofusin 1 (MFN1) and Mitofusin 2
(MFN2) mediate fusion at the outer mitochondrial membrane,
while optic atrophy 1 (OPA1) controls inner membrane fusion
(8). Conversely, fission segregates damaged mitochondria, isolating
them for degradation via mitophagy. This process is primarily
driven by dynamin-related protein 1 (DRP1), in coordination
with adaptor proteins like FIS1, MFF, MID49, and MID51 (9).

An imbalance in fusion and fission dynamics is often implicated
in neurological disorders. Excessive fission leads to mitochondrial
fragmentation, impaired energy production, and increased
susceptibility to apoptosis, while defective fusion limits the
mitochondrial network’s ability to compensate for
localized damage.

2.1.2 Mitophagy: selective clearance of
dysfunctional organelles

Mitophagy, a specialized form of autophagy, is a critical quality
control mechanism that removes damaged mitochondria to
maintain cellular health. When mitochondrial membrane
potential is lost, PTEN-induced kinase 1 (PINK1) accumulates on
the outer mitochondrial membrane, recruiting the E3 ubiquitin
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Mitochondrial quality control (e.g., mitochondrial biosynthesis, function and metabolism, mitochondrial fission and fusion as well as mitophagy), and
mitochondrial-mediated inflammatory responses. IMM inner mitochondrial membrane, OMM outer mitochondrial membrane, ETC electron transfer
chain, ADP adenosine diphosphate, ATP adenosine triphosphate, TCA tricarboxylic acid, ROS reactive oxygen species, mPTP mitochondrial
permeability transition pore, ANT adenosine nucleotide translocase, CYPD cyclophilin D, VDAC voltage-dependent anion channel, TAG
triacylglycerol, Co A coenzyme A, CPT1/2 carnitine palmitoyl transferase 1/2, CPS1 carbamoyl-phosphate synthase 1, PEP Phosphoenolpyruvate, Cyt
C cytochrome C, HSP heat shock protein, NLRP3 NOD-like receptor protein3, GPX4 glutathione peroxidase 4, VCP valosin containing protein,
CLPXP caseinolytic protease X and protease P complex, LONP1 lon peptidase 1, mtDNA mitochondrial DNA, TOM translocase of outer mitochondrial
membrane, OPAL optic atrophy protein 1, MFN mitofusin, DRP1 dynamin-related protein 1, FIS mitochondrial fission protein, MFF mitochondrial
fission factor, LC3B microtubule associated protein 1 light chain 3 beta, P62 sequestosome 1, PINK1 PTEN induced kinase 1, PPAR peroxisome
proliferator activated receptor, PGC progastrcsin, NRF2 nuclear erythroid 2-related factor 2, TFAM transcription factor A, mitochondrial.

ligase Parkin. This leads to the ubiquitination of mitochondrial
proteins, marking the mitochondria for autophagic degradation
(10). Dysregulation of mitophagy has been observed in several
neurological disorders, contributing to chronic inflammation and
disease progression.

2.1.3 Biosynthesis and proteostasis:
replenishment and maintenance

Mitochondrial biosynthesis ensures the replenishment of the
mitochondrial population, maintaining both quantity and
functionality. This process is regulated by transcriptional
coactivators such as PGC-1a, which activates nuclear respiratory
factors (NRF1 and NRF2) and mitochondrial transcription factor A
(TFAM), facilitating mtDNA replication and transcription (11).

Proteostasis within mitochondria is critical for ensuring proper
protein folding, assembly, and degradation. Molecular chaperones
like HSP70 and HSP90 assist in protein folding, while degradation
systems such as the mitochondrial-associated degradation (MAD)
pathway and proteases like Lon and CIPXP remove misfolded or
damaged proteins (12). Impaired proteostasis contributes to protein
aggregation, a hallmark of neurodegenerative diseases like
Alzheimer’s and Parkinson’s disease (2, 13).

Frontiers in Immunology

2.2 Mitochondrial metabolism,
homeostasis, and inflammation response

2.2.1 Mitochondrial metabolism and homeostasis
Mitochondria are essential for energy production via oxidative
phosphorylation (OXPHOS). OXPHOS is driven by the electron
transport chain (ETC) and ATP synthase. The ETC consists of four
complexes (I-IV), where Complex I (NADH: ubiquinone
oxidoreductase) and Complex II (succinate dehydrogenase) transfer
electrons to ubiquinone (CoQ), which then passes electrons to
Complex III (cytochrome be; complex) and finally to Complex IV
(cytochrome ¢ oxidase) for oxygen reduction to water. Except for
Complex II, all other complexes pump protons into the
intermembrane space, creating an electrochemical gradient. Protons
flow back into the matrix through ATP synthase, driving ATP
synthesis from ADP (14). In typical circumstances, the majority of
intracellular oxygen is dissociated into water by the transfer of 4
electrons and 4 protons under the action of the ETC complex IV.
Approximately 1-2% of the oxygen is reduced to ROS, which are
generated to impede the ability to carry electrons, such as CoQ, and
thus affect the ability to transfer electrons between complexes I-IV
(15). However, the presence of mitochondrial manganese superoxide
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dismutase (Mn-SOD) in the mitochondria converts the generated
ROS to the less reactive H,O,, which is then converted to water and
oxygen by catalase and glutathione peroxidase (GPX), among others
(16). However, in pathological states, the oxidative respiratory
cascade is impaired, and the excess of ROS produced disrupts the
ability of CoQ to carry electrons. This, in turn, disrupts cell signaling
and induces oxidative stress (17).

Key regulators of mitochondrial metabolic homeostasis include
uncoupling proteins (UCPs) and the mitochondrial permeability
transition pore (mPTP) (18). UCPs modulate proton translocation
to stabilize membrane potential, while the mPTP, under stress,
dissipates membrane potential and releases pro-inflammatory
mediators like calcium ions and cytokines (19).

In addition to energy metabolism, mitochondria are central to
processes such as fatty acid oxidation, the tricarboxylic acid (TCA)
cycle, and lipid synthesis (20). Disruptions in these pathways are
often associated with mitochondrial dysfunction and
neuroinflammation (21, 22).

2.2.2 Regulation of inflammatory responses and
cell death pathways

Mitochondria-derived DAMPs, including mtDNA and
cytochrome C, act as potent inducers of inflammation. For
instance, mtDNA released into the cytoplasm is recognized by
cyclic GMP-AMP synthase (cGAS), which activates the stimulator
of interferon genes (STING) pathway, promoting the production of
pro-inflammatory cytokines such as IL-6 and TNF (23).Cytochrome
C, when released during apoptosis, interacts with apoptotic protease-
activating factor 1 (APAF1) to activate Caspase-9, amplifying
inflammatory signaling (24).

Excessive ROS production can activate the NLRP3
inflammasome through pathways involving TRAF6 and AMPK,
leading to pyroptosis, a form of inflammatory programmed cell
death (25). Additionally, mitochondrial dysfunction reduces the
expression of mitochondrial transcription factor A (TFAM),
exacerbating mtDNA depletion and oxidative respiratory chain
disruption. These processes further activate inflammasomes such
as AIM?2, fueling a vicious cycle of inflammation and mitochondrial
damage (26).

ROS accumulation additionally inactivates mitochondrial GPX4,
driving lipid peroxidation and ferroptosis (27), a form of oxidative
inflammatory cell death (28). Together, these mechanisms underscore
the central role of mitochondria in regulating inflammatory responses
and their contribution to the pathogenesis of neurological disorders.

Although studies on the interaction of MQC with metabolism
and inflammation have revealed its centrality in neurodegenerative
diseases, there are still significant limitations in the current research,
which constrain the breakthroughs from mechanism resolution to
clinical translation. The spatial and temporal synergistic
mechanisms of mitochondrial dynamic regulation (fusion/
disintegration) and metabolic feedback have not been fully
elucidated. For example, how does DRP1-mediated fission
respond to changes in energy status (e.g., ATP/AMP ratio) and
dynamically regulate autophagy initiation thresholds? Although
super-resolution microscopy can resolve mitochondrial network
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morphology, tools are still lacking for real-time monitoring of the
spatiotemporal coupling of mitochondrial autophagy flow, ROS
bursts, and inflammatory vesicle activation in living tissues. In
addition, the integrated analysis of multi-omics data (e.g.
metabolome-epigenome-proteome) is still in the exploratory
stage, making it difficult to reveal the synergistic regulatory
network of mtDNA variants and epigenomic modifications (e.g.
DNA methylation) of the nuclear genome.

3 Mitochondrial quality imbalance in
neurological disorders and
neuroinflammation

The brain is the most energy-demanding organ in the body,
consuming over 20% of total energy at rest. This underscores the
critical importance of mitochondrial function and integrity for
maintaining normal brain operations (29). In central nervous
system (CNS) disorders—including hemorrhagic and ischemic
stroke, infectious diseases, Alzheimer’s disease (AD), Parkinson’s
disease (PD), Huntington’s disease (HD), and brain tumors—
dysregulation of mitochondrial dynamics and metabolism leads to
mitochondrial stress and structural damage. These pathological
changes result in the excessive production of ROS and the release
of mtDNA and other mitochondrial DAMPs into the cytoplasm or
extracellular environment, triggering neuroinflammation and
oxidative stress (2).

This process further drives programmed cell death pathways
such as ferroptosis and pyroptosis, significantly impacting disease
onset and progression. A systematic analysis of mitochondrial
quality imbalance in these conditions is essential to deepen our
understanding of their pathophysiology and to provide a
foundation for mitochondrial-targeted therapies and diagnostic
strategies as shown in Figure 2.

3.1 Mitochondrial quality imbalance in
ischemic stroke

Ischemic stroke, caused by cerebral vascular blockage, leads to
reduced blood flow, oxygen deprivation, and glucose depletion,
resulting in significant neuronal damage. Although reperfusion
restores blood supply, it paradoxically generates ROS, which
exacerbate brain injury. Mitochondrial quality control plays a
pivotal role in mitigating post-stroke neuronal damage. Loss of
mitochondrial membrane potential disrupts OXPHOS, reduces
ATP production, and causes energy insufficiency, calcium
overload, and excessive ROS accumulation, culminating in
oxidative stress-induced neuronal injury (30, 31).

Key regulators of mitochondrial dynamics, such as DRP1, are
significantly upregulated during oxidative stress, promoting
excessive mitochondrial fission and further impairing
mitochondrial balance (9). Studies have demonstrated that
inhibiting DRP1 reduces infarct size and alleviates neuronal
damage in ischemic models (32, 33). Conversely, ischemic events
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Common inflammation-related diseases of the nervous system (e.g., ischemic/reperfusion stroke, hemorrhage stroke, infectious encephalopathy,
Alzheimer's disease, Parkinson’s disease, Huntington's disease, brain tumor). Injury manifests as neuronal damage, with intracellular mitochondrial
rupture releasing DAMP such as ROS and mtDNA causing oxidative stress and inflammation in neurons. BNIP3 BCL2/adenovirus E1B 19 KDa
interacting protein 3, NIX Nip3-like protein X, DRP1 Dynamin-related protein 1, ROS reactive oxygen species, mPTP mitochondrial permeability
transition pore, mtDNA mitochondrial DNA, FIS mitochondrial fission protein, MFF mitochondrial fission factor, PINK1 PTEN induced kinase 1, LC3B
microtubule associated protein 1 light chain 3 beta, P62 sequestosome 1, AR amyloid B-protein, NLRP3 NOD-like receptor protein 3, NMDA N-
methyl-D-aspartic acid, AMPA o.-amino-3-hydroxy-5-methyl-4-isoxazloe-propioncacid, cGAS Cyclic GMP-AMP synthase, STINGS Stimulator of
interferon genes, ALOX5 Recombinant arachidonate-5-lipoxygenase, VEEV Venezuelan equine encephalitis virus, HIV-1 Human immunodeficiency
virus 1, HTT Huntingtin.

also downregulate mitochondrial fusion proteins such as MFN2,
impairing mitochondrial recovery and energy redistribution.
Interventions like ginsenoside treatment in ischemia-reperfusion
models inhibit MFN2 ubiquitination and degradation, improving
mitochondrial fusion and functional expansion (34).

Mitophagy, a critical protective mechanism during ischemia, is
activated via factors such as BNIP3 and NIX, which upregulate
beclin-1 and initiate the clearance of damaged mitochondria.
However, excessive ROS during reperfusion can overactivate
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mitophagy, exacerbating cell death (31, 35, 36). This dual role of
mitophagy necessitates further investigation to optimize
therapeutic approaches.

Protective factors such as PPAR, PGC-1a, uncoupling protein
2, and superoxide dismutase 2 (SOD2) also play critical roles in
ischemic brain injury. However, oxidative stress suppresses PPAR-s
and PPAR-y activity and hinders PGC-1a activation (37), impairing
mitochondrial biogenesis and neuronal recovery (38). Activating
PPAR-y reduces inflammation, while upregulating PGC-1o
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enhances antioxidant defenses and mitochondrial function (39, 40).
In ischemia-reperfusion (I/R) rats, MitoQ treatment restores
hippocampal SIRT6 expression, reduces pro-inflammatory
mediators like TNF-o. and IL-1f, and mitigates mitochondrial
oxidative stress (41). Similarly, mitochondrial ferritin (FtMt) has
been shown to alleviate iron-driven ferroptosis and
neuroinflammation in I/R models (42). Transplantation of
healthy mitochondria into I/R mice also suppresses NLRP3-
mediated pyroptosis and promotes neurogenesis (43).

3.2 Mitochondrial quality imbalance in
hemorrhagic stroke

Hemorrhagic stroke, including intracerebral hemorrhage (ICH)
and subarachnoid hemorrhage (SAH), results from blood vessel
rupture, causing blood infiltration into brain tissue. This
mechanical insult compresses surrounding neurons, disrupts
mitochondrial dynamics, and induces significant oxidative stress.
Mitochondrial quality control mechanisms play an essential role in
mitigating the effects of hemorrhagic stroke (44).

Following hemorrhage, mitochondrial swelling, cristae damage,
and fragmentation occur, driven by a shift toward excessive fission.
Within 24 hours of hemorrhage, DRP1 expression increases
significantly, while MFN1, MFN2, and OPAI levels decrease
sharply, with OPA1 showing early reductions within three hours
(45-47). DRP1 inhibition and upregulation of MFN1/2 and OPA1
have been shown to ameliorate early brain injury in SAH
models (48).

Excessive activation of the PINKI/Parkin mitophagy pathway
post-hemorrhage provides partial neuroprotection but may also
exacerbate cellular dysfunction, necessitating further exploration of
its dual role (49). Hemorrhagic events trigger a surge in glutamate
release, activating AMPA and NMDA receptors and causing
intracellular calcium overload. This leads to mPTP opening (50),
mitochondrial depolarization, and ROS accumulation, further
impairing neuronal survival (51, 52).

In ICH, mitochondrial characteristics of ferroptosis include
increased iron accumulation and malondialdehyde (MDA) levels,
contributing to neuronal death (53). Additionally, mtDNA released
as DAMPs activates inflammatory pathways, including the cGAS-
STING and NLRP3 inflammasomes, aggravating neuroinflammation
(54, 55). Interventions such as oxytocin have shown efficacy in
reducing excessive mitochondrial fission, ROS accumulation, and
NLRP3-mediated pyroptosis in ICH models (56).

3.3 Mitochondrial quality imbalance in CNS
infections

Central nervous system infections, caused by viral or bacterial
pathogens, elicit intense inflammatory responses that further
compromise mitochondrial function. As key regulators of
immune responses, mitochondria undergo structural and
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functional changes in response to infection. Pathogen-associated
molecular patterns (PAMPs) and inflammatory mediators disrupt
mitochondrial dynamics, leading to ROS accumulation and
neuronal damage (31, 57, 58).

For example, rabies virus infection increases mitochondrial
complex I and IV activity, enhancing ROS production and
oxidative stress (59). Similarly, Venezuelan equine encephalitis
virus (VEEV) upregulates DRP1, alters mitochondrial dynamics,
and activates mitophagy, ultimately leading to apoptosis in infected
astrocytes (57). HIV-1 proteins gpl120 and Tat promote
mitochondrial fission via DRP1 while impairing mitophagy flux,
exacerbating neuronal damage (60-63).

In septic mice, HIF-1o inhibition significantly alleviates
mitochondrial damage, reduces hippocampal inflammatory
cytokines, and improves neuroinflammation (64). In the sepsis
model, NRF2 knockdown led to elevated expression of DRP1 and
FIS1, which resulted in overactivation of mitochondrial fission,
increased ROS generation, and significant oxidative stress in
neurons. Conversely, the upregulation of NRF2 expression led to
the reversal of these effects and the upregulation of SLC7All,
thereby preventing the occurrence of iron death, which is caused
by iron accumulation in neurons (65). Similarly, targeting
mitochondrial pyruvate dehydrogenase reduces M1 microglial
activation and alleviates pyroptosis (66), underscoring the
interplay between mitochondrial quality control and
inflammatory responses in CNS infections (67).

Bacterial infections such as streptococcal meningitis also lead to
mitochondrial dysfunction, as lactate accumulation disrupts energy
metabolism. Although the exact mechanisms linking mitochondrial
quality control and CNS infections remain unclear, further research
is critical to elucidate how mitochondrial damage exacerbates
inflammation in infectious neurological diseases (68).

3.4 Mitochondrial quality imbalance in
Alzheimer’s disease

Mitochondrial dysfunction and neuroinflammation are
increasingly recognized as early contributors to Alzheimer’s
disease (AD) pathogenesis. While amyloid-beta (AB) deposition is
a hallmark of AD, mitochondrial fragmentation and impaired
clearance of damaged mitochondria may act as upstream drivers
of neurodegeneration (69, 70).

Reduced expression of mitochondrial fusion proteins (OPAL,
MFN1, MEN2) and elevated levels of fission mediators such as
DRP1 are common in AD. Excessive mitochondrial fission,
triggered by AB-induced DRP1 activation, promotes synaptic loss,
ROS overproduction (9, 71), and neuronal death (72).
Pharmacological inhibition of DRP1 with Mdivi-1 has
demonstrated neuroprotective effects by preserving mitochondrial
integrity and reducing oxidative stress (73, 74).

Mitophagy, a critical mechanism for removing damaged
mitochondria, is severely impaired in AD. PS1 mutations and AP
accumulation disrupt autophagosome-lysosome fusion, resulting in
defective mitophagy and the buildup of inflammatory mediators
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(75-77). The release of DAMPs, including mtDNA and cytochrome C,
further activates neuroinflammation via the NLRP3 inflammasome
and other pathways (78).

In addition to mitochondrial dynamics, AP plaques directly
impair calcium homeostasis by increasing mitochondrial calcium
uptake and promote ROS production, which in turn activates
mPTP opening, leading to mitochondrial swelling and loss of
membrane potential, and ultimately necrotic cell death (79, 80).
Targeting proteins such as VDACI (81) and NOX4 (82) has been
shown to alleviate mitochondrial dysfunction and reduce
inflammation in AD models. These findings underscore the
central role of mitochondrial quality control in AD progression
and suggest potential therapeutic targets.

Furthermore, AD patients exhibit mitochondrial metabolic
disturbances, particularly involving tricarboxylic acid (TCA) cycle
enzyme activities. For example, the activities of pyruvate
dehydrogenase complex (PDHC), isocitrate dehydrogenase
(ICDH), and alpha-ketoglutarate dehydrogenase complex
(KGDHC) decrease, while succinate dehydrogenase (SDH) and
malate dehydrogenase (MDH) activities increase. These
enzymatic disruptions closely correlate with the clinical
progression of AD and exacerbate mitochondrial dysfunction,
contributing to ROS overproduction and neuroinflammation (83).

Laser-capture microdissection reveals significant reductions in
mtDNA copy numbers in hippocampal neurons of AD patients,
indicating impaired mitochondrial biogenesis signaling. This
reduction limits the ability of neurons to maintain mitochondrial
homeostasis under pathological conditions (84). Additionally,
studies suggest that mutant forms of amyloid precursor protein
(APP), such as APP Sweden, suppress the expression of PGC-1a,, a
key regulator of mitochondrial biogenesis. Restoring PGC-1a. levels
in AD cell models has been shown to significantly improve
mitochondrial and neuronal function, potentially alleviating
inflammation and oxidative damage associated with AD
progression (85).

3.5 Mitochondrial quality imbalance in
Parkinson’s disease

Parkinson’s disease (PD) is a progressive neurodegenerative
disorder primarily characterized by the loss of dopaminergic
neurons in the substantia nigra. Mitochondrial dysfunction,
excessive ROS production, and neuroinflammation are central
contributors to PD pathogenesis (86, 87). Altered mitochondrial
dynamics, bioenergetic failure, and impaired quality control
mechanisms collectively exacerbate neuronal damage in PD.

The accumulation of o-synuclein in PD brains disrupts
mitochondrial function by impairing electron transport chain (ETC)
activity, leading to ATP depletion and increased ROS generation.
Elevated levels of oxidized coenzyme Q10 and 8-hydroxy-2’-
deoxyguanosine in cerebrospinal fluid further underscore
mitochondrial oxidative damage in PD patients (88). Importantly, o-
synuclein aggregates activate the cGAS-STING pathway, which
amplifies interferon signaling and neuroinflammation. Knockout of
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STING has been shown to alleviate neuroinflammatory responses and
protect against neurodegeneration (89).

Genetic studies have identified mutations in several PD-related
genes, including SNCA, PRKN, PINKI1, DJ-1, and LRRK2. These
mutations disrupt mitochondrial energy metabolism, mitophagy,
and ROS homeostasis, highlighting the role of impaired
mitochondrial quality control in disease progression (90). The
PINK1-Parkin pathway, which mediates mitophagy, is a major
regulator of mitochondrial quality in neurons. Loss of
mitochondrial membrane potential recruits PINK1 to the outer
mitochondrial membrane, where it activates Parkin through
phosphorylation (91, 92). Parkin ubiquitinates damaged
mitochondria, marking them for autophagic degradation.
However, mutations in PINK1 and PRKN impair this pathway,
leading to the accumulation of dysfunctional mitochondria and
exacerbating neuroinflammation and oxidative stress (93, 94).

Mitochondrial fission and fusion imbalances also play a crucial
role in PD. Excessive DRPI1-mediated fission fragments the
mitochondrial network, promoting neuronal apoptosis and energy
deficiency. DRP1 hyperactivation has been observed in PD models,
while pharmacological inhibition of DRP1 reduces mitochondrial
fragmentation and neuronal loss (92). Mutations in LRRK2,
particularly the G2019S variant, further disrupt mitochondrial
dynamics by impairing the initiation and completion of
mitophagy (95, 96). Increased LRRK2 kinase activity destabilizes
mitochondrial homeostasis and promotes neurodegeneration (97).

Mitochondrial DNA (mtDNA) mutations and deletions in
dopaminergic neurons are also prominent features of PD. Age-
related mtDNA deletions sensitize neurons to oxidative damage,
contributing to selective neuronal vulnerability in the substantia
nigra (98). PRKN mutations impair mtDNA transcription and
replication, leading to progressive mtDNA depletion. This
deficiency triggers microglial activation and pro-inflammatory
responses, further exacerbating neuronal injury (99).

Therapeutic interventions targeting mitochondrial quality control
have shown promise in preclinical models of PD. For example,
nicotinamide riboside supplementation improves mitochondrial
biogenesis and reduces neuroinflammation by activating PGC-1o
signaling (96). In PD mouse models, NBP treatment significantly
inhibited mitochondrial PARP1 activation, reduced NLRP3
inflammasome-mediated pyroptosis, and protected dopaminergic
neurons by restoring mitochondrial homeostasis (100).

Collectively, these findings underscore the importance of
maintaining mitochondrial quality control to mitigate oxidative stress,
neuroinflammation, and neuronal loss in PD. Future research should
focus on developing targeted therapies that enhance mitochondrial
dynamics, mitophagy, and anti-inflammatory responses.

3.6 Mitochondrial quality imbalance in
Huntington's disease

Huntington’s disease (HD) is a neurodegenerative disorder caused

by CAG repeat expansions in the huntingtin gene (HTT) (101).
Mutant HTT impairs mitochondrial transport, increases oxidative
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stress, and disrupts energy metabolism, leading to neuronal damage
(102). Mitochondrial dysfunction in HD is characterized by reduced
complex IV activity, ROS accumulation, and decreased mitochondrial
content in affected regions like the striatum (103).

Excessive mitochondrial fragmentation in HD is mediated by
upregulated DRP1 and FISI, contributing to ROS production and
impaired bioenergetics (104). Mutant HTT also inhibits mitophagy by
sequestering autophagic scaffolding proteins, resulting in the
accumulation of dysfunctional mitochondria and amplified
neuroinflammation (105). This defect in mitochondrial clearance is
further exacerbated by progressive mtDNA damage and depletion in
HD patients (106-108).

In HD models, iron accumulation and lipid peroxidation drive
ferroptosis, a form of oxidative inflammatory cell death. Upregulation
of ALOX5 in HD neurons promotes mitochondrial damage and
exacerbates oxidative stress (109). Additionally, NLRP3
inflammasome activation and Caspase-1-mediated pyroptosis have
been implicated in HD pathology. Suppression of PARP-1 has
shown promise in mitigating pyroptotic pathways (110).

Targeting mitochondrial dynamics and reducing oxidative
stress hold therapeutic potential in HD. Studies suggest that
interventions restoring mitochondrial fusion-fission balance and
enhancing mitophagy may alleviate inflammation and neuronal loss
in HD (104, 111).

3.7 Mitochondrial quality imbalance in
intracranial tumors

Mitochondrial dysfunction plays a significant role in the
development and progression of intracranial tumors, particularly
glioblastoma multiforme (GBM), the most aggressive primary brain
malignancy (112). Tumor cells exhibit altered mitochondrial
dynamics, ROS overproduction, and metabolic reprogramming to
sustain uncontrolled proliferation (113).

Phosphorylation of DRP1 in GBM promotes mitochondrial
fragmentation, enhancing tumor invasiveness and resistance to
apoptosis (114). Targeting mitochondrial fission with DRP1
inhibitors has shown potential in reducing GBM cell invasion
(115). Additionally, disruptions in mitophagy pathways, such as
lysosomal-autophagosome fusion inhibition, impair mitochondrial
clearance and exacerbate oxidative stress in GBM cells (116).

Mutations in mtDNA further contribute to cancer progression
by increasing ROS levels and impairing ETC function. For instance,
the A10398G mutation in GBM elevates oxidative stress and
promotes tumor cell survival (117, 118). Recent studies have
identified mitochondrial-targeted therapies, such as nanoparticles
inducing ROS-mediated ferroptosis, as promising strategies for
GBM treatment (119).

Exploring the role of mitochondrial quality control and
inflammation in intracranial tumors offers new insights into cancer
metabolism and potential therapeutic targets for these aggressive
malignancies (120).
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Despite the critical role of mitochondrial imbalance in neurological
disorders, current studies have limitations. Mitochondrial dysfunction
involves complex dynamic processes, but their interactions and specific
changes in different pathological conditions remain unclear. The
heterogeneity of neurological diseases also leads to diverse
mitochondrial abnormalities, which existing models fail to fully
capture. Moreover, differences between animal models and human
diseases limit clinical translation. While therapies targeting
mitochondrial function show promise, their long-term effects and
safety are still uncertain. Additionally, mitochondrial interactions
with other organelles are understudied, hindering a complete
understanding of cellular dysfunction. Future research should
integrate diverse methods and models to advance both mechanistic
insights and clinical applications.

4 Mitochondrial transfer and
communhnication in neurons

Mitochondrial transfer and communication represent emerging
areas of research, focusing on intercellular and intracellular
mechanisms that facilitate mitochondrial redistribution and repair
in the nervous system. These processes are increasingly recognized
as critical for mitigating neuroinflammation, oxidative stress, and
energy deficits in neurological disorders as shown in Figure 3.

4.1 Intracellular mitochondrial transport in
neurons

Efficient mitochondrial distribution within neurons is essential
for maintaining energy supply and cellular health. Neurons, with
their highly polarized structures, rely on robust intracellular
transport mechanisms to meet the metabolic demands of axons
and synapses. Three primary molecular systems regulate this
transport: anterograde transport mediated by TRAKI/TRAK2-
MIOR complexes, retrograde transport by dynein motors, and
anchoring by syntaphilin (SNPH) in areas of high energy
demand, such as synapses and nodes of Ranvier (121, 122).

Approximately 30% of mitochondria in neurons are mobile,
supporting dynamic energy redistribution. Following neuronal
injury, mitochondria with compromised membrane potential are
transported back to the soma for degradation via the PINK1-Parkin
pathway (123), while functional mitochondria are delivered to axon
terminals to sustain synaptic activity (124). Calcium concentrations
modulate mitochondrial anchoring, with elevated levels causing
SNPH to release mitochondria from microtubules, enhancing their
motility (125). Mutations, such as in the ric-7 gene in C. elegans,
demonstrate that improved mitochondrial transport can mitigate
neurodegeneration by enhancing axonal energy supply and
reducing local oxidative stress (126).

Disruptions in mitochondrial transport are implicated in early
neuroinflammatory responses in conditions like traumatic brain
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FIGURE 3

Diagram of the mechanism of mitochondrial transport within neurons and between glial cells. Mitochondria are transported anterogradely from the
cytosol to the synapse via the Miro/Milton/KIF5 complex in neuronal axons and retrogradely from the synapse to the cytosol via Dynein. Intercellular
mitochondria can be directly transmitted via TNT, vesicles and intercellular contacts. Mito mitochondrion, TNT, tunneling nanotubes, Miro
mitochondrial Rho, milton trafficking kinesin protein 1, KIF5 kinesin family member 5, SNPH syntaphilin.

injury (TBI). Damaged mitochondria that fail to reach lysosomal
degradation sites release cytochrome ¢ and mtDNA, triggering
caspase activation and pyroptotic pathways. These inflammatory
mediators, including IL-1B and IL-18, exacerbate axonal
degeneration (127). Experimental strategies to enhance
mitochondrial transport, such as Mirol overexpression or SNPH
deletion (128), have shown promise in restoring mitochondrial
distribution, mitigating energy deficits, and alleviating
neuroinflammation in axonal injury models (129).

4.2 Intercellular mitochondrial transfer
between neurons and other cells

Intercellular mitochondrial transfer is a critical mechanism for
cellular repair and neuroprotection, particularly in response to
oxidative stress and inflammation (130). Mitochondria can be
transferred via tunneling nanotubes (TNTs), extracellular vesicles
(EVs), endocytosis, or gap junctions, enabling direct exchange of
functional organelles between cells (131).

Frontiers in Immunology

Mesenchymal stem cells (MSCs) play a prominent role in
mitochondrial transfer. Under conditions of ischemia or oxidative
stress, MSCs transfer healthy mitochondria to injured neurons and
astrocytes, restoring ATP production and reducing apoptotic
signaling. In neuron-like PC12 cells subjected to hypoxia,
mitochondrial transfer from MSCs significantly improves cell
survival and function by compensating for mitochondrial
dysfunction (132).

Astrocytes also contribute to mitochondrial transfer, supporting
neuronal recovery after ischemic injury. Fluorescently labeled
astrocyte-derived mitochondria have been observed integrating into
neurons, restoring ATP levels and mitigating neuroinflammation. This
astrocyte-mediated mitochondrial transfer is crucial for protecting
neurons from ischemic damage and reducing oxidative stress (133).
However, excessive mitochondrial fission in microglia, mediated by
Drp1 and Fisl, can lead to the release of fragmented mitochondria into
the extracellular space. These fragments are taken up by astrocytes,
driving their transition to the pro-inflammatory Al phenotype, which
exacerbates neuroinflammation in conditions like Alzheimer’s and
Parkinson’s diseases (134).
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In neurodegenerative diseases, intercellular mitochondrial
transfer is vital for managing protein aggregation and
inflammation. For instance, mitochondria containing aggregated
o-synuclein or tau proteins can transfer from neurons to microglia
via TNTs (7). This process activates inflammatory pathways, but
reciprocal transfer of healthy mitochondria from microglia to
neurons helps restore mitochondrial homeostasis and alleviates
neuroinflammation (135). Similarly, TNT-mediated transfer of
healthy mitochondria between neurons has been shown to
replenish mtDNA and support cellular recovery under oxidative
stress conditions (136).

Mitochondrial transfer mechanisms also play a critical role in
the tumor microenvironment. In glioblastoma, tumor-associated
stromal cells (TASCs) transfer mitochondria to cancer cells via
TNTs, promoting glycolysis and conferring resistance to oxidative
stress and radiation therapy. These findings highlight the dual role
of mitochondrial transfer in both pathological and reparative
contexts (137).

Although important progress has been made in the study of
mitochondrial transport and communication in the nervous system,
many limitations remain. Firstly, mitochondrial transport
mechanisms within neurons and between different cells are
complex, and their dynamics under different pathological
conditions and their regulatory mechanisms are not yet fully
understood. Especially in neurodegenerative diseases and brain
injury, the specific cellular and molecular mechanisms of
impaired mitochondrial transport need to be studied in depth.
Although transcellular transfer of mitochondria has shown
potential for neuroprotection, e.g., mitochondrial transfer between
stem cells and neurons contributes to the repair of damage, the
specific role of this process in different cell types and its impact on
the inflammatory response remain unclear. Excessive
mitochondrial fragmentation and release may also lead to
increased inflammation, such as the release of mitochondrial
fragments from microglia activating the inflammatory phenotype
of astrocytes. Therefore, further exploration of the mechanisms
underlying the dual role of mitochondrial translocation in the
pathological environment, particularly the balance between
disease progression and repair, will help to advance the field
further and optimize potential therapeutic strategies.

5 Summary and outlook

This review highlights the critical role of MQC in maintaining
neuronal health and mitigating the progression of neurological
disorders. Key MQC mechanisms, including fission and fusion,
mitophagy, biosynthesis, and energy metabolism, are indispensable
for preserving mitochondrial homeostasis. Disruptions in these
processes often result in mitochondrial quality imbalance,
contributing to oxidative stress, energy deficits, and inflammatory
responses. Through a systematic analysis, we have examined how
MQC dysfunction underlies the pathogenesis of diverse
neurological conditions, including ischemic and hemorrhagic
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stroke, Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, and brain tumors. These findings underscore the
interplay between mitochondrial dysfunction and inflammation as
a central driver of neurodegeneration.

Emerging research on intercellular mitochondrial transfer provides
novel insights into the reparative potential of mitochondrial
communication between neurons and glial cells. These processes not
only facilitate the removal of damaged mitochondria but also promote
neural repair by redistributing functional mitochondria. This
expanding area of study offers promising avenues for therapeutic
intervention in neurological disorders, particularly in reducing
neuroinflammation and oxidative stress.

Mitochondria are more than just energy factories; they are central
hubs for cellular signaling, oxidative metabolism, calcium homeostasis,
and immune modulation. Their multifaceted roles make them pivotal
in the nervous system’s response to injury and disease. Dysfunctional
mitochondria release damage-associated molecular patterns (DAMPs)
such as mtDNA and cytochrome ¢, which activate inflammatory
pathways like the NLRP3 inflammasome and c¢GAS-STING,
perpetuating neuroinflammation. Understanding the intricate
relationship between mitochondrial dysfunction and inflammation
will deepen our insights into the mechanisms of neurodegeneration.

Extensive research has highlighted the pivotal role of mitochondria
in neuroinflammation, yet the precise mechanisms through which
MQC contributes to the pathogenesis of neurological disorders remain
inadequately understood. Mitochondria are integral to numerous
cellular processes in the nervous system, including energy
metabolism, calcium homeostasis, and oxidative stress regulation.
However, the specific mitochondrial alterations in various
neurological diseases, particularly their interactions with other
organelles such as the endoplasmic reticulum and lysosomes, require
further investigation. Existing technologies, including oxygen
consumption assays and membrane potential measurements, provide
valuable insights into mitochondrial metabolism but fall short in
enabling dynamic observation of mitochondrial behavior and inter-
organelle communication. While emerging imaging techniques such as
super-resolution microscopy offer high-resolution structural details,
they remain limited in their ability to capture dynamic mitochondrial
functions. Moreover, the translational potential of mitochondrial
research is hindered by significant differences between animal models
and human pathology. To overcome these challenges, future research
should prioritize the development of disease-relevant models, advanced
methodologies, and a comprehensive understanding of mitochondrial
mechanisms in neuroinflammation.

Mitochondrial dysfunction is often an early hallmark of
neurological diseases, emphasizing the importance of developing
mitochondrial-based biomarkers for early diagnosis, disease
progression prediction, and treatment monitoring. These
biomarkers hold significant potential for clinical application.
Additionally, recent advancements in mitochondrial transfer
therapies, which aim to restore cellular energy supply, reduce
oxidative stress, and modulate inflammatory responses, show
promise in treating conditions such as stroke and traumatic brain
injury. Given the unique nature of mitochondria as cellular
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organelles, there are opportunities to address genetic disorders by
correcting mtDNA mutations, allowing for the development of
personalized therapeutic strategies based on individual genetic
profiles and disease characteristics. Mitochondria-targeted
therapies not only offer the potential to alleviate symptoms of
neurological diseases but may also fundamentally alter disease
progression by restoring mitochondrial function. Enhancing
collaboration between basic research and clinical translation,
alongside advancing clinical trials, is essential to drive future
breakthroughs in the treatment of neurological disorders.

Future research must address several critical challenges
and opportunities:

* Deciphering molecular mechanisms: Advances in single-
cell technologies, high-resolution imaging, and genetic
editing tools are poised to unravel the dynamics of
mitochondrial quality control and intercellular
communication in neurons. Identifying disease-specific
MQC pathways could provide new molecular targets
for intervention.

* Biomarker development: Developing mitochondrial-based
biomarkers, such as circulating mtDNA fragments or
mitochondrial-specific metabolites, holds promise for early
diagnosis and disease monitoring in neurological disorders.

* Therapeutic innovation: Targeting mitochondrial
dysfunction through pharmacological modulators of
MQC pathways, mitochondrial transfer therapies, or gene
editing approaches offers a frontier for precision medicine.
Restoring mitochondrial function could not only alleviate
neuroinflammation but also enhance neuronal survival
and function.

* Clinical translation: Preclinical findings must be translated
into clinical applications through rigorous trials that evaluate
the safety, efficacy, and scalability of mitochondrial-targeted
therapies in treating neurological diseases.

In conclusion, mitochondria are at the heart of the intricate
interplay between cellular metabolism, inflammation, and
neurodegeneration. Continued exploration of MQC mechanisms
and intercellular mitochondrial transfer will advance our
understanding of neurological disease pathophysiology and open
new therapeutic horizons. By integrating basic research with clinical
innovation, the future of mitochondrial medicine holds the

References

1. Cabral-Costa JV, Kowaltowski AJ. Neurological disorders and mitochondria. Mol
Aspects Med. (2020) 71:100826. doi: 10.1016/j.mam.2019.10.003

2. Hong WL, Huang H, Zeng X, Duan CY. Targeting mitochondrial quality control:
new therapeutic strategies for major diseases. Mil Med Res. (2024) 11:59. doi: 10.1186/
540779-024-00556-1

3. LiuBH, Xu CZ, Liu Y, Lu ZL, Fu TL, Li GR, et al. Mitochondrial quality control in
human health and disease. Mil Med Res. (2024) 11:32. doi: 10.1186/s40779-024-00536-5

4. Falabella M, Vernon HJ, Hanna MG, Claypool SM, Pitceathly RDS. Cardiolipin,
mitochondria, and neurological disease. Trends Endocrinol Metab. (2021) 32:224-37.
doi: 10.1016/j.tem.2021.01.006

Frontiers in Immunology

11

10.3389/fimmu.2025.1542369

potential to revolutionize precision diagnostics and individualized
treatment strategies for neurological disorders.

Author contributions

YM: Conceptualization, Writing - original draft. RS:
Methodology, Visualization, Writing - original draft. CD:
Funding acquisition, Supervision, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the National Natural Science Foundation of China (Nos.
82472182 and 82272252); the General Project of the Chongqing
Natural Science Foundation (CSTB2023NSCQ-MSX0192).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.Abbreviation

5. Eldeeb MA, Thomas RA, Ragheb MA, Fallahi A, Fon EA. Mitochondrial quality
control in health and in parkinson’s disease. Physiol Rev. (2022) 102:1721-55.
doi: 10.1152/physrev.00041.2021

6. Picca A, Calvani R, Coelho-Junior HJ, Landi F, Bernabei R, Marzetti E.
Mitochondrial dysfunction, oxidative stress, and neuroinflammation: intertwined roads
to neurodegeneration. Antioxidants (Basel). (2020) 9:1-21. doi: 10.3390/antiox9080647

7. Scheiblich H, Eikens F, Wischhof L, Opitz S, Jungling K, Cserep C, et al. Microglia
rescue neurons from aggregate-induced neuronal dysfunction and death through
tunneling nanotubes. Neuron. (2024) 112:3106-25.¢8. doi: 10.1016/
j-neuron.2024.06.029

frontiersin.org


https://doi.org/10.1016/j.mam.2019.10.003
https://doi.org/10.1186/s40779-024-00556-1
https://doi.org/10.1186/s40779-024-00556-1
https://doi.org/10.1186/s40779-024-00536-5
https://doi.org/10.1016/j.tem.2021.01.006
https://doi.org/10.1152/physrev.00041.2021
https://doi.org/10.3390/antiox9080647
https://doi.org/10.1016/j.neuron.2024.06.029
https://doi.org/10.1016/j.neuron.2024.06.029
https://doi.org/10.3389/fimmu.2025.1542369
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ma et al.

8. Gao S, Hu J. Mitochondrial fusion: the machineries in and out. Trends Cell Biol.
(2021) 31:62-74. doi: 10.1016/j.tcb.2020.09.008

9. Hao S, Huang H, Ma RY, Zeng X, Duan CY. Multifaceted functions of drpl in
hypoxia/ischemia-induced mitochondrial quality imbalance: from regulatory
mechanism to targeted therapeutic strategy. Mil Med Res. (2023) 10:46. doi: 10.1186/
540779-023-00482-8

10. Lu 'Y, Li Z, Zhang S, Zhang T, Liu Y, Zhang L. Cellular mitophagy: mechanism,
roles in diseases and small molecule pharmacological regulation. Theranostics. (2023)
13:736-66. doi: 10.7150/thno.79876

11. Hong W, Zeng X, Wang H, Tan X, Tian Y, Hu H, et al. Pgc-1alpha loss promotes
mitochondrial protein lactylation in acetaminophen-induced liver injury via the ldhb-
lactate axis. Pharmacol Res. (2024) 205:107228. doi: 10.1016/j.phrs.2024.107228

12. Song J, Herrmann JM, Becker T. Quality control of the mitochondrial proteome.
Nat Rev Mol Cell Biol. (2021) 22:54-70. doi: 10.1038/s41580-020-00300-2

13. Jamwal S, Blackburn JK, Elsworth JD. Ppargamma/pgclalpha signaling as a
potential therapeutic target for mitochondrial biogenesis in neurodegenerative
disorders. Pharmacol Ther. (2021) 219:107705. doi: 10.1016/j.pharmthera.2020.107705

14. Decker ST, Funai K. Mitochondrial membrane lipids in the regulation of
bioenergetic flux. Cell Metab. (2024) 36:1963-78. doi: 10.1016/j.cmet.2024.07.024

15. Palma FR, Gantner BN, Sakiyama MJ, Kayzuka C, Shukla S, Lacchini R, et al. Ros
production by mitochondria: function or dysfunction? Oncogene. (2024) 43:295-303.
doi: 10.1038/s41388-023-02907-z

16. Atici AE, Crother TR, Noval Rivas M. Mitochondrial quality control in health
and cardiovascular diseases. Front Cell Dev Biol. (2023) 11:1290046. doi: 10.3389/
fcell.2023.1290046

17. Martinez-Reyes I, Chandel NS. Cancer metabolism: looking forward. Nat Rev
Cancer. (2021) 21:669-80. doi: 10.1038/s41568-021-00378-6

18. Rehfeldt SCH, Laufer S, Goettert MI. A highly selective in vitro jnk3 inhibitor,
fmu200, restores mitochondrial membrane potential and reduces oxidative stress and
apoptosis in sh-sy5y cells. Int ] Mol Sci. (2021) 229:1-26. doi: 10.3390/ijms22073701

19. Bonora M, Giorgi C, Pinton P. Molecular mechanisms and consequences of
mitochondrial permeability transition. Nat Rev Mol Cell Biol. (2022) 23:266-85.
doi: 10.1038/5s41580-021-00433-y

20. Yurista SR, Chong CR, Badimon JJ, Kelly DP, de Boer RA, Westenbrink BD.
Therapeutic potential of ketone bodies for patients with cardiovascular disease: jacc
state-of-the-art review. ] Am Coll Cardiol. (2021) 77:1660-9. doi: 10.1016/
jjacc.2020.12.065

21. Garbincius JF, Elrod JW. Mitochondrial calcium exchange in physiology and
disease. Physiol Rev. (2022) 102:893-992. doi: 10.1152/physrev.00041.2020

22. Horigane SI, Ozawa Y, Yamada H, Takemoto-Kimura S. Calcium signalling: A
key regulator of neuronal migration. ] Biochem. (2019) 165:401-9. doi: 10.1093/jb/
mvz012

23. Marchi S, Guilbaud E, Tait SWG, Yamazaki T, Galluzzi L. Mitochondrial control
of inflammation. Nat Rev Immunol. (2023) 23:159-73. doi: 10.1038/s41577-022-00760-x

24. Vringer E, Tait SWG. Mitochondria and cell death-associated inflammation. Cell
Death Differ. (2023) 30:304-12. doi: 10.1038/s41418-022-01094-w

25. Wang J, Wu Z, Zhu M, Zhao Y, Xie J. Ros induced pyroptosis in inflammatory
disease and cancer. Front Immunol. (2024) 15:1378990. doi: 10.3389/
fimmu.2024.1378990

26. Li Y, Tian L, Li S, Chen X, Lei F, Bao J, et al. Disrupted mitochondrial
transcription factor a expression promotes mitochondrial dysfunction and enhances
ocular surface inflammation by activating the absent in melanoma 2 inflammasome.
Free Radic Biol Med. (2024) 222:106-21. doi: 10.1016/j.freeradbiomed.2024.05.032

27. Liu R, Li F, Hao S, Hou D, Zeng X, Huang H, et al. Low-dose olaparib improves
septic cardiac function by reducing ferroptosis via accelerated mitophagy flux.
Pharmacol Res. (2024) 200:107056. doi: 10.1016/j.phrs.2023.107056

28. Gan B. Mitochondrial regulation of ferroptosis. J Cell Biol. (2021) 220:1-10.
doi: 10.1083/jcb.202105043

29. Song N, Mei S, Wang X, Hu G, Lu M. Focusing on mitochondria in the brain:
from biology to therapeutics. Transl Neurodegener. (2024) 13:23. doi: 10.1186/s40035-
024-00409-w

30. An H, Zhou B, Ji X. Mitochondrial quality control in acute ischemic stroke. J
Cereb Blood Flow Metab. (2021) 41:3157-70. doi: 10.1177/0271678X211046992

31. Zeng X, Zhang YD, Ma RY, Chen Y], Xiang XM, Hou DY, et al. Activated drpl
regulates P62-mediated autophagic flux and aggravates inflammation in cerebral
ischemia-reperfusion via the ros-ripl/rip3-exosome axis. Mil Med Res. (2022) 9:25.
doi: 10.1186/s40779-022-00383-2

32. Grohm J, Kim SW, Mamrak U, Tobaben S, Cassidy-Stone A, Nunnari J, et al.
Inhibition of drpl provides neuroprotection in vitro and in vivo. Cell Death Differ.
(2012) 19:1446-58. doi: 10.1038/cdd.2012.18

33. Wu S, Zhou F, Zhang Z, Xing D. Mitochondrial oxidative stress causes
mitochondrial fragmentation via differential modulation of mitochondrial fission-
fusion proteins. FEBS J. (2011) 278:941-54. doi: 10.1111/j.1742-4658.2011.08010.x

34. Huang Q, Li J, Chen J, Zhang Z, Xu P, Qi H, et al. Ginsenoside compound K
protects against cerebral ischemia/reperfusion injury via mull/mfn2-mediated

Frontiers in Immunology

12

10.3389/fimmu.2025.1542369

mitochondrial dynamics and bioenergy. J Ginseng Res. (2023) 47:408-19.
doi: 10.1016/}.jgr.2022.10.004

35. Yu D, Li M, Ni B, Kong J, Zhang Z. Induction of neuronal mitophagy in acute
spinal cord injury in rats. Neurotox Res. (2013) 24:512-22. doi: 10.1007/s12640-013-
9397-0

36. Zhao YX, Cui M, Chen SF, Dong Q, Liu XY. Amelioration of ischemic
mitochondrial injury and bax-dependent outer membrane permeabilization by
mdivi-1. CNS Neurosci Ther. (2014) 20:528-38. doi: 10.1111/cns.12266

37. Yang JL, Mukda S, Chen SD. Diverse roles of mitochondria in ischemic stroke.
Redox Biol. (2018) 16:263-75. doi: 10.1016/j.redox.2018.03.002

38. Han B, Jiang W, Cui P, Zheng K, Dang C, Wang J, et al. Microglial pgc-lalpha
protects against ischemic brain injury by suppressing neuroinflammation. Genome
Med. (2021) 13:47. doi: 10.1186/s13073-021-00863-5

39. Fong WH, Tsai HD, Chen YC, Wu JS, Lin TN. Anti-apoptotic actions of ppar-
gamma against ischemic stroke. Mol Neurobiol. (2010) 41:180-6. doi: 10.1007/s12035-
010-8103-y

40. Zhu HR, Wang ZY, Zhu XL, Wu XX, Li EG, Xu Y. Icariin protects against brain
injury by enhancing sirtl-dependent pgc-lalpha expression in experimental stroke.
Neuropharmacology. (2010) 59:70-6. doi: 10.1016/j.neuropharm.2010.03.017

41. Tbrahim AA, Abdel Mageed SS, Safar MM, El-Yamany MF, Oraby MA. Mitoq
alleviates hippocampal damage after cerebral ischemia: the potential role of sirt6 in
regulating mitochondrial dysfunction and neuroinflammation. Life Sci. (2023)
328:121895. doi: 10.1016/j.1fs.2023.121895

42. Wang P, Cui Y, Ren Q, Yan B, Zhao Y, Yu P, et al. Mitochondrial ferritin
attenuates cerebral ischaemia/reperfusion injury by inhibiting ferroptosis. Cell Death
Dis. (2021) 12:447. doi: 10.1038/541419-021-03725-5

43. Sun L, Zhao Z, Guo J, Qin Y, Yu Q, Shi X, et al. Mitochondrial transplantation
confers protection against the effects of ischemic stroke by repressing microglial
pyroptosis and promoting neurogenesis. Neural Regener Res. (2024) 19:1325-35.
doi: 10.4103/1673-5374.385313

44. Cheng Y, Liu M, Tang H, Chen B, Yang G, Zhao W, et al. Itrag-based
quantitative proteomics indicated nrf2/optn-mediated mitophagy inhibits nlrp3
inflammasome activation after intracerebral hemorrhage. Oxid Med Cell Longev.
(2021) 2021:6630281. doi: 10.1155/2021/6630281

45. Wu P, Li Y, Zhu S, Wang C, Dai J, Zhang G, et al. Mdivi-1 alleviates early brain
injury after experimental subarachnoid hemorrhage in rats, possibly via inhibition of
drpl-activated mitochondrial fission and oxidative stress. Neurochem Res. (2017)
42:1449-58. doi: 10.1007/s11064-017-2201-4

46. Wu X, Luo J, Liu H, Cui W, Feng D, Qu Y. Sirt3 protects against early brain injury
following subarachnoid hemorrhage via promoting mitochondrial fusion in an ampk
dependent manner. Chin Neurosurg J. (2020) 6:1. doi: 10.1186/s41016-019-0182-7

47. Zhang T, Xu S, Wu P, Zhou K, Wu L, Xie Z, et al. Mitoquinone Attenuates
Blood-Brain Barrier Disruption through Nrf2/Phb2/Opal Pathway after Subarachnoid
Hemorrhage in Rats. Exp Neurol. (2019) 317:1-9. doi: 10.1016/j.expneurol.2019.02.009

48. Cao S, Shrestha S, Li J, Yu X, Chen J, Yan F, et al. Melatonin-Mediated
Mitophagy Protects against Early Brain Injury after Subarachnoid Hemorrhage
through Inhibition of Nlrp3 Inflammasome Activation. Sci Rep. (2017) 7:2417.
doi: 10.1038/s41598-017-02679-z

49. Duan C, Kuang L, Xiang X, Zhang J, Zhu Y, Wu Y, et al. Drpl regulates
mitochondrial dysfunction and dysregulated metabolism in ischemic injury via
clecl6a-, bax-, and gsh- pathways. Cell Death Dis. (2020) 11:251. doi: 10.1038/
541419-020-2461-9

50. Yang Y, Chen X, Feng Z, Cai X, Zhu X, Cao M, et al. Mecl7-induced alpha-
tubulin acetylation restores mitochondrial transport function and alleviates axonal
injury after intracerebral hemorrhage in mice. J Neurochem. (2022) 160:51-63.
doi: 10.1111/jnc.15493

51. Duan C, Kuang L, Hong C, Xiang X, Liu J, Li Q, et al. Mitochondrial Drpl
Recognizes and Induces Excessive Mptp Opening after Hypoxia through Bax-Pic and
Lrrk2-HK2. Cell Death Dis. (2021) 12:1050. doi: 10.1038/s41419-021-04343-x

52. QuJ, Chen W, Hu R, Feng H. The injury and therapy of reactive oxygen species
in intracerebral hemorrhage looking at mitochondria. Oxid Med Cell Longev. (2016)
2016:2592935. doi: 10.1155/2016/2592935

53. ChengY, Zhang Z, Tang H, Chen B, Cai Y, Wei Y, et al. Mitochondrial inhibitor
rotenone triggers and enhances neuronal ferroptosis following intracerebral
hemorrhage. ACS Chem Neurosci. (2023) 14:1071-9. doi: 10.1021/
acschemneuro.2c00308

54. Nakahira K, Haspel JA, Rathinam VA, Lee SJ, Dolinay T, Lam HC, et al.
Autophagy proteins regulate innate immune responses by inhibiting the release of
mitochondrial DNA mediated by the nalp3 inflammasome. Nat Immunol. (2011)
12:222-30. doi: 10.1038/ni.1980

55. Riley JS, Tait SW. Mitochondrial DNA in inflammation and immunity. EMBO
Rep. (2020) 21:€49799. doi: 10.15252/embr.201949799

56. Yang M, Deng S, Jiang J, Tian M, Xiao L, Gong Y. Oxytocin improves
intracerebral hemorrhage outcomes by suppressing neuronal pyroptosis and

mitochondrial fission. Stroke. (2023) 54:1888-900. doi: 10.1161/
STROKEAHA.123.043391

frontiersin.org


https://doi.org/10.1016/j.tcb.2020.09.008
https://doi.org/10.1186/s40779-023-00482-8
https://doi.org/10.1186/s40779-023-00482-8
https://doi.org/10.7150/thno.79876
https://doi.org/10.1016/j.phrs.2024.107228
https://doi.org/10.1038/s41580-020-00300-2
https://doi.org/10.1016/j.pharmthera.2020.107705
https://doi.org/10.1016/j.cmet.2024.07.024
https://doi.org/10.1038/s41388-023-02907-z
https://doi.org/10.3389/fcell.2023.1290046
https://doi.org/10.3389/fcell.2023.1290046
https://doi.org/10.1038/s41568-021-00378-6
https://doi.org/10.3390/ijms22073701
https://doi.org/10.1038/s41580-021-00433-y
https://doi.org/10.1016/j.jacc.2020.12.065
https://doi.org/10.1016/j.jacc.2020.12.065
https://doi.org/10.1152/physrev.00041.2020
https://doi.org/10.1093/jb/mvz012
https://doi.org/10.1093/jb/mvz012
https://doi.org/10.1038/s41577-022-00760-x
https://doi.org/10.1038/s41418-022-01094-w
https://doi.org/10.3389/fimmu.2024.1378990
https://doi.org/10.3389/fimmu.2024.1378990
https://doi.org/10.1016/j.freeradbiomed.2024.05.032
https://doi.org/10.1016/j.phrs.2023.107056
https://doi.org/10.1083/jcb.202105043
https://doi.org/10.1186/s40035-024-00409-w
https://doi.org/10.1186/s40035-024-00409-w
https://doi.org/10.1177/0271678X211046992
https://doi.org/10.1186/s40779-022-00383-2
https://doi.org/10.1038/cdd.2012.18
https://doi.org/10.1111/j.1742-4658.2011.08010.x
https://doi.org/10.1016/j.jgr.2022.10.004
https://doi.org/10.1007/s12640-013-9397-0
https://doi.org/10.1007/s12640-013-9397-0
https://doi.org/10.1111/cns.12266
https://doi.org/10.1016/j.redox.2018.03.002
https://doi.org/10.1186/s13073-021-00863-5
https://doi.org/10.1007/s12035-010-8103-y
https://doi.org/10.1007/s12035-010-8103-y
https://doi.org/10.1016/j.neuropharm.2010.03.017
https://doi.org/10.1016/j.lfs.2023.121895
https://doi.org/10.1038/s41419-021-03725-5
https://doi.org/10.4103/1673-5374.385313
https://doi.org/10.1155/2021/6630281
https://doi.org/10.1007/s11064-017-2201-4
https://doi.org/10.1186/s41016-019-0182-7
https://doi.org/10.1016/j.expneurol.2019.02.009
https://doi.org/10.1038/s41598-017-02679-z
https://doi.org/10.1038/s41419-020-2461-9
https://doi.org/10.1038/s41419-020-2461-9
https://doi.org/10.1111/jnc.15493
https://doi.org/10.1038/s41419-021-04343-x
https://doi.org/10.1155/2016/2592935
https://doi.org/10.1021/acschemneuro.2c00308
https://doi.org/10.1021/acschemneuro.2c00308
https://doi.org/10.1038/ni.1980
https://doi.org/10.15252/embr.201949799
https://doi.org/10.1161/STROKEAHA.123.043391
https://doi.org/10.1161/STROKEAHA.123.043391
https://doi.org/10.3389/fimmu.2025.1542369
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ma et al.

57. Keck F, Brooks-Faulconer T, Lark T, Ravishankar P, Bailey C, Salvador-Morales
C, et al. Altered mitochondrial dynamics as a consequence of Venezuelan equine
encephalitis virus infection. Virulence. (2017) 8:1849-66. doi: 10.1080/
21505594.2016.1276690

58. Mishra MK, Ghosh D, Duseja R, Basu A. Antioxidant potential of minocycline in
Japanese encephalitis virus infection in murine neuroblastoma cells: correlation with
membrane fluidity and cell death. Neurochem Int. (2009) 54:464-70. doi: 10.1016/
jneuint.2009.01.022

59. Alandijany T, Kammouni W, Roy Chowdhury SK, Fernyhough P, Jackson AC.
Mitochondrial dysfunction in rabies virus infection of neurons. J Neurovirol. (2013)
19:537-49. doi: 10.1007/s13365-013-0214-6

60. Rozzi SJ, Avdoshina V, Fields JA, Mocchetti I. Human immunodeficiency virus
tat impairs mitochondrial fission in neurons. Cell Death Discov. (2018) 4:8.
doi: 10.1038/s41420-017-0013-6

61. Teodorof-Diedrich C, Spector SA. Human immunodeficiency virus type 1 gp120
and tat induce mitochondrial fragmentation and incomplete mitophagy in human
neurons. J Virol. (2018) 92:1-16. doi: 10.1128/JVI1.00993-18

62. Teodorof-Diedrich C, Spector SA. Human immunodeficiency virus type 1 and
methamphetamine-mediated mitochondrial damage and neuronal degeneration in
human neurons. J Virol. (2020) 94:1-19. doi: 10.1128/JV1.00924-20

63. Thangaraj A, Periyasamy P, Liao K, Bendi VS, Callen S, Pendyala G, et al. Hiv-1
tat-mediated microglial activation: role of mitochondrial dysfunction and defective
mitophagy. Autophagy. (2018) 14:1596-619. doi: 10.1080/15548627.2018.1476810

64. Zhao L, Song Y, Zhang Y, Liu H, Shen Y, Fan Y, et al. Hif-1alpha/bnip3l induced
cognitive deficits in a mouse model of sepsis-associated encephalopathy. Front
Immunol. (2022) 13:1095427. doi: 10.3389/fimmu.2022.1095427

65. Duan H, Yang X, Cai S, Zhang L, Qiu Z, Wang J, et al. Nrf2 mitigates sepsis-
associated encephalopathy-induced hippocampus ferroptosis via modulating
mitochondrial dynamic homeostasis. Int Immunopharmacol. (2024) 143:113331.
doi: 10.1016/j.intimp.2024.113331

66. Yang X, Duan H, Li S, Zhang J, Dong L, Ding J, et al. Yapl alleviates sepsis
associated encephalopathy by inhibiting hippocampus ferroptosis via maintaining
mitochondrial dynamic homeostasis. J Cell Mol Med. (2024) 28:¢70156. doi: 10.1111/
jemm.70156

67. Huang X, Zheng Y, Wang N, Zhao M, Liu J, Lin W, et al. Dichloroacetate
prevents sepsis associated encephalopathy by inhibiting microglia pyroptosis through
pdk4/nlrp3. Inflammation. (2024) 1-17. doi: 10.1007/s10753-024-02105-3

68. Larsen L, Nielsen TH, Nordstrom CH, Andersen AB, Schierbeck J, Schulz MK,
et al. Patterns of cerebral tissue oxygen tension and cytoplasmic redox state in bacterial
meningitis. Acta Anaesthesiol Scand. (2019) 63:329-36. doi: 10.1111/aas.13278

69. Scheltens P, De Strooper B, Kivipelto M, Holstege H, Chetelat G, Teunissen CE,
et al. Alzheimer’s disease. Lancet. (2021) 397:1577-90. doi: 10.1016/S0140-6736(20)
32205-4

70. Wang W, Zhao F, Ma X, Perry G, Zhu X. Mitochondria dysfunction in the
pathogenesis of alzheimer’s disease: recent advances. Mol Neurodegener. (2020) 15:30.
doi: 10.1186/s13024-020-00376-6

71. Wang X, Su B, Lee HG, Li X, Perry G, Smith MA, et al. Impaired balance of
mitochondrial fission and fusion in alzheimer’s disease. ] Neurosci. (2009) 29:9090-103.
doi: 10.1523/JNEUROSCI.1357-09.2009

72. Cho DH, Nakamura T, Fang J, Cieplak P, Godzik A, Gu Z, et al. S-nitrosylation
of drpl mediates beta-amyloid-related mitochondrial fission and neuronal injury.
Science. (2009) 324:102-5. doi: 10.1126/science.1171091

73. Duan C, Wang L, Zhang J, Xiang X, Wu Y, Zhang Z, et al. Mdivi-1 attenuates
oxidative stress and exerts vascular protection in ischemic/hypoxic injury by a
mechanism independent of drpl gtpase activity. Redox Biol. (2020) 37:101706.
doi: 10.1016/j.redox.2020.101706

74. Gan X, Huang S, Wu L, Wang Y, Hu G, Li G, et al. Inhibition of erk-dlpl
signaling and mitochondrial division alleviates mitochondrial dysfunction in
alzheimer’s disease cybrid cell. Biochim Biophys Acta. (2014) 1842:220-31.
doi: 10.1016/j.bbadis.2013.11.009

75. Cai Q, Tammineni P. Alterations in mitochondrial quality control in alzheimer’s
disease. Front Cell Neurosci. (2016) 10:24. doi: 10.3389/fncel.2016.00024

76. Lee JH, Yu WH, Kumar A, Lee S, Mohan PS, Peterhoff CM, et al. Lysosomal
proteolysis and autophagy require presenilin 1 and are disrupted by alzheimer-related
ps1 mutations. Cell. (2010) 141:1146-58. doi: 10.1016/j.cell.2010.05.008

77. Liu D, Pitta M, Jiang H, Lee JH, Zhang G, Chen X, et al. Nicotinamide forestalls
pathology and cognitive decline in alzheimer mice: evidence for improved neuronal
bioenergetics and autophagy procession. Neurobiol Aging. (2013) 34:1564-80.
doi: 10.1016/j.neurobiolaging.2012.11.020

78. Calvo-Rodriguez M, Hou SS, Snyder AC, Kharitonova EK, Russ AN, Das S, et al.
Increased mitochondrial calcium levels associated with neuronal death in a mouse
model of alzheimer’s disease. Nat Commun. (2020) 11:2146. doi: 10.1038/s41467-020-
16074-2

79. Bernardi P, Gerle C, Halestrap AP, Jonas EA, Karch J, Mnatsakanyan N, et al.
Identity, structure, and function of the mitochondrial permeability transition pore:
controversies, consensus, recent advances, and future directions. Cell Death Differ.
(2023) 30:1869-85. doi: 10.1038/s41418-023-01187-0

Frontiers in Immunology

13

10.3389/fimmu.2025.1542369

80. Green KN. Calcium in the initiation, progression and as an effector of
alzheimer’s disease pathology. J Cell Mol Med. (2009) 13:2787-99. doi: 10.1111/
j.1582-4934.2009.00861.x

81. Verma A, Shteinfer-Kuzmine A, Kamenetsky N, Pittala S, Paul A, Nahon Crystal
E, et al. Targeting the overexpressed mitochondrial protein vdacl in a mouse model of
alzheimer’s disease protects against mitochondrial dysfunction and mitigates brain
pathology. Transl Neurodegener. (2022) 11:58. doi: 10.1186/s40035-022-00329-7

82. Park MW, Cha HW, Kim J, Kim JH, Yang H, Yoon S, et al. Nox4 promotes
ferroptosis of astrocytes by oxidative stress-induced lipid peroxidation via the
impairment of mitochondrial metabolism in alzheimer’s diseases. Redox Biol. (2021)
41:101947. doi: 10.1016/j.redox.2021.101947

83. Bubber P, Haroutunian V, Fisch G, Blass JP, Gibson GE. Mitochondrial
abnormalities in alzheimer brain: mechanistic implications. Ann Neurol. (2005)
57:695-703. doi: 10.1002/ana.20474

84. Rice AC, Keeney PM, Algarzae NK, Ladd AC, Thomas RR, Bennett JP Jr.
Mitochondrial DNA copy numbers in pyramidal neurons are decreased and
mitochondrial biogenesis transcriptome signaling is disrupted in alzheimer’s disease
hippocampi. J Alzheimers Dis. (2014) 40:319-30. doi: 10.3233/JAD-131715

85. Sheng B, Wang X, Su B, Lee HG, Casadesus G, Perry G, et al. Impaired
mitochondrial biogenesis contributes to mitochondrial dysfunction in alzheimer’s
disease. ] Neurochem. (2012) 120:419-29. doi: 10.1111/j.1471-4159.2011.07581.x

86. Devi L, Raghavendran V, Prabhu BM, Avadhani NG, Anandatheerthavarada
HK. Mitochondrial import and accumulation of alpha-synuclein impair complex I in
human dopaminergic neuronal cultures and parkinson disease brain. J Biol Chem.
(2008) 283:9089-100. doi: 10.1074/jbc.M710012200

87. Nicoletti V, Palermo G, Del Prete E, Mancuso M, Ceravolo R. Understanding the
multiple role of mitochondria in parkinson’s disease and related disorders: lesson from
genetics and protein-interaction network. Front Cell Dev Biol. (2021) 9:636506.
doi: 10.3389/fcell.2021.636506

88. Isobe C, Abe T, Terayama Y. Levels of reduced and oxidized coenzyme Q-10 and
8-hydroxy-2’-deoxyguanosine in the cerebrospinal fluid of patients with living
parkinson’s disease demonstrate that mitochondrial oxidative damage and/or
oxidative DNA damage contributes to the neurodegenerative process. Neurosci Lett.
(2010) 469:159-63. doi: 10.1016/j.neulet.2009.11.065

89. Hinkle JT, Patel J, Panicker N, Karuppagounder SS, Biswas D, Belingon B, et al.
Sting mediates neurodegeneration and neuroinflammation in nigrostriatal alpha-
synucleinopathy. Proc Natl Acad Sci U S A. (2022) 119:2118819119. doi: 10.1073/
pnas.2118819119

90. Li W, Fu Y, Halliday GM, Sue CM. Park genes link mitochondrial dysfunction
and alpha-synuclein pathology in sporadic parkinson’s disease. Front Cell Dev Biol.
(2021) 9:612476. doi: 10.3389/fcell.2021.612476

91. Gladkova C, Maslen SL, Skehel JM, Komander D. Mechanism of parkin
activation by pinkl. Nature. (2018) 559:410-4. doi: 10.1038/s41586-018-0224-x

92. Swatek KN, Usher JL, Kueck AF, Gladkova C, Mevissen TET, Pruneda JN, et al.
Insights into ubiquitin chain architecture using ub-clipping. Nature. (2019) 572:533-7.
doi: 10.1038/s41586-019-1482-y

93. Fiesel FC, Ando M, Hudec R, Hill AR, Castanedes-Casey M, Caulfield TR, et al.
(Patho-)Physiological relevance of pink1-dependent ubiquitin phosphorylation. EMBO
Rep. (2015) 16:1114-30. doi: 10.15252/embr.201540514

94. Hou X, Fiesel FC, Truban D, Castanedes Casey M, Lin WL, Soto Al et al. Age-
and disease-dependent increase of the mitophagy marker phospho-ubiquitin in normal
aging and lewy body disease. Autophagy. (2018) 14:1404-18. doi: 10.1080/
15548627.2018.1461294

95. Bonello F, Hassoun SM, Mouton-Liger F, Shin YS, Muscat A, Tesson C, et al.
Lrrk2 impairs pinkl/parkin-dependent mitophagy via its kinase activity: pathologic
insights into parkinson’s disease. Hum Mol Genet. (2019) 28:1645-60. doi: 10.1093/
hmg/ddz004

96. Wauters F, Cornelissen T, Imberechts D, Martin S, Koentjoro B, Sue C, et al.
Lrrk2 mutations impair depolarization-induced mitophagy through inhibition of
mitochondrial accumulation of rabl0. Autophagy. (2020) 16:203-22. doi: 10.1080/
15548627.2019.1603548

97. Zhang X, Li G, Chen H, Nie XW, Bian JS. Targeting nkaalphal to treat

parkinson’s disease through inhibition of mitophagy-dependent ferroptosis. Free
Radic Biol Med. (2024) 218:190-204. doi: 10.1016/j.freeradbiomed.2024.04.002

98. Bender A, Krishnan KJ, Morris CM, Taylor GA, Reeve AK, Perry RH, et al. High
levels of mitochondrial DNA deletions in substantia nigra neurons in aging and
parkinson disease. Nat Genet. (2006) 38:515-7. doi: 10.1038/ng1769

99. Wasner K, Smajic S, Ghelfi ], Delcambre S, Prada-Medina CA, Knappe E, et al.
Parkin deficiency impairs mitochondrial DNA dynamics and propagates inflammation.
Mov Disord. (2022) 37:1405-15. doi: 10.1002/mds.29025

100. Que R, Zheng J, Chang Z, Zhang W, Li H, Xie Z, et al. DI-3-N-butylphthalide
rescues dopaminergic neurons in parkinson’s disease models by inhibiting the nlrp3
inflammasome and ameliorating mitochondrial impairment. Front Immunol. (2021)
12:794770. doi: 10.3389/fimmu.2021.794770

101. Tabrizi SJ, Flower MD, Ross CA, Wild EJ. Huntington disease: new insights
into molecular pathogenesis and therapeutic opportunities. Nat Rev Neurol. (2020)
16:529-46. doi: 10.1038/s41582-020-0389-4

frontiersin.org


https://doi.org/10.1080/21505594.2016.1276690
https://doi.org/10.1080/21505594.2016.1276690
https://doi.org/10.1016/j.neuint.2009.01.022
https://doi.org/10.1016/j.neuint.2009.01.022
https://doi.org/10.1007/s13365-013-0214-6
https://doi.org/10.1038/s41420-017-0013-6
https://doi.org/10.1128/JVI.00993-18
https://doi.org/10.1128/JVI.00924-20
https://doi.org/10.1080/15548627.2018.1476810
https://doi.org/10.3389/fimmu.2022.1095427
https://doi.org/10.1016/j.intimp.2024.113331
https://doi.org/10.1111/jcmm.70156
https://doi.org/10.1111/jcmm.70156
https://doi.org/10.1007/s10753-024-02105-3
https://doi.org/10.1111/aas.13278
https://doi.org/10.1016/S0140-6736(20)32205-4
https://doi.org/10.1016/S0140-6736(20)32205-4
https://doi.org/10.1186/s13024-020-00376-6
https://doi.org/10.1523/JNEUROSCI.1357-09.2009
https://doi.org/10.1126/science.1171091
https://doi.org/10.1016/j.redox.2020.101706
https://doi.org/10.1016/j.bbadis.2013.11.009
https://doi.org/10.3389/fncel.2016.00024
https://doi.org/10.1016/j.cell.2010.05.008
https://doi.org/10.1016/j.neurobiolaging.2012.11.020
https://doi.org/10.1038/s41467-020-16074-2
https://doi.org/10.1038/s41467-020-16074-2
https://doi.org/10.1038/s41418-023-01187-0
https://doi.org/10.1111/j.1582-4934.2009.00861.x
https://doi.org/10.1111/j.1582-4934.2009.00861.x
https://doi.org/10.1186/s40035-022-00329-7
https://doi.org/10.1016/j.redox.2021.101947
https://doi.org/10.1002/ana.20474
https://doi.org/10.3233/JAD-131715
https://doi.org/10.1111/j.1471-4159.2011.07581.x
https://doi.org/10.1074/jbc.M710012200
https://doi.org/10.3389/fcell.2021.636506
https://doi.org/10.1016/j.neulet.2009.11.065
https://doi.org/10.1073/pnas.2118819119
https://doi.org/10.1073/pnas.2118819119
https://doi.org/10.3389/fcell.2021.612476
https://doi.org/10.1038/s41586-018-0224-x
https://doi.org/10.1038/s41586-019-1482-y
https://doi.org/10.15252/embr.201540514
https://doi.org/10.1080/15548627.2018.1461294
https://doi.org/10.1080/15548627.2018.1461294
https://doi.org/10.1093/hmg/ddz004
https://doi.org/10.1093/hmg/ddz004
https://doi.org/10.1080/15548627.2019.1603548
https://doi.org/10.1080/15548627.2019.1603548
https://doi.org/10.1016/j.freeradbiomed.2024.04.002
https://doi.org/10.1038/ng1769
https://doi.org/10.1002/mds.29025
https://doi.org/10.3389/fimmu.2021.794770
https://doi.org/10.1038/s41582-020-0389-4
https://doi.org/10.3389/fimmu.2025.1542369
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ma et al.

102. Rehman MU, Sehar N, Dar NJ, Khan A, Arafah A, Rashid S, et al.
Mitochondrial dysfunctions, oxidative stress and neuroinflammation as therapeutic
targets for neurodegenerative diseases: an update on current advances and
impediments. Neurosci Biobehav Rev. (2023) 144:104961. doi: 10.1016/
j.neubiorev.2022.104961

103. Petersen MH, Willert CW, Andersen JV, Madsen M, Waagepetersen HS, Skotte
NH, et al. Progressive mitochondrial dysfunction of striatal synapses in R6/2 mouse
model of huntington’s disease. ] Huntingtons Dis. (2022) 11:121-40. doi: 10.3233/JHD-
210518

104. Cherubini M, Lopez-Molina L, Gines S. Mitochondrial fission in huntington’s
disease mouse striatum disrupts er-mitochondria contacts leading to disturbances in ca
(2+) efflux and reactive oxygen species (Ros) homeostasis. Neurobiol Dis. (2020)
136:104741. doi: 10.1016/j.nbd.2020.104741

105. Franco-Iborra S, Plaza-Zabala A, Montpeyo M, Sebastian D, Vila M, Martinez-
Vicente M. Mutant htt (Huntingtin) impairs mitophagy in a cellular model of
huntington disease. Autophagy. (2021) 17:672-89. doi: 10.1080/
15548627.2020.1728096

106. Acevedo-Torres K, Berrios L, Rosario N, Dufault V, Skatchkov S, Eaton M],
et al. Mitochondrial DNA damage is a hallmark of chemically induced and the R6/2
transgenic model of huntington’s disease. DNA Repair (Amst). (2009) 8:126-36.
doi: 10.1016/j.dnarep.2008.09.004

107. Banoei MM, Houshmand M, Panahi MS, Shariati P, Rostami M, Manshadi
MD, et al. Huntington’s disease and mitochondrial DNA deletions: event or regular
mechanism for mutant huntingtin protein and cag repeats expansion?! Cell Mol
Neurobiol. (2007) 27:867-75. doi: 10.1007/s10571-007-9206-5

108. Siddiqui A, Rivera-Sanchez S, Castro Mdel R, Acevedo-Torres K, Rane A,
Torres-Ramos CA, et al. Mitochondrial DNA damage is associated with reduced
mitochondrial bioenergetics in huntington’s disease. Free Radic Biol Med. (2012)
53:1478-88. doi: 10.1016/j.freeradbiomed.2012.06.008

109. Paldino E, Fusco FR. Emerging role of nlrp3 inflammasome/pyroptosis in
huntington’s disease. Int ] Mol Sci. (2022) 23:1-11. doi: 10.3390/ijms23158363

110. Paldino E, D’Angelo V, Laurenti D, Angeloni C, Sancesario G, Fusco FR.
Modulation of inflammasome and pyroptosis by olaparib, a parp-1 inhibitor, in the R6/
2 mouse model of huntington’s disease. Cells. (2020) 9:1-15. doi: 10.3390/cells9102286

111. Zala D, Colin E, Rangone H, Liot G, Humbert S, Saudou F. Phosphorylation of
mutant huntingtin at S421 restores anterograde and retrograde transport in neurons.
Hum Mol Genet. (2008) 17:3837-46. doi: 10.1093/hmg/ddn281

112. Ma Q, Hao S, Hong W, Tergaonkar V, Sethi G, Tian Y, et al. Versatile function
of nf-kb in inflammation and cancer. Exp Hematol Oncol. (2024) 13:68. doi: 10.1186/
540164-024-00529-z

113. White J, White MPJ, Wickremesekera A, Peng L, Gray C. The tumour
microenvironment, treatment resistance and recurrence in glioblastoma. J Transl
Med. (2024) 22:540. doi: 10.1186/s12967-024-05301-9

114. Mukherjee P, Abate LE, Seyfried TN. Antiangiogenic and proapoptotic effects
of dietary restriction on experimental mouse and human brain tumors. Clin Cancer Res.
(2004) 10:5622-9. doi: 10.1158/1078-0432.CCR-04-0308

115. Xie Q, Wu Q, Horbinski CM, Flavahan WA, Yang K, Zhou W, et al.
Mitochondrial control by drpl in brain tumor initiating cells. Nat Neurosci. (2015)
18:501-10. doi: 10.1038/nn.3960

116. Zhou Y, Wang Y, Wu S, Yan Y, Hu Y, Zheng Z, et al. Sulforaphane-cysteine
inhibited migration and invasion via enhancing mitophagosome fusion to lysosome in
human glioblastoma cells. Cell Death Dis. (2020) 11:819. doi: 10.1038/s41419-020-
03024-5

117. Lloyd RE, Keatley K, Littlewood DT, Meunier B, Holt WV, An Q, et al.
Identification and functional prediction of mitochondrial complex iii and iv mutations
associated with glioblastoma. Neuro Oncol. (2015) 17:942-52. doi: 10.1093/neuonc/
nov020

118. Mohamed Yusoff AA, Mohd Nasir KN, Haris K, Mohd Khair SZN, Abdul
Ghani ARI, Idris Z, et al. Detection of somatic mutations in the mitochondrial DNA
control region D-loop in brain tumors: the first report in Malaysian patients. Oncol
Lett. (2017) 14:5179-88. doi: 10.3892/01.2017.6851

119. Cao Z, Liu X, Zhang W, Zhang K, Pan L, Zhu M, et al. Biomimetic macrophage
membrane-camouflaged nanoparticles induce ferroptosis by promoting mitochondrial

Frontiers in Immunology

14

10.3389/fimmu.2025.1542369

damage in glioblastoma. ACS Nano. (2023) 17:23746-60. doi: 10.1021/
acsnano.3c07555

120. SuJ, Li Y, Liu Q, Peng G, Qin C, Li Y. Identification of ssbp1 as a ferroptosis-
related biomarker of glioblastoma based on a novel mitochondria-related gene risk
model and in vitro experiments. | Transl Med. (2022) 20:440. doi: 10.1186/s12967-022-
03657-4

121. Cheng XT, Huang N, Sheng ZH. Programming axonal mitochondrial
maintenance and bioenergetics in neurodegeneration and regeneration. Neuron.
(2022) 110:1899-923. doi: 10.1016/j.neuron.2022.03.015

122. Sheng ZH, Cai Q. Mitochondrial transport in neurons: impact on synaptic
homeostasis and neurodegeneration. Nat Rev Neurosci. (2012) 13:77-93. doi: 10.1038/
nrn3156

123. Cai Q, Zakaria HM, Simone A, Sheng ZH. Spatial parkin translocation and
degradation of damaged mitochondria via mitophagy in live cortical neurons. Curr
Biol. (2012) 22:545-52. doi: 10.1016/j.cub.2012.02.005

124. Lin MY, Sheng ZH. Regulation of mitochondrial transport in neurons. Exp Cell
Res. (2015) 334:35-44. doi: 10.1016/j.yexcr.2015.01.004

125. Canty JT, Hensley A, Aslan M, Jack A, Yildiz A. Trak adaptors regulate the
recruitment and activation of dynein and kinesin in mitochondrial transport. Nat
Commun. (2023) 14:1376. doi: 10.1038/s41467-023-36945-8

126. Rawson RL, Yam L, Weimer RM, Bend EG, Hartwieg E, Horvitz HR, et al.
Axons degenerate in the absence of mitochondria in C. Elegans. Curr Biol. (2014)
24:760-5. doi: 10.1016/j.cub.2014.02.025

127. Errea O, Moreno B, Gonzalez-Franquesa A, Garcia-Roves PM, Villoslada P.
The disruption of mitochondrial axonal transport is an early event in
neuroinflammation. J Neuroinflammation. (2015) 12:152. doi: 10.1186/s12974-015-
0375-8

128. Zhou B, Yu P, Lin MY, Sun T, Chen Y, Sheng ZH. Facilitation of axon
regeneration by enhancing mitochondrial transport and rescuing energy deficits. J Cell
Biol. (2016) 214:103-19. doi: 10.1083/jcb.201605101

129. Zeiler FA, Thelin EP, Donnelly J, Stevens AR, Smielewski P, Czosnyka M, et al.
Genetic drivers of cerebral blood flow dysfunction in tbi: A speculative synthesis. Nat
Rev Neurol. (2019) 15:25-39. doi: 10.1038/s41582-018-0105-9

130. Duan C, Liu R, Kuang L, Zhang Z, Hou D, Zheng D, et al. Activated drpl
initiates the formation of endoplasmic reticulum-mitochondrial contacts via shrm4-
mediated actin bundling. Adv Sci (Weinh). (2023) 10:e2304885. doi: 10.1002/
advs.202304885

131. Geng Z, Guan S, Wang S, Yu Z, Liu T, Du S, et al. Intercellular mitochondrial
transfer in the brain, a new perspective for targeted treatment of central nervous system
diseases. CNS Neurosci Ther. (2023) 29:3121-35. doi: 10.1111/cns.14344

132. Babenko VA, Silachev DN, Zorova LD, Pevzner IB, Khutornenko AA,
Plotnikov EY, et al. Improving the post-stroke therapeutic potency of mesenchymal
multipotent stromal cells by cocultivation with cortical neurons: the role of crosstalk
between cells. Stem Cells Transl Med. (2015) 4:1011-20. doi: 10.5966/sctm.2015-0010

133. Hayakawa K, Esposito E, Wang X, Terasaki Y, Liu Y, Xing C, et al. Transfer of
mitochondria from astrocytes to neurons after stroke. Nature. (2016) 535:551-5.
doi: 10.1038/nature18928

134. Joshi AU, Minhas PS, Liddelow SA, Haileselassie B, Andreasson KI, Dorn GW
2nd, et al. Fragmented mitochondria released from microglia trigger Al astrocytic
response and propagate inflammatory neurodegeneration. Nat Neurosci. (2019)
22:1635-48. doi: 10.1038/541593-019-0486-0

135. Scheiblich H, Dansokho C, Mercan D, Schmidt SV, Bousset L, Wischhof L, et al.
Microglia jointly degrade fibrillar alpha-synuclein cargo by distribution through
tunneling nanotubes. Cell. (2021) 184:5089-106.e21. doi: 10.1016/j.cell.2021.09.007

136. Yip HK, Dubey NK, Lin KC, Sung PH, Chiang JY, Chu YC, et al. Melatonin
rescues cerebral ischemic events through upregulated tunneling nanotube-mediated
mitochondrial transfer and downregulated mitochondrial oxidative stress in rat brain.
BioMed Pharmacother. (2021) 139:111593. doi: 10.1016/j.biopha.2021.111593

137. Salaud C, Alvarez-Arenas A, Geraldo F, Belmonte-Beitia J, Calvo GF, Gratas C,
et al. Mitochondria transfer from tumor-activated stromal cells (Tasc) to primary
glioblastoma cells. Biochem Biophys Res Commun. (2020) 533:139-47. doi: 10.1016/
j.bbrc.2020.08.101

frontiersin.org


https://doi.org/10.1016/j.neubiorev.2022.104961
https://doi.org/10.1016/j.neubiorev.2022.104961
https://doi.org/10.3233/JHD-210518
https://doi.org/10.3233/JHD-210518
https://doi.org/10.1016/j.nbd.2020.104741
https://doi.org/10.1080/15548627.2020.1728096
https://doi.org/10.1080/15548627.2020.1728096
https://doi.org/10.1016/j.dnarep.2008.09.004
https://doi.org/10.1007/s10571-007-9206-5
https://doi.org/10.1016/j.freeradbiomed.2012.06.008
https://doi.org/10.3390/ijms23158363
https://doi.org/10.3390/cells9102286
https://doi.org/10.1093/hmg/ddn281
https://doi.org/10.1186/s40164-024-00529-z
https://doi.org/10.1186/s40164-024-00529-z
https://doi.org/10.1186/s12967-024-05301-9
https://doi.org/10.1158/1078-0432.CCR-04-0308
https://doi.org/10.1038/nn.3960
https://doi.org/10.1038/s41419-020-03024-5
https://doi.org/10.1038/s41419-020-03024-5
https://doi.org/10.1093/neuonc/nov020
https://doi.org/10.1093/neuonc/nov020
https://doi.org/10.3892/ol.2017.6851
https://doi.org/10.1021/acsnano.3c07555
https://doi.org/10.1021/acsnano.3c07555
https://doi.org/10.1186/s12967-022-03657-4
https://doi.org/10.1186/s12967-022-03657-4
https://doi.org/10.1016/j.neuron.2022.03.015
https://doi.org/10.1038/nrn3156
https://doi.org/10.1038/nrn3156
https://doi.org/10.1016/j.cub.2012.02.005
https://doi.org/10.1016/j.yexcr.2015.01.004
https://doi.org/10.1038/s41467-023-36945-8
https://doi.org/10.1016/j.cub.2014.02.025
https://doi.org/10.1186/s12974-015-0375-8
https://doi.org/10.1186/s12974-015-0375-8
https://doi.org/10.1083/jcb.201605101
https://doi.org/10.1038/s41582-018-0105-9
https://doi.org/10.1002/advs.202304885
https://doi.org/10.1002/advs.202304885
https://doi.org/10.1111/cns.14344
https://doi.org/10.5966/sctm.2015-0010
https://doi.org/10.1038/nature18928
https://doi.org/10.1038/s41593-019-0486-0
https://doi.org/10.1016/j.cell.2021.09.007
https://doi.org/10.1016/j.biopha.2021.111593
https://doi.org/10.1016/j.bbrc.2020.08.101
https://doi.org/10.1016/j.bbrc.2020.08.101
https://doi.org/10.3389/fimmu.2025.1542369
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Mitochondrial quality control and transfer communication in neurological disorders and neuroinflammation
	1 Introduction
	2 Fundamental mechanisms of mitochondrial quality control
	2.1 Mitochondrial dynamics and quality control mechanisms
	2.1.1 Dynamic remodeling through fusion-fission balance
	2.1.2 Mitophagy: selective clearance of dysfunctional organelles
	2.1.3 Biosynthesis and proteostasis: replenishment and maintenance

	2.2 Mitochondrial metabolism, homeostasis, and inflammation response
	2.2.1 Mitochondrial metabolism and homeostasis
	2.2.2 Regulation of inflammatory responses and cell death pathways


	3 Mitochondrial quality imbalance in neurological disorders and neuroinflammation
	3.1 Mitochondrial quality imbalance in ischemic stroke
	3.2 Mitochondrial quality imbalance in hemorrhagic stroke
	3.3 Mitochondrial quality imbalance in CNS infections
	3.4 Mitochondrial quality imbalance in Alzheimer’s disease
	3.5 Mitochondrial quality imbalance in Parkinson’s disease
	3.6 Mitochondrial quality imbalance in Huntington’s disease
	3.7 Mitochondrial quality imbalance in intracranial tumors

	4 Mitochondrial transfer and communication in neurons
	4.1 Intracellular mitochondrial transport in neurons
	4.2 Intercellular mitochondrial transfer between neurons and other cells

	5 Summary and outlook
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


