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Abstract
Neuroinflammation is a pivotal factor in the progression of both age-related and acute neurodegenerative disorders, includ-
ing Alzheimer's disease, Parkinson's disease, amyotrophic lateral sclerosis, multiple sclerosis, and stroke. Mitochondria, 
essential for neuronal health due to their roles in energy production, calcium buffering, and oxidative stress regulation, 
become increasingly susceptible to dysfunction under conditions of metabolic stress, aging, or injury. Impaired mitophagy 
in aged or injured neurons leads to the accumulation of dysfunctional mitochondria, which release mitochondrial-derived 
damage-associated molecular patterns (mtDAMPs). These mtDAMPs act as immune checkpoints, activating pattern recog-
nition receptors (PRRs) and triggering innate immune signaling pathways. This activation initiates inflammatory responses 
in neurons and brain-resident immune cells, releasing cytokines and chemokines that damage adjacent healthy neurons and 
recruit peripheral immune cells, further amplifying neuroinflammation and neurodegeneration. Long-term mitochondrial 
dysfunction perpetuates a chronic inflammatory state, exacerbating neuronal injury and contributing additional immuno-
genic components to the extracellular environment. Emerging evidence highlights the critical role of mtDAMPs in initiating 
and sustaining neuroinflammation, with circulating levels of these molecules potentially serving as biomarkers for disease 
progression. This review explores the mechanisms of mtDAMP release due to mitochondrial dysfunction, their interaction 
with PRRs, and the subsequent activation of inflammatory pathways. We also discuss the role of mtDAMP-triggered innate 
immune responses in exacerbating both acute and chronic neuroinflammation and neurodegeneration. Targeting dysfunc-
tional mitochondria and mtDAMPs with pharmacological agents presents a promising strategy for mitigating the initiation 
and progression of neuropathological conditions.
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Introduction

Mitochondria are bioenergetic and biosynthetic organelles 
involved in adenosine triphosphate (ATP) production, 
carbohydrate metabolism, lipid metabolism, amino acid 
metabolism, ketogenesis, heme synthesis, calcium  (Ca2+) 
buffering, and redox balance [1]. Due to their high bioen-
ergetic demands, neurons compel their mitochondria to 
increase oxygen consumption, leading to elevated reac-
tive oxygen species (ROS) generation as a byproduct, 
ultimately resulting in mitochondrial damage and dys-
function. Misfolded protein accumulation due to aging 
is another risk factor for mitochondrial dysfunction [2]. 
Damaged and dysfunctional mitochondria release several 
mitochondrial components, termed mitochondrial dam-
age-associated molecular patterns (mtDAMPs), such as 

Highlights
• Neurons exhibit susceptibility to the accumulation of 

dysfunctional mitochondria.
• Dysfunctional mitochondria release mtDAMPs, which possess 

immunogenic properties.
• mtDAMPs trigger inflammatory cascades, elevating the levels of 

cytotoxic mediators that drive neuroinflammation and neuronal 
death.

• mtDAMPs have emerged as potential predictive biomarkers for 
neuropathological conditions.

• Targeting dysfunctional mitochondria and mtDAMPs holds 
promise for mitigating the pathogenesis of neurodegenerative 
disorders.

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-024-04412-0&domain=pdf


 Molecular Neurobiology

cytochrome c (Cytc),  Ca2+, ROS, heme, ATP, succinate, 
cardiolipin, mitochondrial transcription factor A (TFAM), 
N-formyl peptides (NFPs), mitochondrial (mt)DNA, mito-
chondrial double-stranded (mtds)RNA, and others [3]. Due 
to the mitochondrial origin from alpha-proteobacteria, 
mtDAMPs retain foreign signatures and, when released 
into the cytosol or extracellular milieu, are recognized by 
one or more pattern recognition receptors (PRRs), such as 
Toll-like receptors (TLRs), nucleotide-binding oligomeri-
zation domain (NOD)-like receptors (NLRs), RIG-I-like 
receptors (RLRs), C-type lectin receptors (CLRs), recep-
tor for advanced glycation end products (RAGE), formyl 
peptide receptors (FPRs), purinergic receptors, and DNA 
sensors present on glial and neuronal cells [4, 5]. This 
event triggers several intracellular signaling cascades, 
such as inflammasome, nuclear factor kappa (NFκ)B, and 
others, leading to gliosis (microgliosis and astrogliosis), 
which produces a variety of proinflammatory cytokines, 
chemokines, adhesion molecules, and neurotoxic sub-
stances such as ROS that damage neuronal cells, ulti-
mately causing sterile neuroinflammation, neurodegenera-
tion, and related pathologies [3, 6]. Persistent mtDAMPs 
release and neuroinflammation cause blood‒brain barrier 
(BBB) disruption, resulting in the infiltration of peripheral 
immune cells such as neutrophils, monocytes, T cells, and 
B cells, further aggravating neuroinflammation and neu-
rodegeneration [7]. Several reports have suggested that 
mtDAMPs-mediated sterile neuroinflammation is a bona 
fide driver of chronic and acute neurodegenerative disor-
ders such as Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), Amyotrophic lateral sclerosis (ALS), Multiple 
sclerosis (MS), and Stroke [3, 8].

This comprehensive review discusses the mechanisms 
underlying the release of mtDAMPs and analyzes recent 
evidence of their role in triggering intricate inflammatory 
signaling pathways. Furthermore, we explore their involve-
ment in both acute and chronic neuropathological condi-
tions, along with potential therapeutic strategies to mitigate 
their harmful effects on neurological health.

mtDAMPs: Release and Spread

Reduced integrity of the mitochondrial outer membrane 
(MOM) and mitochondrial inner membrane (MIM) facili-
tates the release of mtDAMPs into the cytosol. Once in the 
cytosol, mtDAMPs activate several inflammatory signal-
ing cascades and facilitate the rupture of the cellular mem-
brane, ultimately escaping into the extracellular milieu. Even 
with an intact cellular membrane, mtDAMPs can still be 
transferred outside with the help of vesicles. The escaped 

mtDAMPs translocate and spread from one location to 
another via extracellular fluids [9, 10].

Mitochondrial Outer Membrane Permeabilization

The MOM is permeable to small molecules (≤ 5 kDa) 
due to the presence of voltage-dependent anion channels 
(VDACs), also known as porins, while larger molecules 
such as Cytc (~ 12 kDa) require the translocase of the 
outer mitochondrial membrane (TOM) for entry. MOM 
also contains stress-sensitive apoptosis proteins, such as 
B-cell lymphoma (Bcl)2 family proteins, which include 
proapoptotic Bcl2 homology (BH)3-only proteins, proa-
poptotic pore-forming proteins (e.g., Bax and Bak), and 
antiapoptotic proteins (e.g., Bcl2, Bcl-XL, Bcl-W, and 
Mcl1). BH3-only proteins are categorized into BH3 sensi-
tizers (e.g., Bik, Bad, and Noxa) and BH3 activators (e.g., 
Bim, Bid, and Puma). Under physiological conditions, the 
Bax:Bak ratio is strictly maintained between the cytosol 
and MOM [11]. Additionally, antiapoptotic proteins such 
as Bcl2 bind to the hydrophobic groove of activated Bax 
and Bak, as well as BH3-only proteins (both sensitizers 
and activators), rendering them inactive [12]. Bcl2 also 
interacts with and closes VDACs, thereby regulating 
 Ca2+ and ROS within the mitochondria. Diverse cellular 
stresses such as  Ca2+ overload, excessive ROS produc-
tion, and faulty protein accumulation, disrupt cellular 
homeostasis, leading to the transcriptional upregulation 
and post-translational activation of several BH3-only pro-
teins. Caspase 8-mediated Bid cleavage to form truncated 
(t)Bid and p53-mediated Puma upregulation are examples 
of post-translational activation of BH3-only proteins [13]. 
The increased levels or activation of BH3-only proteins 
outcompete the antiapoptotic Bcl2 proteins. BH3 sensi-
tizer proteins neutralize antiapoptotic proteins, liberating 
BH3 activator proteins, which subsequently bind to the 
hydrophobic groove of Bax and Bak, causing their con-
formational changes and activation [14]. Moreover, Bax 
has a second BH3-binding site, enabling its allosteric con-
formational change and further activation [15]. Activated 
Bax and Bak homodimerize, subsequently oligomerize, 
and form small proteinaceous pores (~ 5 nm in diameter) 
in the MOM, leading to MOM permeabilization (MOMP), 
which is sufficient to release ~ 12 kDa Cytc from the inter-
membrane space (IMS) to the cytosol [16] (Fig. 1). For 
further activation, activated Bax and Bak do not require 
BH3-only protein stimulation because, in their activated 
state, they have their own BH3 domains [17]. Over time, 
the concentration of activated Bax and Bak increases 
in small proteinaceous pores, leading to the formation 
of macropores (~ 100–160 nm in diameter), which can 
release larger IMS proteins, such as the ~ 27 kDa second 
mitochondria-derived activator of caspase (SMAC; also 
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known as DIABLO) and the ~ 49 kDa OMI (also known 
as high-temperature requirement protein A2, HtrA2) [18]. 
Additionally, activated Bax and Bak interact with VDAC1 
and 2, causing their opening, which facilitates  Ca2+ mobi-
lization into the mitochondria and further release of IMS 
proteins into the cytosol [19]. Interestingly, Bax and Bak 
also interact with OMA1 and dynamin-related protein 
(Drp)1, causing optic atrophy (OPA)1 cleavage, resulting 
in mitochondrial cristae remodeling and cristae junction 

widening, ultimately leading to IMS protein release. This 
process can efficiently release Cytc because a higher 
amount of Cytc is entrapped within the cristae [20–22]. 
Bok is another proapoptotic protein of the Bcl2 family 
that can also induce MOMP in the absence of Bax, Bak, 
and BH3-only proteins. Its activity is not affected by the 
presence of Bcl2 [23]. Furthermore, some non-Bcl2 fam-
ily proteins can also induce MOMP, such as gasdermin E 
(GSDME), which is a cleaved product of caspase 3 [24].

Fig. 1  Molecular mechanisms involved in mitochondrial permeabili-
zation and mtDAMPs release. Left: Various cellular stressors or dis-
ease conditions disrupt the balance of Bcl2 and BH3-only proteins, 
facilitating the formation and accumulation of Bax-Bak pores on the 
MOM. This drives mitochondrial cristae remodeling and the release 
of IMS proteins such as Cytc, SMAC, and OMI into the cytosol, lead-
ing to caspase-mediated apoptosis. Additionally, MOMP exposes the 
MIM, promoting water influx into the mitochondrial matrix, caus-
ing mitochondrial swelling, and subsequently, MIM herniation and 
rupture. Right: The Bax-Bak pore also activates VDAC, promoting 
mitochondrial  Ca2+ overload and subsequent ROS accumulation. Ele-

vated mtROS directly damages the MIM and enhances Bax-Bak pore 
assembly on the MOM. Both  Ca2+ and ROS activate CypD, trigger-
ing the opening of the mPTP and leading to the release of mtDAMPs, 
including mtDNA fragments, from the mitochondrial matrix. The 
mPTP also facilitates the transfer of cytosolic fluid into the mito-
chondrial matrix, promoting mitochondrial swelling and rupture, 
which results in the extensive release of mtDAMPs into the cytosol. 
Released mtDAMPs can directly damage cellular membranes or indi-
rectly activate inflammatory signaling, ultimately driving necrosis 
and the release of DAMPs into the extracellular milieu
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Released IMS proteins such as Cytc, SMAC, and OMI 
facilitate the intrinsic apoptosis cascade either by forming 
the apoptosome or by antagonizing inhibitors of apoptosis 
proteins (IAPs) [25]. Cytc interacts with inactive Apaf1 in 
the cytosol, causing its conformational change and subse-
quent hydrolysis of bound deoxy (d)ATP/ATP into dADP/
ADP. This change facilitates the assembly of the apopto-
some, which provides a platform for the binding and acti-
vation of procaspase 9. Activated caspase 9 cleaves and 
activates executioner caspases such as caspase 3 and 7, 
subsequently leading to enzymatic cell demolition [26]. 
Physiologically, this apoptotic process is tightly regulated by 
antiapoptotic proteins such as X-linked inhibitor of apoptosis 
protein (XIAP), which inhibits caspases 3, 7, and 9, thereby 
preventing the apoptosis cascade. However, the release of 
SMAC and OMI (a serine protease) into the cytosol inhibits 
XIAP activity, enabling caspase-mediated apoptosis [27, 
28] (Fig. 1). Even in the absence of caspases and Apaf1, 
MOMP can still induce cell death, due to a reduction in 
mitochondrial metabolism, such as ATP production. There-
fore, MOMP is considered a point of no return (also termed 
an all-or-nothing event) in apoptosis [29, 30]. Additionally, 
under conditions of caspase inhibition, SMAC promotes 
inflammation by preventing IAP-mediated degradation of 
NFκB inducing kinase (NIK). This leads to the activation 
and nuclear translocation of NFκB, resulting in the secretion 
of proinflammatory cytokines, including TNFα [31].

Notably, MOMP is a rapid and complete event in which 
all IMS proteins, such as Cytc, SMAC, and OMI, are 
released within ~ 5 min into the cytosol, ultimately triggering 
the apoptotic cascade but not inflammation [32, 33]. Thus, 
MOMP induces programmed cell death with an intact cell 
membrane, preventing mtDAMPs release into the extracel-
lular space and subsequent immune cell activation. Several 
studies have shown that Cytc released from dysfunctional 
mitochondria induces excessive apoptosis of neuronal and 
glial cells, contributing to the progression of various neuro-
degenerative disorders, such as AD and PD [34, 35].

Mitochondrial Inner Membrane Permeabilization

Unlike the porous MOM, the MIM does not contain VDACs, 
rendering it impermeable to ions and molecules. The MIM 
contains the anionic phospholipid cardiolipin, which plays 
a crucial role in maintaining membrane dynamics, stability, 
morphology, strength, and impermeability [36]. However, 
due to MOMP, the IMS contents are washed away, exposing 
the MIM to the cytosol. This exposure leads to water trans-
fer from the cytosol to the mitochondrial matrix due to the 
osmotic gradient, either directly via the MIM or via aqua-
porins present on it, ultimately causing matrix dilution. This 
increase in matrix volume builds high pressure, facilitating 
MIM extrusion along with the matrix through macropores 

into the cytosol, a process known as mitochondrial hernia-
tion. Over time, the MOM and MIM are unable to resist high 
fluid tension, leading to MIM permeabilization (MIMP) and 
mitochondrial rupture, resulting in the release of matrix con-
tent into the cytosol. The released matrix contains several 
mtDAMPs, such as Cytc,  Ca2+, ROS, heme, ATP, succinate, 
cardiolipin, TFAM, NFPs, mtDNA, and mtdsRNA [9, 30, 
37–39] (Fig. 1).

Furthermore, other studies have demonstrated that 
mitochondrial  Ca2+ overload and excessive ROS initially 
induce MIMP, followed by MOMP, facilitating the release 
of mtDAMPs into the cytosol [40, 41]. The endoplasmic 
reticulum (ER) releases large amounts of  Ca2+ that enter 
mitochondria via VDACs and the mitochondrial  Ca2+ uni-
porter (MCU), which are located on the MOM and MIM, 
respectively. Under normal conditions, positively charged 
Cytc binds to negatively charged cardiolipin on the outer 
leaflet of the MIM, which is essential for efficient ATP 
production and maintaining membrane integrity. However, 
excessive free  Ca2+ competes with and displaces Cytc from 
cardiolipin, thereby compromising ATP production and 
membrane integrity [42]. Dysregulated  Ca2+ levels also 
enhance ROS production by stimulating excessive mito-
chondrial metabolism and activating calmodulin, nitric 
oxide synthase (NOS), and mitochondrial NADPH oxidase 
(NOX) [43]. The produced ROS oxidize and damage various 
mitochondrial components, including mtDNA, proteins, and 
lipid membranes. In particular, cardiolipin is highly suscep-
tible to peroxidation due to its unsaturated fatty acids, such 
as docosanoic and linoleic acid, which further reduce ATP 
generation and membrane integrity. Peroxidized cardiolipin 
promotes the opening of the mitochondrial permeability 
transition pore (mPTP) by stabilizing and activating one of 
its structural components, adenine nucleotide translocator 
(ANT) [44]. Additionally,  Ca2+ and ROS synergistically 
induce mPTP opening either by activating cyclophilin D 
(CypD), a regulator of mPTP opening, or by other mecha-
nisms [45–47]. The sustained opening of the mPTP (with a 
pore size of ~ 1.5–3 nm in diameter) renders the otherwise 
impermeable MIM freely permeable. This allows the pas-
sive diffusion of mitochondrial matrix components smaller 
than 3 nm, such as  Ca2+, ROS, Cytc, ATP, succinate, heme, 
cardiolipin, TFAM, NFPs, mtdsRNA, and mtDNA frag-
ments, but not larger components such as intact mtDNA or 
mtDNA nucleoids, into the cytosol [48–51]. Concurrently, 
the influx of cytosolic water into the mitochondrial matrix 
leads to mitochondrial swelling, a reduction in the mito-
chondrial membrane potential (ΔΨm), and decreased ATP 
production, ultimately resulting in mitochondrial rupture 
and the release of the remaining mitochondrial components 
[52, 53]. The released mtDAMPs initiate various intracel-
lular signaling pathways, leading to cellular damage. For 
instance, iron from heme and  Ca2+ increase cytoplasmic 
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ROS levels, causing peroxidation of cellular biomolecules, 
particularly lipid membranes. Additionally, mitochondrial 
dysfunction results in ATP deficiency, promoting cell lysis 
and death through necrosis, allowing mtDAMPs to escape 
into the extracellular fluid [51, 52, 54] (Fig. 1). The distinc-
tions between MOMP and MIMP events are summarized 
in Table 1. Further studies are necessary to fully elucidate 
the exact and sequential phenomena of MOMP and MIMP, 
enabling targeted interventions to preserve mitochondrial 
function and promote cell survival.

Translocation and Spread of mtDAMPs

mtDAMPs exhibit remarkable stability in extracellular envi-
ronments. For instance, mtDNA is significantly more resist-
ant to nuclease degradation than nuclear DNA. Following 
cellular membrane rupture, mtDAMPs are passively released 
into various biological fluids, including cerebrospinal fluid 
(CSF) and plasma [55, 56]. These fluids facilitate the dis-
semination of mtDAMPs and their associated pathologies 
throughout the body, affecting compartments such as the 
central nervous system (CNS) and peripheral tissues. The 
precise mechanisms underlying the transfer of mtDAMPs 
from the brain to CSF and plasma remain under investi-
gation. It is hypothesized that neuroinflammation induced 
by mtDAMPs may cause ependymal wall and blood‒brain 
barrier (BBB) leakage, allowing mtDAMPs to escape from 
the brain parenchyma into the CSF and plasma. Elevated 
levels of Cytc have been observed in pediatric CSF follow-
ing traumatic brain injury, and cardiolipin has been detected 
in human serum [55, 57]. Increased concentrations of cir-
culating cell-free (ccf)-mtDNA have also been identified in 
the CSF of patients with AD, PD, and MS, as well as in 
the serum of AD and PD patients [56, 58–60]. Therefore, 
mtDAMP concentrations in CSF and plasma could serve as 
valuable biomarkers for detecting stages of neuroinflamma-
tion and neurodegenerative disorders.

In intact cells, mtDAMPs can be actively transferred 
from one cell to another via exosomes, which are small 
extracellular vesicles (30–150 nm in diameter). Stressed or 

dysfunctional mitochondria secrete damaged components and 
proteins packaged into 70–100 nm vesicles known as mito-
chondrial-derived vesicles (MDVs) or mitovesicles. MDVs 
accumulate in late endosomes, also known as multivesicular 
bodies (MVBs), within the cytoplasm. These MVBs typically 
fuse with lysosomes to form the endolysosomal system for 
intravesicular content degradation. However, high traffick-
ing rates can lead to MVB escape from this regulatory path-
way, resulting in their fusion with the cell membrane and the 
release of mtDAMP-containing vesicles as exosomes (Fig. 2). 
These circulating exosomes can release mtDAMPs into 
extracellular fluids or deliver them into neuronal and glial 
cells via membrane fusion, endocytosis, and ligand-receptor 
interactions, thereby activating inflammatory signaling cas-
cades. Additionally, exosomes can be expressed directly on 
cell surfaces for antigen presentation and immune activation 
[61–63]. Exosomes containing mtDAMPs such as mtDNA, 
TFAM, Cytc, and mtDNA-RNA have been isolated from 
various neuropathological conditions [63, 64]. Elevated lev-
els of mitochondrial protein-containing exosomes have been 
detected in the serum of geriatric PD patients [65]. Notably, 
148 mitochondria-related proteins were detected in neuron-
derived exosomes from AD patients, and 279 mitochondrial 
proteins, with a high proportion of cardiolipin, were found 
in exosomes derived from the brains of healthy mice [63, 66, 
67]. Collectively, these studies highlight exosomes as major 
drivers of mtDAMP spread and neuroinflammation.

Mitochondrial nanotunnels (mtNTs) represent another 
mode of mitochondrial communication. However, it remains 
unclear whether damaged proteins or mtDAMPs are 
exchanged via this route to propagate mitochondrial stress or 
dysfunction [68, 69]. Some studies suggest that entire mito-
chondria can be transferred between cells via microvesicles 
(MVs), similar to exosomes [70]. The transfer of healthy mito-
chondria between cells by tunneling nanotubes (TNTs) is well 
documented and is known to improve cell viability and func-
tionality. However, the potential exchange of damaged mito-
chondria through TNTs, which contributes to neuroinflam-
mation and neurodegeneration, warrants further investigation 
[71]. Recent reports indicate that dysfunctional mitochondria 

Table 1  Comparison between 
MOMP and MIMP

Characteristics MOMP MIMP

Initiation factor Bax and Bak Ca2+ and ROS
Mediator VDAC mPTP
Pore size (in diameter)  ~ 5 nm 1.5–3 nm
DAMPs release Cytc Ca2+, ROS, Cytc, ATP, succinate, heme, 

cardiolipin, TFAM, NFPs, mtDNA, and 
mtdsRNA

Cell death Apoptosis Necrosis
Environment Immunosilent Immunogenic
Inflammation No Yes
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Fig. 2  Transfer and spread of mtDAMPs across biological compart-
ments. Mitochondrial leakage releases mtDAMPs into the cytosol, 
triggering inflammatory cascades that result in cell membrane rup-
ture and necrosis. This process releases cellular contents, including 
mtDAMPs and inflammatory proteins, into the extracellular space. 
Both mtDAMPs and inflammatory proteins can be transferred to adja-
cent healthy cells via intercellular gap junctions and to distant cells 
via MVs. It remains unclear whether these cytotoxic proteins are 
transferred via TNTs or whether mtDAMPs are exchanged between 
mitochondria through mtNTs. Additionally, dysfunctional intact 
mitochondria release mtDAMPs within MDVs, which subsequently 
fuse with MVBs. Cytosolic mtDAMPs and activated signaling pro-

teins also enter MVBs via endocytosis. Increased numbers of MVBs 
escape lysosomal fusion and instead fuse with the cell membrane, 
leading to the release of vesicles containing mtDAMPs and activated 
signaling proteins as exosomes into the extracellular space. These cir-
culating exosomes deliver their contents to other cells through sev-
eral mechanisms, including fusion, endocytosis, and ligand‒receptor 
interactions. Extracellular mtDAMPs can exit the brain parenchyma 
and enter other biological fluids, spreading pathology. mtDAMPs-
mediated neuroinflammation weakens both the ependymal wall and 
the BBB, facilitating the transfer of mtDAMPs and activated signal-
ing proteins from brain interstitial fluids to the CSF and blood
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and mtDAMP-mediated inflammatory signaling proteins, 
such as connexin 36 and 43, can be transferred from dam-
aged to healthy cells through intercellular gap junctions [72, 
73] (Fig. 2). Further research in these areas will enhance our 
understanding of mtDAMP spread and associated pathologies.

mtDAMPs Mediated Inflammatory Cascades

Extracellular mtDAMPs are recognized by PRRs, which 
can be located on the surface, within endosomes, or in the 
cytosol of immune cells. To access endosomal or cyto-
solic PRRs, mtDAMPs enter immune cells through various 
mechanisms, including passive diffusion, active transport, 
receptor-mediated endocytosis, and phagocytosis. Once 
inside immune cells, mtDAMPs bind to and activate specific 
PRRs, initiating inflammatory signaling cascades that alter 
gene expression and immune cell phenotypes. Activated 
inflammatory immune cells secrete a variety of substances, 
such as cytokines and chemokines, which facilitate immune 
cell survival, differentiation, proliferation, and recruitment 
to the site of injury. These secreted substances are cytotoxic, 
causing damage to cellular components and promoting cell 
death. Additionally, damaged or dead cells release DAMPs, 
which further activate inflammatory immune cells, perpet-
uating the inflammatory cycle. Recent evidence suggests 
that mtDAMPs can activate CNS-resident immune cells, 
including microglia and astrocytes, by stimulating several 
signaling pathways, such as TLRs, RAGE, Inflammasomes, 
cGAS-STING, RIG-I/MDA5-MAVS, FPRs, and RIPK1-
RPK3-MLKL [74, 75]. Activation of these pathways may 
lead to neuroinflammation and neurodegeneration.

Toll‑like Receptors

The TLR family comprises several isoforms, with TLR1, 
TLR2, TLR4, TLR5, TLR6, and TLR10 expressed on the 
cell surface, while TLR3, TLR7, TLR8, and TLR9 are 
located within the endosomes of neuronal and non-neuronal 
cells. Their expression levels are elevated under neuroin-
flammatory conditions [76]. Each TLR isoform is special-
ized for detecting specific DAMPs. For example, TLR4 
recognizes mitochondrial (mt)ROS and recruits the adap-
tor protein myeloid differentiation primary response protein 
88 (MyD88). In mouse macrophages, MyD88 post-tran-
scriptionally primes NLRP3 via its deubiquitination [77]. 
Exogenous or inducible  H2O2 in immune cells has also been 
reported to activate NFκB and mitogen-activated protein 
kinase (MAPK) family proteins, such as extracellular signal-
regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and 
p38, in a MyD88-dependent manner. This activation leads 
to immune cell activation and the production of proinflam-
matory cytokines, ultimately resulting in neuroinflammation 

and neuronal death [78]. Extracellular Cytc has been shown 
to activate microglia via the TLR4 and JNK signaling cas-
cades. These activated microglia secrete nitric oxide (NO), 
enhancing the cytotoxicity of monocytes, while inhibition of 
JNK reduces NO secretion from microglia [79]. Addition-
ally, extracellular Cytc activates astrocytes through TLR4, 
promoting the secretion of granulocyte–macrophage colony-
stimulating factor (GM-CSF), interleukin (IL)1β, and IL12 
(Fig. 3). These activated astrocytes are highly toxic to human 
neuroblastoma cells, and inhibition of TLR4 in astrocytes 
blocks the secretion of GM-CSF and IL1β [80]. Therefore, 
inhibition of TLR4 may attenuate Cytc-induced neuroinflam-
mation and neuronal death in neurodegenerative disorders, 
although in vivo studies are required for further clarification. 
Intra-articular injection of recombinant Cytc has been shown 
to promote synovitis in mice by increasing the activation and 
infiltration of neutrophils and monocytes via NFκB [81]. 
Extracellular ATP also acts as a DAMP, activating microglia 
through the TLR4-NLRP3 pathway and leading to increased 
secretion of proinflammatory cytokines such as IL1β, ulti-
mately promoting neuroinflammation [82]. Extracellular 
heme, which is primarily derived from red blood cells with 
a small amount from mitochondria, is another ligand for 
TLR4. Extracellular heme activates microglia through the 
TLR4-MyD88/TRIF pathways, resulting in increased pro-
duction of proinflammatory cytokines (TNFα, IL1β, and 
IL6), likely due to NFκB activation, leading to neuroin-
flammation and neuronal injury. Additionally, inhibition of 
extracellular heme release attenuates microglial activation 
and associated inflammatory neuronal injury [83, 84].

Interestingly, extracellular cardiolipin has been found 
to modulate the activity of microglia, reducing their neu-
rotoxic and neuroinflammatory effects, such as the produc-
tion of TNFα and NO, while enhancing their phagocytic 
activity, potentially through a TLR4-dependent mechanism. 
Cardiolipin also stimulates microglia to secrete various 
chemokines, including monocyte chemoattractant protein 
(MCP)1 and interferon gamma-induced protein (IP)10. 
Additionally, extracellular cardiolipin promotes the expres-
sion of neurotrophic factors in microglia, facilitating neuronal 
healing and differentiation following injury [85, 86]. How-
ever, conflicting evidence suggests that cardiolipin-TLR4-
mediated activation of microglia can also increase NO pro-
duction [86]. Cardiolipin has similar effects on astrocytes. It 
enhances the phagocytic activity of astrocytes, suppresses 
TLR4 expression, and facilitates TLR4-mediated MCP1 
production. Additionally, cardiolipin shifts astrocytes from 
producing cytotoxins in response to lipopolysaccharide (LPS) 
to secreting IL1β. It also suppresses LPS-induced expression 
of glial fibrillary acidic protein (GFAP) in astrocytes [57]. 
Further studies, particularly in in vivo models, are needed 
to fully understand the role of extracellular cardiolipin in 
neuroinflammation and its potential therapeutic implications.
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mtDNA, like bacterial DNA, is hypomethylated or 
unmethylated at cytosine–phosphate–guanine (CpG) motifs, 
rendering it highly immunogenic [87]. In the extracellu-
lar space, mtDNA can be found either naked or bound to 
proteins such as TFAM. Naked mtDNA is directly recog-
nized by TLR9, while protein-bound mtDNA is engulfed 
by immune cells, subsequently detached from proteins, and 
then recognized in endosomes by TLR9. Once bound to 
mtDNA, TLR9 recruits MyD88, leading to the activation 
of the MAPK and NFκB signaling pathways and the secre-
tion of proinflammatory cytokines, such as TNFα, IL1β, and 
IL6 [88–90]. Alternatively, TLR9-MyD88-mediated acti-
vation of interferon regulatory factor (IRF)7 can increase 
the secretion of type I interferons (IFN-I) [91]. Through 

this mechanism, mtDNA activates various immune cells, 
including neutrophils, dendritic cells, natural killer cells, 
and B cells; however, its activity in microglia and astrocytes 
remains to be elucidated [88, 89, 92]. The oxidation of mito-
chondrial polynucleotides in astrocytes leads to their activa-
tion and the production of MCP1, TNFα, IL1β, and IL6 [93]. 
Oxidized (Ox)-mtDNA binds to TLR9, causing MyD88/
TRIF-mediated activation of IRF1. IRF1 upregulates the 
expression of mitochondrial UMP-CMP kinase 2, which 
synthesizes additional copies of Ox-mtDNA, further acti-
vating immune cells, including macrophages [94] (Fig. 3). 
Oxidized mtDNA induces a robust immune response and 
inflammation [94, 95]. Moreover, extracellular dsRNA has 
been reported to activate astrocytes by binding to TLR3, 

Fig. 3  Effect of mtDAMPs on TLR and RAGE signaling. Extracel-
lular mtDAMPs such as mtROS, Cytc, ATP, heme, and cardiolipin 
activate TLR4 expressed on glial cells, facilitating MyD88-mediated 
IRF7, MAPK, and NFκB signaling. Extracellular mtDNA also initi-
ates the same inflammatory signaling pathway by binding to TLR9. 
Ox-mtDNA binds to TLR9 and promotes IRF1-mediated shelf syn-
thesis, further enhancing TLR9 activation and inflammation. Addi-
tionally, mtdsRNA activates TLR3 and drives TRIF-mediated IRF3 
activation. Both IRF3 and IRF7 promote IFN-I expression, facilitat-
ing antiviral signaling. Furthermore, heme, TFAM, and mtDNA acti-

vate RAGE, leading to the nuclear translocation of AP1 and NFκB. 
AP1 promotes the expression of proteins involved in immune cell 
survival, differentiation, proliferation, and apoptosis. Moreover, 
NFκB increases the expression of proinflammatory cytokines and 
chemokines, which recruit additional immune cells and further facili-
tate inflammation and cell death. Abbreviations: TRIF, TIR domain-
containing adapter-inducing IFNβ; TRAF, TNF receptor-associated 
factor; ICAM, intercellular adhesion molecule; VCAM, vascular cell 
adhesion molecule
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facilitating the release of IFN-I. This activation leads to the 
attenuation of neurite outgrowth and impairment of memory 
functions during brain development [96]. Whether mtdsR-
NAs induce similar effects remains unknown.

RAGE

RAGE is widely expressed in CNS resident cells, including 
microglia, astrocytes, and neurons. Upon activation, RAGE 
triggers intracellular signaling pathways involving MAPKs 
and NFκB, leading to the production of chemokines and 
cytokines, similar to TLRs. Recent evidence suggests that 
RAGE recognizes extracellular heme, resulting in the pro-
duction of proinflammatory cytokines, such as TNFα and 
IL1β, via the ERK1/2 and Akt signaling pathways [97]. 
Another ligand for RAGE, TFAM, has been shown to acti-
vate microglia and microglia-like cells through the JNK 
signaling pathway. These activated immune cells secrete 
IL1β, IL6, and IL8, which are toxic to neuroblastoma cells 
[98] (Fig. 3). Injection of TFAM into the cisterna magna 
of rats increased the expression of TNFα, IL1β, IL6, and 
MCP1 in the hippocampus and frontal cortex, possibly by 
enhancing NFκB activity. Inhibition of RAGE reduced the 
secretion of MCP1, suggesting that TFAM may also be 
recognized by other PRRs [99]. Further studies revealed 
that TFAM augments the production of IFN-I induced by 
mtDNA via RAGE and TLR9-mediated activation of the 
phosphoinositide 3-kinase (PI3K), ERK, and NFκB signal-
ing pathways [89]. Overall, RAGE plays a crucial role in 
mtDAMP-mediated neuroinflammation and neurodegenera-
tion. Thus, inhibiting this receptor could potentially attenu-
ate these pathologies.

Inflammasomes

NLRs are a group of cytosolic sensors for DAMPs. This 
family includes NOD, leucine-rich repeat (LRR) pyrin 
domain-containing 3 (NLRP3), NLR caspase activation 
and recruitment domain (CARD)-containing 4 (NLRC4), 
and absent in melanoma 2 (AIM2). Among these, NLRP3 is 
particularly significant, as it detects a broad range of DAMPs 
and PAMPs and plays a crucial role in several inflammatory 
diseases, including neuroinflammation and neurodegenera-
tive disorders. NLRP3 is expressed in neurons and immune 
cells, such as microglia and astrocytes. Upon binding to 
DAMPs or PAMPs, NLRP3 undergoes activation and oli-
gomerization with its adaptor protein, apoptosis-associated 
speck-like protein containing a CARD (ASC). The activated 
ASC then recruits the effector protein pro-caspase 1, lead-
ing to its cleavage into the p10 and p20 subunits. These 
subunits dimerize to form an active tetramer known as cas-
pase 1. This highly organized cytosolic multiprotein com-
plex, comprising sensor, adaptor, and effector proteins, is 

termed the NLRP3 inflammasome. Caspase 1 cleaves inac-
tive pro-IL1β and pro-IL18 into their mature active forms, 
IL1β and IL18, respectively. Additionally, caspase 1 cleaves 
gasdermin D (GSDMD) into its N-terminal (GSDMD-N) 
and C-terminal (GSDMD-C) fragments. GSDMD-N self-
oligomerizes to form pores in the cell plasma membrane, 
facilitating the release of cytosolic contents, including IL1β, 
IL18, and potassium ions  (K+), into the extracellular space. 
A decrease in cytosolic  K+ further enhances NLRP3 acti-
vation, while increased extracellular IL1β and IL18 levels 
promote immune activation and neuroinflammation. The 
GSDMD pores also allow extracellular fluids to enter the 
cytosol, causing cell swelling, membrane rupture, and cell 
death, a process known as pyroptosis [100, 101].

Several mtDAMPs have been shown to activate the 
NLRP3 inflammasome, thereby triggering inflammation-
mediated cell death. For instance, the upregulation of 
mtROS via the inhibition of mitochondrial respiratory chain 
complexes I and III activates the NLRP3 inflammasome. 
Conversely, preventing mtROS release by blocking VDAC 
inhibits NLRP3 inflammasome activation [102]. Mechanisti-
cally, mtROS disrupts the binding of thioredoxin-interacting 
protein (TXNIP) to the antioxidant thioredoxin (TRX)2. Free 
TXNIP subsequently binds to and activates NLRP3, leading 
to inflammasome formation [103, 104] (Fig. 4). Additionally, 
cytosolic TRX1 has been reported to activate the NLRP3 
inflammasome and promote IL1β secretion independently 
of TXNIP [105]. The released IL1β contributes to ROS 
accumulation and related pathologies by disrupting intra-
cellular antioxidants such as superoxide dismutase (SOD) 
and catalase and by recruiting other inflammatory immune 
cells, thereby forming a continuous inflammatory loop 
(ROS-NLRP3-ROS). Furthermore, ROS enhance NLRP3 
priming by promoting NFκB-mediated nuclear transcription 
[77, 106]. Inhibition of TXNIP has been shown to prevent 
mtROS-mediated NLRP3 inflammasome activation. Simi-
larly, mitochondria-targeting antioxidants attenuate NLRP3 
activation and subsequent IL1β secretion by reducing ROS 
levels [103]. ATP is another mtDAMP that can be passively 
released into the extracellular milieu from damaged or dead 
cells or actively transferred from activated cells via vesicles 
or channels such as pannexin 1, connexin, volume-regulated 
anion, and maxi-anion channels [107]. Its target receptors, 
purinergic receptors (P1 and P2), are abundantly expressed 
in neuronal and glial cells, including microglia, astrocytes, 
and oligodendrocytes. Extracellular ATP binds to several 
isoforms of ionotropic P2X and metabotropic P2Y receptors, 
with a particularly high affinity for the P2X7 isoform under 
neuroinflammatory conditions. Activation of the P2X7 ion 
channel leads to the exchange of intracellular  K+ for extra-
cellular  Na+ and  Ca2+ as well as for larger organic mol-
ecules, causing depolarization of glial cells [108]. A reduced 
cytosolic  K+ concentration in glial cells activates the NLRP3 



 Molecular Neurobiology

inflammasome, while  Ca2+ overload exacerbates NLRP3 
activity by upregulating ROS-generating enzymes such as 
inducible (i)NOS and NOX. Both ions compromise mito-
chondrial health [109–111]. ATP stimulation also induces 
the expression of mitochondrial antiviral signaling protein 
(MAVS), which recruits and activates the NLRP3 inflam-
masome in immune cells, leading to IL1β secretion [112]. 
Extracellular ATP activates NFκB, possibly through ROS 
production, resulting in the release of IL6, IL12, and IFNγ 
[113]. This activation promotes the activation, prolifera-
tion, differentiation, and trafficking of immune cells, includ-
ing microglia, astrocytes, and oligodendrocytes [114]. By 

producing several toxic molecules, such as reactive oxygen 
and nitrogen species, proteases, proinflammatory cytokines, 
and chemokines, these activated immune cells contribute to 
various neuroinflammatory and neurodegenerative disorders. 
Blocking P2X7 ion channels has been shown to attenuate 
these pathologies [63].

Extracellular heme has been reported to activate the NLRP3 
inflammasome, leading to caspase 1-mediated production of 
IL1β by immune cells. Additionally, heme activates caspases 
4 and 5, further enhancing IL1β secretion [115]. Cardiolipin, 
another mtDAMP, binds to NLRP3, facilitating inflam-
masome assembly and subsequent immune activation and 

Fig. 4  Role of mtDAMPs in NLRP3 inflammasome activation and 
pyroptosis. TLR- and ROS-mediated nuclear translocation of NFκB 
increases the expression of NLRP3 and related proteins. The TLR 
adapter protein MyD88 also prevents the post-translational degrada-
tion of NLRP3 via ubiquitination. Various mtDAMPs, such as heme, 
mtDNA, and cardiolipin, bind to NLRP3, facilitating the formation 
of the NLRP3 inflammasome and activation of caspase 1. Caspase 
1 cleaves pro-IL1β and pro-IL18, forming active IL1β and IL18, as 
well as generating GSDMD-N. In addition to caspase 1, GSDMD-N 
is also produced by caspase 4 and 5, which can be activated by heme 
and mtDNA. GSDMD-N aggregates and forms pores in both mito-
chondrial and cell membranes, facilitating the release of mtDAMPs, 
IL1β, and IL18 into the extracellular space. Additionally, GSDMD 

pores allow extracellular fluid to enter the cytosol, causing cell swell-
ing and subsequent cell membrane rupture and the release of DAMPs 
into the extracellular space. Released DAMPs further promote 
NLRP3 expression and activation via TLR-NFκB signaling. Moreo-
ver, caspase 4 and 5 promote ATP release into the extracellular milieu 
by activating pannexin 1 channels. Extracellular ATP activates P2X7 
receptors, reducing intracellular  K+ and increasing  Ca2+ concentra-
tions. Increased intracellular  Ca2+ promotes MAVS expression, which 
further reduces intracellular  K+ levels, leading to activation of the 
NLRP3 inflammasome. Furthermore, mitochondrial  Ca2+ overload 
enhances ROS accumulation, which disrupts the inhibition of TXNIP, 
further driving NLRP3 inflammasome formation, inflammation, and 
cell death
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neuroinflammation [63, 116]. Similarly, released mtDNA acti-
vates the NLRP3 inflammasome, resulting in the production 
of IL1β and IL18 [117]. Like ATP, mtDNA triggers caspase 1 
activation through NLRP3 inflammasome assembly and can 
directly activate caspases 4 and 5 in its absence [118] (Fig. 4). 
Studies have demonstrated that a deficiency in autophagic 
proteins, such as LC3B and Beclin 1, leads to the accumu-
lation of mtDNA and subsequent NLRP3 activation, result-
ing in increased secretion of IL1β and IL18 [119]. Moreover, 
compared with its non-oxidized form, oxidized or newly syn-
thesized Ox-mtDNA has a greater affinity for NLRP3 activa-
tion. Activated NLRP3 also prevents the enzymatic degrada-
tion of released mtDNA in the cytosol, further exacerbating 
inflammation and cell death [94, 120]. Conversely, maintain-
ing autophagy, deleting mtDNA, or inhibiting the synthesis 
of Ox-mtDNA has been shown to prevent NLRP3 activation 
and the secretion of proinflammatory cytokines [94, 121]. 
In addition to NLRP3 activation, extracellular mtDNA also 
activates other inflammasomes, such as NLRC4 and AIM2 
[122, 123]. Unlike NLRP3 and NLRC4, which preferentially 
recognize Ox-mtDNA fragments, AIM2 predominantly senses 
large non-oxidized mtDNA fragments [94, 120, 122]. Fur-
thermore,  H2O2-induced damaged mtDNA and Ox-mtDNA 
activate astrocytes, leading to the production of proinflamma-
tory cytokines such as TNFα, IL1β, IL6, and MCP1, thereby 
contributing to neuroinflammatory pathologies. The underly-
ing mechanisms may involve the activation of the NFκB and 
inflammasome pathways [93]. Extracellular mtdsRNA can also 
activate NLRP3 directly or via TLR3, although this has yet to 
be fully elucidated [96].

The NLRP3 inflammasome also attenuates mitophagy 
via partially caspase 1-mediated Parkin cleavage, augment-
ing the release of mtDAMPs [124]. Additionally, the cas-
pase-mediated active forms of GSDMD and GSDME per-
forate the MOM and MIM, facilitating the further release 
of mtDAMPs into the cytosol. GSDMA3/GSDMD form 
pores of 28–40 nm in the MOM and 10–18 nm in the MIM, 
allowing the release of mtDAMPs, including mtDNA frag-
ments but not nucleoids, into the cytosol. Consequently, 
mtDAMPs-mediated activation of inflammasomes creates 
an inflammatory feedback loop that enhances inflamma-
some activity, potentially exacerbating neuroinflammation 
and neurodegeneration [24, 125, 126]. Further research is 
needed to better understand mtDAMPs-mediated inflam-
masome signaling cascades in specific neurodegenerative 
animal models.

cGAS‑STING

Cyclic guanosine monophosphate (GMP)-adenosine 
monophosphate (AMP) synthase (cGAS) is a cyto-
solic nucleic acid sensor that induces antiviral immune 
responses upon activation. In addition to its presence in 

the cytosol, cGAS has also been localized to the nucleus 
and the plasma membrane [127, 128]. It is constitutively 
expressed in neurons and glial cells, including microglia 
and astrocytes. cGAS has been shown to recognize both 
cytosolic and extracellular mtDNA [129]. Extracellular 
mtDNA, released from damaged or dying neuronal cells, 
can enter glial cells via endocytosis and subsequently be 
released into the cytosol. mtDNA binds to the long α-helix 
site of cGAS, causing a conformational change and activa-
tion of its enzymatic site [88, 130]. The sugar-phosphate 
backbone of mtDNA, rather than the nitrogenous bases, is 
responsible for detection by cGAS. Activated cGAS facili-
tates the binding of ATP and GTP to its enzymatic site, 
catalyzing the production of cyclic GMP-AMP (cGAMP), 
a second messenger [130, 131]. Notably, mtDNA frag-
ments ≥ 18 base pairs in length or U-shaped/bent mtDNA 
(due to the presence of TFAM or other proteins) enhance 
the activation and catalytic activity of cGAS by promot-
ing dimerization of the mtDNA-cGAS complex (2:2 
mtDNA:cGAS). Moreover, dsDNA ≥ 40 base pairs in 
length can form a highly stable oligomeric complex com-
prising dsDNA helices bound to multiple copies of cGAS, 
further enhancing its catalytic activity. Collectively, these 
findings indicate that cGAS activation and cGAMP produc-
tion depend on mtDNA length, not sequence [132–134]. 
cGAMP binds to and induces conformational changes in 
the ER-resident transmembrane protein stimulator of inter-
feron genes (STING). This results in the tetramerization 
and translocation of STING to the ER-Golgi intermedi-
ate compartment (ERGIC) or the Golgi apparatus. The 
oligomeric assembly of STING recruits TANK-binding 
kinase (TBK)1 to its highly conserved C-terminal tail 
(CTT) motif, promoting TBK1 auto-transphosphorylation 
and activation [135, 136]. Activated TBK1 phosphoryl-
ates the CTT motif and recruits interferon regulatory factor 
(IRF)3 for phosphorylation. Phosphorylated IRF3 homodi-
merizes and translocates to the nucleus, where it induces 
the expression of IFN-I, including the α and β isoforms. 
Released IFN-I binds to its heterodimeric receptor, trigger-
ing the expression of interferon-stimulated genes and driv-
ing antiviral responses [137, 138]. Additionally, STING or 
TBK1 phosphorylates and activates the inhibitor of NFκB 
(IκB) kinase (IKK), leading to the proteasomal degrada-
tion of IκB and subsequent translocation of NFκB from 
the cytosol to the nucleus. This triggers the expression of 
proinflammatory cytokines such as TNFα, IL1β, and IL6, 
ultimately provoking inflammation-mediated cell death 
[129, 139] (Fig. 5).

Studies have found that mtDNA released into the circu-
lation causes systemic inflammation and is linked to patient 
mortality [140, 141]. Stress or injury to mitochondria can 
release mtDNA, subsequently activating the cGAS-STING 
signaling pathway. mtDNA-mediated activation of the 
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cGAS-STING pathway increases receptor-interacting pro-
tein kinase (RIPK)3 levels, promoting interferon and TNFα 
signaling and facilitating necroptosis [142]. Conversely, 
the NLRP3 inflammasome has been reported to prevent 
the activation of the cGAS-STING pathway by degrad-
ing cGAS via caspase 1 and promoting  K+ efflux through 
GSDMD pores, leading to a reduction in IFN-I production 
[143, 144]. Blocking caspase 1 activity has been shown 
to reactivate the cGAS-STING pathway, which, interest-
ingly, promotes inflammasome activation and IL1β secre-
tion. This indicates that the cGAS-STING and inflamma-
some pathways regulate each other to prevent excessive 
and uncontrolled inflammation [145]. Further studies are 
required to better understand these mechanisms.

RIG‑I/MDA5‑MAVS

Retinoic acid-inducible gene (RIG)-I and melanoma dif-
ferentiation-associated protein (MDA)5 are key RLRs, a 
group of cytosolic nucleic acid sensors that initiate antivi-
ral immune responses and inflammation upon activation. 
Mechanistically, the binding of dsRNA to RIG-I or MDA5 
induces conformational changes that expose their N-terminal 
CARDs. These CARD dimers oligomerize, becoming active 
and interacting with the CARD-containing adaptor protein 
MAVS, which is anchored in the MOM, mitochondrial-
associated membranes, and peroxisomes. The noncovalent 
interaction between RIG-I/MDA5-2CARD and CARD-
MAVS results in the formation of filaments, activating 

Fig. 5  mtDAMPs drive cGAS-STING, RIG-I/MDA5-MAVS, and 
RIPK1/RIPK3/MLKL signaling. mtDNA is recognized by cGAS, 
which cleaves GTP and ATP to form cGAMP. cGAMP acts as a 
second messenger, binding to the ER-resident protein STING. Acti-
vated STING tetramerizes (only three STING molecules are shown 
in the figure for simplicity) and translocates to the ERGIC or Golgi 
body. STING recruits TBK1 to its CTT motif, initiating TBK1 auto-
transphosphorylation and activation. Activated TBK1 phosphorylates 
the CTT motif of STING, which subsequently recruits and phospho-
rylates IRF3. Phosphorylated IRF3 homodimerizes and translocates 
into the nucleus, leading to increased IFN-I expression. Addition-
ally, TBK1 or STING phosphorylates IKK, facilitating NFκB nuclear 

translocation and the expression of proinflammatory cytokines. 
STING also upregulates the expression of RIPK3, while mtROS 
stimulate the autophosphorylation and activation of RIPK1, promot-
ing necroptosis, DAMP release, and inflammation. Furthermore, 
RIG-I and MDA5 upon detecting mtROS and mtdsRNA, expose their 
CARD dimers to interact with the MAVS CARD. These interactions 
form MAVS CARD filaments, which recruit and activate TBK1 and 
IKKε, driving IRF3-, IRF7-, and NFκB-mediated expression of IFN-I 
and proinflammatory cytokines. Conversely, the NLRP3 inflam-
masome suppresses cGAS-STING signaling by promoting caspase 
1-mediated cGAS degradation
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MAVS. Activated MAVS subsequently recruits and acti-
vates TBK1 and IKKε. TBK1 phosphorylates IRF3, while 
IKKε phosphorylates both IRF3 and IRF7, facilitating their 
translocation into the nucleus to promote the expression of 
IFN-I. Additionally, IKKε activates NFκB by phosphoryl-
ating and degrading IκB, leading to the expression of other 
inflammatory proteins [146, 147] (Fig. 5). mtdsRNA acti-
vates RIG-I and MDA5 receptors, leading to increased IFN-I 
expression [148, 149]. Normally, mtdsRNA is synthesized 
from mtDNA and rapidly cleared by the mitochondrial 
RNA degradosome, which contains the dimeric helicase 
Suv3 and trimeric polynucleotide phosphorylase. Mutation 
or inhibition of the RNA degradosome results in the accu-
mulation of mtdsRNA, which is subsequently released into 
the cytoplasm, triggering the activation of the RIG-I and 
MDA5 receptors. Silencing Bax and Bak has been shown to 
attenuate IFN-I responses, indicating that Bax/Bak-mediated 
MOMP is responsible for the release of mtdsRNA into the 
cytoplasm [94, 149]. Additionally, mtROS has been found 
to facilitate the RIG-I-MAVS-IRF3 signaling pathway, lead-
ing to the induction of IFN-I responses [150]. However, the 
roles of mtdsRNA or mtROS in the activation of the RIG-I/
MDA5-MAVS pathway in neuroinflammation and neurode-
generative disorders remain to be elucidated.

Formyl Peptide Receptors

FPRs are a group of G protein-coupled chemoattractant 
receptors predominantly expressed in phagocytic immune 
cells such as microglia, with lower expression in astrocytes 
and neurons [151]. FPRs recognize extracellular NFPs, lead-
ing to the activation and recruitment of immune cells to sites 
of injury. This process results in the secretion of inflamma-
tory proteins and promotes cellular damage and death [151, 
152]. Under normal conditions, NFPs reside in the mito-
chondrial matrix, but pathological conditions such as trauma 
or injury facilitate their release into the extracellular milieu 
[153]. Studies have reported that mitochondria-derived 
NFPs activate neutrophils and recruit them to injury sites, 
where they release ROS and IL8. This action is mediated via 
FPR1 activation, which subsequently triggers the activity of 
p38 MAPK and ERK1/2 [154]. Additionally, axonal mito-
chondria-derived NFPs have been shown to trigger inflam-
matory responses in Schwann cells following nerve injury, 
which is partially mediated by FPR2 expression [155]. NFPs 
also induce the FPR-mediated release of lysosomal enzymes, 
ROS, and proinflammatory cytokines from monocytes. Fur-
thermore, the activation of FPR2 expressed on microglia 
induces pathological responses in the CNS similar to those 
observed in peripheral immune cells. Activated microglia 
secrete ROS, complement proteins, and proinflammatory 
cytokines, leading to neuroinflammation and neuronal death 
[156]. Therefore, blocking FPRs or preventing the release 

of NFPs from damaged mitochondria could be a potential 
therapeutic approach for treating neuroinflammation and 
neurodegeneration.

Others

mtDAMPs have been reported to induce inflammation and 
cell death by activating necroptosis and hypoxia-inducible 
factor (HIF)1α. Necroptosis, a regulated form of necrosis, 
can be triggered by the activation of various extracellular 
and intracellular PRRs and facilitated by the inhibition of 
caspase 8. This process leads to the autophosphorylation and 
activation of RIPK1, which subsequently binds and phos-
phorylates RIPK3. The complex formed by phosphorylated 
RIPK1 and RIPK3, known as the necrosome, further phos-
phorylates and activates mixed lineage kinase domain-like 
pseudokinase (MLKL). Phosphorylated MLKL oligomer-
izes and forms pores in the plasma membrane, leading to cell 
death and the release of cytosolic contents into the extracel-
lular space. These released cytosolic DAMPs activate and 
recruit immune cells, thereby facilitating inflammation and 
cell death. Several studies have identified necroptosis as a 
major driver of neuroinflammation in neurodegenerative 
diseases, including AD and PD [157]. Notably, mtROS can 
trigger the autophosphorylation and activation of RIPK1, 
thereby promoting necrosome formation [158] (Fig. 5). 
However, further studies are needed to clarify the role of 
mtDAMPs in necrosome formation and their contribution 
to neuroinflammation and neurodegeneration. Additionally, 
hypoxia, injury, and inflammation can trigger the release of 
succinate, an intermediate metabolite of the Krebs cycle, 
from mitochondria into the cytosol and subsequently into 
extracellular fluids. Plasma succinate levels have been 
proposed to be a predictor of mortality in severely injured 
patients. Extracellular succinate can activate dendritic and 
other immune cells, possibly through the activation of 
HIF1α, leading to increased expression of proinflammatory 
cytokines. Succinate can also upregulate ROS production, 
thereby facilitating cellular damage and death [159–161]. 
Further studies exploring the release of succinate from neu-
ronal mitochondria and its role in neuroinflammation and 
neurodegeneration would provide valuable insights.

Regulations of mtDAMP Release 
and Inflammatory Cascades

Several endogenous mechanisms, such as mitophagy, apop-
tosis, and oxeiptosis, prevent the release of mtDAMPs into 
the extracellular milieu. Mitophagy selectively removes 
damaged or dysfunctional mitochondria from the cytosol 
through an autophagic process. The key proteins involved 
in this process include PTEN-induced kinase (PINK)1, 
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Parkin, and microtubule-associated protein 1 light chain 
(LC)3. Sublethal MOMP triggers mitophagy, leading to the 
elimination of permeabilized and defective mitochondria via 
autophagolysosomal degradation [162, 163]. This process 
prevents the release of mtDAMPs, either directly or through 
MDVs, thereby inhibiting the activation of PRRs such as 
TLR9, the NLRP3 inflammasome, and cGAS, and reduc-
ing the production of proinflammatory cytokines, including 
IFNβ [163–166]. Suppression of mitophagy/autophagy pro-
teins, such as beclin 1, LC3B, PINK1, and Parkin, leads to 
the accumulation of defective mitochondria and mtDAMPs 
(such as mtROS and mtDNA), which activate the NLRP3 
inflammasome and result in the production of proinflam-
matory cytokines, including IL1β and IL18 [124, 165, 167, 
168]. To maintain cellular homeostasis, activated PRRs 
have been shown to prevent further immune stimulation and 
inflammation by activating mitophagy. Notably, the inflam-
masome, via engagement of NFκB, has been found to acti-
vate Parkin-mediated mitophagy to remove permeabilized 
mitochondria [166]. Parkin also ubiquitinates and inacti-
vates BAK1 after MOMP to restore mitochondrial health 
and cellular homeostasis [162]. Similarly, cGAS promotes 
mitophagy by activating TBK1 and IKKα [169, 170]. How-
ever, persistent cellular stress or disease can compromise 
the mitophagy quality-control pathway, allowing defective 
mitochondria to release excess mtDAMPs into the cytosol. 
This leads to the activation of neuroinflammatory cascades 
and neuronal death [3].

Apoptosis is another protective mechanism akin to 
mitophagy, operating at the cellular level rather than 
solely at the mitochondrial level. It encapsulates cellular 
contents in apoptotic bodies, allowing their rapid deg-
radation by phagocytic immune cells, a process known 
as efferocytosis. This mechanism prevents the release of 
mtDAMPs into the extracellular space, thereby preventing 
immune activation and inflammation [171, 172]. Failure 
to clear apoptotic bodies can lead to a switch to necrotic 
cell death, which releases immunogenic mtDAMPs into 
the extracellular space [173]. Apoptotic cells also release 
various immunosuppressive molecules, such as IL10, 
transforming growth factor β, and prostaglandin E2, creat-
ing an anti-inflammatory microenvironment that prevents 
undue inflammation [174]. Following widespread MOMP, 
caspases rapidly cleave and inactivate various activated 
inflammatory signaling proteins, further preventing the 
initiation and progression of inflammation. For example, 
caspases block IFN-I responses and NFκB signaling by 
directly cleaving and inactivating cGAS, MAVS, IRF3, 
NFκB essential modulator (NEMO), and IKKβ [175, 176]. 
Additionally, caspase 3 and caspase 7 cleave and inacti-
vate IL33 [177]. Caspases also inhibit immunogenic pro-
tein synthesis by cleaving initiation factors such as eIF2α, 
eIF2B, and eIF4G [178]. Blocking caspase activity after 

MOMP has been shown to enhance IFN-I responses and 
NFκB signaling, potentially leading to increased inflam-
mation and immunogenic cell death [31, 175, 179]. How-
ever, mice lacking caspase 3 or Apaf1 survive to adulthood 
without a hyperinflammatory phenotype, indicating that 
MOMP engages other mechanisms in addition to caspases 
to prevent inflammation [180, 181]. For instance, follow-
ing MOMP, PNPT1, an IMS resident protein, is released 
and degrades global mRNA, including inflammatory tran-
scripts [182]. In contrast to widespread MOMP, caspase 
activity is generally insufficient to degrade inflammatory 
signaling proteins or induce apoptosis following minor 
MOMP. Under these conditions, caspases activate DNases, 
including mitochondrial endonuclease G, causing DNA 
damage and promoting cell senescence. Accumulated dam-
aged DNA can trigger inflammatory signaling and favor 
the production of proinflammatory cytokines, including 
IFN-I. Inhibiting caspase activity following minor MOMP 
has minimal effect on proinflammatory cytokine produc-
tion, while other studies have shown improved genomic 
stability and recovered mitochondrial health, as well as 
the survival and proliferation of cells, including neurons 
[183–186]. However, further studies are needed to clarify 
the role of caspases in mtDAMP release and inflamma-
tion. Recently, a soluble serum protein, leucine-rich α-2 
glycoprotein 1, was found to prevent inflammation and 
cellular death by promoting the phagocytosis of extracel-
lular Cytc [187].

Oxeiptosis is another noninflammatory cell death path-
way that prevents the release of cytosolic contents into the 
extracellular space. Unlike apoptosis, it is not mediated by 
caspases but depends on the activation of the MIM-resident 
serine-threonine phosphatase, commonly known as phospho-
glycerate mutase (PGAM)5. Normally, PGAM5 is inhibited 
by kelch-like ECH-associated protein (KEAP)1, which also 
regulates the activities of nuclear factor erythroid 2-related 
factor (Nrf)2. KEAP1 acts as a major cytosolic sensor of oxi-
dative stress and becomes oxidized at its C-terminal cysteine 
residues in a ROS-dependent manner. At low levels of cyto-
solic ROS, Nrf2 is released from the Nrf2-KEAP1-PGAM5 
complex and translocates into the nucleus to promote the 
expression of cytoprotective antioxidant proteins. In con-
trast, high levels of accumulated ROS trigger the release of 
PGAM5 from the KEAP1 tripartite complex. Once released, 
PGAM5 enters the mitochondrial matrix and dephospho-
rylates apoptosis-inducing factor mitochondria-associated 
(AIFM)1 at the Ser116 residue. Dephosphorylated and acti-
vated AIFM1 then translocates from the mitochondria to the 
nucleus, where it causes chromatin condensation and DNA 
fragmentation, leading to oxeiptosis. Notably, exposure to 
ozone in  PGAM5−/− mice has been reported to induce the 
production of proinflammatory cytokines, indicating that 
oxeiptosis negatively regulates ROS-mediated inflammation. 
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This suggests that oxeiptosis plays a crucial role in miti-
gating inflammation by preventing excessive ROS-induced 
inflammatory responses [188, 189].

Role of mtDAMPs in Neurodegenerative 
Disorders

The deterioration of mitochondrial health and functionality 
in neuronal cells is an inherent aspect of the aging process. 
Nevertheless, pathological risk factors, including genetic 
predispositions, proteinopathies, physical injuries, free radi-
cal accumulation, and excitotoxicity, precipitate a more rapid 
decline in mitochondrial structural integrity within these 
cells. Extensive evidence indicates that compromised mito-
chondrial health and the subsequent release of mtDAMPs 
initiate a cascade of inflammatory responses, resulting in 
the activation of immune cells in the brain. This cascade 
leads to neuroinflammation, neuronal injury, and neuronal 
death, thereby contributing to the onset and progression of 
neurodegenerative disorders such as AD, PD, ALS, MS, and 
stroke [3, 190] (Table 2). 

Alzheimer’s Disease

AD is the most prevalent neurodegenerative disorder and 
is characterized by impairments in short- and long-term 
memory, visual perception, language, complex attention, 
and executive functions. Neuroinflammation is a major 
pathological hallmark of AD, primarily arising from the 
accumulation of extracellular amyloid-beta peptide (Aβ) 
and intracellular hyperphosphorylated (p)-tau protein. The 
disease typically initiates in the allocortex, including the 
entorhinal cortex and hippocampus, and progresses to the 
neocortex, eventually affecting the basal ganglia in the ter-
minal stages. Research has demonstrated that aggregated Aβ 
and p-tau not only damage neurons but also disrupt mito-
chondrial integrity [191]. Aβ has been shown to induce the 
overexpression of VDAC1 in cultured neurons. This pathol-
ogy is similar to that observed in neurons adjacent to Aβ 
plaques in quintuple-transgenic familial (5 × F) AD mice. 
Pharmacological inhibition of VDAC1 has been shown to 
mitigate neurometabolic dysfunctions, neuroinflammation, 
neuronal death, and cognitive decline in these mice [192]. 
Furthermore, Aβ plaques damage microglial mitochondria 
and trigger microglial activation. Activated microglia com-
municate with astrocytes by releasing dysfunctional and 
fragmented mitochondrial components into the extracellular 
milieu. These mtDAMPs activate reactive astrocytes, trig-
gering neuroinflammation and neurodegeneration. Inhibition 
of mitochondrial damage through either Fis1 inhibition or 
mitophagy has been suggested as a neuroprotective strat-
egy against glial cell activation and neuroinflammation [8, 

193]. Dysfunctional mitochondria in neuronal cells fail to 
buffer cytosolic  Ca2+, leading to increased Aβ production 
and p-tau accumulation, further exacerbating AD pathol-
ogy and cognitive decline. Presenilin 2, a transmembrane 
protein localized at mitochondria-associated ER membranes, 
has been shown to increase  Ca2+ uptake into mitochondria 
by activating the mPTP, leading to excessive free radical 
generation, mitochondrial dysfunction, neuronal death, and 
impaired learning and memory in AD [194]. The knockdown 
of MCU in hippocampal neurons ameliorates astrogliosis 
and the production of proinflammatory cytokines (such as 
TNFα and IL1β) while restoring mitophagy, synaptic struc-
ture, and memory performance in APP/PS1/tau triple-trans-
genic AD mice [195]. Moreover, activated microglia and 
astrocytes have been shown to compromise mitochondrial 
health by reducing the ΔΨm and ATP levels, thus hindering 
the survival of cortical neurons. MCU knockdown in cortical 
neurons alleviates glial cell-induced impairments in mito-
chondrial health and bioenergetics [196]. Further studies in 
AD patients and mouse models revealed that Aβ accumu-
lation triggers the activation of the NLRP3 inflammasome 
in microglia, leading to neuroinflammation and cognitive 
dysfunction. Elevated levels of IL1β have been detected 
in the serum, CSF, and brain tissue of AD patients [197]. 
Although it remains unclear whether Aβ directly activates 
the NLRP3 inflammasome or requires intermediary mecha-
nisms, recent findings suggest that Aβ promotes intracellular 
 Ca2+ overload via the activation of transient receptor poten-
tial melastatin 2 channels, impairing mitochondrial quality 
control, facilitating ROS production, and subsequently acti-
vating the NLRP3 inflammasome [198]. Activation of the 
NLRP3 inflammasome exacerbates Aβ plaque deposition, 
neuroinflammation, hippocampal neuronal damage, and cog-
nitive deficits, while inhibition of NLRP3 signaling reverses 
these pathologies [197, 199]. Additionally, ROS have been 
shown to promote AD pathology through the activation of 
TLRs, such as TLR4 and TLR9. Preventing mitochondrial 
dysfunction and reducing ROS levels alleviates TLR4/NFκB 
signaling-mediated neuroinflammation, neurodegeneration, 
and memory impairment in AD mouse models [200–202].

Furthermore, extracellular Cytc has been shown to acti-
vate TLR4 expressed in microglia and astrocytes, contribut-
ing to neuroinflammation and neuronal death. Cytc-activated 
astrocytes have been reported to secrete IL1β, IL12, and 
GM-CSF via TLR4-mediated pathways, which are toxic to 
neuronal (SH-SY5Y) cells [80]. Additionally, serum amy-
loid A, Aβ, and p-tau have been reported to bind TLR4/
TLR2, facilitating the priming of the P2X7 receptor on 
microglia. Upon recognizing extracellular ATP, the P2X7 
receptor triggers NLRP3 inflammasome activation, leading 
to microgliosis, IL1β and TNFα secretion, as well as motor 
and memory deficits. Pharmacological blockade or reduction 
of P2X7 receptor expression mitigates microgliosis, IL1β 
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secretion, senile plaque deposition, neuronal loss, motor and 
memory deficits, and anxious behaviors in both the early 
and advanced stages of AD [203–206]. Moreover, the res-
toration of mitochondrial quality has the potential to alle-
viate these pathologies, although this area requires further 
exploration. Cardiolipin, which is released from fragmented 
mitochondria, has been shown to activate the NLRP3 inflam-
masome, leading to increased production of IL1β, Aβ, and 
p-tau in cultured cortical neurons [207]. Conversely, expo-
sure of microglia to Aβ results in the release of cardiolipin, 
which subsequently acts on neighboring glial cells (such as 
microglia, astrocytes, and oligodendrocytes) and facilitates 
Aβ phagocytosis [208]. Another study indicated that extra-
cellular cardiolipin binds to TLR4 expressed on microglia, 
promoting Aβ phagocytosis. Additionally, extracellular 
cardiolipin stimulates resting microglia to secrete several 
cytokines, including MCP1 and interferon gamma-induced 
protein (IP)10 [86]. Further studies, especially in in vivo 
models, are necessary to better understand the role of extra-
cellular cardiolipin in AD pathology. AD pathology is also 
associated with RAGE-immunoreactive microglia. Mecha-
nistically, Aβ has been shown to bind RAGE and activate 
TXNIP, leading to microglial activation, cytokine secretion, 
and GFAP release in the hippocampus of 5 × FAD mice. 
TXNIP also facilitates the transport of Aβ from the cell sur-
face to mitochondria, promoting mitochondrial dysfunction 
via Drp1 activation and subsequent NLRP3 inflammasome 
activation and IL1β secretion. Downregulating the RAGE-
TXNIP axis ameliorates Aβ-mediated mitochondrial dys-
function, neuroinflammation, and GSDMD activation [209]. 
However, TFAM can also be released from dysfunctional 
mitochondria and might aggravate RAGE-mediated pathol-
ogy and neuroinflammation in AD, although this hypothesis 
requires further validation in future studies. A recent study 
revealed that Aβ binds to FPR2, inducing astrocyte activa-
tion, which subsequently leads to neuroinflammation, cog-
nitive decline, and increased p-tau levels [210]. Similarly, 
NFPs released from damaged mitochondria may also act on 
FPR2 and promote AD-related pathology. Studies have also 
shown that inflammatory mediators or TLR4 agonists, such 
as Aβ, increase the expression of FPR2 in microglia [211].

Aβ is also implicated in the activation of the cGAS-
STING pathway in neuronal and glial cells, promoting 
IFN-I-mediated neuroinflammation, Aβ accumulation, 
and memory decline in AD patients and rodent mod-
els [212–214]. However, whether Aβ directly activates 
cGAS or through intermediary processes remains to be 
elucidated. Reduced levels of ccf-mtDNA in the CSF of 
asymptomatic patients suggest that mtDNA could serve as 
a potential biomarker for neuronal damage in AD [215]. 
Early-stage AD studies have detected ccf-mtDNA periph-
erally, with higher concentrations reported in the serum of 
mild AD patients, which is associated with mitochondrial 

dysfunction, neurodegeneration, and cognitive decline [60]. 
The efficiency of mtDNA repair decreases with age due to 
the reduced activity of mitochondrial 8-oxoguanine glyco-
sylase 1, leading to the accumulation of mutated mtDNA in 
the cytoplasm and extracellular space, which triggers cGAS-
STING pathway-mediated inflammation [216]. Postmortem 
reports have revealed elevated levels of STING in the brain 
endothelial and neuronal cells of AD patients. Inducing 
mitochondrial dysfunction in brain endothelial cells with 
palmitic acid has been shown to increase the amount of 
cytosolic DNA and the levels of cGAS-STING signaling 
proteins, including cGAS, TBK1, IRF3, and IFNβ [217]. 
Neutrophil infiltration into cerebral tissue is another patho-
logical hallmark of AD. Aβ recruits neutrophils into cer-
ebral tissue, promoting neuronal apoptosis and the release 
of mitochondria and mtDNA into the extracellular space. 
Together, Aβ and mtDNA synergistically promote neutro-
phil recruitment into the cerebrum. Infiltrated neutrophils 
induce neuroinflammation via the mtDNA-STING-NLRP3/
IL1β axis. Blocking any protein involved in this signaling 
pathway alleviates neutrophil migration into cerebral tissue, 
neuroinflammation, and cognitive decline in AD [218].

In addition to cGAS-STING signaling, mtDNA activates 
other inflammatory pathways. The presence of ccf-mtDNA 
in serum has been identified as a significant factor for 
increasing inflammation, worsening composite gait, impair-
ing cognitive function, and increasing mortality risk in older 
adults [219]. Elevated ccf-mtDNA levels correlate with 
increased inflammatory markers such as C-reactive protein, 
TNFα, and IL6, serving as potential predictive biomarkers 
for physical decline in older adults. Studies have shown that 
mtDNA levels begin to increase after the fifth decade of 
life, with the concentrations of proinflammatory cytokines/
chemokines such as TNFα, IL6, and CCL5 being directly 
proportional to plasma mtDNA levels in elderly individuals 
[190]. Exposure of microglial (BV2) cells to mitochondrial 
lysates decreases triggering receptor expressed on myeloid 
cells (TREM)2 mRNA and increases p38 MAPK phos-
phorylation and NFκB translocation to the nucleus, lead-
ing to increased mRNA levels of TNFα, IL8, and matrix 
metalloproteinase (MMP)8. Similarly, mitochondrial lysates 
decreased IκBα protein levels and increased NFκB protein, 
TNFα mRNA, and amyloid precursor protein (APP) and 
mRNA levels in SH-SY5Y cells. Mitochondrial lysates lack-
ing mtDNA fail to induce these pathological changes, con-
firming that mtDNA is a major driver of neuroinflammation 
and neurodegeneration in AD [220]. Some evidence suggests 
that, in addition to mtDNA, other mtDAMPs increase the 
mRNA and protein expression of APP and Aβ in the brain. 
Stereotactic injection of mitochondrial lysates or mtDNA 
into the hippocampi of C57BL/6 mice reduces TREM2 
mRNA and elevates GFAP protein and TNFα mRNA in the 
hippocampus, as well as increases NFκB phosphorylation in 
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the cortex. mtDNA, but not mitochondrial lysates, increases 
the expression of colony-stimulating factor 1 receptor pro-
tein and Akt phosphorylation in the cortex. Conversely, 
mitochondrial lysates, but not mtDNA, upregulate the 
mRNA and protein expression of APP and Aβ in the brain. 
Overall, these studies indicate that damaged mitochondria 
drive neuroinflammation and contribute to the progression 
of AD pathology [221].

Recent findings by Ochoa et al. (2023) demonstrated 
increased expression of dsRNA and dsRNA-sensing machin-
ery in the brains of tau transgenic mice, as well as in astro-
cytes isolated from postmortem AD patient brains. Tau 
aggregates were shown to induce heterochromatin decon-
densation, leading to the activation of retrotransposons that 
form dsRNA, which subsequently triggers dsRNA-mediated 
neuroinflammation and neurodegeneration. It is also hypoth-
esized that tau aggregates may alter mitochondrial integrity, 
driving mtdsRNA-mediated neuroinflammation and neuro-
degeneration in AD [222]. Further studies have reported that 
dsRNA with a high molecular weight (1–6 kb), compared 
to dsRNA with a low molecular weight (< 0.5 kb), induces 
more robust sickness behavior, the secretion of proinflam-
matory cytokines such as IL1β, IL6, and IFN-I, and working 
memory deficits in both young and aged mice. These pathol-
ogies are exacerbated in aged mice compared to younger 
mice [223]. The acute administration of dsRNA rapidly and 
persistently activates microglia and astrocytes, as well as 
NOS and IL1β. This activation results in the deposition of 
APP, Aβ, and apolipoprotein E, causing hippocampal atro-
phy and neuron loss in several brain regions, including the 
hippocampus, thalamus, cortex, and septal nucleus. Admin-
istration of the anti-inflammatory drug ibuprofen has been 
shown to attenuate glial cell activation and neurodegenera-
tion, indicating that dsRNA initiates and progresses AD 
pathology via neuroinflammation [224]. Further research is 
required to evaluate the specific contribution of mtdsRNAs 
to neuroinflammation and AD pathology. Studies should 
focus on elucidating the mechanisms by which tau aggre-
gates alter mitochondrial integrity and promote mtdsRNA-
mediated neuroinflammation, as well as potential therapeu-
tic interventions targeting these pathways to mitigate AD 
progression.

Parkinson’s Disease

PD is the second most prevalent neurodegenerative disor-
der and is characterized by motor symptoms such as brad-
ykinesia, hypokinesia, rigidity, resting tremor, and postural 
instability, as well as nonmotor symptoms such as autonomic 
dysfunction, sleep abnormalities, depression, and demen-
tia. The principal pathological hallmark is the intraneuronal 
accumulation of Lewy bodies, which are primarily com-
posed of α-synuclein (α-syn) fibrils. These fibrils contribute 

to  Ca2+ dysregulation, mitochondrial dysfunction, oxidative 
stress, neuronal damage, and neuroinflammation. Conse-
quently, there is a progressive loss of dopaminergic neurons 
in the substantia nigra pars compacta (SNpc), leading to 
reduced dopamine levels in the striatum [225, 226].  Ca2+ 
release from damaged mitochondria is a potential contribu-
tor to neuronal damage, neuroinflammation, and the progres-
sion of PD. Familial PD has been associated with increased 
intracellular  Ca2+ in tyrosine hydroxylase (TH)-positive neu-
rons in the SNpc and in microglia in the striatum. This leads 
to mitochondrial  Ca2+ overload, mitochondrial dysfunction, 
neuronal damage, activation of microglia and astrocytes, 
neuroinflammation, and death of TH-positive neurons in 
the SNpc, ultimately impairing motor performance [226, 
227]. Mitochondrial  Ca2+ overload can also enhance ROS 
production. α-Syn aggregates have been shown to disrupt 
mitochondrial functions and elevate ROS levels. Increased 
ROS can directly damage dopaminergic neurons and activate 
microglia via the NFκB signaling pathway. The SNpc is rich 
in microglia, making it highly susceptible to inflammatory 
attacks. A reduction in mitophagy proteins such as PINK1 
and Parkin can activate the NLRP3/Caspase 1/GSDMD axis, 
exacerbating neuroinflammation and neuronal death [228, 
229]. Postmortem analyses of PD patient brains suggest that 
mitochondrial dysfunction can exacerbate inflammation and 
neurodegeneration [228]. Inhibition of mtROS via Nrf2 acti-
vation or antioxidants has been shown to mitigate microglial 
and astrocyte activation, NFκB phosphorylation, proinflam-
matory cytokine release, and dopaminergic neuronal death 
[230, 231]. Extracellular ATP also contributes to the pro-
gression of PD pathology. Overexpression of ATP receptors 
such as P2X4 and P2X7 in microglia and astrocytes derived 
from PD rodent models has been observed. The binding 
of extracellular ATP to these receptors increases IL6 pro-
duction, resulting in dopaminergic neuronal degeneration 
in the SNpc [232, 233]. Activation of the P2X4 receptor 
also triggers NLRP3 inflammasome-mediated neuroinflam-
mation and dopaminergic neurodegeneration in rats [234]. 
Knockdown of the P2X4 receptor via small interfering (si)
RNA has been shown to improve mitophagy, brain-derived 
neurotrophic factor (BDNF) expression, TH expression, 
and motor function in rats [235]. Furthermore, extracellular 
heme, along with ROS, can induce ferroptosis in dopaminer-
gic neurons, promoting PD pathology [236]. The release of 
cardiolipin into the extracellular space has also been shown 
to trigger immune activation, driving neuroinflammation, 
dopaminergic neuronal loss, and motor deficits [237, 238]. 
PD pathology is linked to RAGE-mediated gliosis, which 
induces neuroinflammation and α-syn deposition in the 
SNpc and reduces motor and cognitive functions in Wistar 
rats. Extracellular TFAM can bind to RAGE and may con-
tribute to the initiation and progression of PD [63, 239].
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In PD patients, elevated levels of ccf-mtDNA have 
been reported in the CSF and serum [240, 241]. Post-
mortem analyses have revealed elevated STING protein 
levels in the neuronal and endothelial cells of PD brains 
[217]. Another study revealed that increased STING pro-
tein expression in the SNpc of PD patients was associ-
ated with α-syn deposition. These findings indicate that 
α-syn aggregates cause mtDNA damage through increased 
nitro-oxidative stress, leading to cGAS-STING-mediated 
neuroinflammation and dopaminergic neurodegeneration. 
Similarly, α-syn aggregates have been shown to break 
dsDNA in microglia and astrocytes, activating TBK1 
and STING to produce IFN-I in the striatum, resulting 
in neuroinflammation, dopaminergic neurodegeneration, 
α-syn accumulation, and motor deficits in mice [242]. A 
reduction in mitophagy exacerbates mtDNA dysregula-
tion and neuroinflammation in PD [241, 243]. Compared 
to idiopathic PD patients, those with PINK1/Parkin 
mutations exhibit higher serum levels of ccf-mtDNA, 
C-reactive protein, and IL6. Thus, ccf-mtDNA could 
serve as a predictive biomarker to distinguish between 
idiopathic PD and PINK1/Parkin-mutated PD. Addi-
tionally, IL6 levels increase with disease progression in 
PINK1/Parkin-mutated PD patients but not in idiopathic 
PD patients [241]. Sliter et al. (2018) demonstrated that 
 Parkin−/− mice accumulate mutated mtDNA, and follow-
ing exhaustive exercise, both  Parkin−/− and  PINK1−/− mice 
exhibit a strong inflammatory phenotype, which is miti-
gated by STING inhibition. Suppression of STING also 
alleviated dopaminergic neuronal loss in the SNpc and 
motor defects in aged  Parkin−/− mice [167]. However, even 
with the deletion of STING or IFN-I signaling, damaged 
mtDNA can still induce and propagate PD-like pathol-
ogy. For instance, oxidized and mutated mtDNA released 
from neurons induces neuropsychiatric, motor, and cog-
nitive impairments in IFNβ−/−/IFNAR−/− mice. Neurode-
generation occurs in brain regions distant from the site 
of mtDNA release, indicating that damaged mtDNA not 
only induces but also spreads PD-like pathology. The 
underlying mechanism involves the activation of TLR4/9 
and subsequent upregulation of oxidative stress [244]. 
In addition to mtDNA, dsRNA released from damaged 
mitochondria can drive PD-like pathology. Stereotaxic 
injection of polyinosinic:polycytidylic acid (poly I:C), a 
synthetic analog of dsRNA, into the SNpc of wild-type 
mice induces microglial activation, resulting in increased 
α-syn expression and dopaminergic neurodegeneration. 
Poly I:C is recognized by the Mac-1 receptor, which acti-
vates microglia and NOX, leading to the loss of dopamin-
ergic neurons and the emergence of PD-like symptoms in 
mice [245]. Investigating the role of mitophagy in dsRNA 
release subsequent to mitochondrial damage in PD models 
would be a valuable addition to current research.

Amyotrophic Lateral Sclerosis

ALS is another motor neurodegenerative disorder charac-
terized by a progressive loss of voluntary muscle control 
(paresis), affecting the bulbar, limb, and respiratory mus-
cles while generally sparing sensory and cognitive functions. 
This disease is associated with mutations in genes such 
as C9orf72, SOD1, TAR DNA-binding protein (TDP)43, 
and fused in sarcoma (FUS), which leads to dysregula-
tion of mRNA processing, protein misfolding, mitochon-
drial dysfunction, and oxidative stress. These pathological 
mechanisms result in axonal damage, synaptic dysfunction, 
microgliosis, astrogliosis, and neuroinflammation, ultimately 
causing the progressive loss of upper motor neurons in the 
cortex and lower motor neurons in the brainstem and spi-
nal cord [246, 247]. Motor neurons in ALS patients exhibit 
mitochondrial abnormalities, including defective mitochon-
drial morphology,  Ca2+ overload, reduced Cytc oxidase 
activity, and decreased mtDNA concentrations, with high 
mutation rates [247, 248]. The accumulated  Ca2+ released 
from damaged mitochondria can initiate and exacerbate 
ALS pathology. Maintaining cytosolic  Ca2+ levels has been 
shown to ameliorate microglial and astrocyte activation, 
reduce misfolded SOD1 accumulation, and mitigate motor 
neurodegeneration in the spinal cord, leading to improved 
motor symptoms and prolonged lifespan in ALS mice [249]. 
Similarly, mtROS released from damaged mitochondria can 
drive neuroinflammation and neurodegeneration in indi-
viduals with ALS. Reducing ROS levels through antioxi-
dant enhancement has been shown to alleviate mitochon-
drial defects, neuroinflammation, and neuronal loss in the 
brain and to restore grip strength, locomotion, and memory 
in ALS rats [250]. The level of extracellular ATP, another 
mtDAMP, is elevated in the CSF of ALS patients and has 
been shown to predict disease severity [251]. Upon binding 
to P2X7 receptors, extracellular ATP triggers the release of 
mutated SOD1 (SOD1G93A) from motor neurons, which 
subsequently induces ER stress in healthy motor neurons 
and activates microglia to secrete proinflammatory cytokines 
such as TNFα [252]. Extracellular ATP and SOD1G93A 
also activate astrocytes via P2X7 receptors, causing motor 
neurodegeneration [253]. Although the intracellular mecha-
nisms underlying ATP-P2X7 receptor-mediated motor neu-
rodegeneration remain unclear, recent studies have impli-
cated the activation of caspases, nNOS, p38 MAPK, and 
FAS signaling as possible contributors [254]. Pharmacologi-
cal inhibition of P2X7 receptors has been shown to attenuate 
motor neurodegeneration, microgliosis, NFκB, NOX2, and 
IL1β while promoting IL10 and BDNF in the lumbar spinal 
cord, thereby improving motor performance in SOD1G93A 
male and female mice [255]. Interestingly, another independ-
ent study revealed that pharmacological inhibition of P2X7 
receptors is beneficial for female SOD1G93A mice but not 
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for male SOD1G93A mice [256]. Additionally, increased 
RAGE expression has been reported in astrocytes, microglia, 
and motor neurons in both rodent and human ALS models. 
RAGE activation has been shown to exacerbate ALS pathol-
ogy in SOD1G93A mice [257]. Moreover, TFAM released 
from damaged mitochondria activates RAGE, further induc-
ing and facilitating ALS pathology.

Recent studies have revealed elevated levels of STING 
protein in the brain endothelial and neuronal cells of ALS 
patients [217]. Increased expression of the cGAMP protein 
has also been observed in the spinal cord of ALS patients 
[258]. Both proteins are associated with the aggregation of 
misfolded proteins in neurons [217]. Cytoplasmic accumula-
tion of TDP43 has been reported to trigger the opening of 
the mPTP, causing mtDNA to escape from the mitochondrial 
matrix into the cytosol. This escape leads to the upregulation 
of the cGAS-STING pathway, NFκB, and IFN-I in motor 
neurons as well as in TDP43 transgenic ALS mice. Phar-
macological inhibition or genetic ablation of cGAS reverses 
these pathological alterations, indicating that the mtDNA-
cGAS-STING cascade drives motor neuroinflammation and 
neurodegeneration in ALS [258]. Furthermore, cytoplasmic 
aggregated SOD1G93A has been shown to directly dam-
age mitochondria, facilitating mPTP-independent release 
of mtDNA and RNA:DNA hybrids into the cytosol. Both 
mtDNA and RNA:DNA intermediates activate the cGAS 
and/or DDX41 (another nucleic acid sensor and STING 
activator)-STING-IRF3 pathway, promoting IFN-I mediated 
antiviral responses and neuroinflammation in in vitro and 
in vivo SOD1G93A ALS models. Evidence also suggests 
that components of the cGAS/DDX41-STING-IRF3 path-
way can transfer from affected cells to nearby healthy cells 
via inter-neuronal gap junctions, resulting in amplification 
and spread of signaling pathways, worsening ALS pathology 
[73]. Additionally, the release of mtdsRNA from damaged 
mitochondria may also trigger neuroinflammation and neu-
ronal death in individuals with ALS. Cytoplasmic TDP43 
inclusions have been shown to elevate dsRNA levels in cul-
tured human neuronal cells, triggering IFN-I-mediated cell 
death. This dsRNA-induced IFN-I response also propagates 
the death of connected neurons in the brains of C9orf72 ALS 
mice [259]. The accumulation of dsRNA induces microglio-
sis and astrogliosis, possibly via activation of protein kinase 
R, leading to upregulation of proinflammatory proteins and 
degeneration of spinal cord motor neurons in ALS mice 
[260, 261]. Further studies are warranted to elucidate the 
precise role of mtdsRNAs in ALS pathology and to explore 
potential therapeutic targets within these pathways.

Multiple Sclerosis

MS is an autoimmune neurodegenerative disorder charac-
terized by neuronal demyelination, axonal loss, failure of 

neuronal transmission, oligodendrocyte damage, inflamma-
tory focal lesions, microgliosis, astrogliosis, a compromised 
BBB, and infiltration of peripheral immune cells such as 
autoreactive T cells, B cells, monocytes, dendritic cells, and 
natural killer T cells into the CNS. Symptoms of MS include 
impairments in motor functions, sensory functions, and 
cognition, as well as visual disturbances, fatigue, and pain 
[262]. Damaged mitochondria play a significant role in the 
initiation and progression of neuroinflammation and demy-
elination in MS.  Ca2+ released from damaged mitochondria 
can exacerbate MS pathology. Recent studies have shown 
that pharmacological inhibition or genetic suppression of 
the voltage-gated  Ca2+ channel 1.2 attenuates microgliosis, 
astrogliosis, lymphocyte infiltration, and neuronal demyeli-
nation in the lumbar spinal cord and improves motor perfor-
mance in MS mouse models [263]. Moreover, ROS released 
from dysfunctional mitochondria can damage myelinated 
neurons and trigger immune activation. Dysfunctional mito-
chondria with low ΔΨm promote ROS accumulation, which 
induces chemokine and cytokine production and causes 
axonal degeneration in the brains of rats [264]. Reducing 
ROS levels ameliorates NLRP3 inflammasome activation, 
microgliosis, T helper (Th)1 and Th17 cell infiltration, and 
the production of proinflammatory cytokines such as IL6, 
IL8, IL17, TNFα, and IFNγ while promoting the production 
of anti-inflammatory cytokines such as IL10 in the CNS of 
mice [265]. Damaged mitochondria also release stored ATP 
into the cytosol, which subsequently leaks into the extra-
cellular space after cell death. Extracellular ATP activates 
astrocytes and oligodendrocytes and recruits T cells by bind-
ing to the P2X7 receptor. This leads to increased production 
of chemokines, cytokines, ROS, glutamate, and ATP, ulti-
mately resulting in neuroinflammation and neurodegenera-
tion [266]. Inhibition of ATP secretion into the extracellular 
space or blockage of the P2X7 receptor ameliorates T cell 
infiltration, neuroinflammation, oligodendrocyte degen-
eration, and clinical symptoms of MS in mice and extends 
their survival [267, 268]. Furthermore, clinical studies have 
highlighted that polymorphisms and reduced activity of the 
P2X7 receptor provide protection against neuroinflammation 
in MS [269]. Additionally, anticardiolipin antibodies have 
been detected in the serum of MS patients [270]. This indi-
cates that cardiolipin released from damaged mitochondria 
can facilitate neurological manifestations in MS.

Furthermore, several studies have reported elevated con-
centrations of ccf-mtDNA in the CSF and plasma of progres-
sive MS patients. Compared to those in primary progressive 
MS patients, higher plasma ccf-mtDNA levels were detected 
in secondary progressive MS patients. Patients with relaps-
ing–remitting MS also reported increased levels of CSF ccf-
mtDNA. Concomitantly, these patients exhibited increased 
levels of proinflammatory cytokines, including TNFα, 
neuroinflammation, neurodegeneration, and brain atrophy, 
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suggesting that mtDNA might be an important driver of MS 
pathology. Suppressing MS pathology in patients through 
drug interventions proportionally decreased mtDNA copy 
numbers in the CSF of progressive MS patients, indicat-
ing that mtDNA might serve as a good prognostic marker 
for MS stages [56, 59, 271, 272]. Postmortem analyses of 
MS patients have revealed upregulation of STING protein 
in acute demyelinating lesions, confirming that mtDNA-
mediated cGAS-STING signaling drives neuroinflammation 
and exacerbates MS pathology [217]. Interestingly, a study 
showed that activation of cGAS-STING signaling and IFN-I 
secretion attenuate microglial reactivity and neuroinflamma-
tion in MS mouse models [273]. Thus, further studies are 
required to evaluate mitochondrial damage, mtDNA release, 
and subsequent STING signaling-mediated neuroinflam-
matory status in MS models. Recent reports have shown 
that extracellular dsRNA triggers protein kinase R and p38 
MAPK, subsequently activating NFκB and CAAT/enhancer-
binding protein β, respectively, resulting in increased expres-
sion of iNOS in astrocytes [274]. Additionally, extracellular 
dsRNA activates oligodendrocytes by binding to TLR3, sup-
pressing myelin gene expression and increasing the produc-
tion of cytokines and chemokines, including IL1β, IFNβ, 
CCL2, and CXCL10, ultimately leading to neuroinflamma-
tion and neurodegeneration in the brain white matter of mice 
[275]. The release of mtdsRNA from damaged mitochondria 
might initiate and promote neuroinflammation and neuronal 
loss in MS.

Stroke

Stroke is the second leading cause of death worldwide, 
occurring due to a sudden interruption of blood supply to 
the brain, leading to hypoxia-induced cellular injury. This 
initiates a cascade of events, including microglia and astro-
cyte activation, peripheral immune cell infiltration, neuro-
inflammation, neuronal degeneration, compromised BBB 
integrity, and brain edema. Symptoms may include sudden 
numbness or weakness on one side of the body, confusion 
or difficulty speaking, trouble seeing in one or both eyes, 
loss of balance or coordination, and sudden severe head-
ache [276]. Mitochondrial damage plays a crucial role in 
the development of neuroinflammation following stroke. 
Damaged mitochondria are unable to buffer cytosolic  Ca2+, 
leading to  Ca2+ dysregulation in affected neurons. Sup-
pression of  Ca2+ overload attenuated NLRP1 expression, 
ROS production, and neuronal damage, as well as promoted 
cerebral blood flow, limb coordination, and locomotion in 
cerebral ischemia–reperfusion injury (CIRI) [276, 277]. 
Additionally, damaged mitochondria are responsible for 
ROS accumulation in neuronal cells. CIRI induces mito-
chondrial damage and promotes ROS-RIP1/RIP3-mediated 
necroptosis. Moreover, the activated RIP1/RIP3 pathway 

was shown to attenuate autophagolysosomal degradation 
of damaged mitochondrial components and promote their 
transfer in the vicinity through exosomes. This leads to fur-
ther increases in immune activation, inflammatory cytokine 
production, mitochondrial damage, ROS accumulation, and 
neurodegeneration [278]. Similarly, increased ROS acti-
vate the NLRP3 inflammasome, inhibit angiogenesis, and 
increase infarct size and mortality in middle cerebral artery 
occlusion (MCAO) model mice [101, 279]. In contrast, 
inhibition of ROS following mitochondrial damage allevi-
ated NLRP3 inflammasome activation in microglia, infarct 
volume, and neurological deficits in CIRI rats [280]. Treat-
ment with antioxidants prevented mitochondrial dysfunction 
and subsequently downregulated MMP9, COX2, iNOS, and 
MAPK pathways, NFκB activation, and proinflammatory 
cytokine production, leading to ameliorated disability and 
histological damage in CIRI rats[281]. Following neuronal 
death, the release of ATP from damaged mitochondria into 
the extracellular space can trigger immune activation and 
drive neuroinflammation and neurodegeneration in stroke. 
Deletion of P2Y1 receptors attenuated the glial neuroin-
flammatory response in the hippocampus and prevented 
hippocampal tissue damage as well as cognitive decline in 
MCAO mice [282]. Further studies also showed that inhibi-
tion of P2X7 and P2Y1 receptors attenuated microglia and 
astrocyte proliferation and neuroinflammation in the peri-
infarct hippocampus and sensorimotor cortex, resulting in 
amelioration of neurological deficits, memory decline, and 
motor impairment in CIRI rats [283]. Moreover, blocking 
the P2X7 receptor inhibited  Ca2+ influx and subsequently 
reduced microglial activation, proinflammatory cytokine 
secretion, neuroinflammation, brain infarction size, memory 
decline, as well as post-stroke depressive symptoms such as 
anhedonia in stroke rodents [284, 285].

Furthermore, damaged mitochondria release heme, 
which can exacerbate stroke pathogenesis. Intracerebral 
heme injection has been shown to induce lipid peroxida-
tion and NLRP3 inflammasome activation, leading to astro-
gliosis, increased production of proinflammatory cytokines, 
brain damage, neuroinflammation, and sensorimotor defi-
cits in mice [286]. Moreover, RAGE senses necrotic cell 
death and promotes microgliosis, neuroinflammation, and 
increased brain infarct size in MCAO mice [287]. The 
release of TFAM from damaged mitochondria activates 
RAGE, thereby driving stroke pathogenesis. Recent studies 
have reported elevated levels of mitochondrial-derived NFPs 
and increased expression of microglial FPR1 in perihema-
tomal tissue, which correlates with extended brain edema 
in intracerebral hemorrhage (ICH) patients. Extracellular 
NFPs interact with FPR1, activating microglia, recruiting 
neutrophils, and promoting neuroinflammation and neuro-
logical deficits in ICH mice. Pharmacological blockade of 
FPR1 mitigated brain edema and neurological deficits in 
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ICH mice, indicating that mitochondrial NFPs play a cru-
cial role in stroke progression [151]. Additionally, damaged 
mitochondria release mtDNA in peri-infarct regions, which 
can be detected in biofluids and serve as a predictive bio-
marker for stroke diagnosis [280, 288, 289]. mtDNA triggers 
the cGAS-STING signaling pathway, promoting IRF3- and 
NFκB-mediated polarization of microglia toward the M1 
phenotype. This exacerbates neuroinflammation, neuronal 
injury, brain infarction, and edema. Inhibition of STING 
has been shown to attenuate synapse engulfment by micro-
glia and mitigate motor impairment in mice after cerebral 
venous sinus thrombosis [290, 291]. Similarly, another study 
demonstrated that suppression of STING ameliorates neu-
rodegeneration in the hippocampus and improves cognitive 
function in MCAO mice [289]. Following cerebral venous 
sinus thrombosis, cGAS-STING signaling also induces 
NLRP3 inflammasome-mediated microglial activation and 
proinflammatory cytokine secretion, resulting in neutrophil 
recruitment, neuroinflammation, neurodegeneration, and 
neurological deficits in mice [292]. Another study found 
that oxygen–glucose deprivation and reperfusion induce 
mitochondrial dysfunction and promote the cytosolic accu-
mulation of Ox-mtDNA, leading to NLRP3 inflammasome 
activation in microglia. This augments neuroinflammation, 
infarct volume, and neurological deficits in CIRI rats [280]. 
Recent evidence shows that histone deacetylase (HDAC)3 
promotes cGAS transcription by regulating the acetylation 
and nuclear transfer of the NFκB p65 subunit in microglia. 
This potentiates mtDNA-mediated cGAS-STING signal-
ing, microglial activation, neuroinflammation, and neuronal 
death. Deletion of HDAC3 ameliorated the mtDNA-cGAS-
STING pathway in microglia, as well as neuroinflamma-
tion and brain injury in CIRI mice [293]. Furthermore, 
studies have shown that ischemic neurons are deficient in 
mitophagy, leading to the accumulation of damaged mito-
chondria, which exacerbates neuroinflammation and neu-
rodegeneration. In contrast, promoting mitophagy has been 
demonstrated to alleviate neuroinflammation and stroke 
pathogenesis [294, 295].

Future Perspectives

Despite some controversy, substantial evidence indicates 
that dysfunctional mitochondria release mtDAMPs, which 
significantly contribute to the initiation and progression 
of neuroinflammation and neuronal death in neurodegen-
erative disorders [3]. However, several outstanding ques-
tions remain. The mechanisms involved in the release of 
mtDAMPs from dysfunctional mitochondria and their 
intercellular transfer are poorly characterized [9, 10]. Simi-
larly, the detailed mechanisms by which mtDAMPs mediate 
the activation of neuroinflammatory cascades are not well 

understood. The threshold quantity of mtDAMPs necessary 
to elicit an immunogenic response also needs to be estab-
lished [3]. Additionally, the potential for mtDAMPs released 
from the brain into the plasma to induce systemic inflam-
mation and autoimmune diseases has yet to be investigated 
[296]. Furthermore, it is unknown whether dysfunctional 
mitochondria or mtDAMPs could serve as biomarkers for 
early indicators of neurodegenerative conditions [60, 190, 
215, 241]. It also remains to be clarified whether targeting 
mitochondrial dysfunction and mtDAMPs could be viable 
strategies to attenuate, prevent, or cure neuroinflammation 
and neuronal death in neurodegenerative disorders [119, 
124, 167, 297].

Several hypothetical therapeutic strategies for mitigating 
mtDAMP-mediated neuroinflammation in neurodegenerative 
disorders need to be validated (Table 2). Although a limited 
amount of mtDAMPs can initiate tissue repair and prevent 
inflammation following injury, a large quantity of mtDAMPs 
triggers the activation of inflammatory immune cells, lead-
ing to neuroinflammation [298]. Inhibiting mtDAMP release 
by reducing mitochondrial  Ca2+ overload, mtROS, and the 
Bax:Bcl2 ratio might alleviate neuroinflammatory cascades 
[200–202]. Neutralizing circulating mtDAMPs with antibod-
ies might be another therapeutic approach for preventing 
inflammatory immune activation. However, a major draw-
back of this strategy is the potential reduction in antibody 
affinities due to conformational changes in the epitopes of 
mtDAMPs [299]. Moreover, blocking mtDAMP-specific 
receptors such as TLRs, RAGE, inflammasomes, cGAS, 
RIG-I, MDA5, FPRs, RIPK1, and HIF1α can prevent the 
activation of neuroinflammatory signaling. Inhibiting down-
stream signaling mediators such as MyD88, p38 MAPK, 
ERK1/2, NFκB, caspases, and TBK1 can attenuate cytokine 
and chemokine production. Cytokine receptor antagonists, 
such as those targeting IL1β, TNFα, and IFN-I, can also 
ameliorate mtDAMP-induced neuroinflammation. Moreover, 
enhancing mtDAMP clearance and dysfunctional mitochon-
dria via mitophagy might be the most effective way to pre-
vent mtDAMP-mediated neuroglia and microglia activation 
and subsequent neuroinflammation. Studies have shown that 
age-related neurodegenerative disorders are associated with 
impaired mitophagy and lysosomal degradation [297]. Sir-
tuin 3, a histone deacetylase preferentially located in mito-
chondria, controls every aspect of mitochondrial functional-
ity, including mitophagy. Recent studies have demonstrated 
that sirtuin 3 activators alleviate neuroinflammation and 
neuronal death in neurodegenerative disorders by improv-
ing mitophagy [295]. Thus, mitophagy might be a potential 
therapeutic target for ameliorating mtDAMP-driven neuro-
inflammation in neurodegenerative disorders.
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