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Abstract: Mitochondria, beyond serving as the powerhouse of the cell, play a pivotal role in the regulation of inflammatory
responses. Mitochondrial dysfunction-induced immune activation and chronic inflammation are deeply implicated in the pathogenesis
of Alzheimer’s disease (AD), influencing its onset and progression through multiple inflammatory pathways. This review summarizes
the involvement of several mitochondrial-related mechanisms in AD, including the release of mitochondrial DNA (mtDNA), signal
transduction via mitochondrial antiviral-signaling protein (MAVS), the accumulation of mitochondrial damage-associated molecular
patterns (DAMPs), the regulation of mitophagy, and the activation of the cyclic GMP-AMP synthase-stimulator of interferon genes
(cGAS-STING) pathway. These insights aim to shed new light on mitochondrial inflammation as a regulatory mechanism in AD and to
explore its potential as a therapeutic target.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by impairments in memory and
cognitive functions.' Epidemiological research shows that the number of AD patients continues to rise, and it is expected
that the global number of patients will reach 114 million by 2050, posing a huge threat to the quality of life, social and
economic burden of patients.” Although the deposition of AB plaques and excessive phosphorylation of tau protein are
considered classic pathological features of AD,” recent studies have continuously shown that mitochondrial dysfunction
and inflammatory response also play a central role in the occurrence and development of the disease.* Mitochondrial and
bioenergetic dysfunctions are recognized as key contributors to the onset and progression of AD. Amyloid-beta (AB)
disrupts mitochondrial integrity and energy metabolism, thereby initiating a cascade of mitochondrial disturbances.’
Mitochondrial dysfunction is considered an early hallmark of AD and plays a central role in its pathophysiological
mechanisms.®’ Inflammation, a fundamental physiological response to infection and tissue injury, can become patholo-
gical when prolonged or excessive, contributing to a wide range of diseases, including autoimmune disorders, metabolic
syndromes, and cancers.”

Damaged mitochondrial energy metabolism can lead to reduced ATP production and increased levels of reactive
oxygen species (ROS), exacerbating oxidative stress and ultimately damaging the structure and function of neurons.’
Mitochondria, beyond their classical role in cellular energy production, are increasingly recognized as regulators of
inflammatory signaling.'® In the pathogenesis of AD, inflammatory signals promote the sustained activation of microglia
and astrocytes, producing a large amount of pro-inflammatory cytokines and forming a chronic neuroinflammatory
environment.'' Long term inflammation not only exacerbates synaptic loss and neuronal death, but also interacts with Ap
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deposition and abnormal phosphorylation of tau protein, driving disease progression.'*!* Therefore, the interaction
between mitochondrial dysfunction and inflammatory response forms a vicious cycle, which is considered an important
mechanism driving the onset and development of AD.

A growing body of evidence indicates that mitochondria not only support immune responses via energy supply but
also engage directly in immune modulation through various molecular pathways.'*'® A pivotal mechanism in the
mitochondrial-immune interface is the release of mtDNA, which acts as a damage-associated molecular pattern (DAMP)
to activate innate immune responses.'’ MAVS, a critical adaptor in mitochondrial signaling, orchestrates antiviral
immune responses. Furthermore, DAMPs exert broad effects on inflammatory pathways, while mitophagy—a selective
form of autophagy—plays a crucial role in removing damaged mitochondria and modulating inflammation.'®2° The
cGAS-STING pathway, a recently identified regulator of interferon signaling, has emerged as a key player in diverse
cellular processes, including autophagy, translation, metabolic homeostasis, cell adhesion, DNA damage repair, senes-
cence, and cell death, all tightly linked to mitochondrial function.”! Mitochondria are not only “victims” but also
“regulators” in the regulation of inflammatory response in AD. Mitochondrial dysfunction interacts with abnormal
activation of inflammatory pathways, forming a “mitochondrial inflammatory axis” that drives neuronal damage and
cognitive decline. Thoroughly elucidating this mechanism not only helps to understand the complex pathological process
of AD, but also provides a theoretical basis for developing novel therapeutic strategies targeting mitochondrial
inflammatory pathways. Taken together, this review outlines the diverse mitochondrial mechanisms involved in inflam-
matory regulation, aiming to provide novel insights into the inflammatory pathogenesis of AD and potential avenues for
therapeutic intervention.

The Relationship Between mtDNA Release and AD

mtDNA, the genetic material housed within the mitochondrial matrix, is typically sequestered by the organelle’s double-
membrane structure under physiological conditions. However, in response to cellular injury or stress, mtDNA can be
released into the cytoplasm, where it acts as a DAMP that is directly recognized by receptors of the innate immune
system, triggering inflammatory responses.> Multiple mechanisms are involved in mtDNA release, including mitochon-
drial permeability transition, apoptosis, and necrosis.”®> These processes are activated under various stressors and
pathological states, ultimately resulting in the extrusion of mtDNA and subsequent activation of immune signaling.
Aberrant or excessive release of mtDNA has been linked to the induction of chronic neuroinflammation, a pathological
hallmark that contributes to the initiation and progression of AD. (Figure 1).

Mitochondrial Permeability Transition Mechanism

MPT refers to a sudden increase in the permeability of the mitochondrial membrane, typically triggered by calcium
overload, oxidative stress, and other cellular stressors. This phenomenon is primarily mediated by the opening of the
mitochondrial permeability transition pore (mPTP) located on the inner mitochondrial membrane. Opening of the mPTP
disrupts the mitochondrial membrane potential, abolishes the asymmetric distribution of solutes across the membrane,
and leads to mitochondrial swelling and rupture of the outer membrane. Consequently, mtDNA and other mitochondrial
components are released into the cytosol, initiating innate immune responses.”* A key regulator of mPTP is Cyclophilin
D (CypD), a mitochondrial matrix-resident peptidyl-prolyl isomerase that modulates pore opening through interaction
with the adenine nucleotide translocator (ANT) on the inner mitochondrial membrane.?> The CypD—ANT interaction is
a critical step in mPTP activation, altering membrane permeability. The voltage-dependent anion channel (VDAC),
located on the outer membrane, is also a component of the mPTP complex. Its interaction with ANT influences
mitochondrial membrane potential and the transport of metabolites, further affecting mPTP dynamics.*® Calcium ions
(Ca*+) are major inducers of mPTP opening. Elevated intracellular Ca?+ levels enhance the CypD—ANT interaction,
increasing inner membrane permeability. Under oxidative stress, ROS oxidize mitochondrial membrane proteins, further
promoting mPTP opening.>’ ATP depletion also facilitates mPTP activation; when energy stores are exhausted,
mitochondria fail to maintain membrane potential, leading to osmotic imbalance, matrix swelling, outer membrane
rupture, and the cytosolic release of mtDNA and other DAMPs—events that precipitate immune activation, inflamma-
tion, and cell death.”®
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Figure | Schematic diagram of the molecular mechanism of mtDNA release.

Disruption of mitochondrial Ca*>+ homeostasis and aberrant mPTP opening represent upstream signaling events in the
mitochondrial dysfunction cascade that underlies AD pathology.>® Dysregulated Ca+ signaling plays a central role: both
AP and hyperphosphorylated tau impair mitochondrial calcium balance in neuronal and glial cells. Elevated Ca?+ levels
drive mitochondrial dysfunction by increasing ROS production, impairing ATP synthesis, and altering membrane
permeability. The mPTP, a high-conductance channel tightly regulated by CypD, maintains mitochondrial Ca?+ home-
ostasis. AP aggregates and other neurotoxins interact with CypD, inducing mitochondrial depolarization via ROS
accumulation and Ca*+ overload-mediated mPTP opening.’®' Studies have shown that in aged AD model mice, reduced
CypD expression enhances calcium buffering capacity and limits mPTP opening. In contrast, hippocampal overexpres-
sion of CypD impairs mitochondrial function, leading to ATP depletion, increased mPTP opening, and cognitive deficits
such as memory loss.*> Tau deficiency has also been shown to preserve mitochondrial integrity by reducing mPTP
opening through CypD-dependent mechanisms, thereby potentially preventing age-related cognitive decline. Moreover,
elevated CypD expression has been observed in neurons of the temporal cortex and hippocampus—but not the
cerebellum—of mAPP mice exposed to high AP levels.*>** This region-specific upregulation correlates with age-
dependent disturbances in calcium handling, increased mitochondrial swelling, mPTP activation, and cytochrome
c release, underscoring the mechanistic link between AP toxicity, mPTP dysregulation, and AD progression.

The Apoptotic Pathway

Apoptosis is a form of programmed cell death essential for maintaining tissue homeostasis and eliminating damaged or
abnormal cells. In the intrinsic, mitochondria-mediated apoptotic pathway, the release of mitochondrial factors plays
a direct role in transducing and executing apoptotic signals, tightly linking energy metabolism to cell fate under both
physiological and pathological conditions.*> Upon exposure to cellular stress or pro-apoptotic stimuli, the balance among
Bcl-2 family proteins becomes disrupted. Pro-apoptotic proteins such as Bax and Bak oligomerize in the mitochondrial
outer membrane, forming pores that increase membrane permeability. In contrast, anti-apoptotic proteins like Bel-2 and
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Bcl-xL inhibit this process by binding to and neutralizing pro-apoptotic counterparts, thereby preventing pore formation.
When pro-apoptotic signals prevail, mitochondrial outer membrane permeabilization (MOMP) occurs.*®*” The induction
of MOMP facilitates the release of intermembrane mitochondrial proteins, most notably cytochrome c, into the cytosol.
Once in the cytoplasm, cytochrome c¢ associates with apoptotic protease activating factor-1 (Apaf-1) to form the
apoptosome, initiating a cascade of caspase activation that culminates in apoptosis.*®°

In the context of AD, progressive loss of functional neurons is a well-documented pathological hallmark. Apoptosis
contributes significantly to this neuronal degeneration, with programmed cell death observed even in the early stages
of AD.* Mitochondria are central mediators of this apoptotic process. Dysfunctional mitochondria act as primary
triggers: impaired mitochondrial function leads to increased MOMP, facilitating the release of apoptogenic proteins
into the cytosol and the subsequent initiation of apoptotic signaling pathways.Moreover, defective ATP production
exacerbates neuronal vulnerability to apoptosis. Energy deprivation heightens sensitivity to apoptotic stimuli and
accelerates the execution of programmed cell death in neurons.*! These findings underscore the critical role of
mitochondrial dysfunction in apoptosis and its contribution to neurodegeneration in Alzheimer’s disease.

Necrotic Cell Death
Necrosis is a form of non-programmed cell death typically triggered by acute injury or pathological conditions,
characterized by loss of membrane integrity and uncontrolled release of intracellular contents.*? Unlike apoptosis,
necrosis often elicits a strong inflammatory response. The cellular debris released from necrotic cells functions as
DAMPs, which can activate pattern recognition receptors (PRRs) of the innate immune system, thereby provoking robust
immune and inflammatory responses.”> Under severe cellular stress conditions—such as oxidative stress, calcium
overload, and energy depletion—the mPTP opens, leading to dissipation of the mitochondrial membrane potential and
swelling of the organelle. This disrupts both the inner and outer mitochondrial membranes, ultimately resulting in their
rupture and the release of mitochondrial contents, including mtDNA and other DAMPs, into the cytosol.** Energy failure
and excess ROS production are key contributors to necrotic cell death. Elevated intracellular Ca*t+ levels promote
mitochondrial calcium overload and mPTP opening. In the absence of sufficient ATP, cells cannot maintain ionic
gradients or membrane stability, further exacerbating mitochondrial and plasma membrane rupture. ROS amplify the
damage by oxidizing mitochondrial membrane proteins and lipids, increasing permeability and membrane breakdown.
Mitochondria-derived DAMPs activate immune responses through a variety of PRRs.*> Upon mitochondrial damage or
cell rupture, mtDNA is released into the cytosol or extracellular matrix, where it serves as a potent immunostimulatory
molecule. It can activate innate immune pathways such as Toll-like receptor 9 (TLR9) and the cGAS-STING axis,
triggering downstream inflammatory cascades.*®*’ Additionally, extracellular ATP acts as a danger signal by activating
the P2X7 receptor, leading to the assembly and activation of the NLRP3 inflammasome, which promotes the release of
pro-inflammatory cytokines including interleukin-1p and interleukin-18.*®

One of the hallmark features of AD is the persistent presence of chronic neuroinflammation in the brain, where
mtDNA release is considered a potential initiating factor. Studies have reported a sustained decrease of mtDNA in
microglia within the hippocampus during AD progression, while a modest increase was observed in microglia from the
cerebellum, suggesting regional variation in mitochondrial stress.*” In experimental models, the injection of isolated
mitochondria or mtDNA into the hippocampus of C57BL/6 mice led to elevated levels of neuroinflammatory markers
after seven days. These included reductions in Trem2 mRNA, and increases in GFAP, CSF1R, phosphorylated NF-«B,
phosphorylated AKT, along with heightened expression of App mRNA, APP protein, and AB1-42.*° These findings
confirm that extracellular mitochondria and their components, especially mtDNA and mtDNA-associated proteins, can
trigger neuroinflammation and modulate AD-relevant biomarkers. Mitochondrial DAMPs thus represent a mechanistic
link between mitochondrial injury and inflammation in AD pathogenesis.

MAVS-Mediated Antiviral Signaling and Its Relationship with AD

MAVS plays a crucial role in the host’s innate immune defense against viral infections, primarily through the retinoic
acid-inducible gene I (RIG-I)-like receptor (RLR) signaling pathway.’® Located on the outer mitochondrial membrane,
MAVS functions as a key adaptor that integrates upstream viral RNA recognition with downstream activation of antiviral
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and pro-inflammatory signaling cascades. The N-terminal caspase activation and recruitment domain (CARD) of MAVS
enables its interaction with the CARD domains of RLRs such as RIG-I and MDAS, while the C-terminal transmembrane
region anchors it to the mitochondrial membrane, ensuring proper localization for signal transduction.’’>* During viral
infection, RIG-I and MDAS detect viral double-stranded RNA in the cytoplasm and undergo conformational changes that
expose their CARD domains. These activated RLRs then interact with MAVS via CARD-CARD binding, initiating
a signaling cascade on the mitochondrial surface.>® Activated MAVS assembles into a multiprotein complex that includes
adaptor proteins and kinases such as TNF receptor-associated factors (TRAFs) and TANK-binding kinase 1 (TBK1).>*
TBK1 phosphorylates transcription factors IRF3 and IRF7, which translocate to the nucleus to induce the expression of
type I interferons and other antiviral genes.’” In parallel, MAVS also activates the NF-kB pathway. This involves the
stimulation of the IKK complex, leading to the degradation of IxB and the nuclear translocation of NF-kB. Once in the
nucleus, NF-kB promotes the transcription of pro-inflammatory cytokines such as IL-6 and TNF-a, establishing a robust
antiviral state and limiting viral propagation.”® However, while the MAVS pathway is essential for antiviral defense, its
chronic or aberrant activation has been implicated in neuroinflammatory conditions, including AD. Sustained MAVS
signaling can lead to persistent inflammation within the central nervous system, exacerbating neuronal dysfunction and
contributing to AD progression (Figure 2).

Emerging evidence highlights the role of Evolutionarily Conserved Signaling Intermediate in Toll pathways (ECSIT),
a signaling adaptor that modulates NF-kB activation and enhances RIG-I/MAVS-mediated antiviral immunity. ECSIT
also plays a critical role in mitochondrial physiology, influencing the assembly of mitochondrial complex I (CI), the
production of mitochondrial mROS, the maintenance of mitochondrial membrane potential (MMP), and overall mito-
chondrial quality control.’” These functions directly intersect with key pathogenic mechanisms of AD.Notably, studies
have shown that mice deficient in MAVS exhibit improved cognitive outcomes, suggesting that the suppression of
MAVS-dependent immune signaling can alleviate neurodegeneration.”® Although MAVS is traditionally recognized for
its role in antiviral defense, its involvement in mitochondrial homeostasis, inflammatory signaling, and apoptosis
positions it as a potential contributor to AD pathology. Aberrant MAVS activation may promote neuroinflammation,
intensify mitochondrial dysfunction, and accelerate neuronal apoptosis, thereby driving disease progression.

The Role of DAMPs Accumulation in AD

DAMPs are endogenous molecules released by stressed, damaged, or necrotic cells that can activate the innate immune
system and initiate inflammatory responses.’® They serve as key mediators in a variety of pathological conditions,
including tissue injury, infection, and chronic inflammation.DAMPs are structurally diverse and originate from multiple
cellular compartments. Common examples include mtDNA, high mobility group box 1 (HMGB1), heat shock proteins
(HSPs), uric acid, and extracellular ATP.®® Once released into the extracellular space or cytosol, DAMPs are recognized
by PRRs, which initiate downstream signaling pathways that culminate in inflammation. Major PRR families involved in
DAMP sensing include Toll-Like Receptors (TLRs), nucleotide-binding oligomerization domain-like receptors (NLRs),
and receptors for advanced glycation end-products (RAGE).®! In the context of AD, the chronic accumulation and release
of DAMPs have been implicated in the persistent activation of neuroinflammatory pathways. These molecules play
a pivotal role in initiating early inflammatory responses and driving the downstream pathological cascades characteristic
of AD. Persistent engagement of PRRs by DAMPs in the central nervous system can sustain microglial activation,
promote the production of pro-inflammatory cytokines, and exacerbate synaptic and neuronal damage. This DAMP-PRR
axis represents a critical link between mitochondrial dysfunction, cellular stress, and the inflammatory processes
underlying AD progression (Figure 3).

TLRs

TLRs are one of the earliest discovered classes of PRRs and play a central role in the innate immune system. TLRs
recognize both pathogen-associated molecular patterns (PAMPs) and endogenous DAMPs, initiating immune responses
by activating downstream signaling pathways.®® TLRY, in particular, is localized primarily on endosomal membranes and
is capable of detecting mtDNA released from damaged or necrotic cells. Upon recognizing mtDNA, TLR9 signals
through the MyD88-dependent pathway to activate NF-xB and interferon regulatory factor 3 (IRF3), thereby inducing the
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Figure 2 MAVS mediated antiviral signaling transduction mechanism.

production of type I interferons (eg, IFN-a) and pro-inflammatory cytokines such as TNF-o and IL-6.°> While the
inflammatory responses initiated by TLR activation serve as a protective mechanism against cellular damage, their
persistent or excessive activation can lead to chronic inflammation and subsequent tissue injury.Among the TLR family
members, TLR4 is another key receptor involved in innate immunity. Best known as the canonical sensor for bacterial
lipopolysaccharide (LPS), TLR4 can also detect endogenous DAMPs such as HMGBI1 and HSPs, highlighting the
complexity and versatility of TLR-mediated inflammatory regulation.®*

In AD, hallmark pathological features include extracellular AP plaque deposition and intracellular neurofibrillary
tangles formed by hyperphosphorylated tau protein, both of which contribute to neuronal dysfunction and
degeneration.®® Within the central nervous system, TLRs are expressed in both neurons and glial cells, where they
detect DAMPs released from damaged or dying cells.®® Dysregulated TLR activity has been implicated not only in AD
but also in other neurodegenerative diseases, including stroke, amyotrophic lateral sclerosis (ALS), and Parkinson’s
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disease.’” In the context of AD, TLR signaling pathways may amplify disease progression through inflammation-
mediated mechanisms. For instance, TLR4 has been shown to mediate the neurotoxic effects of DAMPs associated
with neuronal damage in AD, thereby worsening neuroinflammation and tissue injury.®® While stimulation of TLR9 has
demonstrated beneficial effects on microglial function in AD mouse models, prolonged or excessive activation can
provoke chronic inflammation and promote neurodegeneration.®” Furthermore, Ap itself can activate the TLR4-NF-«xB
axis, promoting microglial activation and the release of inflammatory cytokines such as IL-1B, IL-6, and TNF-a, all of
which contribute to the neuroinflammatory environment characteristic of AD.”® These findings underscore the dual role
of TLRs in neuroprotection and neurodegeneration and highlight their relevance as potential therapeutic targets in the
modulation of AD-related inflammation.

NLRs

NLRs are a family of cytoplasmic pattern recognition receptors that play a critical role in detecting intracellular DAMPs
and modulating inflammatory responses.”' Among them, the NLR family pyrin domain-containing 3 (NLRP3) inflam-
masome is one of the best-characterized inflammasome complexes. It assembles in certain types of myeloid cells upon
sensing microbial toxins or host-derived danger signals, leading to the activation of pro-inflammatory signaling
cascades.”” The NLRP3 inflammasome is capable of responding to both PAMPs and endogenous DAMPs such as
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mtDNA and ATP. These molecules activate NLRP3 and promote the assembly of a multiprotein complex that recruits
and activates caspase-1. Active caspase-1 cleaves pro-inflammatory cytokine precursors pro-IL-1f and pro-IL-18 into
their mature, bioactive forms, which are subsequently secreted and drive robust inflammatory responses.”> Dysregulation
of NLRP3 inflammasome activity has been implicated in a wide range of chronic inflammatory diseases, including
atherosclerosis, gout, and metabolic syndrome.”* Therefore, NLRP3 is not only important in acute immune responses but
also centrally involved in the pathogenesis of chronic diseases.

In the context of AD, overexpression and hyperactivation of the NLRP3 inflammasome have been documented in the
brains of both human AD patients and animal models.”” NLRP3 has emerged as a key contributor to AD pathophysiol-
ogy, particularly in mediating neuroinflammation and associated neurodegeneration. The inflammasome is activated in
response to aggregated AP and hyperphosphorylated tau, triggering chronic inflammatory signaling and pyroptosis—a
form of inflammatory cell death—ultimately accelerating cognitive decline.”” Mitochondrial dysfunction, a hallmark
of AD, contributes to NLRP3 activation through the generation of mitochondrial reactive oxygen species (mtROS) and
the release of mtDNA, both of which serve as potent DAMPs.”® In turn, excessive NLRP3 activation amplifies
inflammatory damage within the brain. Notably, mitophagy—the selective autophagic clearance of damaged mitochon-
dria—can suppress NLRP3 activation. Enhancing mitophagy has been shown to protect neurons and alleviate pathology
in AD mouse models by limiting the activation of the NLRP3 inflammasome.”’ These findings underscore the
importance of NLRP3 as a molecular bridge linking mitochondrial stress to neuroinflammation in AD, and they highlight
the inflammasome as a promising target for therapeutic intervention.

RAGE

The RAGE is a member of the PRR family that recognizes various DAMPs and plays a critical role in the regulation of
chronic inflammation. RAGE is a multiligand receptor capable of binding to several endogenous DAMPs, including
HMGBI and HSPs, thereby activating downstream inflammatory signaling pathways.”® In addition to sensing DAMPs,
RAGE can also act as a receptor for certain PAMPs, such as bacterial endotoxins, respiratory viruses, and microbial
DNA.One of the main downstream pathways activated by RAGE is the NF-kB signaling cascade. RAGE-induced
activation of NF-kB leads to the upregulation of pro-inflammatory cytokines (eg, TNF-a, IL-6, IL-1B), chemokines (eg,
CCL2), adhesion molecules (eg, ICAM-1), and other mediators involved in inflammation. Notably, because RAGE
activation typically occurs under conditions of chronic inflammation, the NF-kB activation it mediates is persistent rather
than transient. This sustained inflammatory signaling contributes to the progression of chronic inflammatory diseases,
including diabetes,”® atherosclerosis,° neurodegenerative disorders,®' and various cancers.?*® Additionally, chronic
RAGE-NF-kB pathway activation has been associated with tissue injury and fibrosis, which further aggravate disease
pathology. 3%

HMGBI is believed to play a critical role in the onset and progression of neurodegenerative diseases, including AD.*®
The receptor for advanced glycation end products (RAGE) contributes to the pathophysiological changes of AD by
acting as a mediator of inflammation and an inducer of oxidative stress. When HMGBI1 binds to RAGE, it triggers
a cascade of downstream events that initiate neuroinflammatory responses, ultimately leading to the characteristic
features of AD.*’ Studies have demonstrated that suppression of HMGB1 or RAGE expression can attenuate neuroin-
flammation, reduce AP production and deposition, inhibit microglial activation, and halt the progression of AD.*’
Moreover, inhibition of HMGBI1-RAGE-mediated inflammatory responses has been shown to effectively improve
memory deficits in AD mouse models.®

Mitophagy-Mediated Inflammatory Regulation and Its Relevance to AD
Mitophagy, a specialized form of autophagy, selectively eliminates dysfunctional or superfluous mitochondria and plays
a pivotal role in mitochondrial quality control, cellular homeostasis, and the regulation of inflammatory responses. By
removing damaged mitochondria, mitophagy prevents the release of mitochondrial DAMPs, thereby modulating inflam-
matory signaling.'>~° Impairment of mitophagy leads to the accumulation of defective mitochondria and subsequent
DAMP release, which can trigger neuroinflammation and exacerbate the neurodegenerative processes characteristic
of AD (Figure 4).
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Mitophagy
Mitophagy is initiated by the recognition of damaged mitochondria, a process primarily orchestrated by the PINK1/
Parkin pathway. Under normal conditions, PINK1 is rapidly imported into healthy mitochondria and degraded by inner
membrane proteases.'> However, when the mitochondrial membrane potential is lost, PINK1 accumulates on the outer
mitochondrial membrane and recruits cytosolic Parkin. Upon activation, Parkin ubiquitinates numerous outer membrane
proteins on the dysfunctional mitochondria, serving as a signal for selective autophagic clearance. Ubiquitinated
mitochondria are subsequently recognized by autophagy adaptor proteins, including p62, NDP52, and OPTN, which
bind to LC3 on the autophagosomal membrane via their LC3-interacting regions (LIRs). This interaction facilitates the
sequestration of damaged mitochondria into autophagosomes. The autophagosomes then fuse with lysosomes to form
autolysosomes, where mitochondrial components are degraded and recycled.®

Recent studies have demonstrated that moxibustion can prevent and delay the onset of AD, potentially through
activation of the PINK1/Parkin signaling pathway. This activation regulates the expression of key autophagic factors,
such as LC3-II, enhances mitophagic activity in the hippocampus, improves neuronal ultrastructure, and ultimately
ameliorates cognitive deficits.’® Similarly, acupuncture has been shown to improve cognitive impairment and enhance
learning and memory in APP/PSI1 transgenic mice. Mechanistically, acupuncture activates mitophagy by promoting
PINK 1/Parkin-mediated ubiquitination of mitochondrial outer membrane proteins and facilitating the fusion of autopha-
gosomes with lysosomes in the hippocampus. This process reduces hippocampal amyloid-p (Ap) aggregation and
deposition, thereby improving synaptic plasticity and cognitive function in APP/PS1 mice.”’ In vitro evidence further
supports these findings. Li HM using an AB-induced injury model in rat pheochromocytoma (PC12) cells, demonstrated
that ginsenosides enhance PINK1/Parkin-dependent mitophagy, mitigating mitochondrial damage and protecting neuro-
nal cells.”> Wang T reported that cadmium triggers mitophagy via AMP-activated protein kinase (AMPK) and PINK1/
Parkin-dependent pathways, which facilitates the clearance of damaged mitochondria and suppresses
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neuroinflammation.”® Moreover, Wang NB found that B-asarone improves learning and memory in AD rat models by
modulating PINK 1/Parkin-mediated mitophagy.”*

Clearance of DAMPs

An essential function of mitophagy is to prevent the release of DAMPs by selectively eliminating dysfunctional
mitochondria. If damaged mitochondria are not promptly cleared, they can release mtDNA, ATP, and other DAMPs,
which in turn activate multiple inflammatory signaling pathways.”> Released mtDNA acts as a potent DAMP, triggering
immune responses by activating the TLR9 and cGAS-STING pathways. This activation leads to the production of type
I interferons and proinflammatory cytokines. By degrading defective mitochondria, mitophagy effectively reduces
mtDNA release and suppresses TLR9- and cGAS-STING-mediated immune activation.”®” This process is particularly
critical for preventing chronic inflammation and the development of autoimmune diseases. Additionally, damaged
mitochondria release ATP, which not only serves as a key mediator of energy metabolism but also functions as
a crucial regulator of inflammatory responses.”®

Aberrant mitophagy is frequently observed during the onset and progression of AD.”” In pyramidal neurons of AD
patients, immunoreactivity for mitochondrial markers localized to autophagic vacuoles—such as lipoic acid and
cytochrome oxidase-1—is significantly increased, accompanied by elevated levels of mitophagic degradation products
and mtDNA, suggesting enhanced mitophagic activity during the disease course.'’” KUKREJA in a study using mtDNA-
mutant mice, demonstrated that mitochondrial dysfunction exacerbates AB pathology and triggers neurodegeneration.'®!
Notably, increased mitophagy has been detected in neurons of AD patients even prior to overt histopathological
alterations or clinical manifestations, which may represent a compensatory response secondary to mitochondrial

dysfunction.'%?

While mitochondrial dysfunction accelerates AD progression, mitophagy alleviates disease pathology
by eliminating defective mitochondria. Paradoxically, excessive mitophagy in AD has also been implicated in the release
of mtDNA, activation of the cGAS-STING pathway, and subsequent promotion of neuroinflammation and neuronal

death.'®

Inhibition of Inflammasome Activation

Mitophagy not only suppresses inflammatory responses by clearing DAMPs but also directly regulates inflammasome
activation within cells. The activation of the NLRP3 inflammasome depends critically on mitochondrial ROS and
potassium (K+) efflux, both of which play key roles in inflammasome assembly and activation.”® Damaged mitochondria
are a major intracellular source of ROS, and excessive ROS production can trigger the assembly and activation of the
NLRP3 inflammasome, leading to the secretion of pro-inflammatory cytokines IL-1f and IL-18.'®* Through mitophagy,
cells can timely remove mitochondria that excessively produce ROS, thereby reducing ROS levels and inhibiting NLRP3
inflammasome activation.'®> Moreover, mitophagy helps maintain intracellular ion homeostasis by eliminating damaged
mitochondria, preventing K+ efflux-induced aberrant inflammasome activation. This mechanism is critical for suppres-
sing chronic inflammation mediated by inflammasomes.

The release of mtDNA is often accompanied by mitochondrial dysfunction and increased oxidative stress. Under
conditions of mitochondrial damage, excessive production of ROS exacerbates oxidative stress, leading to cellular
injury and is closely associated with the formation of B-amyloid plaques and tau protein phosphorylation.'®® Studies
have shown that levels of NOX4, a major source of ROS, are significantly elevated in damaged astrocytes from
both AD patients and APP/PS1 transgenic mouse models. The upregulation of NOX4 impairs mitochondrial respira-
tion and ATP production in astrocytes, thereby promoting mitochondrial metabolic dysfunction.'®” Furthermore, ROS
generation has been observed in the vicinity of amyloid plaques in APP/PSI1 transgenic mouse brains. Real-time
tracking of individual neurons revealed that localized oxidative stress around plaques contributes to long-range toxicity
and selective neuronal death in AD.'*® Additional in vivo studies demonstrated that AB plaque deposition and direct
application of soluble AP oligomers to the brain exacerbate mitochondrial oxidative stress in neurons. This oxidative
stress can be mitigated by blocking mitochondrial Ca®+ influx or by treatment with the mitochondria-targeted
antioxidant $S31.'%
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Activation of the cGAS-STING Signaling Pathway in AD

The cGAS-STING signaling pathway represents a critical innate immune mechanism by which cells detect cytosolic
DNA. It senses DNA within the cytoplasm and subsequently activates the expression of type I interferons and other
antiviral genes. This pathway plays pivotal roles in antiviral immunity, tumor immunosurveillance, and autoimmune
diseases, providing cellular protection against diverse DNA-containing pathogens and regulating pathological immune
responses triggered by ectopic self-DNA localization, including mtDNA in the cytosol and extranuclear chromatin.''”
Upon activation, cGAS catalyzes the synthesis of the second messenger 2°3’-cGAMP from ATP and GTP, which is
essential for downstream signal transduction.”’ ¢cGAS serves as the primary cytosolic DNA sensor; its recognition and
binding to cytosolic DNA induce conformational changes that activate its enzymatic function. The stimulator of
interferon genes (STING), an adaptor protein localized on the endoplasmic reticulum membrane, binds cGAMP, under-
goes conformational rearrangement, and translocates to the Golgi apparatus.''! At the Golgi, STING forms oligomeric
complexes that recruit and activate downstream kinases such as TBK1 and IKK. TBK1 phosphorylates and activates the
transcription factor IRF3, which dimerizes and translocates into the nucleus to induce the expression of type I interferon

genes, including IFN-B.'"!

Additionally, STING activates the IKK complex, promoting IxB degradation and the release
of NF-«kB, which translocates into the nucleus to stimulate the production of pro-inflammatory cytokines such as IL-6 and
TNF-a.''? Aberrant activation of the ¢cGAS-STING pathway, often triggered by cytosolic mtDNA, drives chronic
neuroinflammation in AD, exacerbating neuronal damage (Figure 5).

Excessive stimulation of the cGAS-STING pathway and the associated neuroinflammation have been implicated in
the development and progression of various neurodegenerative diseases.''® In AD, mitochondrial dysfunction leads to the
leakage of mtDNA into the cytoplasm. MtDNA acts as a potent activator of cGAS; upon sensing this extranuclear
mtDNA, cGAS activates STING, initiating inflammatory responses. The activation of the mtDNA—cGAS-STING axis
highlights the complex interplay between mitochondrial dysfunction and neuroinflammation in AD.''* Chung
S demonstrated that the cGAS-STING pathway is activated in AD mouse models, resulting in microglial dysfunction
and sterile inflammation that exacerbate AD pathology. AP and tau protein induce mitochondrial stress, promoting the
release of DNA into the cytoplasm of microglia and activating the cGAS-STING pathway. Activation of this pathway
enhances microglial NLRP3 inflammasome activation, pro-inflammatory responses, and type I interferon signaling.
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Figure 5 Activation mechanism of cGAS-STING signaling pathway.
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Inhibition of STING activity effectively modulates microglial function and ameliorates multiple pathological features
of AD.'" Furthermore, treatment with TSG (tetrahydroxystilbene glucoside), a natural active compound derived from
Polygonum multiflorum, has been shown to alleviate neuroinflammation via the cGAS-STING pathway, significantly
improving cognitive deficits in APP/PS1 mice. This effect is partially mediated through the cGAS-STING-dependent
pathway, as interference with cGAS-STING inhibitors induces NLRP3 inflammasome activation, thereby suppressing

neuroinflammation.''*

Conclusion and Future Perspectives

This review systematically elucidates the pivotal role of mitochondria-mediated inflammatory mechanisms in the onset
and progression of AD. Mitochondrial dysfunction not only disrupts energy metabolism but also triggers chronic
neuroinflammation through multiple pathways, including the release of mtDNA, MAVS signaling, accumulation of
DAMPs, impaired mitophagy, and aberrant activation of the cGAS-STING signaling pathway. The sustained inflamma-
tory state provokes a cascade of immune responses within the central nervous system, exacerbating neuronal damage and
cognitive decline. Under AD-related stress, increased mitochondrial membrane permeability causes mtDNA to leak into
the cytosol. Acting as a double-stranded DNA (dsDNA) ligand, mtDNA directly activates cGAS to synthesize cGAMP,
thereby activating STING. The activated STING is then cleared via the lysosomal pathway to prevent sustained
signaling."'® Interrelated to this is mitochondrial autophagy, which reduces the production of DAMPs from the source
by clearing depolarized mitochondria and relies on lysosomal pathways to promote the degradation of activated STING,
thereby activating the cGAS STING pathway; to this end, it is necessary to further advance the mechanism research of
mitochondrial inflammation regulation from prospective clinical trials to true clinical applications, and at the same time
develop strategies based on disease staging, strengthen individualized evaluation and dynamic adjustment.'®® Therefore,
as a central hub for inflammation regulation, mitochondria’s involvement in AD extends beyond structural impairment to
encompass immunomodulatory functions, underscoring the potential of targeting mitochondrial inflammatory pathways
as a promising strategy for therapeutic intervention and clinical translation.''®'!”

The regulation of mitochondrial inflammation provides a clear clinical diagnosis and treatment approach for
Alzheimer’s disease. Research has found that changes in cellular free mitochondrial DNA in cerebrospinal fluid/plasma
have been suggested by multiple studies to be associated with AD and can serve as an auxiliary indicator for monitoring
inflammation axis activity upstream of mtDNA release.''® In terms of treatment, enhancing mitochondrial autophagy and
lysosomal function is expected to reduce the supply of DAMPs and cytoplasmic mtDNA; research has shown that
Urolithin A can promote mitochondrial autophagy and improve mitochondrial function, and has the potential to be used
as a combination therapy.''® However, Alzheimer’s disease may exhibit different inflammatory features in mitochondrial
function at different stages (early, advanced, and late). In the early stages, before significant clinical symptoms appear,

120,121

mitochondrial dysfunction has already begun to manifest, with decreased energy metabolism, decreased ATP

synthesis, increased ROS, accompanied by decreased mitochondrial function and accumulation of mtDNA damage,'**
These changes constitute the “premonitory” initiation of inflammation in the disease process - mitochondrial abnorm-
alities may first appear in metabolic stress or other forms, providing a basis for subsequent inflammatory responses.'*> As
the disease progresses, damaged mitochondria begin to release mtDAMPs, which activate microglia and astrocytes
through the NLRP3 or ¢cGAS STING signaling pathways, triggering sustained immune responses in the nervous system.
At the same time, inflammatory mediators feedback and inhibit mitochondrial function, forming a clear vicious cycle of
function.'?*'?* In the late stage, mitochondrial function is further lost, chronic inflammation persists, and the process of
neurodegeneration intensifies. During this period, the interaction between mitochondria and inflammation has become
highly out of control, which is a key driving factor for cognitive decline and the expansion of nerve damage.'?® To this
end, it is necessary to further advance the mechanism research of mitochondrial inflammation regulation from prospec-
tive clinical trials to true clinical applications, and at the same time develop strategies based on disease staging,
strengthen individualized evaluation and dynamic adjustment.

Although current studies have revealed the multifaceted associations between mitochondrial inflammation and AD,
several critical issues remain unresolved: (1) most mechanistic investigations are confined to animal models or cellular
systems, lacking direct validation in AD patients; (2) the specific interactions between mitochondrial inflammation and
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classical AD pathological markers such as AP and tau remain unclear; (3) the differential roles of pathways including
mitophagy, MAVS, and cGAS-STING across distinct brain regions and cell types have not been fully elucidated, limiting
the evaluation of their potential as precise therapeutic targets. Future research should focus on several key areas: first,
clarifying the dynamic changes of mitochondria-associated inflammatory signaling pathways at various stages of AD and
elucidating their causal relationships with canonical pathological markers; second, developing and validating the efficacy
and safety of interventions targeting mtDNA release, MAVS inhibition, or blockade of the cGAS-STING pathway; third,
employing multi-omics and single-cell analyses to explore the spatial and cellular specificity of mitochondrial inflam-
mation expression patterns and regulatory networks across different brain regions. Therefore, an in-depth investigation of
the “mitochondria-inflammation axis” will enhance understanding of AD pathogenesis and progression, offering precise
targets and technical support for novel intervention strategies. This will provide robust theoretical and experimental
foundations for developing mitochondria-targeted anti-inflammatory therapies, thereby facilitating the translation from
fundamental research to clinical applications.
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