Bzl SPANDIDOS
7] ,§, PUBLICATIONS

MOLECULAR MEDICINE REPORTS 34: 286, 2026

Mitochondrial dysfunction-driven ferroptosis in cerebral
ischemia-reperfusion injury: Mechanisms
and therapeutic strategies (Review)

JIANHUI LI, ANNAN LIU, WEI GAO, LIPING XING, PEIHAN DUAN and HONGLIN LI

The Second College of Clinical Medicine, Heilongjiang University of Chinese Medicine, Harbin, Heilongjiang 150040, P.R. China

Received April 23,2026; Accepted July 28, 2026

DOI: 10.3892/mmr.2026.13997

Abstract. Ischemic stroke remains a leading cause of
mortality and disability worldwide. Although vascular
recanalization is essential for salvaging the ischemic
penumbra, subsequent reperfusion may initiate a cascade of
secondary brain injury, a pathological process referred to
as cerebral ischemia-reperfusion injury (CIRI). Ferroptosis,
an iron-dependent form of programmed cell death charac-
terized by the excessive accumulation of lipid peroxides
and membrane damage, has emerged as a critical driver of
neuronal death in CIRI. Growing evidence supports mito-
chondrial dysfunction as not only a downstream outcome
of bioenergetic failure, but also a central regulatory node
within the ferroptotic cascade. The present review systemati-
cally summarizes how mitochondrial dysfunction increases
neuronal susceptibility to ferroptosis across the pathophysi-
ological progression of CIRI, with a particular focus on the
underlying mechanisms. Specifically, a multidimensional
pathological network composed of multiple mitochondrial
abnormalities, including mitochondrial reactive oxygen
species bursts, Ca** overload and disruption of the mitochon-
drial quality control system, encompassing mitochondrial
biogenesis, mitochondrial dynamics and mitophagy, syner-
gistically amplifies lipid peroxidation and drives neuronal
ferroptosis. Finally, advances and future perspectives
regarding mitochondria-centered therapeutic strategies are
highlighted, offering novel insights into the development of
targeted neuroprotective interventions against CIRI-induced
ferroptosis.
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1. Introduction

Stroke represents an acute cerebrovascular event characterized
by a high incidence and rates of disability and mortality (1).
It is the second leading cause of death among non-commu-
nicable diseases globally (2). In 2021, ~93.8 million people
were living with stroke worldwide, with 11.9 million incident
strokes, while the absolute number of prevalent stroke cases
increased by 86% from 1990 to 2021 (2). Based on the under-
lying pathology, stroke is classified into ischemic stroke (IS)
and hemorrhagic stroke, with IS accounting for ~85% of all
cases (3). Major risk factors for IS include smoking, alcohol
consumption, obesity, hypertension, diabetes mellitus and
dyslipidemia (4). Projections indicate that IS-related deaths
may increase from 2.03 million in 2019 to 4.90 million by
2030 (5). IS typically arises from a sudden interruption of cere-
bral blood flow, leading to focal ischemia and hypoxia, which
ultimately result in cerebral tissue necrosis or softening (6).
Despite accounting for only 2% of the total body weight,
the brain consumes ~20% of the body's oxygen and glucose,
making it particularly susceptible to energy deprivation (7).
Consequently, early vascular recanalization and restoration
of perfusion to the ischemic region are critical for salvaging
the ischemic penumbra and reducing neurological deficits (8).
However, prolonged ischemia may lead to irreversible neuronal
damage (9), while reperfusion following successful recanali-
zation can paradoxically exacerbate injury through a process
known as cerebral ischemia-reperfusion injury (CIRI) (10).
Mitochondria, as central organelles for energy production
and metabolic regulation, serve as the primary energy source
for the brain (11). Increasing evidence highlights the pivotal
role of mitochondria in neuronal repair and neurological
recovery following CIRI (12-14). Mitochondrial dysfunction
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is a hallmark feature of CIRI, encompassing oxidative stress,
Ca* overload and impaired mitochondrial quality control
(MQCQ) (15). These mitochondrial abnormalities contribute to
neuronal damage and activate regulated cell death pathways,
including ferroptosis, pyroptosis and necroptosis (16). Among
these, ferroptosis has emerged as a key driver of brain injury
within the pathological cascade of CIRI. This distinct form
of regulated cell death is characterized by iron-dependent
lipid peroxidation, and is marked by dysregulated intracellular
iron metabolism, excessive labile iron accumulation, overpro-
duction of reactive oxygen species (ROS) and peroxidative
damage to membrane phospholipids (17). In reperfused brain
tissue, mitochondrial dysfunction exacerbates vulnerability
to ferroptosis by amplifying oxidative stress, disrupting iron
homeostasis, impairing antioxidant defenses and promoting
lipid peroxidation (18,19).

Despite experimental progress in neuroprotective research,
the translation of these findings into clinical practice remains a
persistent challenge (20). A number of promising neuroprotec-
tive candidates have failed to demonstrate consistent efficacy
in clinical trials due to poor blood-brain barrier (BBB) penetra-
tion, limited therapeutic effectiveness and substantial systemic
toxicity (21). Identifying more disease-specific pathological
drivers of CIRI is therefore critical for the development of safer
and more precise targeted therapies. Within this context, the
mitochondrial dysfunction-ferroptosis axis has emerged as a
key pathological network that integrates cellular bioenergetics
with lipid metabolism, representing a promising therapeutic
target for CIRI (22). Mechanistically, mitochondrial dysfunc-
tion regulates ferroptosis through four interconnected
pathways: Mitochondrial ROS (mtROS) production, remod-
eling of iron metabolism, lipid-peroxidation cascades and
disruption of antioxidant defense systems. The significance of
this axis lies in the multifaceted roles of mitochondria, which
extend beyond energy production to include functioning as
local hubs to coordinate labile iron utilization, redox signaling
and the propagation of lipid peroxides (LPOs) (23).

While previous reviews have independently explored
mitochondrial dysfunction-related regulated cell death and
the mechanisms of ferroptosis in ischemic brain injury (17,24),
the present review focuses on the interplay between mito-
chondrial dysfunction and ferroptosis susceptibility during
CIRI. Specifically, the present review critically examines
the mechanisms by which mtROS production, Ca** signaling
and MQC modulate ferroptosis (15,25). By integrating these
interconnected processes, the present review aims to provide a
comprehensive framework for understanding the pathogenesis
of CIRI and to offer novel insights into the development of
precise, mechanism-driven therapeutic strategies for patients
with CIRI. Mitochondrial dysfunction during CIRI may
increase ferroptosis susceptibility through ROS burst, Ca?*
overload and mPTP opening, impaired mitochondrial biogen-
esis, disrupted mitochondrial fission-fusion homeostasis, and
altered mitophagy (Fig. 1) (15,26,27).

2. Ferroptosis in CIRI
Definition and molecular features of ferroptosis. Ferroptosis

is a novel form of programmed cell death first proposed by
Dixon et al in 2012 (28). Its hallmark feature is extensive

LPO accumulation, which distinguishes it morphologically,
biochemically and genetically from other forms of cell
death. Morphologically, ferroptosis is mainly characterized
by mitochondrial shrinkage or swelling, increased density
of the mitochondrial double membrane, reduction or loss of
mitochondrial cristae, loss of plasma membrane integrity,
cytoplasmic swelling and moderate chromatin condensa-
tion (29). Ferroptotic execution can also include detachment
and cell rounding, accompanied by increased numbers of
autophagosomes (30). Biochemically, ferroptosis is driven by
depletion of intracellular glutathione (GSH), which reduces the
activity of GSH peroxidase 4 (GPX4) and prevents LPOs from
being reduced, thereby leading to their marked accumulation.
Additionally, excessive Fe** accumulation promotes lipid
oxidation via the Fenton reaction, generating excessive ROS,
augmenting oxidative damage and driving ferroptosis (31). At
the genetic level, ferroptosis is regulated by multiple genes
implicated in iron homeostasis and lipid peroxidation metabo-
lism, although the precise regulatory mechanisms remain to
be further elucidated (29).

Previous findings have indicated that ferroptosis suscep-
tibility is further modulated by several GPX4-independent or
parallel defense systems, including the ferroptosis suppressor
protein 1 (FSP1)-coenzyme Q,, (CoQ,,)-NAD(P)H axis, the
GTP cyclohydrolase 1 (GCH1)-tetrahydrobiopterin (BH4)
pathway and the mitochondrial dihydroorotate dehydro-
genase (DHODH)-ubiquinol (CoQH,) system (32-35). In
addition, acyl-CoA synthetase long chain family member
4 (ACSL4) is not universally required for ferroptosis.
However, ACSL4 is not essential for all forms of ferroptosis.
For example, ALOX12-mediated lipid peroxidation and
ferroptotic cell death occur independently of ACSL4 (36).
Such mechanisms may be relevant to CIRI, as ischemia and
subsequent reperfusion collectively disrupt mitochondrial
metabolism, lipid oxidation and the cellular antioxidant
capacity (37); nevertheless, to the best of our knowledge,
their precise roles in CIRI have not yet been directly estab-
lished.

Core mechanisms of ferroptosis in CIRI. CIRI denotes
secondary brain injury that develops during restoration of
blood flow to previously ischemic brain tissue. Reperfusion
rapidly increases oxygen availability, and induces mtROS
production, inflammatory signaling, ionic imbalance and
mitochondrial stress (38). Evidence suggests that ferroptosis
in CIRI is mainly governed by three canonical processes:
Dysregulated iron metabolism, lipid peroxidation and anti-
oxidant system failure (39). Concurrently, emerging defense
pathways, including the FSP1, GCHI1 and DHODH pathways,
may mitigate ferroptosis by restricting LPO accumula-
tion (32-35) (Fig. 2).

Dysregulated iron metabolism. Iron is an essential trace
element in the human body, predominantly existing in ferrous
(Fe*) and ferric (Fe**) forms (40,41). Iron metabolism is tightly
regulated through absorption, activation, storage, transport
and utilization. Under physiological conditions, cells maintain
iron homeostasis via a complex transport system, including
transferrin receptor 1 for uptake and ferroportin-1 for
efflux (42,43). In the pathological context of CIRI, this balance
is severely disrupted, leading to abnormal accumulation of the
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Figure 1. Mitochondrial dysfunction-driven ferroptosis in CIRI. CIRI induces mitochondrial damage in neuronal cells, leading to ROS burst and Ca** overload,
impaired mitochondrial biogenesis, an imbalance between mitochondrial fission and fusion, and dysregulated mitophagy. Collectively, these mitochondrial
abnormalities promote ferroptosis. CIRI, cerebral ischemia-reperfusion injury; ROS, reactive oxygen species; mPTP, mitochondrial permeability transition
pore; PGC-la, peroxisome proliferator-activated receptor-y coactivator-la; TFAM, mitochondrial transcription factor A; A¥m, mitochondrial membrane

potential.

intracellular labile iron pool (LIP), which subsequently trig-
gers ferroptosis (44).

Ischemic and hypoxic conditions create an acidic tissue
microenvironment that inhibits ceruloplasmin activity,
thereby impairing the oxidation of Fe** to Fe** and binding
of Fe** to transferrin, while increasing the availability and
neuronal uptake of free Fe?*. Concurrently, BBB disruption
allows a significant influx of peripheral iron into the brain
parenchyma (45-47). CIRI also induces microglial activation
and triggers an inflammatory cascade, where inflamma-
tory mediators upregulate hepcidin, disrupting cerebral iron
homeostasis and exacerbating Fe** accumulation (48). Under
stress conditions, intracellular iron storage proteins, such as
ferritin, may be degraded through ferritinophagy, releasing
substantial amounts of free iron into the LIP (49). This intra-
cellular iron overload provides abundant catalytic substrates
for lipid peroxidation (44).

Iron chelators markedly reduce infarct volume and amelio-
rate neurological deficits in animal models of IS; clinical
observations further suggest these agents exert antioxidant
and neuroprotective effects in stroke patients (50). These find-
ings highlight the pivotal role of dysregulated iron metabolism
in driving neuronal ferroptosis during CIRI, highlighting a
promising therapeutic target for CIRI management.

Abnormal lipid peroxidation pathways. Lipid peroxida-
tion constitutes the core execution mechanism of ferroptosis.

The brain is highly enriched in polyunsaturated fatty acids
(PUFAs), particularly arachidonic acid (AA) and adrenic
acid (AdA), which function as the key substrates for the lipid
peroxidation cascade during ferroptosis (29,51).

During CIRI, the upregulated expression of ACSL4 and
lysophosphatidylcholine acyltransferase 3 (LPCAT3) promotes
the incorporation of oxidizable PUFAs into membrane
phospholipids, thereby increasing cell susceptibility to ferrop-
tosis (52-54). Mechanistically, ACSL4 catalyzes the conversion
of free AA and AdA into corresponding acyl-CoA derivatives,
which are then incorporated into membrane phospholipids by
LPCAT3 to generate highly oxidizable AA/AdA-containing
phosphatidylethanolamines (52,55,56). Ischemia-induced
energy metabolism failure and reperfusion-triggered massive
oxidative stress act synergistically to intensify this lipid perox-
idation cascade, resulting in substantial cytotoxic LPOs and,
ultimately, impaired membrane integrity (57,58). However,
ACSL4 should not be considered the exclusive mediator of
ferroptotic lipid damage. Wang et al (36) demonstrated that
ALOX12-dependent ferroptosis could proceed independently
of ACSL4, indicating that requirements for lipid substrates and
enzymatic machinery vary with the inducing stimulus and cell
type. Whether analogous ACSL4-independent mechanisms
occur in neurons during CIRI remains uncertain.

Suppression of lipid peroxidation has strong neuroprotec-
tive effects in IS. Tuo ef al (59) reported that liproxstatin-1
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Figure 2. Core mechanisms of ferroptosis in CIRI. The diagram illustrates canonical ferroptosis pathways during CIRI: i) Iron metabolism dysregulation, in
which increased transferrin receptor-mediated iron uptake, enhanced ferritinophagy, and impaired iron export lead to excessive intracellular Fe** accumula-
tion and promote Fenton chemistry; ii) lipid peroxidation, in which polyunsaturated fatty acids in cellular membranes are oxidized via ROS-dependent and
enzyme-dependent mechanisms; and iii) antioxidant system failure, including depletion of GSH, functional decline of GPX4 and System Xc", and insufficient
compensatory defenses such as FSP1-CoQ,,, GCH1-BH4 and DHODH-CoQH,. Together, these disruptions promote membrane lipid peroxide accumulation
and ferroptotic cell death. AA, arachidonic acid; ACSL4, acyl-CoA synthetase long chain family member 4; AdA, adrenic acid; BH4, tetrahydrobiopterin;
CIRI, cerebral ischemia-reperfusion injury; CoQ, coenzyme Q; CoQ,,, coenzyme Q,,; CoQH,, ubiquinol; DHODH, dihydroorotate dehydrogenase; FPN,
ferroportin; FSP1, ferroptosis suppressor protein 1; GCH1, GTP cyclohydrolase 1; GPX4, glutathione peroxidase 4; GSH, glutathione; GSSG, glutathione disul-
fide; L-OOH, lipid hydroperoxide; LIP, labile iron pool; LOX, lysyl oxidase; LPCAT3, lysophosphatidylcholine acyltransferase 3; NCOA4, nuclear receptor
coactivator 4; ROS, reactive oxygen species; SLC3A2, solute carrier family 3 member 2; SLC7A11, solute carrier family 7 member 11; TFRI1, transferrin
receptor 1; GR, glutathione reductase; L-OH, lipid alcohol; PE, phosphatidylethanolamine; PM, plasma membrane; TF, transferrin.

ameliorated neurological deficits after CIRI by blocking
lipid peroxidation. By contrast, ACSL4 overexpres-
sion accelerates LPO generation and worsens neuronal
injury (52). Consequently, therapeutic strategies that target
key lipid-metabolizing enzymes, such as ACSL4, or directly
scavenge LPOs may be feasible for CIRI. Further elucidation
of ALOX-associated lipid peroxidation pathways may also
expand the potential therapeutic options in this area.

Amino acid metabolism and antioxidant system failure.
Amino acid metabolism, especially the functional status of
the cystine/glutamate antiporter, System Xc, directly deter-
mines how well neurons can resist ferroptosis (60). System
Xc imports cystine and exports glutamate at a 1:1 ratio; the
imported cystine is the rate-limiting substrate for synthesis of
GSH, the core intracellular antioxidant (61).

During the early phase of CIRI, ischemia and hypoxia
cause marked accumulation of glutamate in the synaptic cleft,
leading to excitotoxicity (62). The accumulation of extracellular

glutamate may competitively inhibit cystine uptake via System
Xc, thereby contributing to intracellular GSH depletion. As
GSH is an essential cofactor for GPX4, reduced GSH levels
directly result in loss of GPX4 activity. GPX4 is required to
detoxify membrane LPOs. When GPX4 function is impaired,
lipid hydroperoxides (L-OOHs) cannot be efficiently reduced
to non-toxic lipid alcohols, resulting in irreversible oxidative
damage to cellular membranes (29,63).

Consistent with this mechanism, studies have reported that
solute carrier family 7 member 11 (the light-chain subunit of
System Xc’) and GPX4 were downregulated in CIRI models,
and LPO levels were increased (64,65). Conversely, restoring
cystine uptake, increasing GSH levels or overexpressing
GPX4 can suppress neuronal ferroptosis and reduce brain
injury (59,66). Beyond the canonical System Xc/GSH/GPX4
axis, multiple parallel antioxidant pathways can counteract
ferroptosis: FSP1 can regenerate reduced CoQ,, at the plasma
membrane, GCHI1-derived BH4 can act as a radical-trapping
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antioxidant and DHODH couples the oxidation of dihydrooro-
tate to orotate with the reduction of CoQ to CoQH,. CoQH,
traps lipid peroxyl radicals, thereby limiting the propagation
of mitochondrial lipid peroxidation (32-35). Together, these
findings suggest that antioxidant failure in CIRI may reflect
the collapse of an integrated antioxidant network rather than a
single GPX4-dependent event.

3. Association between mitochondrial dysfunction and
ferroptosis in CIRI

Mitochondria, as multifunctional organelles, serve essen-
tial roles in bioenergetics, biosynthesis and regulatory
processes (67). Ferroptosis, characterized by iron metabolism
dysfunction, LPO accumulation and the collapse of antioxidant
defenses, is intricately linked to mitochondrial dysfunction,
with these pathological events being closely intertwined rather
than occurring independently (68-70). During the progression
of CIRI, mitochondria act not only as the central site of bioen-
ergetic failure but also as a pivotal hub driving ferroptotic
mechanisms. This process is mediated through three distinct
pathways. First, mitochondria serve as the primary intracel-
lular sites for iron utilization (71), where mitochondrial ferritin
(FtMt) regulates iron homeostasis (67). In CIRI, nuclear
receptor coactivator 4-mediated cytosolic ferritinophagy
releases substantial amounts of iron, facilitating its trans-
port into mitochondria and leading to iron overload (72,73).
Second, dysfunction in the mitochondrial electron transport
chain (ETC) results in electron leakage, which becomes a
major source of ROS (74). These ROS drive the peroxida-
tion of PUFAs within membrane lipids, further contributing
to ferroptosis (75). Third, ATP depletion caused by impaired
mitochondrial oxidative phosphorylation (OXPHOS) disrupts
the membrane potential and ion gradients, indirectly inhib-
iting System Xc transport activity and weakening antioxidant
defenses (76). These mechanisms highlight the intimate rela-
tionship between mitochondria and ferroptosis, particularly in
the context of CIRI.

mtROS burst. Mitochondria are a significant source of
intracellular ROS (77). Under physiological conditions,
low levels of ROS act as signaling molecules involved in
cellular metabolism and adaptive stress responses (78).
However, under pathological stress, ETC dysfunction leads
to excessive mtROS production, which promotes the accu-
mulation of L-OOHs and heightens cellular susceptibility to
ferroptosis (69). Experimental evidence reinforces the link
between mitochondrial oxidative damage and ferroptosis, as
mitochondria-targeted ROS scavengers, such as XJB-5-131,
have been shown to inhibit ferroptosis induced by erastin and
RAS-selective lethal 3 (RSL3) (79).

In CIRI, mtROS bursts caused by mitochondrial
dysfunction act as amplifiers that connect ischemia-induced
bioenergetic failure to lipid damage associated with ferrop-
tosis. During ischemia, oxygen deprivation suppresses
OXPHOS and ATP production, leading to the accumulation of
ETC substrates and increased electron leakage. Reperfusion
reintroduces oxygen abruptly, triggering a significant mtROS
burst characterized by the generation of superoxide anion
and hydroxyl radicals, while also promoting the production
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of nitric oxide and reactive nitrogen species (80,81). These
reactive species synergistically drive the peroxidation of
PUFA-containing membrane phospholipids, and impair mito-
chondrial and cellular antioxidant systems, thereby increasing
neuronal vulnerability to ferroptosis (82).

Calcium ion overload. Mitochondrial calcium (Ca?*) homeo-
stasis serves a critical role in sustaining cellular energy
metabolism and survival, with its disruption serving as a key
mechanism by which mitochondrial dysfunction contributes
to cellular injury (83). Under physiological conditions, Ca?*
uptake and release within mitochondria are tightly regulated
to maintain proper function. Mitochondrial Ca*" uptake
is primarily facilitated by the coordinated actions of the
voltage-dependent anion channel (VDAC) and the mitochon-
drial calcium uniporter (MCU) complex (84). VDAC, located
in the outer mitochondrial membrane (OMM), provides a
major pathway for Ca** entry into the intermembrane space
and serves an essential role in transferring Ca** released
from the endoplasmic reticulum (ER) into mitochondria
at ER-mitochondria contact sites (85). The MCU complex
consists of four principal components: The pore-forming
protein MCU, the regulatory subunits mitochondrial calcium
uptake protein 1 and mitochondrial calcium uptake protein 2,
and the essential MCU regulator (86). This complex harnesses
the electrochemical gradient generated by the mitochondrial
membrane potential (A¥m) to drive Ca?* entry into the mito-
chondrial matrix (87).

Ca?* release from the mitochondrial matrix is primarily
mediated by three major mitochondrial Ca*" efflux routes:
The Na*/Ca**/Li* exchanger (NCLX), the Ca**/H* exchanger
(CHX) and the mitochondrial permeability transition pore
(mPTP) (88). NCLX utilizes the Na* electrochemical gradient
across the inner mitochondrial membrane (IMM) to enable
electrogenic Ca** efflux from the matrix, with a stoichiometry
of three Na* ions exchanged for one Ca** ion (89-92). By
contrast, CHX relies on the inwardly directed proton gradient
to extrude Ca®*, with a proposed stoichiometry of two H* ions
per Ca** ion (93). Additionally, transient openings of the mPTP
may facilitate Ca®* release under specific conditions, although
its role as a conventional physiological efflux mechanism
remains a subject of debate (94,95). The dynamic equilibrium
between mitochondrial Ca?* uptake and release is essential
for enabling Ca** to stimulate the tricarboxylic acid cycle and
OXPHOS, while preventing mitochondrial dysfunction and
cellular injury caused by Ca** overload (96,97) (Fig. 3).

Excessive accumulation of Ca** in the mitochondrial
matrix enhances respiratory chain-associated ROS produc-
tion, promoting oxidative stress and lipid peroxidation (98).
Pharmacological studies have indicated that ruthenium red, an
inhibitor of mitochondrial Ca*" uptake, markedly suppressed
intracellular ROS-associated ferroptosis (99), while the Ca*
chelator BAPTA effectively blocked erastin-induced ferrop-
tosis (100). These findings imply that Ca®* signaling may act
as an upstream regulatory node within the mtROS-ferroptosis
axis.

During cerebral CIRI, ischemia-induced ATP depletion
impairs ATP-dependent ion pumps, leading to cytosolic Ca**
accumulation (101). Reperfusion can further increase the
mitochondrial Ca?* load, destabilize the A¥m and promote
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Figure 3. Interplay between mitochondrial Ca** overload and ferroptosis in CIRI. Under ischemic and reperfusion stress, excessive cytosolic Ca** enters mito-
chondria via the MCU complex. Pathological Ca** overload can increase mtROS generation and promote mPTP opening. CIRI, cerebral ischemia-reperfusion
injury; MCU, mitochondrial calcium uniporter; mtROS, mitochondrial reactive oxygen species; mPTP, mitochondrial permeability transition pore; ROS,
reactive oxygen species; IMM, inner mitochondrial membrane; OMM, outer mitochondrial membrane; VDAC, voltage-dependent anion channel; IMS,
mitochondrial intermembrane space; NMDAR, N-methyl-D-aspartate receptor; CHX, Ca?*/H* exchanger; NCLX, mitochondrial Na*/Ca>*Li* exchanger.

mPTP opening (102,103). However, the direct causal relation-
ship between mPTP opening and ferroptosis is not yet fully
defined. Sustained mPTP opening is generally associated with
mitochondrial permeability transition, bioenergetic collapse,
necrotic cell death and apoptosis-related signaling (104),
whereas ferroptosis is characterized by iron-dependent
phospholipid peroxidation (105). Thus, mPTP opening may
indirectly heighten neuronal susceptibility to ferroptosis
by enhancing mtROS production, disrupting mitochondrial
metabolism and weakening antioxidant defenses (106).

MQC disruption. In CIRI, MQC serves a pivotal role in
maintaining mitochondrial integrity. Disruptions in key
MQC-regulated processes, including mitochondrial biogen-
esis, dynamics and selective autophagy, can precipitate
ferroptosis (107-109). Since mitochondria are the primary site
of cellular energy production, mitochondrial dysfunction not
only compromises cellular metabolism but also intensifies
neuronal injury by disrupting iron homeostasis and promoting
lipid peroxidation, ultimately driving ferroptosis (110) (Fig. 4).

Mitochondrial biogenesis disorder. Mitochondrial
biogenesis constitutes a core mechanism within the MQC
system, generating functional mitochondria by facilitating
the growth and division of existing organelles. This process

replaces damaged mitochondria and preserves cellular
bioenergetic homeostasis (111). Coordinated communication
between nuclear and mitochondrial genomes is essential,
involving mitochondrial DNA (mtDNA) replication and
transcription alongside the synthesis, import and assembly of
nuclear-encoded mitochondrial proteins (112-114). Peroxisome
proliferator-activated receptor-y coactivator-la (PGC-1a)
serves as the central transcriptional coactivator governing
mitochondrial biogenesis. Upon activation by AMP-activated
protein kinase (AMPK) or sirtuin 1 (16), PGC-1a interacts
with nuclear respiratory factor (NRF)1 and 2. Together with
mitochondrial transcription factor A (TFAM), this regula-
tory network coordinates the expression of respiratory-chain
complexes encoded by nuclear and mtDNA, thereby driving
mitochondrial biogenesis (115,116).

Neurons possess exceptionally high energy demands,
making the maintenance of mitochondrial abundance and
functionality critical for normal neuronal activity. CIRIinduces
a burst of ROS, calcium dyshomeostasis and inflammatory
cascades, which collectively impair mitochondrial function.
Damaged mitochondria subsequently release excessive ROS
and pro-apoptotic factors, establishing a positive feedback
loop that progressively exacerbates neuronal injury (117).
Mitochondrial biogenesis is activated as an adaptive response
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Figure 4. Disruption of the MQC system and its role in mediating ferroptosis during CIRI. The schematic highlights how the failure of individual MQC
components synergistically exacerbates neuronal damage: i) Impaired mitochondrial biogenesis fails to replenish the pool of functional mitochondria;
ii) dysregulated mitochondrial dynamics, characterized by an imbalance between fission and fusion, result in extensive mitochondrial fragmentation; and
iii) defective mitophagy prevents the timely removal of damaged and depolarized mitochondria. The accumulation of dysfunctional mitochondria serves as a
major source of excessive mitochondrial ROS and altered iron handling, creating a self-reinforcing cycle that amplifies lipid peroxidation and culminates in
ferroptosis. MQC, mitochondrial quality control; CIRI, cerebral ischemia-reperfusion injury; ROS, reactive oxygen species; DRP1, dynamin-related protein 1;
PINK1, PTEN-induced kinase 1; Ub, ubiquitin; P, phosphorylation; BNIP3, BCL2-interacting protein 3; FUNDC1, FUN14 domain-containing protein 1; NIX,
NIP3-like protein X; PGC-1a, peroxisome proliferator-activated receptor-y coactivator la; TFAM, mitochondrial transcription factor A; OPA1, optic atrophy
1; MFN, mitofusin; Fisl, mitochondrial fission 1 protein; DRP1, dynamin-related protein 1; Mff, mitochondrial fission factor.

to hypoxic-ischemic brain injury. Enhancement of PGC-la
signaling can restore mitochondrial content and mitigate
ischemic neuronal damage (38,118). Additionally, PGC-la
promotes the expression of mitochondrial antioxidant
proteins, such as uncoupling protein 2 (UCP2) and superoxide
dismutase 2, thereby limiting mtROS accumulation (119).
In microglia, PGC-1a further suppresses post-stroke neuro-
inflammation (120). Collectively, these findings establish
PGC-la-mediated mitochondrial biogenesis as a protective
mechanism against cerebral ischemic injury.

The link between defective mitochondrial biogenesis and
ferroptosis appears to be primarily mediated by mitochondrial
oxidative stress rather than ATP depletion alone. Insufficient
mitochondrial renewal allows damaged mitochondria and
respiratory-chain components to accumulate, perpetuating
mtROS production (121). In the reperfused brain, increased
labile iron availability, coupled with impaired antioxidant
defenses, establishes conditions that enable mtROS to drive
the initiation and propagation of polyunsaturated phospho-
lipid peroxidation, thereby heightening susceptibility to
ferroptosis (19,122). In rat middle cerebral artery occlusion/
reperfusion and neuronal oxygen-glucose deprivation/
reoxygenation models, reductions in mitochondrial abundance

and UCP2 expression were observed, alongside increased
mitochondrial oxidative stress and ferroptotic injury (68).
Pharmacological activation of PGC-la using ZLNO0OS5, a
small-molecule PGC-1a transcriptional activator, enhanced
mitochondrial biogenesis, restored UCP2 expression, reduced
mitochondrial oxidative stress, suppressed neuronal ferrop-
tosis and improved neurological outcomes (68). Similarly,
Mito-TEMPO, a mitochondria-targeted antioxidant, repli-
cated the anti-ferroptotic effects of ZLNOOS, whereas UCP2
knockdown diminished the protective effects conferred by
PGC-la activation (68). Consistent with these findings, activin
A was shown to activate the PGC-1a-NRF1-TFAM pathway
in CIRI, thereby increasing mtDNA content, reducing Fe?*
accumulation and lowering lipid ROS levels. PGC-1a knock-
down abolished the enhancement of mitochondrial biogenesis
and attenuated the anti-ferroptotic effects of activin A (107).
Collectively, these studies suggest that impaired mitochondrial
biogenesis exacerbates ferroptotic vulnerability by sustaining
mitochondrial oxidative stress and promoting lipid peroxida-
tion.

Mitochondrial dynamics (MD) imbalance. Mitochondria
are highly dynamic organelles, exhibiting diverse shapes,
sizes and lengths. They continuously undergo cycles of


https://www.spandidos-publications.com/10.3892/mmr.2026.13997

8 LI et al: MITOCHONDRIAL DYSFUNCTION AND FERROPTOSIS IN CIRI

fission and fusion, processes collectively termed MD. The
balance between mitochondrial fission and fusion is essential
for preserving mitochondrial function and quality, thereby
supporting proper cellular activities (123).

1) Mitochondrial fission. Mitochondrial fission refers to the
division of a mitochondrion into two or more daughter mito-
chondria with distinct A¥m, a process mediated by membrane
constriction driven by the GTPase dynamin-related protein 1
(DRP1) (124). This process serves dual physiological roles. On
one hand, DRP1 is recruited to the OMM, where it interacts
with mitochondrial fission factor (Mff), mitochondrial fission
1 protein (Fisl) and mitochondrial dynamics protein 49/51
(MiD49/51) to assemble a constriction ring that facilitates
membrane scission. This division maintains mitochondrial
quantity and morphology homeostasis (125-128). On the
other hand, fission selectively segregates mitochondria with
low A®m or irreparable mtDNA damage, targeting them for
autophagic degradation (129,130). This mechanism prevents
the accumulation of damaged mitochondria, thereby reducing
mtROS release and mitigating the risk of ferroptosis (130,131).

Under conditions of iron stress, mitochondrial fission
becomes dysregulated and emerges as a critical driver of
ferroptosis (132). As the core trigger of ferroptosis, iron also
supports mitochondrial iron-sulfur (Fe-S) cluster biogen-
esis and sustains ETC function (133). Under physiological
conditions, mitochondria internalize iron via VDAC and
mitoferrin-1, whereas excess iron is sequestered by FtMt (134).
When Fe?* overload occurs in the LIP or Fe-S cluster synthesis
is compromised, AMPK phosphorylates Mff, promoting
the recruitment of DRP1 and leading to hyperactivation of
fission (135). In parallel, iron overload accelerates cellular
iron accumulation through a positive feedback loop, thereby
increasing susceptibility to ferroptosis (136). Liu et al (137)
reported that cisplatin-induced intestinal injury was accompa-
nied by synchronous upregulation of DRP1 and Fisl, consistent
with pathological mitochondrial fission as a concomitant
feature of ferroptosis. Furthermore, quercetin, functioning as
a ferroptosis inducer, can trigger DRP1-mediated mitochon-
drial fission by remodeling iron homeostasis, directly driving
ferroptosis (138). Collectively, these findings indicate that aber-
rant mitochondrial fission worsens ferroptosis progression.

During CIRI, dysregulated mitochondrial fission consti-
tutes a critical link between ischemic injury and neuronal
ferroptosis. Ischemia-reperfusion induces ROS bursts and
AWm depolarization, which facilitate DRP1 anchoring to the
OMM through Fisl, Mff and MiD49/51, thereby promoting
GTP hydrolysis-dependent hyperactivation of fission (139,140).
Furthermore, both in vitro and in vivo studies consistently
demonstrate that DRP1 inhibitors or targeted small interfering
RNAs block aberrant mitochondrial fission, markedly allevi-
ating CIRI and improving neurological deficits (108,141-143).
Therefore, targeting DRP1-mediated aberrant mitochondrial
fission is a promising therapeutic strategy for anti-ferroptotic
protection following CIRI.

ii) Mitochondrial fusion. Mitochondrial fusion proceeds
through two distinct stages: OMM fusion and IMM fusion,
with OMM fusion occurring upstream and being governed
by different mechanisms (144). OMM fusion is mediated
by mitofusin 1/2 (MFN1/2), which form transmembrane
trans-complexes through GTPase-driven homo- or

hetero-oligomerization to tether adjacent OMM:s in close prox-
imity, thereby executing OMM fusion (124,145). By contrast,
IMM fusion is carried out by oligomerization of optic atrophy
1 (OPA1). Additionally, OPA1 maintains mitochondrial cristae
architecture and cooperates with the mitochondrial contact
site and cristae organizing system to regulate and shape
IMM morphology (146). Unlike the ‘segregation and clear-
ance’ function of mitochondrial fission, mitochondrial fusion
promotes the merging of healthy and damaged mitochondria
through functional complementation, enabling the exchange
of metabolites, mtDNA and A®m, and ultimately restoring the
functionality of impaired components (147).

Increasing numbers of studies have begun to clarify the
molecular mechanisms linking mitochondrial fusion to
ferroptosis (148,149). Under physiological conditions, mito-
chondrial fission and fusion are maintained in a dynamic
equilibrium; disruption of this balance results in mitochon-
drial dysfunction (150). As a core regulator of ferroptosis,
NRF2 can directly and transcriptionally activate MFN2 to
promote mitochondrial fusion, highlighting a close relation-
ship between mitochondrial fusion and ferroptosis (151). In
addition, during oxidative stress, NRF2 activation upregulates
MEFN1/2, promotes mitochondrial fusion, alleviates oxidative
stress and suppresses cellular ferroptosis (152). Consistently,
Guo et al (153) reported that MFNI-mediated mitochondrial
fusion effectively blocks RSL3-induced ferroptosis.

During CIRI, hypoxia promotes MFN2 depletion, which
markedly weakens mitochondrial fusion, disrupts intracel-
lular homeostasis and ultimately contributes to neuronal
death (154,155). Furthermore, MFN2 downregulation not
only impairs MD but also worsens CIRI by preventing
autophagosome formation and their subsequent fusion with
lysosomes (154). These findings suggest that enhancing mito-
chondrial fusion may inhibit ferroptosis during CIRI; defining
the underlying molecular mechanisms represents an important
direction for future research.

Mitophagy dysfunction. Mitophagy is the terminal clear-
ance process of the MQC system and was first proposed by
Lemasters (156) in 2005. When mitochondria are exposed to
insults such as ROS stress, nutrient deprivation or ischemia/
hypoxia, the IMM depolarizes. Cells then selectively engulf
and degrade damaged mitochondria, thereby preserving
mitochondrial quality and maintaining intracellular homeo-
stasis (157,158). This process mainly consists of four key
steps: i) After injury, mitochondria lose A¥m and undergo
depolarization; ii) damaged mitochondria are sequestered into
autophagosomes to form mitophagosomes; iii) mitophago-
somes fuse with lysosomes; and iv) lysosomal acidic hydrolases
are released to degrade the damaged mitochondria (159).
In CIRI, mitophagy has dual pathological roles: Moderate
mitophagy removes dysfunctional mitochondria to inhibit
ferroptosis, whereas either blockade or excessive activation
of mitophagy exacerbates the ferroptotic cascade triggered by
mitochondrial dysfunction (160,161).

Mechanistically, mitophagy is primarily mediated
by two pathways: The ubiquitin (Ub)-dependent and the
Ub-independent pathways (162). The Ub-dependent pathway
initiates mitophagy via ubiquitination of proteins on damaged
mitochondrial surfaces, with the PTEN induced kinase
1 (PINKI1)/Parkin axis serving a central role in clearing
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impaired mitochondria (163). By contrast, the Ub-independent
pathway does not require ubiquitination; instead, multiple
OMM proteins contain LC3-interaction regions that directly
bind microtubule-associated protein 1A/LC3, thereby initi-
ating mitophagy (159).

During the cerebral ischemic phase, the interruption of
oxygen, glucose and energy supply prevents neuronal ATP
synthesis, resulting in mitochondrial damage (16). Upon
reperfusion, the reestablishment of blood flow alleviates
hypoxia but induces an explosive generation of ROS by mito-
chondria, thereby disrupting redox homeostasis and further
damaging mitochondria and activating mitophagy (164,165).
Under normal conditions, mitophagy inhibits ferroptosis by
clearing damaged mitochondria (131). During CIRI, however,
mitophagy may be suppressed, allowing substantial amounts of
Fe** released from damaged mitochondria to accumulate in the
cytoplasm, where iron-dependent lipid peroxidation catalyzes
and exacerbates ferroptosis (166,167). Accordingly, regulation
of mitophagy is key at this stage. Mitophagic activity can be
modulated and contributes to the restoration of damaged mito-
chondria after CIRI (168-170). Mao et al (109) demonstrated
that ligustilide activated PINK1/Parkin-mediated mitophagy
to clear damaged mitochondria in a rat model of CIRI, thereby
alleviating neuronal injury.

NRF2 not only activates mitophagy via the PINK1/Parkin
pathway to improve mitochondrial function, but also modulates
oxidative stress responses to inhibit ferroptosis. In addition,
in a mouse model of CIRI, treatment with isoliquiritigenin (a
flavonoid constituent of licorice) markedly upregulated NRF2,
PINK1 and Parkin protein expression in ischemic brain tissues,
thereby enhancing mitophagic activity and subsequently miti-
gating CIRI-induced damage (171). By contrast, in hepatic
ischemia/reperfusion injury, NRF2 knockdown suppresses
tangeretin-mediated mitophagy, thereby aggravating ferrop-
tosis (172). Collectively, mitophagy and ferroptosis can be
bidirectionally regulated through shared therapeutic targets.
Future research should therefore emphasize the roles and
mechanisms of NRF2 in these two forms of cell death.

Despite the critical involvement of mitophagy in ferrop-
tosis after CIRI, its hyperactivation disrupts the homeostatic
balance among mitochondrial functions, paradoxically exac-
erbating ferroptosis (173). Studies on the association between
mitophagy and ferroptosis have mainly focused on cancer and
cardiovascular diseases, whereas systematic investigations of
their interplay in CIRI remain limited (67,174,175). Therefore,
elucidation of their interactive mechanisms and identification
of interventional targets require further in-depth research.

4. Therapeutic strategies targeting mitochondrial
dysfunction in CIRI-induced ferroptosis

Growing evidence highlights the potential of mitochon-
dria-centered interventions to mitigate ferroptosis during
CIRI, although the translational readiness of these strategies
varies markedly (16,37,148). Small-molecule agents that
enhance antioxidant signaling or reduce mtROS benefit from
relatively well-established pharmacological development
pathways (70,176). By contrast, nanomedicines, gene-delivery
systems and exosome-based therapies require more extensive
validation regarding safety, targeting specificity and delivery
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efficiency (177). Consequently, therapeutic strategies should
not be assessed solely based on their target class. Instead,
evaluations must incorporate the robustness of supporting
evidence, inherent limitations, unresolved controversies and
clinical feasibility.

Scavenging ROS. The surge of mtROS during CIRI, driven by
ETC dysfunction and depleted antioxidant defenses, serves a
critical role in lipid peroxidation and neuronal ferroptosis (16).
Therefore, targeted restoration of intracellular redox homeo-
stasis represents a viable approach to suppress ferroptosis
in this context. NRF2-centered antioxidant strategies have
shown the ability to simultaneously attenuate oxidative stress,
lipid peroxidation and iron accumulation (178). For example,
Compound 8a, developed by combining N-butylphthalide
(NBP) and tetramethylpyrazine, disrupts the kelch-like ECH
associated protein 1-NRF2 interaction to activate NRF2
signaling. This activation enhances antioxidant defenses in
brain tissue, markedly reduces intracellular ROS levels and
lipid peroxidation, stabilizes the AWm, increases ATP levels
and ultimately suppresses neuronal ferroptosis (179). Similarly,
butylphthalide activates NRF2/heme oxygenase 1 signaling,
reducing mtROS and malondialdehyde levels in a rat model
of CIRI, thereby interrupting the oxidative stress-ferroptosis
axis and improving neurological outcomes (180). Additionally,
trifluoperazine modulates AMPK/FoxO3a signaling to
reduce mtROS production and lipid peroxidation, restoring
redox homeostasis and suppressing neuronal ferroptosis after
CIRI (181).

A potentially more direct approach to limiting ROS involves
targeting their source within the mitochondrial ETC rather
than scavenging downstream ROS. UbiA prenyltransferase
domain-containing protein 1 (UBIADI), a mitochondrial anti-
oxidant enzyme, has been shown to preserve mitochondrial
electron transport and limit ROS production at their origin.
Adeno-associated virus-mediated UBIADI overexpression
enhanced the neuronal antioxidant capacity during CIRI,
thereby suppressing the ferroptotic cascade (37). This strategy
offers a key advantage, as redox imbalance serves as a conver-
gent mechanism underlying various pathological processes in
CIRI (182). However, challenges remain, including the lack of
cell type specificity in broad antioxidant activation, as well
as unresolved issues regarding the optimal dose, therapeutic
window and effective delivery across the BBB (Table I).

Preserving Ca’* homeostasis. Intracellular Ca?* overload not
only disrupts mitochondrial architecture and induces oxida-
tive stress but also acts as a second messenger, over-activating
downstream kinases and ultimately leading to neuronal
ferroptosis in CIRI (182-186). Thus, maintaining Ca** homeo-
stasis and blocking aberrant Ca®* -dependent signaling have
emerged as promising strategies for intervening in ferroptosis
during CIRI.

Direct antagonism of calcium overload is critical for
protecting mitochondrial function and preventing ferrop-
tosis. Xiong et al (187) developed a Sr-substituted Prussian
blue-like nanodrug (StHCF) that simultaneously scavenges
ROS, captures free Fe?* and releases Sr** to antagonize Ca**
overload. Through these coordinated actions, STHCF allevi-
ates mitochondrial dysfunction and suppresses neuronal
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Table I. Comparative summary of mitochondria-centered therapeutic strategies for ferroptosis in cerebral ischemia-reperfusion

injury.
First
author/s, Strategy
year category Interventions  Ferroptosis indicators Mechanism of ferroptosis inhibition (Refs.)
Lietal, ROS Compound 8a 1 GPX4,GSH; | Disrupts KEAP1-NRF?2 interaction, (179)
2025 scavenging MDA, Fe* activates NRF2, and reduces mtROS, lipid

peroxidation and iron accumulation.
Sun et al, Butylphthalide 1 GPX4, GSH; | Activates NRF2/HO-1 signaling, (180)
2024 MDA, Fe**, TFR1 strengthens endogenous antioxidant

defenses and limits iron-associated

lipid peroxidation.
Zhong et al, Trifluoperazine 1 GPX4; | MDA, Activates AMPK/FoxO3a signaling under (181)
2023 Fe?*, Glu, SLC7A11 energy stress and reduces mitochondria-

associated lipid peroxidation.
Huang et al, AAV-mediated 1 GPX4,GSH; | Restores mitochondrial/Golgi antioxidant 37
2022 UBIADI1 MDA, Fe**, FTH1 capacity and supports vitamin K2/CoQ-

overexpression linked electron transfer to reduce ROS

generation.
Xiong eral, Ca* SrHCF 1 GPX4, GSH; | Fe**  Combines ferrous chelation, antioxidation (187)
2025 homeostasis and Ca** antagonism to reduce Fenton

chemistry and mitochondrial Ca?* stress.
Du et al, CAMK2B 1 GPX4,GSH, MDA, Blocks Ca*-sensor CAMK2B and the (186)
2025 knockdown SLC7A11; | Fe* AREG/JUN/ELAVLI axis, reducing

autophagy- dependent ferroptosis.
Yang etal, MQC ZILNOOS5 1T GPX4,FTHI1; | Activates PGC-1a/NRF1/TFAM-mediated (68)
2025 regulation MDA, ACSL4, Fe**, mitochondrial biogenesis and UCP2-

TFR1, DMT1 dependent antioxidant protection.

Wang et al, Semaglutide 1 GPX4; | MDA, Suppresses FoxO1/DRP1-associated (191)
2025 ACSLA4, Fe** excessive fission and restores mitochondrial

dynamics to reduce ROS levels and lipid

peroxidation.
Shi et al, Se 1 GPX4,GSH, SOD;  Promotes MFN1-dependent mitochondrial (148)
2022 | MDA, iron, FTH1 fusion, supports antioxidant defense and

reduces iron-associated lipid peroxidation.
Liet al, M2-exos 1 GPX4, GSH, Activates AMPK/ULK1/FUNDCI- (193)
2025 SLC7A11; | MDA, mediated mitophagy and limits NCOA4-

iron, NCOA4 mediated ferritinophagy and iron overload.

ACSLA4, acyl-CoA synthetase long chain family member 4; AMPK, AMP-activated protein kinase; CAMK2B, calcium/calmodulin-dependent
protein kinase IIf}; CoQ, coenzyme Q; DRP1, dynamin-related protein 1; FUNDC1, FUN14 domain-containing 1; GPX4, glutathione peroxi-
dase 4; GSH, glutathione; MFN1, mitofusin 1; MQC, mitochondrial quality control; mtROS, mitochondrial reactive oxygen species; NCOA4,
nuclear receptor coactivator 4; NRF, nuclear respiratory factor; PGC-1a, peroxisome proliferator-activated receptor-y coactivator-1a; ROS,
reactive oxygen species; SLC7A11, solute carrier family 7 member 11; TFAM, mitochondrial transcription factor A; TFR1, transferrin receptor
1; UBIAD1, UbiA prenyltransferase domain-containing protein 1; UCP2, uncoupling protein 2; ULK1, unc-51 like autophagy activating kinase
1. AREG, amphiregulin; DMT]1, divalent metal transporter 1; ELAVL1, ELAV-like RNA-binding protein 1; FTH1, ferritin heavy chain 1;
HO-1, heme oxygenase 1; M2-exos, M2 macrophage-derived exosomes; MDA, malondialdehyde; Se, selenium; SOD, superoxide dismutase;
SrHCEF, strontium hexacyanoferrate nanomedicine; ZLNOOS, 2-[4-(tert-butyl)phenyl]-1H-benzimidazole.

ferroptosis during CIRI. Equally important is blocking the
downstream lethal signaling cascade triggered by calcium
overload. Du et al (186) demonstrated that CIRI-induced
calcium homeostasis imbalance markedly upregu-
lates calcium/calmodulin-dependent protein kinase IIf

(CAMKZ2B), a core neuronal calcium sensor. High CAMK?2B
expression activates the amphiregulin/JUN/ELAV like RNA
binding protein 1 signaling axis, inducing ‘autophagy-depen-
dent ferroptosis’ in neurons. Targeted knockdown of
CAMKZ2B disrupts this abnormal calcium signaling, restores
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the GPX4/GSH antioxidant system, and inhibits iron and
LPO accumulation, thereby reducing infarct volume and
providing neuroprotective effects. These approaches illustrate
two complementary strategies: Direct buffering of Ca®*/iron
stress and interruption of Ca**-dependent signaling. Their
main limitation lies in translational complexity: Nanodrug
biodistribution, long-term safety and genetic knockdown
delivery require further validation before clinical applica-
tion (186-188) (Table I).

Regulating MQC. The MQC system encompasses mito-
chondrial biogenesis, dynamics (fusion and fission) and
mitophagy (189). During CIRI, restoring the dynamic equi-
librium of the MQC network not only segregates and clears
damaged mitochondria but also replenishes the healthy mito-
chondrial pool, serving as a systemic endogenous protective
mechanism against neuronal ferroptosis (16).

Promoting mitochondrial biogenesis is pivotal for restoring
energy metabolism in ischemic brain tissue. In CIRI models,
treatment with the PGC-1la-specific agonist ZLNOOS5 robustly
induces mitochondrial biogenesis by activating the canonical
PGC-10/NRF1/TFAM pathway. Concurrently, it upregulates
the antioxidant protein UCP2 to attenuate mitochondrial
oxidative stress, ultimately inhibiting neuronal ferroptosis and
improving neurological function (68). The dynamic nature
of mitochondria, governed by the processes of fusion and
fission, is essential for maintaining ultrastructural integrity
and cellular energy metabolism (190). Research has indicated
that the clinical antidiabetic drug semaglutide (a glucagon-like
peptide-1 receptor agonist) can block DRP1-mediated aber-
rant mitochondrial fission and enhance mitochondrial fusion
by downregulating FoxO1 expression. This restores ATP
production and suppresses ROS generation, thereby alleviating
ferroptosis following CIRI (191). Similarly, Shi et al (148)
found that selenium supplementation in a mouse model of
CIRI promoted OMM fusion by upregulating MFNI expres-
sion. This maintained A®m stability and effectively alleviated
intracellular oxidative stress, thereby markedly inhibiting the
neuronal ferroptotic cascade. Timely clearance of damaged
mitochondria via mitophagy is a core component of main-
taining MQC homeostasis (192). Recent findings have revealed
that M2 microglia-derived exosomes can specifically promote
FUNI14 domain-containing 1-mediated mitophagy in recipient
cells by activating the AMPK/unc-51 like autophagy acti-
vating kinase 1 signaling axis, thereby effectively mitigating
CIRI-induced neuronal ferroptosis (193). The comparative
advantage of MQC regulation is that it targets the health of
the entire mitochondrial network rather than a single terminal
event such as ROS production (194). However, its primary
weaknesses include the fact that optimal intervention windows,
cell type specificity, and the functional boundary between
protective and maladaptive mitophagy remain incompletely
defined (195) (Table I).

5. Conclusions and future perspectives

Ferroptosis represents an important form of regulated cell
death in CIRI and mitochondria appear to be central determi-
nants of cellular susceptibility to ferroptosis. Mitochondrial
dysfunction during CIRI does not originate from a single
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linear pathway, but instead reflects a multidimensional patho-
logical network. Excessive mtROS production, Ca** overload,
mPTP opening and disrupted MQC collectively comprise
this network (196). These processes perturb iron homeostasis,
promote lipid peroxidation and weaken antioxidant defenses,
thereby increasing neuronal vulnerability to ischemia-reperfu-
sion injury.

Multiple therapeutic approaches are under development
to target this regulatory network. Small molecule agents,
including NBP, trifluoperazine and semaglutide, have
demonstrated therapeutic potential in experimental models.
Additional promising strategies include gene- or protein-based
interventions targeting UBIADI, PGC-1a or CAMK?2B, nano-
medicines such as STHCF, and exosome-mediated modulation
of mitophagy. However, the strength of supporting evidence
varies substantially among these interventions. Antioxidants
and MQC-modulating agents have relatively well-defined
pharmacological development trajectories. By contrast,
nanomedicines and exosome-based delivery systems require
systematic assessment of safety, biodistribution and reproduc-
ibility.

Despite advances in understanding how mitochon-
drial dysfunction regulates ferroptosis in CIRI and
developing pharmacological, genetic, nanomedicine-based
and exosome-mediated interventions, several critical chal-
lenges remain. First, CIRI involves multiple cell death
modalities, including apoptosis, necroptosis, pyroptosis and
ferroptosis (197,198). Shared upstream signals include ROS
accumulation, loss of A¥m and mitochondrial damage (16).
Therefore, more specific biomarkers and genetic tools are
needed to quantify the relative contribution of ferroptosis
to tissue injury in vivo. Second, a number of proposed links
between mitochondria and ferroptosis are inferred primarily
from pharmacological inhibition, gene overexpression or
evidence from non-CIRI (35,44,67). Third, certain mecha-
nisms, particularly mPTP opening, are biologically plausible,
direct evidence that mPTP opening regulates ferroptosis
during CIRI remains limited (22,199,200).

Future studies should prioritize integrated experimental
models that combine ferroptosis-specific lipid peroxidation
markers, mitochondrial function assays and cell type-resolved
analyses. Mechanistic investigations should clarify how mtROS,
Ca?* flux, MD and mitophagy interact with the FSP1-CoQ,,,
GCHI1-BH4 and DHODH-CoQH, ferroptosis-defense
systems. For clinical translation, candidate therapies require
systematic evaluation of therapeutic windows, BBB perme-
ability, long-term safety and effects on neurological recovery.
These evaluations may determine whether therapeutic strate-
gies targeting mitochondrial dysfunction and ferroptosis can
be translated from experimental CIRI models into clinically
applicable neuroprotective treatments.

Acknowledgements
Not applicable.
Funding

The present study was supported by the National Natural
Science Foundation of China (grant no. 82105035) and the


https://www.spandidos-publications.com/10.3892/mmr.2026.13997

12

LI et al: MITOCHONDRIAL DYSFUNCTION AND FERROPTOSIS IN CIRI

Natural Science Foundation of Heilongjiang Province (grant

no.

LH2023H064).

Availability of data and materials

Not applicable.

Authors' contributions

JL conceived and designed the study, performed the litera-
ture review, wrote the manuscript and constructed figures.
AL and LX performed the literature review. WG and PD
performed the literature review and revised the manu-
script. HL conceived the study and edited the manuscript.
Data authentication is not applicable. All authors read and
approved the final manuscript.

Ethics approval and consent to participate

Not applicable.

Patient consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

References

10.

. GBD 2021 Stroke Risk Factor Collaborators: Global, regional,

and national burden of stroke and its risk factors, 1990-2021: A
systematic analysis for the Global Burden of Disease Study 2021.
Lancet Neurol 23: 973-1003, 2024.

. Feigin VL, Brainin M, Norrving B, Martins SO, Pandian J,

Lindsay P, F Grupper M and Rautalin I: World stroke organiza-
tion: Global stroke fact sheet 2025. Int J Stroke 20: 132-144,2025.

. Feske SK: Ischemic stroke. Am J Med 134: 1457-1464,2021.
. Ohya Y, Matsuo R, Sato N, Irie F, Nakamura K, Wakisaka Y,

Ago T, Kamouchi M and Kitazono T; Investigators for Fukuoka
Stroke Registry: Causes of ischemic stroke in young adults versus
non-young adults: A multicenter hospital-based observational
study. PLoS One 17: 0268481, 2022.

. FanJ,Li X, Yu X, Liu Z, Jiang Y, Fang Y, Zong M, Suo C, Man Q

and Xiong L: Global Burden, risk factor analysis, and prediction
study of ischemic stroke, 1990-2030. Neurology 101: e137-e150,
2023.

.Liu L, Chen W, Zhou H, Duan W, Li S, Huo X, Xu W, Huang L,

Zheng H, Liu J, et al: Chinese stroke association guidelines
for clinical management of cerebrovascular disorders:
Executive summary and 2019 update of clinical management
of ischaemic cerebrovascular diseases. Stroke Vasc Neurol 5:
159-176, 2020.

. Lavinio A: Cerebral circulation II: Pathophysiology and moni-

toring. BJA Educ 22: 282-288, 2022.

. Broocks G, Meyer L, Bechstein M, Elsayed S, Schén G, Kniep H,

Kemmling A, Hanning U, Fiehler J and McDonough RV:
Penumbra salvage in extensive stroke: exploring limits for reper-
fusion therapy. J Neurointerv Surg 15(e3): e419-e425, 2023.

. Pensato U, Demchuk AM, Menon BK, Nguyen TN, Broocks G,

Campbell BCV, Gutierrez Vasquez DA, Mitchell PJ, Hill MD,
Goyal M and Ospel JM: Cerebral infarct growth: Pathophysiology,
pragmatic assessment, and clinical implications. Stroke 56:
219-229,2025.

ZhouY,He Y, YanS,ChenL,Zhang R, XuJ,HuH, Liebeskind DS
and Lou M: reperfusion injury is associated with poor outcome
in patients with recanalization after thrombectomy. Stroke 54:
96-104, 2023.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.
31.

32.

Koch RE, Josefson CC and Hill GE: Mitochondrial function,
ornamentation, and immunocompetence. Biol Rev Camb Philos
Soc 92: 1459-1474, 2017.

Yang L, Tao Y, Luo L, Zhang Y, Wang X and Meng X: Dengzhan
Xixin injection derived from a traditional Chinese herb Erigeron
breviscapus ameliorates cerebral ischemia/reperfusion injury in
rats via modulation of mitophagy and mitochondrial apoptosis.
J Ethnopharmacol 288: 114988, 2022.

Weil, XieJ,HeJ,LiD,WeiD,LiY,LiX,Fang W,WeiGand Lai K:
Active fraction of Polyrhachis vicina (Roger) alleviated cerebral
ischemia/reperfusion injury by targeting SIRT3-mediated
mitophagy and angiogenesis. Phytomedicine 121: 155104, 2023.
Chen C, Zhang Z, Du B and Lv C: Vitexin alleviates cerebral
ischemia/reperfusion injury by regulating mitophagy via the
SIRT1/PINK1/Parkin pathway. Brain Res Bull 227: 111404,
2025.

Wu M, Gu X and Ma Z: Mitochondrial quality control in cerebral
ischemia-reperfusion injury. Mol Neurobiol 58: 5253-5271, 2021.
She R, Liu D, Liao J, Wang G, Ge J and Mei Z: Mitochondrial
dysfunctions induce PANoptosis and ferroptosis in cerebral
ischemia/reperfusion injury: From pathology to therapeutic
potential. Front Cell Neurosci 17: 1191629, 2023.

Liu X, Xie C, Wang Y, Xiang J, Chen L, Yuan J, Chen C and
Tian H: Ferritinophagy and ferroptosis in cerebral ischemia
reperfusion injury. Neurochem Res 49: 1965-1979, 2024.

Fan W, Guan Q, Xu Z, Lin L, Du J, Yu B, Ding W, Yang H, Pei J
and Tan J: Constructing Mg-Based hydrogen container for mito-
chondrial dysfunction and neuronal ferroptosis in TCAR-Induced
cerebral ischemia/reperfusion injury. Adv Healthc Mater 15:
e02482,2026.

Zhao J,Wu Y, Liang S and Piao X: Activation of SSAT1/ALOX15
axis aggravates cerebral ischemia/reperfusion injury via trig-
gering neuronal ferroptosis. Neuroscience 485: 78-90, 2022.
Paul S and Candelario-Jalil E: Emerging neuroprotective strate-
gies for the treatment of ischemic stroke: An overview of clinical
and preclinical studies. Exp Neurol 335: 113518, 2021.

Bersano A and Gatti L: Pathophysiology and treatment of stroke:
Present status and future perspectives. Int J] Mol Sci 24: 14848,
2023.

Tian HY, Huang BY, Nie HF, Chen XY, Zhou Y, Yang T,
Cheng SW, Mei ZG and Ge JW: The interplay between mitochon-
drial dysfunction and ferroptosis during ischemia-associated
central nervous system diseases. Brain Sci 13: 1367, 2023.

Tian L, Liu Q, Guo H, Zang H and Li Y: Fighting ischemia-reper-
fusion injury: Focusing on mitochondria-derived ferroptosis.
Mitochondrion 79: 101974, 2024.

Anzell AR, Maizy R, Przyklenk K and Sanderson TH:
Mitochondrial quality control and disease: Insights into isch-
emia-reperfusion injury. Mol Neurobiol 55: 2547-2564, 2018.
Marmolejo-Garza A, Krabbendam IE, Luu MDA, Brouwer F,
Trombetta-Lima M, Unal O, O'Connor SJ, Majernikovad N,
Elzinga CRS, Mammucari C, et al: Negative modulation of mito-
chondrial calcium uniporter complex protects neurons against
ferroptosis. Cell Death Dis 14: 772,2023.

Liu D, Ji Q, Cheng Y, Liu M, Zhang B, Mei Q, Huan M and
Zhou S: Cyclosporine A loaded brain targeting nanopar-
ticle to treat cerebral ischemia/reperfusion injury in mice.
J Nanobiotechnology 20: 256, 2022.

Han Y, Li X, Yang L, Zhang D, Li L, Dong X, Li Y, Qun S and
Li W: Ginsenoside Rgl attenuates cerebral ischemia-reperfusion
injury due to inhibition of NOX2-mediated calcium homeostasis
dysregulation in mice. J Ginseng Res 46: 515-525,2022.

Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM,
Gleason CE, Patel DN, Bauer AJ, Cantley AM, Yang WS, et al:
Ferroptosis: An iron-dependent form of nonapoptotic cell death.
Cell 149: 1060-1072, 2012.

Li J, Cao F, Yin HL, Huang ZJ, Lin ZT, Mao N, Sun B and
Wang G: Ferroptosis: Past, present and future. Cell Death Dis 11:
88,2020.

Tang D, Chen X, Kang R and Kroemer G: Ferroptosis: Molecular
mechanisms and health implications. Cell Res 31: 107-125, 2021.
Friedmann Angeli JP, Schneider M, Proneth B, Tyurina Y,
Tyurin VA, Hammond VJ, Herbach N, Aichler M, Walch A,
Eggenhofer E, et al: Inactivation of the ferroptosis regulator
Gpx4 triggers acute renal failure in mice. Nat Cell Biol 16:
1180-1191, 2014.

Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC,
Ingold I, Goya Grocin A, Xavier da Silva TN, Panzilius E,
Scheel CH, et al: FSP1 is a glutathione-independent ferroptosis
suppressor. Nature 575: 693-698, 2019.



33.

34.

35.

36.

37.

38.

30.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

/B PUBLICATIONS

SPANDIDOS

Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang PH,
Roberts MA, Tong B, Maimone TJ, Zoncu R, et al: The CoQ
oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis.
Nature 575: 688-692, 2019.

Kraft VAN, Bezjian CT, Pfeiffer S, Ringelstetter L, Miiller C,
Zandkarimi F, Merl-Pham J, Bao X, Anastasov N, Kossl J, et al:
GTP cyclohydrolase 1/tetrahydrobiopterin counteract ferroptosis
through lipid remodeling. ACS Cent Sci 6: 41-53, 2020.

Mao C, Liu X, Zhang Y, Lei G, Yan Y, Lee H, Koppula P, Wu S,
Zhuang L, Fang B, et al: DHODH-mediated ferroptosis defence
is a targetable vulnerability in cancer. Nature 593: 586-590, 2021.
Wang X, Chen Y, Yang X,Cheng L,He Z, Xin Y,Huang S,Meng F,
Zhang P and Luo L: Activation of ALOX12 by a multi-organ-
elle-orienting photosensitizer drives ACSL4-independent cell
ferroptosis. Cell Death Dis 13: 1040, 2022.

Huang Y, Liu J, He J, Hu Z, Tan F, Zhu X, Yuan F and Jiang Z:
UBIADI alleviates ferroptotic neuronal death by enhancing
antioxidative capacity by cooperatively restoring impaired
mitochondria and Golgi apparatus upon cerebral ischemic/reper-
fusion insult. Cell Biosci 12: 42,2022.

Yuan Y, Tian Y, Jiang H, Cai LY, Song J, Peng R and Zhang XM:
Mechanism of PGC-la-mediated mitochondrial biogenesis in
cerebral ischemia-reperfusion injury. Front Mol Neurosci 16:
1224964, 2023.

Guo H, Zhu L, Tang P, Chen D, Li Y, Li J and Bao C: Carthamin
yellow improves cerebral ischemia-reperfusion injury by attenu-
ating inflammation and ferroptosis in rats. Int J Mol Med 47: 52,
2021.

Arosio P, Ingrassia R and Cavadini P: Ferritins: A family of
molecules for iron storage, antioxidation and more. Biochim
Biophys Acta 1790: 589-599, 2009.

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

Feng H, Schorpp K, Jin J, Yozwiak CE, Hoffstrom BG,
Decker AM, Rajbhandari P, Stokes ME, Bender HG,
Csuka JM, et al: Transferrin receptor is a specific ferroptosis
marker. Cell Rep 30: 3411-3423 €7, 2020.
Gonzalez-Dominguez A, Visiedo-Garcia FM,
Dominguez-Riscart J, Gonzdlez-Dominguez R, Mateos RM and
Lechuga-Sancho AM: Iron metabolism in obesity and metabolic
syndrome. Int J Mol Sci 21: 5529, 2020.

Wang P, Cui Y, Ren Q, Yan B, Zhao Y, Yu P, Gao G, Shi H,
Chang S and Chang YZ: Mitochondrial ferritin attenuates cere-
bral ischaemia/reperfusion injury by inhibiting ferroptosis. Cell
Death Dis 12: 447, 2021.

Li Z and Xing J: Nuclear factor erythroid 2-related
factor-mediated signaling alleviates ferroptosis during cerebral
ischemia-reperfusion injury. Biomed Pharmacother 180: 117513,
2024.

Du W, Wang J, Zhou L, Zhou J, Feng L, Dou C, Zhang Q,
Zhang X, Zhao Q, Cai X, et al: Transferrin-targeted iridium
nanoagglomerates with multi-enzyme activities for cerebral
ischemia-reperfusion injury therapy. Acta Biomater 166:
524-535,2023.

Ryan F, Zarruk JG, Lo8lein L and David S: Ceruloplasmin plays
a neuroprotective role in cerebral ischemia. Front Neurosci 12:
988, 2019.

Duan WL, Ma YP, Wang XJ, Ma CS, Han B, Sheng ZM, Dong H,
Zhang LY, Li PA, Zhang BG and He MT: N6022 attenuates cere-
bral ischemia/reperfusion injury-induced microglia ferroptosis
by promoting Nrf2 nuclear translocation and inhibiting the
GSNOR/GSTPI axis. Eur J Pharmacol 972: 176553, 2024.

Li C, Sun G, Chen B, Xu L, Ye Y, He J, Bao Z, Zhao P, Miao Z,
Zhao L, et al: Nuclear receptor coactivator 4-mediated ferritin-
ophagy contributes to cerebral ischemia-induced ferroptosis in
ischemic stroke. Pharmacol Res 174: 105933, 2021.

Selim M: Treatment with the iron chelator, deferoxamine
mesylate, alters serum markers of oxidative stress in stroke
patients. Transl Stroke Res 1: 35-39, 2010.

Cobley JN, Fiorello ML and Bailey DM: 13 reasons why the brain
is susceptible to oxidative stress. Redox Biol 15: 490-503, 2018.
Cui Y, Zhang Y, Zhao X, Shao L, Liu G, Sun C, Xu R and
Zhang Z: ACSL4 exacerbates ischemic stroke by promoting
ferroptosis-induced brain injury and neuroinflammation. Brain
Behav Immun 93: 312-321, 2021.

Chen J, Yang L, Geng L, He J, Chen L, Sun Q, Zhao J and
Wang X: Inhibition of Acyl-CoA synthetase long-chain family
member 4 facilitates neurological recovery after stroke by regu-
lation ferroptosis. Front Cell Neurosci 15: 632354, 2021.

MOLECULAR MEDICINE REPORTS 34: 286, 2026

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

13

Fang XL, Ding SY, Du XZ, Wang JH and Li XL: Ferroptosis-A
novel mechanism with multifaceted actions on stroke. Front
Neurol 13: 881809, 2022.

Lee JY, Kim WK, Bae KH, Lee SC and Lee EW: Lipid metabo-
lism and ferroptosis. Biology (Basel) 10: 184, 2021.

Yan B, Ai Y, Sun Q,Ma Y, Cao Y, Wang J, Zhang Z and Wang X:
Membrane damage during ferroptosis is caused by oxidation
of phospholipids catalyzed by the oxidoreductases POR and
CYB5RI. Mol Cell 81: 355-369 el0, 2021.

Magtanong L, Ko PJ and Dixon SJ: Emerging roles for lipids in
non-apoptotic cell death. Cell Death Differ 23: 1099-1109, 2016.
Gu C, Li L, Huang Y, Qian D, Liu W, Zhang C, Luo Y,
Zhou Z, Kong F, Zhao X, et al: Salidroside ameliorates
mitochondria-dependent neuronal apoptosis after spinal
cord ischemia-reperfusion injury partially through inhibiting
oxidative stress and promoting mitophagy. Oxid Med Cell
Longev 2020: 3549704, 2020.

Tuo QZ, Lei P, Jackman KA, Li XL, Xiong H, Li XL,
Liuyang ZY, Roisman L, Zhang ST, Ayton S, et al: Tau-mediated
iron export prevents ferroptotic damage after ischemic stroke.
Mol Psychiatry 22: 1520-1530, 2017.

Liu X, Ren M, Zhang A, Huang C and Wang J: Nrf2 attenuates
oxidative stress to mediate the protective effect of ciprofol against
cerebral ischemia-reperfusion injury. Funct Integr Genomics 23:
345,2023.

Tu H, Tang LJ, Luo XJ, Ai KL and Peng J: Insights into the novel
function of system Xc- in regulated cell death. Eur Rev Med
Pharmacol Sci 25: 1650-1662, 2021.

Gao L, Liu F, Hou PP, Manaenko A, Xiao ZP, Wang F, Xu TL
and Hu Q: Neurons release injured mitochondria as ‘Help-Me’
Signaling after ischemic stroke. Front Aging Neurosci 14:
785761, 2022.

Bu ZQ, Yu HY, Wang J, He X, Cui YR, Feng JCa and
Feng J: Emerging role of ferroptosis in the pathogenesis of
ischemic stroke: A new therapeutic target? ASN Neuro 13:
17590914211037505, 2021.

Guan X,LiZ,Zhu S, Cheng M, Ju Y,Ren L, Yang G and Min D:
Galangin attenuated cerebral ischemia-reperfusion injury by
inhibition of ferroptosis through activating the SLC7A11/GPX4
axis in gerbils. Life Sci 264: 118660, 2021.

Yuan Y, Zhai Y, Chen J, Xu X and Wang H: Kaempferol
ameliorates oxygen-glucose deprivation/reoxygenation-induced
neuronal ferroptosis by activating Nrf2/SLC7A11/GPX4 Axis.
Biomolecules 11: 923, 2021.

Guan X, Li X, Yang X, Yan J, Shi P, Ba L, Cao Y and Wang P:
The neuroprotective effects of carvacrol on ischemia/reperfu-
sion-induced hippocampal neuronal impairment by ferroptosis
mitigation. Life Sci 235: 116795, 2019.

Liu Y,Lu S, WuLL, Yang L, Yang L and Wang J: The diversified
role of mitochondria in ferroptosis in cancer. Cell Death Dis 14:
519, 2023.

Yang J, Shi X, Ma M, Li Z, Liu H, Cui Y, Xu Z and Wang J:
PGC-1la role in rescuing ferroptosis in cerebral ischemia/reper-
fusion injury through promoting mitochondrial biogenesis and
UCP?2 expression. Biochim Biophys Acta Mol Basis Dis 1871:
167874, 2025.

Liu X, Li G, Guo Y, Li R, Yi S, Ding S and Wan J: SerpinA3N
inhibits mitochondrial complex I activity to prevent neuron
ferroptosis following cerebral ischemic stroke. Exp Neurol 392:
115370, 2025.

MiY,Wang Y,Liu Y,Dang W,Xu L, Tan S,Liu L, Chen G, Liu Y,
Li N and Hou Y: Kellerin alleviates cerebral ischemic injury by
inhibiting ferroptosis via targeting Akt-mediated transcriptional
activation of Nrf2. Phytomedicine 128: 155406, 2024.

Zhao Y, Gao Q, Li B, Wang Y and Wang Y: Ferroptosis and its
potential role in gestational diabetes mellitus: Updated evidence
from pathogenesis to therapy. Front Endocrinol (Lausanne) 14:
1177547,2023.

Zhao L, Li Y, Wang W, Qi X, Wang S, Song W, Li T and Gao W:
Regulating NCOA4-Mediated Ferritinophagy for therapeutic
intervention in cerebral ischemia-reperfusion injury. Neurochem
Res 49: 1806-1822,2024.

Fujimaki M, Furuya N, Saiki S, Amo T, Imamichi Y and
Hattori N: Iron supply via NCOA4-Mediated ferritin degradation
maintains mitochondrial functions. Mol Cell Biol 39: e00010-19,
2019.

Fujii J, Homma T and Osaki T: Superoxide radicals in the execu-
tion of cell death. Antioxidants (Basel) 11: 501, 2022.

Gan B: Mitochondrial regulation of ferroptosis. J Cell Biol 220:
€202105043, 2021.


https://www.spandidos-publications.com/10.3892/mmr.2026.13997

14

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

LI et al: MITOCHONDRIAL DYSFUNCTION AND FERROPTOSIS IN CIRI

Huang J, Chen L, Yao ZM, Sun XR, Tong XH and Dong SY: The
role of mitochondrial dynamics in cerebral ischemia-reperfusion
injury. Biomed Pharmacother 162: 114671, 2023.

Sanderson TH, Reynolds CA, Kumar R, Przyklenk K and
Hiittemann M: Molecular mechanisms of ischemia-reperfusion
injury in brain: pivotal role of the mitochondrial membrane
potential in reactive oxygen species generation. Mol Neurobiol 47:
9-23,2013.

Finkel T: Signal transduction by reactive oxygen species. J Cell
Biol 194: 7-15, 2011.

Krainz T, Gaschler MM, Lim C, Sacher JR, Stockwell BR and
Wipf P: A mitochondrial-targeted nitroxide is a potent inhibitor
of ferroptosis. ACS Cent Sci 2: 653-659, 2016.

Radak D, Resanovic I and Isenovic ER: Link between oxidative
stress and acute brain ischemia. Angiology 65: 667-676, 2014.
Trujillo-Rangel WA, Garcia-Valdes L, Mendez-Del Villar M,
Castafieda-ArellanoR, Totsuka-Sutto SE and Garcia-Benavides L:
Therapeutic targets for regulating oxidative damage induced by
ischemia-reperfusion injury: A study from a pharmacological
perspective. Oxid Med Cell Longev 2022: 8624318, 2022.
Andrabi SS, Parvez S and Tabassum H: Ischemic stroke and
mitochondria: Mechanisms and targets. Protoplasma 257:
335-343, 2020.

Carraro M and Bernardi P: The mitochondrial permeability
transition pore in Ca(2+) homeostasis. Cell Calcium 111: 102719,
2023.

Fan M, Zhang J, Tsai CW, Orlando BJ, Rodriguez M, Xu Y,
Liao M, Tsai MF and Feng L: Structure and mechanism of
the mitochondrial Ca(2+) uniporter holocomplex. Nature 582:
129-133, 2020.

Zhang D, Wang F, Li P and Gao Y: Mitochondrial Ca(2+)
homeostasis: Emerging roles and clinical significance in cardiac
remodeling. Int J Mol Sci 23: 3025, 2022.

Belosludtsev KN, Dubinin MV, Belosludtseva NV and
Mironova GD: Mitochondrial Ca2+ Transport: mechanisms,
molecular structures, and role in cells. Biochemistry (Mosc) 84:
593-607, 2019.

De Stefani D, Patron M and Rizzuto R: Structure and function of
the mitochondrial calcium uniporter complex. Biochim Biophys
Acta 1853: 2006-2011, 2015.

Takeuchi A and Matsuoka S: Physiological and pathophysi-
ological roles of mitochondrial Na(+)-Ca(2+) exchanger, NCLX,
in hearts. Biomolecules 11: 1876, 2021.

Kostic M and Sekler I: Functional properties and mode of regula-
tion of the mitochondrial Na(+)/Ca(2+) exchanger, NCLX. Semin
Cell Dev Biol 94: 59-65, 2019.

Jung DW, Apel LM and Brierley GP: Transmembrane gradients
of free Na+ in isolated heart mitochondria estimated using a
fluorescent probe. Am J Physiol 262 (4 Pt 1): C1047-C1055, 1992.
Dash RK and Beard DA: Analysis of cardiac mitochondrial
Na+-Ca2+ exchanger kinetics with a biophysical model of
mitochondrial Ca2+ handling suggests a 3:1 stoichiometry.
J Physiol 586: 3267-3285, 2008.

Murphy E and Eisner DA: Regulation of intracellular and mito-
chondrial sodium in health and disease. Circ Res 104: 292-303,
2009.

Gunter TE and Pfeiffer DR: Mechanisms by which mitochondria
transport calcium. Am J Physiol 258 (5 Pt 1): C755-C786, 1990.
Morisaki Y, Nakagawa I, Ogawa Y, Yokoyama S, Furuta T,
Saito Y and Nakase H: Ischemic postconditioning reduces
NMDA receptor currents through the opening of the mitochon-
drial permeability transition pore and K(ATP) channel in mouse
neurons. Cell Mol Neurobiol 42: 1079-1089, 2022.

Sasaki H, Nakagawa I, Furuta T, Yokoyama S, Morisaki Y, Saito
Y and Nakase H: Mitochondrial calcium uniporter (MCU) is
involved in an ischemic postconditioning effect against ischemic
reperfusion brain injury in mice. Cell Mol Neurobiol 44: 32,
2024.

Zampese E, Wokosin DL, Gonzalez-Rodriguez P, Guzman JN,
Tkatch T, Kondapalli J, Surmeier WC, D'Alessandro KB,
De Stefani D, Rizzuto R, et al: Ca(2+) channels couple spiking
to mitochondrial metabolism in substantia nigra dopaminergic
neurons. Sci Adv 8: eabp8701, 2022.

Qin J, Liu L, Liu L, Zhou Z, Zhou Y, Zhang K, Wang B, Lu H,
Ran J, Ma T, et al: The effect of regulating MCU expression on
experimental ischemic brain injury. Exp Neurol 362: 114329,
2023.

Wan B, Lanoue KF, Cheung JY and Scaduto RC Jr: Regulation
of citric acid cycle by calcium. J Biol Chem 264: 13430-13439,
1989.

99.Guo J, Zhou Y, Liu D, Wang M, Wu Y, Tang D and Liu X:
Mitochondria as multifaceted regulators of ferroptosis. Life
Metab 1: 134-148,2022.

100.Do Van B, Gouel F, Jonneaux A, Timmerman K, Gelé P,

Pétrault M, Bastide M, Laloux C, Moreau C, Bordet R, et al:

Ferroptosis, a newly characterized form of cell death in

Parkinson's disease that is regulated by PKC. Neurobiol Dis 94:

169-178, 2016.

Wei S, Chen B, Low SW, Poore CP, Gao Y, Nilius B and Liao P:

SLC26A11 inhibition reduces oncotic neuronal death and atten-

uates stroke reperfusion injury. Mol Neurobiol 60: 5931-5943,

2023.

102.Ma Y, Wang X, Li Y, Zhao J, Zhou X and Wang X: Mechanisms
Associated with Mitophagy and Ferroptosis in Cerebral
Ischemia-reperfusion Injury. J Integr Neurosci 24: 26458, 2025.

103.Ren ZL, Wang CD, Wang T, Ding H, Zhou M, Yang N,
Liu YY and Chan P: Ganoderma lucidum extract ameliorates
MPTP-induced parkinsonism and protects dopaminergic
neurons from oxidative stress via regulating mitochondrial
function, autophagy, and apoptosis. Acta Pharmacol Sin 40:
441-450, 2019.

104.Bernardi P, Gerle C, Halestrap AP, Jonas EA, Karch J,
Mnatsakanyan N, Pavlov E, Sheu SS and Soukas AA: Identity,
structure, and function of the mitochondrial permeability transi-
tion pore: controversies, consensus, recent advances, and future
directions. Cell Death Differ 30: 1869-1885, 2023.

105. Alves F, Lane D, Nguyen TPM, Bush Al and Ayton S: In defence
of ferroptosis. Signal Transduct Target Ther 10: 2, 2025.

106. Wang L, Li X, Chen L, Mei S, Shen Q, Liu L, Liu X, Liao S,
Zhao B, Chen Y and Hou J: Mitochondrial uncoupling protein-2
ameliorates ischemic stroke by inhibiting ferroptosis-induced
brain injury and neuroinflammation. Mol Neurobiol 62: 501-517,
2025.

107. Yang J, Shi X, Ma M, Li Z, Liu H, Cui Y, Xu Z and Wang J:
Activin A mitigates ferroptosis in cerebral ischemia/reperfusion
injury via the PGC-lalpha/NRF1/TFAM axis. Front Neurol 17:
1842829, 2026.

108.Zhang Y and Gong X: Fat mass and obesity associated protein
inhibits neuronal ferroptosis via the FYN/Drpl axis and
alleviate cerebral ischemia/reperfusion injury. CNS Neurosci
Ther 30: e14636, 2024.

109. Mao Z, Tian L, Liu J, Wu Q, Wang N, Wang G, Wang Y and

Seto S: Ligustilide ameliorates hippocampal neuronal injury

after cerebral ischemia reperfusion through activating PINK1/

Parkin-dependent mitophagy. Phytomedicine 101: 154111,2022.

Wang X, Li M, Wang F, Mao G, Wu J, Han R, Sheng R, Qin Z

and Ni H: TIGAR reduces neuronal ferroptosis by inhibiting

succinate dehydrogenase activity in cerebral ischemia. Free

Radic Biol Med 216: 89-105, 2024.

Jornayvaz FR and Shulman GI: Regulation of mitochondrial

biogenesis. Essays Biochem 47: 69-84, 2010.

Taherzadeh-Fard E, Saft C, Akkad DA, Wieczorek S,

Haghikia A, Chan A, Epplen JT and Arning L: PGC-lalpha

downstream transcription factors NRF-1 and TFAM are genetic

modifiers of Huntington disease. Mol Neurodegener 6: 32, 2011.

Cameron RB, Beeson CC and Schnellmann RG: Development

of therapeutics that induce mitochondrial biogenesis for the

treatment of acute and chronic degenerative diseases. J] Med

Chem 59: 10411-10434, 2016.

Bruggisser J, Kaser S, Mani J and Schneider A: Biogenesis of a

mitochondrial outer membrane protein in trypanosoma brucei:

targeting signal and dependence on a unique biogenesis factor.

J Biol Chem 292: 3400-3410, 2017.

An H, Zhou B and Ji X: Mitochondrial quality control in acute

ischemic stroke. J Cereb Blood Flow Metab 41: 3157-3170,2021.

Liu L, Li Y, Chen G and Chen Q: Crosstalk between mito-

chondrial biogenesis and mitophagy to maintain mitochondrial

homeostasis. J Biomed Sci 30: 86, 2023.

Pundik S, Xu K and Sundararajan S: Reperfusion brain injury:

Focus on cellular bioenergetics. Neurology 79 (13 Suppl 1):

S44-S51, 2012.

Han B, Jiang W, Liu H, Wang J, Zheng K, Cui P, Feng Y, Dang C,

Bu Y, Wang QM, et al: Upregulation of neuronal PGC-1a

ameliorates cognitive impairment induced by chronic cerebral

hypoperfusion. Theranostics 10: 2832-2848, 2020.

Yu K, Kuang S, Wang C, Wang Y, Liu G, Xie H, Jiang C, Wu J,

Wang N and Wu Y: Changes in mitochondria-associated protein

expression and mitochondrial function in response to 2 weeks of

enriched environment training after cerebral ischaemia-reperfu-

sion injury. J Mol Neurosci 70: 413-421, 2020.

101.

110.

111.
112.

113.

114.

115.

116.

117.

118.

119.



wd 2| SPANDIDOS
ABJ PUBLICATIONS

120. Han B, Jiang W, Cui P, Zheng K, Dang C, Wang J,Li H, Chen L,
Zhang R, Wang QM, et al: Microglial PGC-1a protects against
ischemic brain injury by suppressing neuroinflammation.
Genome Med 13: 47,2021.

121.Li L, Xiao L, Hou Y, He Q, Zhu J, Li Y, Wu J, Zhao J, Yu S
and Zhao Y: Sestrin2 silencing exacerbates cerebral ischemia/
reperfusion injury by decreasing mitochondrial biogenesis
through the AMPK/PGC-1alpha pathway in rats. Sci Rep 6:
30272, 2016.

122.Zhang Q, Wang Y, Xiu Y, Zhang Z, Zou T, Wu H and Quan Y:
Senkyunolide A attenuates cerebral ischemia-reperfusion injury
by inhibiting NLRP3-mediated ferroptosis in PC12 cells. Gen
Physiol Biophys 44: 51-61, 2025.

123. Cui Y,BaiM, Gao S,Zhao H and Mei X: Zinc ions facilitate meta-
bolic bioenergetic recovery post spinal cord injury by activating
microglial mitophagy through the STAT3-FOX03a-SOD2
pathway. Free Radic Biol Med 227: 64-79, 2025.

124.Quintana-Cabrera R and Scorrano L: Determinants and
outcomes of mitochondrial dynamics. Mol Cell 83: 857-876,
2023.

125. Tabara LC and Prudent J: The last wall of defense to prevent
extreme and deleterious mitochondrial fusion. EMBO J 39:
€107326, 2020.

126.Loson OC, Song Z, Chen H and Chan DC: Fisl, Mff, MiD49,
and MiD51 mediate Drpl recruitment in mitochondrial fission.
Mol Biol Cell 24: 659-667, 2013.

127.Qin Y, Li Q, Liang W, Yan R, Tong L, Jia M, Zhao C, Zhao
W: TRIM28 SUMOylates and stabilizes NLRP3 to facilitate
inflammasome activation. Nat Commun 12: 4794, 2021.

128. Kamerkar SC, Kraus F, Sharpe AJ, Pucadyil TJ and Ryan MT:
Dynamin-related protein 1 has membrane constricting and
severing abilities sufficient for mitochondrial and peroxisomal
fission. Nat Commun 9: 5239, 2018.

129. Twig G, Elorza A, Molina AJ, Mohamed H, Wikstrom JD,
Walzer G, Stiles L, Haigh SE, Katz S, Las G, et al: Fission and
selective fusion govern mitochondrial segregation and elimina-
tion by autophagy. EMBO J 27: 433-446, 2008.

130.Kleele T, Rey T, Winter J, Zaganelli S, Mahecic D,
Perreten Lambert H, Ruberto FP, Nemir M, Wai T, Pedrazzini T
and Manley S: Distinct fission signatures predict mitochondrial
degradation or biogenesis. Nature 593: 435-439, 2021.

131. Li J, Jia YC, Ding YX, Bai J, Cao F and Li F: The crosstalk
between ferroptosis and mitochondrial dynamic regulatory
networks. Int J Biol Sci 19: 2756-2771, 2023.

132.Tang S, Fuf} A, Fattahi Z and Culmsee C: Drpl depletion
protects against ferroptotic cell death by preserving mitochon-
drial integrity and redox homeostasis. Cell Death Dis 15: 626,
2024.

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

134. Dixon SJ and Stockwell BR: The role of iron and reactive oxygen
species in cell death. Nat Chem Biol 10: 9-17, 2014.

135. Alvarez SW, Sviderskiy VO, Terzi EM, Papagiannakopoulos T,
Moreira AL, Adams S, Sabatini DM, Birsoy K and Possemato R:
NFS1 undergoes positive selection in lung tumours and protects
cells from ferroptosis. Nature 551: 639-643, 2017.

136.Zhang T, Sun L, Hao Y, Suo C, Shen S, Wei H, Ma W, Zhang P,
Wang T, Gu X, et al: ENOI1 suppresses cancer cell ferroptosis by
degrading the mRNA of iron regulatory protein 1. Nat Cancer 3:
75-89,2022.

137. Liu X, Wang S, Jin S, Huang S and Liu Y: Vitamin D(3) attenu-
ates cisplatin-induced intestinal injury by inhibiting ferroptosis,
oxidative stress, and ROS-mediated excessive mitochondrial
fission. Food Funct 13: 10210-10224, 2022.

138. Ding L, Dang S, Sun M, Zhou D, Sun Y, Li E, Peng S, Li J and
Li G: Quercetin induces ferroptosis in gastric cancer cells by
targeting SLC1AS5 and regulating the p-Camk2/p-DRPI1 and
NRF2/GPX4 Axes. Free Radic Biol Med 213: 150-163, 2024.

139. Estaquier J and Arnoult D: Inhibiting Drpl-mediated mitochon-
drial fission selectively prevents the release of cytochrome c
during apoptosis. Cell Death Differ 14: 1086-1094, 2007.

140. Fonseca TB, Sanchez-Guerrero A, Milosevic I and Raimundo N:
Mitochondrial fission requires DRP1 but not dynamins.
Nature 570: E34-E42, 2019.

141. Zeng X, Zhang YD, Ma RY, Chen YJ, Xiang XM, Hou DY,
Li XH, Huan H, Li T and Duan CY: Activated Drpl regulates
p62-mediated autophagic flux and aggravates inflammation in
cerebral ischemia-reperfusion via the ROS-RIP1/RIP3-exosome
axis. Mil Med Res 9: 25, 2022.

MOLECULAR MEDICINE REPORTS 34: 286, 2026 15

142. Grohm J, Kim SW, Mamrak U, Tobaben S, Cassidy-Stone A,
Nunnari J, Plesnila N and Culmsee C: Inhibition of Drpl
provides neuroprotection in vitro and in vivo. Cell Death
Differ 19: 1446-1458, 2012.

143. Flippo KH, Lin Z, Dickey AS, Zhou X, Dhanesha NA,
Walters GC, Liu Y, Merrill RA, Meller R, Simon RP, et al:
Deletion of a neuronal Drpl activator protects against cerebral
ischemia. J Neurosci 40: 3119-3129, 2020.

144. Meeusen S, Mccaffery JM and Nunnari J: Mitochondrial fusion
intermediates revealed in vitro. Science 305: 1747-1752, 2004.

145. Song Z, Ghochani M, Mccaffery JM, Frey TG and Chan DC:
Mitofusins and OPA1 mediate sequential steps in mitochondrial
membrane fusion. Mol Biol Cell 20: 3525-3532, 2009.

146. Tabara LC, Segawa M and Prudent J: Molecular mechanisms
of mitochondrial dynamics. Nat Rev Mol Cell Biol 26: 123-146,
2025.

147. Zeng KW, Wang JK, Wang LC, Guo Q, Liu TT, Wang FJ,
Feng N, Zhang XW, Liao LX, Zhao MM, et al: Small molecule
induces mitochondrial fusion for neuroprotection via targeting
CK2 without affecting its conventional kinase activity. Signal
Transduct Target Ther 6: 71, 2021.

148. Shi Y, Han L, Zhang X, Xie L, Pan P and Chen F: Selenium
alleviates cerebral ischemia/reperfusion injury by regu-
lating oxidative stress, mitochondrial fusion and ferroptosis.
Neurochem Res 47: 2992-3002, 2022.

149.Li C, Liu J, Hou W, Kang R and Tang D: STING1 promotes
ferroptosis through MFN1/2-Dependent mitochondrial fusion.
Front Cell Dev Biol 9: 698679, 2021.

150. Adebayo M, Singh S, Singh AP and Dasgupta S: Mitochondrial
fusion and fission: The fine-tune balance for cellular homeo-
stasis. FASEB J 35: €21620, 2021.

151. Cho HY, Miller-Degraff L, Blankenship-Paris T, Wang X,
Bell DA, Lih F, Deterding L, Panduri V, Morgan DL,
Yamamoto M, et al: Sulforaphane enriched transcriptome of
lung mitochondrial energy metabolism and provided pulmonary
injury protection via Nrf2 in mice. Toxicol Appl Pharmacol 364:
29-44,2019.

152.Chen QM: Nrf2 for protection against oxidant generation
and mitochondrial damage in cardiac injury. Free Radic Biol
Med 179: 133-143,2022.

153. Guo Y, Zhang H, Yan C, Shen B, Zhang Y, Guo X, Sun S, Yu F,
Yan J, Liu R, ef al: Small molecule agonist of mitochondrial
fusion repairs mitochondrial dysfunction. Nat Chem Biol 19:
468-477,2023.

154. Peng C,Rao W, Zhang L, Gao F, Hui H, Wang K, Dai S, Yang Y,
Luo P, Ma Y, et al: Mitofusin 2 Exerts a Protective Role in
Ischemia Reperfusion Injury Through Increasing Autophagy.
Cell Physiol Biochem 46: 2311-2324, 2018.

155. Chen Y, Guo S, Tang Y, Mou C, Hu X, Shao F, Yan W and Wu Q:
mitochondrial fusion and fission in neuronal death induced by
cerebral ischemia-reperfusion and its clinical application: A
Mini-Review. Med Sci Monit 26: €928651, 2020.

156. Lemasters JJ: Selective mitochondrial autophagy, or mitophagy,
as a targeted defense against oxidative stress, mitochondrial
dysfunction, and aging. Rejuvenation Res 8: 3-5,2005.

157.Lv Y, Liang C, Sun Q, Zhu J, Xu H, Li X, Li YY, Wang Q,
Yuan H, Chu B and Zhu D: Structural insights into FSP1
catalysis and ferroptosis inhibition. Nat Commun 14: 5933,
2023.

158. Onishi M, Yamano K, Sato M, Matsuda N and Okamoto K:
Molecular mechanisms and physiological functions of
mitophagy. EMBO J 40: 104705, 2021.

159.Lu Y, Li Z, Zhang S, Zhang T, Liu Y and Zhang L: Cellular
mitophagy: Mechanism, roles in diseases and small molecule
pharmacological regulation. Theranostics 13: 736-766, 2023.

160. Wang XX, Li M, Xu XW, Zhao WB, Jin YM, Li LL, Qin ZH,
Sheng R and Ni H: BNIP3-mediated mitophagy attenuates
hypoxic-ischemic brain damage in neonatal rats by inhibiting
ferroptosis through P62-KEAP1-NRF2 pathway activation to
maintain iron and redox homeostasis. Acta Pharmacol Sin 46:
33-51, 2025.

161. Li XD, Ning YX, Pei YF, Niu JY, Luo J, Zhang YN, Zhao ZA,
Hou XW, Zhao QK, Xu TC and Chen HS: Cathodal transcranial
direct current stimulation attenuates cerebral ischemia-reper-
fusion injury by coordinating mitophagy inhibition and Nrf2
activation against ferroptosis. Antioxid Redox Signal 43:
693-708, 2025.

162. Pickles S, Vigie P and Youle RJ: Mitophagy and quality control
mechanisms in mitochondrial maintenance. Curr Biol 28:
R170-R185, 2018.


https://www.spandidos-publications.com/10.3892/mmr.2026.13997

16 LI et al: MITOCHONDRIAL DYSFUNCTION AND FERROPTOSIS IN CIRI

163. Su L, Zhang J, Gomez H, Kellum JA and Peng Z: Mitochondria
ROS and mitophagy in acute kidney injury. Autophagy 19:
401-414,2023.

164. Wang S, Xiang Y, Shi X, Xiong T, Li R, Zheng W, Chen W,
Chen Q, Yang Y, Wang J, et al: An eNOS-like nanomaterial for
specific reversal of cerebral ischemia-reperfusion injury. Nat
Commun 16: 9456, 2025.

165. Anzell AR, Fogo GM, Gurm Z, Raghunayakula S, Wider JM,
Maheras KJ, Emaus KJ, Bryson TD, Wang M, Neumar RW, et al:
Mitochondrial fission and mitophagy are independent
mechanisms regulating ischemia/reperfusion injury in primary
neurons. Cell Death Dis 12: 475, 2021.

166.LiJ,LiM, Ge Y, Chen J, Ma J, Wang C, Sun M, Wang L, Yao S
and Yao C: -amyloid protein induces mitophagy-dependent
ferroptosis through the CD36/PINK/PARKIN pathway leading
to blood-brain barrier destruction in Alzheimer's disease. Cell
Biosci 12: 69, 2022.

167. Singh LP, Yumnamcha T and Devi TS: Mitophagy, ferritin-
ophagy and ferroptosis in retinal pigment epithelial cells under
high glucose conditions: Implications for diabetic retinopathy
and age-related retinal diseases. JOJ Ophthalmol 8: 77-85,
2021.

168.Zhang QQ, Luo L, Liu MX, Wang CJ, Wu Y and Yu KW:
Enriched environment-induced neuroprotection against cerebral
ischemia-reperfusion injury might be mediated via enhancing
autophagy flux and mitophagy flux. Mediators Inflamm 2022:
2396487,2022.

169.Zhang X, Yan H, Yuan Y, Gao J, Shen Z, Cheng Y,
Shen Y, Wang RR, Wang X, Hu WW, et al: Cerebral
ischemia-reperfusion-induced autophagy protects against
neuronal injury by mitochondrial clearance. Autophagy 9:
1321-1333, 2013.

170. Wen H, Li L, Zhan L, Zuo Y, Li K, Qiu M, Li H, Sun W and
Xu E: Hypoxic postconditioning promotes mitophagy against
transient global cerebral ischemia via PINK1/Parkin-induced
mitochondrial ubiquitination in adult rats. Cell Death Dis 12:
630, 2021.

171. Lan X, Wang Q, Liu Y, You Q, Wei W, Zhu C, Hai D, Cai Z,
Yu J, Zhang J and Liu N: Isoliquiritigenin alleviates cerebral
ischemia-reperfusion injury by reducing oxidative stress and
ameliorating mitochondrial dysfunction via activating the Nrf2
pathway. Redox Biol 77: 103406, 2024.

172.LiuD,Zhang R,ZhaL, Yao L,Han Y, Zhang X, Chen Y, Zhan M,
Du J and Chen L: Nrf2-activated mitophagy and ferroptosis
suppression synergistically mediate tangeretin's protection
against hepatic ischemia-reperfusion injury. Phytomedicine 145:
157034, 2025.

173. Sun Y, Li Q, Guo H and He Q: Ferroptosis and iron metabolism
after intracerebral hemorrhage. Cells 12: 90, 2022.

174. LiuC,LiZ,LiB,Liu W,Zhang S, Qiu K and Zhu W: Relationship
between ferroptosis and mitophagy in cardiac ischemia reperfu-
sion injury: A mini-review. PeerJ 11: 14952, 2023.

175. Zhang G, Wang Q, Jiang B, Yao L, Wu W, Zhang X, Wan D
and Gu Y: Progress of medicinal plants and their active
metabolites in ischemia-reperfusion injury of stroke: A novel
therapeutic strategy based on regulation of crosstalk between
mitophagy and ferroptosis. Front Pharmacol 15: 1374445,
2024.

176. Fang S, Huang W, Qu X and Chai W: The mitochondria as
a potential therapeutic target in cerebral I/R injury. Front
Neurosci 18: 1500647, 2024.

177. Guo X,LiuG,Liu Y,Jin M, Yong Z,Li F, Tang S, Xie L, Huang C,
Mu Q and Bai H: Nanomedicine-based therapeutic strategies for
cerebral ischemia-reperfusion injury: from blood-brain barrier
penetration to precision targeting. Eur J Med Res: Mar 3, 2026
(Epub ahead of print).

178. Hu Q,Zuo T, Deng L, Chen S, Yu W, Liu S, Liu J, Wang X, Fan X
and Dong Z: B-Caryophyllene suppresses ferroptosis induced
by cerebral ischemia reperfusion via activation of the NRF2/
HO-1 signaling pathway in MCAO/R rats. Phytomedicine 102:
154112, 2022.

179. Li G, Xiao H, Zuo C, Xie H, Wang X, Wang J, Liu Y, Hou Q,
Sun G and Tian Y: N-butylphthalide (NBP) and ligustrazine
(TMP) triazole hybrids target the KEAP1-NRF2 pathway to
inhibit ferroptosis and exert brain neuroprotectivity. Redox
Biol 86: 103835, 2025.

180. Sun M, Chen J, Liu F, Li P, Lu J, Ge S, Wang L, Zhang X and
Wang X: Butylphthalide inhibits ferroptosis and ameliorates cere-
bral Ischaemia-Reperfusion injury in rats by activating the Nrf2/
HO-1 signalling pathway. Neurotherapeutics 21: e00444, 2024.

181. Zhong S, Chen W, Wang B, Gao C, Liu X, Song Y, Qi H, Liu H,
Wu T, Wang R and Chen B: Energy stress modulation of AMPK/
FoxO3 signaling inhibits mitochondria-associated ferroptosis.
Redox Biol 63: 102760, 2023.

182.Fan W, Chen H, Li M, Fan X, Jiang F, Xu C, Wang Y, Wei W,
Song J, Zhong D and Li G: NRF2 activation ameliorates
blood-brain barrier injury after cerebral ischemic stroke by
regulating ferroptosis and inflammation. Sci Rep 14: 5300, 2024.

183.Zhao L, Li S, Wang S, Yu N and Liu J: The effect of mitochon-
drial calcium uniporter on mitochondrial fission in hippocampus
cells ischemia/reperfusion injury. Biochem Biophys Res
Commun 461: 537-542,2015.

184.LiJ, Ma X, Yu W, Lou Z, Mu D, Wang Y, Shen B and Qi S:
Reperfusion promotes mitochondrial dysfunction following
focal cerebral ischemia in rats. PLoS One 7: €46498, 2012.

185.Li YW, Liu Y, Luo SZ, Huang XJ, Shen Y, Wang WS and
Lang ZC: The significance of calcium ions in cerebral
ischemia-reperfusion injury: mechanisms and intervention
strategies. Front Mol Biosci 12: 1585758, 2025.

186.Du Y, Wu H, Zhan S, Zhang R, Zhang G and Bu N: Calcium/
calmodulin-dependent protein kinase II beta regulates autophagy
dependent ferroptosis of neurons after cerebral ischemic injury
by activating the AREG/JUN/ELAVLI pathway. Neurochem
Res 50: 140, 2025.

187. Xiong T, Wang S, Shi X, Li R, Zheng W, Qi W, Liu M, Dai L,
Huang Q and Ai K: Biomimetic dynamic nanomedicine
SrHCF: Lattice self-reconstruction based on Fe(2+) response
to achieve synergistic ‘ferrous chelation-antioxidation-calcium
antagonism-inflammation inhibition’ quadruple treatment of
CIRI. Bioact Mater 55: 23-41, 2025.

188. Hordeaux J, Wang Q, Katz N, Buza EL, Bell P and Wilson JM:
The neurotropic properties of AAV-PHP.B are limited to
C57BL/6J mice. Mol Ther 26: 664-668, 2018.

189. Kiriyama Y and Nochi H: Intra- and intercellular quality control
mechanisms of mitochondria. Cells 7: 1, 2017.

190.Chen W, Zhao H and Li Y: Mitochondrial dynamics in health
and disease: Mechanisms and potential targets. Signal Transduct
Target Ther 8: 333, 2023.

191. Wang W, Pang M, Zhang Y, Hou S, Xia Y, Shi Y, Zhang X and
Wang Y: Semaglutide mitigates ischemic brain injury by inhib-
iting ferroptosis via modulation of FoXO1 and DRP1 pathways.
Mol Neurobiol 62: 16168-16188, 2025.

192. Ashrafi G and Schwarz TL: The pathways of mitophagy for
quality control and clearance of mitochondria. Cell Death
Differ 20: 31-42, 2013.

193.LiJ, Chen Q and Gu H: M2 microglia-derived exosomes reduce
neuronal ferroptosis via FUNDCI1-mediated mitophagy by acti-
vating AMPK/ULKI1 signaling. Sci Rep 15: 17955, 2025.

194. Killackey SA, Philpott DJ and Girardin SE: Mitophagy path-
ways in health and disease. J Cell Biol 219: €202004029, 2020.

195. Wang Q, Sun Y, Li TY and Auwerx J: Mitophagy in the patho-
genesis and management of disease. Cell Res 36: 11-37,2026.

196.Giorgi C, Marchi S, Simoes ICM, Ren Z, Morciano G,
Perrone M, Patalas-Krawczyk P, Borchard S, Jedrak P,
Pierzynowska K, et al: Mitochondria and reactive oxygen
species in aging and age-related diseases. Int Rev Cell Mol
Biol 340: 209-344, 2018.

197. Zhang Q, Jia M, Wang Y, Wang Q and Wu J: Cell death mecha-
nisms in cerebral ischemia-reperfusion injury. Neurochem
Res 47: 3525-3542,2022.

198. Yan WT, Yang YD, Hu XM, Ning WY, Liao LS, Lu S, Zhao WJ,
Zhang Q and Xiong K: Do pyroptosis, apoptosis, and necrop-
tosis (PANoptosis) exist in cerebral ischemia? Evidence from
cell and rodent studies. Neural Regen Res 17: 1761-1768, 2022.

199. Fakharnia F, Khodagholi F, Dargahi L and Ahmadiani A:
Prevention of cyclophilin D-Mediated mPTP opening using
cyclosporine-A alleviates the elevation of necroptosis,
autophagy and apoptosis-related markers following global
cerebral ischemia-reperfusion. J Mol Neurosci 61: 52-60, 2017.

200.Guo L: Mitochondrial permeability transition mediated by
MTCH2 and F-ATP synthase contributes to ferroptosis defense.
FEBS Lett 599: 352-366, 2025.

Copyright © 2026 Li et al. This work is licensed under
a Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International (CC BY-NC-ND 4.0)
License.




