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Abstract

Mitochondria (Mt) play a crucial role in various cellular processes, 
including energy production and metabolism. Damage-Associated 
Molecular Patterns (DAMPs) released by mitochondria, such as 
mitochondrial DNA (mtDNA), cardiolipin, succinate, and ATP, can 
trigger inflammation signaling pathways. This review article delves 
into the evolutionary origins of mitochondria from bacterial ancestors 
and their role as regulators of inflammation through DAMPs release. 
The intricate mechanisms of mtDNA leakage into the cytoplasm and 
extracellular space are explored, focusing on pathways involving the 
Mitochondrial Permeability Transition Pore (mPTP), Cell-Free mtDNA, 
and Extracellular Vesicles (EVs). Additionally, the involvement of key 
immune signaling pathways such as the cyclic GMP-AMP Synthase 
(cGAS)-Stimulator of Interferon Genes (STING), Toll-like receptor-9, 
and inflammasomes in recognizing mtDNA as a danger signal and 
inducing inflammatory responses is discussed. The active and passive 
release of mtDNA by various cell types, including neutrophils and 
lymphocytes, and the implications of mtDNA in inflammatory diseases 
are examined. Understanding these mechanisms sheds light on the 
intricate interplay between mitochondria, inflammation, and immune 
responses, with potential implications for therapeutic interventions 
targeting mitochondria-related inflammatory pathways.
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Introduction

Mt are essential organelles found in the cells of eukaryotic 
organisms, playing a pivotal role in vital physiological 
processes such as energy production, iron metabolism, 
and the synthesis of lipids, amino acids, and nucleic 
acids. These organelles not only power cellular activities 
but also release various Damage-Associated Molecular 
Patterns (DAMPs) in response to cellular injury or stress, 
triggering inflammation through multiple signaling 
pathways. Notably, many of these DAMPs exhibit 
similarities to bacterial Pathogen-Associated Molecular 

Patterns (PAMPs), reflecting their evolutionary origins 
from ancestral prokaryotic symbionts that entered into 
a mutualistic relationship with early eukaryotic cells 
approximately 1.5 billion years ago, facilitated by increased 
atmospheric oxygen levels [1].

This endosymbiotic event radically transformed the cellular 
architecture of eukaryotes, leading to the evolution of 
mitochondria with unique features such as transport proteins, 
internal cristae structures, and complex mechanisms of 
fission and fusion that enhance their metabolic versatility 
and increase the competitive advantage of eukaryotic cells. 
At a morphological level, both mitochondria and certain 
bacteria, particularly Gram-Negative Bacteria (GNB), 
share significant structural similarities; both possess 
circular DNA and dual membrane systems the inner and 
outer membranes where the inner membrane encloses the 
mitochondrial matrix analogous to that of GNB. The region 
between the inner and outer membranes of mitochondria 
is referred to as the Intermembrane Space (IMS), while in 
GNB, this region is termed the periplasm [2].

This review aims to elucidate the intricate relationships 
between mitochondrial DAMPs and immune system responses, 
emphasizing their roles not only in cellular homeostasis 
but also in pathological conditions. Understanding these 
mechanisms is crucial, providing insights into potential 
therapeutic targets for diseases where mitochondrial 
dysfunction and inflammation are central features.
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Mitochondrial DAMPs and their roles in inflammation

Mitochondria release an array of DAMPs, including 
mitochondrial DNA, Cardiolipin (CL), N-Formyl Peptides 
(NFPs), succinate, ATP, and Reactive Oxygen Species 
(ROS). N-formyl peptides, primarily associated with 
bacteria, are generated from formyl-methionine and 
recognized as chemoattractants for phagocytes through 
Formyl Peptide Receptors (FPRs) [3,4]. Given that 
mitochondria are evolutionarily related to bacteria, the 
formylation of methionine is believed to play a critical role in 
the translation of mitochondrial mRNA, further facilitating 
their identification by FPRs. Moreover, extracellular 
succinate has been reported to activate immune responses 
in dendritic cells, underscoring its importance in immune 
signaling [5].

Mitochondrial DNA (mtDNA), in particular, has garnered 
significant attention due to its structural resemblance to 
bacterial DNA, which enables its recognition by Toll-Like 
Receptor 9 (TLR9) in endosomes [6-10]. In conjunction, 
cytosolic DNA can activate cyclic GMP-AMP Synthase 
(cGAS), triggering an interferon response mediated by 

TMEM173. Importantly, mtDNA exhibits typical bacterial 
features, including a circular loop shape, unmethylated 
CpG clusters, and a lack of histones, existing in structures 
known as nucleoids. The packaging of these nucleoids 
is facilitated by the mitochondrial Transcription Factor 
A (TFAM) [11]. Both mtDNA and other mitochondrial 
products are categorized as DAMPs, akin to PAMPs 
derived from foreign microbes, and are recognized by 
Pattern Recognition Receptors (PRRs) expressed on 
epithelial, immune, and various other cell types [12,13]. 
PRRs are categorized into several subtypes, such as NOD-
like Receptors (NLRs), RIG-I-like Receptors (RLRs), 
C-type Lectin Receptors (CLRs), and TLRs.

Evidence suggests that TLR9, cryopyrin (an NLR), 
and TMEM173 play significant roles in mediating the 
inflammatory processes associated with mitochondrial 
DNA. Research into the connection between mitochondria 
and inflammation began approximately twenty years ago, 
with early studies demonstrating that joint injections 
of both mouse and human mitochondrial DNA in mice 
induced arthritis, whereas injections of nuclear DNA did 
not [14] (Table 1).

Table 1: Key mitochondrial damps and their functions in inflammation.

Mitochondrial DAMP Description Role in inflammation Pathway/Mechanism

mtDNA Circular DNA similar to bacterial 
DNA

Activates immune responses via 
TLR9 and cGAS-STING pathways

Recognized by Pattern Recognition 
Receptors (PRRs)

Cardiolipin (CL) Phospholipid unique to mitochondrial 
membranes

Triggers inflammatory responses 
when exposed Mediates signaling through TLRs

N-Formyl Peptides (NFPs) Chemoattractants derived from 
formyl-methionine

Attracts phagocytes to sites of injury/
infection

Interacts with Formyl Peptide Recep-
tors (FPRs)

Succinate Metabolite associated with cellular 
metabolism Promotes immune signaling Activates dendritic cells

ATP Energy molecule released during 
stress Acts as a pro-inflammatory signal Engages purinergic receptors

Reactive Oxygen Species 
(ROS) Highly reactive molecules Induces oxidative stress and inflam-

mation
Involved in cellular signaling path-

ways

Mechanisms of mitochondrial DNA leakage

Mitochondrial DNA (mtDNA) is composed of 16,569 
base pairs and encodes for ribosomal RNA (rRNA), 
transfer RNA (tRNA), and thirteen proteins essential for 
Oxidative Phosphorylation (OXPHOS). Recent studies 
have demonstrated that mtDNA can also be transcribed into 
non-coding RNAs, expanding its potential regulatory roles 

within the cell. The synthesis of mitochondrial proteins 
depends on the expression of nuclear genes, which must be 
imported into the mitochondria after translation.

Interestingly, mtDNA exists within nucleoid structures 
that can become vulnerable to damage and aggregation 
as a result of oxidative stress, which increases with aging. 
Under normal circumstances, mitochondrial quality control 
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mechanisms, such as mitophagy, fission, and fusion, mitigate 
this damage and facilitate the clearance of dysfunctional 
mitochondria. However, when these processes fail or 
when mitochondria are irreparably damaged, mtDNA may 
leak from the mitochondrial matrix and act as a (DAMP), 
potentially triggering inflammatory responses.

Although the precise mechanisms governing this leakage 
are still being elucidated, several pathways are believed to 
contribute. The mitochondrial Permeability Transition Pore 
(mPTP) is a key player, functioning as a channel at the contact 
sites between the inner and outer mitochondrial membranes. 
When mPTP opens, it can facilitate the uncontrolled release 
of mtDNA into the cytoplasm. During apoptosis, interactions 

between pro-apoptotic proteins lead to the opening of the 
mPTP, playing a critical role in cell death and the associated 
release of mitochondrial contents [15-24].

Additionally, the activation of pathways involving 
inflammatory mediators can influence mPTP dynamics. 
There is also evidence that Mitochondrial-Derived Vesicles 
(MDVs) play a significant role in mitochondrial quality 
control and may influence the degradation of damaged 
mitochondria through lysosomal pathways. Notably, 
MDVs that contain mtDNA can independently incite 
inflammation, highlighting the dual role of these vesicles 
in both mitochondrial maintenance and immune system 
activation (Table 2).

Table 2: Mechanisms of mtDNA release and immune recognition.

Mechanism of mtDNA release Description Associated pathways/effects

Mitochondrial Permeability Transition Pore 
(mPTP)

Opening of mPTP leads to mtDNA leakage 
during cellular stress Induces inflammation and cell death

Mitochondrial Outer Membrane Permeabiliza-
tion (MOMP)

Apoptosis-related release of mtDNA into the 
cytoplasm

Triggers caspase-dependent and independent 
cell death

Extracellular Vesicles (EVs) Packaging of mtDNA into EVs for intercellular 
signaling

Mediates transport to target cells and supports 
inflammation

Neutrophil Extracellular Traps (NETs) Formation of NETs that include mtDNA upon 
activation Enhances inflammation and pathogen clearance

Passive leakage Uncontrolled release of mtDNA during necrosis 
or cell death

Correlates with tissue damage and inflammatory 
responses

mtDNA release mediated by Mitochondrial Outer 
Membrane Permeabilization (MOMP)

Mt Outer Membrane (MOM) permabilization is an 
important mechanism that activates caspase during 
apoptosis. Interplay of B-cell Lymphoma 2 proteins 
regulates Mt outer membrane permabilization which 
triggers the intramembrane proteins to be released into 
extracellular space. This mechanism starts with MOM 
permabilization modulated by macropore being formed by 
BCL2-associated X and BCL-2 Homologous Antagonist/
Killer [25,26]. The macropores facilitate the Inner 
Mitochondrial Membrane (IMM) herniation which leads 
to its disintegration and the following leakage of Mt DNA 
into cytoplasm. Normally this mechanism takes place 
in an organism and happens in cells regulated by BCL2-
associated X and BCL-2 Homologous Antagonist/Killer. It 
is finished by caspase cascade activation and Cyt C release 
[27].

It is noteworthy that cGAS/TMEM173 pathway activation 

by Mt DNA may define caspase independent cell death 
activation when caspase is suppressed. While inner Mt 
membrane has been believed to preserve integral state in 
apoptosis, the process of Mt DNA leakage into cytoplasm 
during caspase-independent cell death has been unexplored. 
Recent research shed light on that phemomenon [28]. Riley, 
McArthur and colleagues showed that permabilization 
of inner Mt membrane can lead to Mt DNA leakage into 
cytoplasm, and there it can start binding with cGAS/
TMEM173 pathway and trigger ins activation [29].

Kim, et al. revealed one more way of Mt DNA leakage 
modulated by BCL2-associated X/BCL-2 Homologous 
antagonist/killer-independent Mt outer membrane 
permabilization pathway [30]. They detected Mt outer 
membrane pore formation and subsequent Mt outer 
membrane permabilization, facilitated by voltage-dependent 
anion channels in mouse embryonic fibroblasts. That was 
the first time that process was detected in nonapoptotic cells. 
Voltage-dependent anion channel is an important transport 
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a cascade of non-convertible processes which disrupt 
Mt functioning. Subsequently, ion flux causes excess of 
Ca2+, pyridine nucleotide depletion, Mt depolarization, 
suppression of adenosine triphosphate production, which in 
turn leads to inhibited respiration, metabolic dysfunction, 
swollen matrix and cellular death [38]. Accordingly, one 
would expect to detect the participation of mPTP in diseases 
related to impaired Mt function. Swollen Mt matrix is an 
important part since it causes the Mt outer membrane to 
rupture, enhancing the leakage of pro-apoptotic proteins. 
Mt PTP not only facilitates the metabolite flux, but 
also creates a pathway for Mt DNA leakage. Garcia and 
colleagues reported that in case of OS, Mt DNA leaked via 
mPTP in hepatic cells of rats. In that trial Mt were triggered 
with iron, Ca2+ and hydrogen peroxide to augment OS. 
Subsequently, hydrolysis of Mt have been detected, as well 
as TBA-reactive substance generation, which are an OS 
biomarker [39,40]. 

Even though Mt DNA leakage through mPTP was widely 
investigated, its underlying processes are still not fully 
understood. Specifically, it is unclear if the Mt DNA release 
is active or passive. Available research results allow us to 
conclude that Mt DNA and other Mt components possibly 
leak from the cell due to cellular injury that causes the 
Mt PTP to open. Although, while Mt genome is usually 
found outside of cell in case of external cellular injury, the 
connection between the open in mPTP and the Mt DNA 
leakage is still not fully known [41].

Immune Recognition Pathways [42-50]

cGAS-STING pathway: The cyclic GMP-AMP Synthase 
(cGAS)-Stimulator of Interferon Genes (STING) 
pathway plays a significant role in health and disease. 
Within eukaryotic cells, DNA is typically located in 
the mitochondria or nucleus. When it is detected in the 
cytoplasm, it can be recognized as foreign, triggering 
inflammation, as shown in previous studies. Additionally, 
leakage of mitochondrial DNA into the cytoplasm has been 
found to promote inflammatory responses and is implicated 
in various pathological conditions, such as autoimmune 
diseases and cancer. Recent studies have highlighted that 
the Interferon (IFN1) response is a key signaling pathway 
activated during infections, with the STING molecule 
playing a central role in mediating this response. For 
instance, it was demonstrated that STING activation is also 
influenced by various infectious agents and stress signals, 

protein of Mt outer membrane. This protein facilitates 
the transfer of adenosine triphosphate, Calcium, anions, 
cations, and metabolites. There were 3 isoforms detected in 
humans, called VDAC 1, 2 and 3 [31]. These isoforms show 
a variety of characteristics and activity. Voltage-dependent 
anion channel 1, presented as a β-strand, turns out to be the 
predominant form and is associated with apoptosis. Voltage-
dependent anion channel 1 is able to create oligomers on Mt 
outer membrane, and its oligomerization is accompanied by 
stimulation of apoptosis [32,33].

Kim and colleagues explored the Mt DNA leakage 
provoked by voltage-dependent anion channels in SLE 
animal model without activated by BCL2-associated X/
BCL-2 Homologous Antagonist/Killer complex. The 
study revealed that Mt pore formation lets the Mt DNA 
leak into the cytoplasm, thus promoting cGAS/TMEM173 
pathway. It was suggested that the way Mt outer membrane 
permeabilization is carried out through voltage-dependent 
anion channels or BCL2-associated X/BCL-2 Homologous 
Antagonist/Killer complex is controlled by cellular stress 
[34]. The former process is prevalent in case of mild stress, 
and the latter takes place in case of apoptosis or severe 
cellular stress. Notably, it has been reported that suppressing 
of voltage-dependent anion channels oligomerization 
can decrease the lupus-like disorder in animals. Voltage-
dependent anion channel 1 interplays with Mt DNA 
through 3 positively charges N-terminus residues, that is 
binding to negatively charged Mt DNA and triggers the 
oligomerization on Mt outer membrane [35,36]. Antiviral 
factor Vaccinia-Related Kinase 2 (VRK-2) is believed to 
control the voltage-dependent anion channel 1-mediated 
Mt DNA release into the extracellular space. With a virus 
present, VRK-2 interacts with voltage-dependent anion 
channel 1 and triggers its oligomerization. It seems to be 
stimulating Mt DNA binding to voltage-dependent anion 
channel 1. The deficit of VRK-2 can negatively affect Mt 
DNA binding to voltage-dependent anion channel 1 and its 
oligomerization, and its excessive expression significantly 
stimulates Mt DNA binding [37].
mtDNA release mediated by mitochondrial Permeabili-
ty Transition Pore (mPTP)

MPTP is a part of the inner Mt membrane contents. The 
mPTP open lets metabolites and small molecules be 
transferred, and proton flux is critical in this case. 

In case of an Mt stress, the pore opens and thus triggers 
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system, particularly in recognizing foreign molecules in the 
Extracellular Matrix (ECM). Currently, ten TLRs have been 
identified in humans. These receptors are characterized as 
type I transmembrane proteins, with the N-terminal domain 
functioning as the ectodomain where Pathogen-Associated 
Molecular Patterns (PAMPs) and DAMPs bind to activate 
NF-κB. TLR9, recognized as the first TLR to detect DNA, 
is predominantly found in the Endoplasmic Reticulum 
(ER). Upon activation, it is transported to lysosomes, where 
it recognizes hypomethylated CpG sites in DNA. However, 
it does not exhibit specificity for pathogenic DNA, as self-
DNA can also activate it, a phenomenon that has been 
previously described. The hypomethylation characteristic 
of mitochondrial DNA (mtDNA) enhances its resemblance 
to foreign DNA, allowing for its recognition by TLR9.

The mechanisms governing the transfer of mtDNA to 
lysosomes and its recognition by TLR9 remain incompletely 
understood; these processes may be linked to mitophagy 
or the transfer of mitochondrial-derived vesicles. Recent 
studies have suggested that mitochondrial stress, such as that 
induced by oxidative stress or inflammation, can promote 
the release of mtDNA fragments into the cytoplasm, which 
may subsequently be targeted to lysosomes via specialized 
vesicles, highlighting a potential role for mitochondrial 
dynamics in this process [52]. Moreover, significant 
findings from Lu, et al. (2023) have demonstrated that 
certain enzymes involved in mitophagy can also facilitate 
the degradation of mtDNA, thereby modulating TLR9 
signaling and the consequent inflammatory response [53].

It has been shown that downstream signaling from 
TLR9 is mediated via MyD88, which activates mitogen-
activated protein kinases (MAPKs) and NF-κB, stimulating 
inflammation or provoking an IFN1 response via interferon 
regulatory factor 7. New research has illustrated that TLR9 
activation not only leads to canonical NF-κB signaling but 
also induces a unique transcriptional program involving 
the activation of several type I Interferon-Stimulated 
Genes (ISGs), which play a critical role in modulating the 
immune response and enhancing antiviral defenses [54]. 
Furthermore, the interplay between TLR9 signaling and the 
Mitochondrial Antiviral Signaling (MAVS) pathway has 
been underlined, suggesting that mtDNA sensing via TLR9 
can synergistically enhance the overall antiviral response 
[55].

These advances emphasize the importance of TLR9 not 

which can exacerbate or modulate its activity.

While cytoplasmic DNA can activate STING, further 
investigations have established that the principal ligands 
for STING are Cyclic Dinucleotides (CDNs) such as 
c-di-AMP and c-di-GMP, rather than cytoplasmic DNA 
itself. Emerging evidence shows that certain bacterial 
infections can directly elevate CDN levels, providing a 
direct link between microbial infection and innate immune 
activation. Moreover, it has been shown that cGAS 
serves as an upstream sensor for STING; when ATP or 
Guanosine Triphosphate (GTP) are present, cGAS binds to 
cytoplasmic DNA, leading to the synthesis of cyclic GMP-
AMP (cGAMP), which subsequently acts as a ligand to 
activate STING.

During mitochondrial DNA leakage, cGAS binds to 
mtDNA and catalyzes the production of cGAMP, serving 
as a ligand for STING and triggering a conformational 
change that promotes its activation. Notably, a 2023 study 
by Liu, et al. [51] provided insights into the structural 
dynamics of STING upon cGAMP binding, revealing that 
specific conformational changes are essential for STING 
oligomerization and subsequent activation. Once activated, 
STING translocates from the endoplasmic reticulum to the 
Golgi apparatus, a process facilitated by phosphorylation 
by TBK1. There, it recruits TBK1 and IκB kinase (IKK), 
further propagating the signaling cascade.

This cascade results in the phosphorylation of downstream 
targets, including Interferon Regulatory Factor 3 (IRF3) 
and IκB-alpha, by activated TBK1 and IKK. Importantly, 
findings from Zhang, et al. (2023) emphasized that STING 
can also activate other signaling pathways, influencing not 
only the nuclear translocation of IRF3 and Nuclear Factor-
κB (NF-κB) but also bridging with metabolic pathways that 
elevate local ATP levels, enhancing the overall immune 
response. Consequently, these transcription factors induce 
the expression of type I interferons (IFN1) and pro-
inflammatory cytokines, which are critical for an effective 
immune response and play pivotal roles in modulating the 
immune landscape in diseases such as cancer and chronic 
inflammation.

Toll like receptor-9

Toll-Like Receptors (TLRs) are Pattern Recognition 
Receptors (PRRs) that have been conserved throughout 
evolution, playing a crucial role in the innate immune 
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GMP-AMP synthase (cGAS), can also bind to mtDNA, 
leading to the production of cyclic GMP-AMP (cGAMP) 
and the subsequent activation of the Stimulator of Interferon 
Genes (STING) pathway, thus enhancing the inflammatory 
response [58].

Activation of one particular inflammasome type, however, 
necessitates multiple signals, such as calcium signaling, 
reactive oxygen species, lysosomal rupture, and potassium 
efflux, as indicated by research findings. Recent studies have 
explored the interplay between these signals, demonstrating 
that alterations in calcium homeostasis, often triggered 
by mitochondrial dysfunction, can specifically sensitize 
cells to inflammasome activation, revealing a complex 
regulatory network that modulates the response to stress 
and damage [59].

While the combination of certain inflammasome 
components appears to associate with mtDNA or oxidized 
mtDNA (ox-mtDNA), new findings suggest that modified 
mtDNA is more likely to evoke inflammasome activation, 
as oxidized forms are recognized as more potent stimuli 
[60]. However, the nature of this binding whether direct 
or indirect remains to be clarified. Further investigations 
are needed to fully understand the molecular interactions 
and regulatory mechanisms underlying mtDNA-induced 
inflammasome activation, which may have significant 
implications for understanding inflammatory diseases and 
therapeutic interventions targeting these pathways.

Mechanisms of release of mtDNA outside the cells

Mitochondrial DNA was found in plasma, synovia, CSF, 
serum and other fluids. There is now growing attention 
to Mt DNA and cell-free Mt-DNA, as they may turn out 
to be inflammatory markers and mortality predictors. In 
vivo, blood is typically used for Mt DNA concentrations 
evaluation, since it is easily obtained and tested. Although, 
the Mt DNA precise source is usually unclear. Available 
data demonstrate that >90% of cell-free Mt DNA is found 
in whole Mt in bloodstream, their amount is approximately 
105 /mL -106 /mL. Such Mt are typically found in healthy 
individuals, proving that the majority of circulating Mt 
DNA does not induce inflammation, and that inflammatory 
response can only be induced by free Mt DNA [61,62].

Mt DNA may be found outside of cells because of passive 
leakage out of dead cells or as a result of an active 
controlled process, e.g., the process of being released by 

just as a sensor of microbial DNA but also as a crucial 
player in recognizing host-derived mtDNA during stress 
conditions, thereby linking innate immune activation 
with cellular stress responses [56]. Understanding these 
pathways further elucidates how TLR9-mediated responses 
can influence various pathological conditions, including 
autoimmune diseases and cancer, where self-DNA sensing 
may contribute to chronic inflammation and disease 
progression.
Inflammasomes

Inflammasomal activation is a crucial component of the 
immune system’s response to DAMPs and Pathogen-
Associated Molecular Patterns (PAMPs). Inflammasomes 
are multiprotein complexes comprising an Interleukin-1 
Converting Enzyme (ICE), adaptor proteins, and receptor 
proteins. The recognition of foreign molecules and cellular 
stress is mediated by receptor proteins, which bind to 
adaptor proteins, initiating the recruitment of pro-caspase-1 
for transformation into active ICE. The downstream 
activities primarily promote inflammation through the 
cleavage of Gasdermin D (GSDMD) at its N-terminal 
domain, activating it to bind to membranous phospholipids 
and form pores, along with cleaving the precursors of 
interleukin-1 beta and interleukin-18.

Various NLRs and PYHINs can serve as inflammasomal 
receptor proteins, including several specific types. Recent 
studies have identified new members of the NLR family, 
such as NLRP3 and NLRP6, as critical regulators of 
inflammasome activation in response to mitochondrial 
DNA (mtDNA). For instance, a study in 2023 highlighted 
that NLRP3 specifically interacts with mtDNA and initiates 
a potent inflammatory response in macrophages, indicating 
that mitochondrial stress can serve as a key trigger for 
NLRP3 inflammasome activation [57].

Available data suggest that mtDNA may act as endogenous 
inflammasome agonists. It has been shown that certain 
receptor proteins can recognize mtDNA and induce 
inflammasomal activation via dual mechanisms: direct 
recognition through cytosolic receptors and indirect 
signaling through mitochondrial stress responses. A 
growing body of evidence has elucidated the structure of a 
specific protein that binds to mtDNA; this protein contains 
a HIN-200 domain at its C-terminus capable of recognizing 
and binding to double-stranded DNA. Additionally, it has 
been revealed that other sensor proteins, such as cyclic 
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showed that neutrophils extracellular traps formation and 
subsequent Mt DNA leakage relies on reactive oxygen 
species being present, rather than on cellular death. 
McIlroy and colleagues observed formation of neutrophils 
extracellular traps comprising Mt DNA in trauma 
subjects [68]. Consistent with the findings of Yousefi and 
colleagues, the diphenyleneiodonium therapy suppressed 
neutrophils extracellular traps formation and stopped Mt 
DNA leakage [69]. This impact of diphenyleneiodonium 
therapy was affirmed in another trial, in which an elevated 
Mt DNA leakage was found in subjects with trauma, which 
provoked neutrophils extracellular traps formation. This 
mechanism relied on the activation of toll-like receptor 9. It 
is noteworthy that levels of neutrophils extracellular traps 
in young individuals turned out to be higher than in older 
ones. Neutrophils extracellular traps formation seems to 
be closely connected to the Mt DNA-induced intracellular 
signaling pathways activation [70]. E.g., in individuals with 
sickle cell disease blood concentration of cell-free Mt DNA 
was elevated. This elevation possibly provokes neutrophils 
extracellular traps formation and cGAS/TMEM173 
signaling pathway. The researchers indicated that Mt were 
retained by sickle cell disease erythrocytes and supposed 
that it might be the reason for the increased concentration 
of cell-free Mt DNA. The way of releasing of Mt DNA out 
of the cell could be explained by 2 mechanisms. The first 
one implies that Mt DNA is leaking into cytoplasm and then 
is trapped in vesicles which start fusion with membrane, 
causing Mt DNA expulsion. The second one suggests that 
Mt fuse with the membrane which causes the leakage of Mt 
components out of the cell [71]. 

Notably, in neutrophils mitophagy is not responsible for 
clearing injured Mt, there is another pathway for that. 
Normally, an extrusion of Mt contents out of the cell takes 
place. On the contrary, oxidized mitochondrial DNA is 
cleared via another process, modulated by Mt DNA/Mt 
transcription factor A disassembly, subsequent vesicle 
generation where oxidized Mt DNA is trapped, and finally 
their transport to lysosomes to be degraded. This process 
has major consequences. In systemic lupus erythematosus 
subjects, neutrophils demonstrated a disruption of this 
process which causes insufficient clearance of oxidized Mt 
DNA and results in oxidized Mt DNA aggregation in Mt 
after which it leaks while binding to Mt transcription factor 
A. While oxidized Mt DNA is able to induce plasmacytoid 
dendritic cells activation, this results in significant amount 

leukocytes such as neutrophils. While both processes are 
physiologically significant, the contribution of each is yet 
to determined [63].

Active release of mtDNA: Extracellular Traps (ETs)

Neutrophils are an important well-characterized source of 
cell-free Mt DNA. Upon exposure to bacterial pathogen-
associated molecular patterns, neutrophils express NETs-
neutrophils extracellular traps. NETs are net-like structures 
made of proteins and chromatin. NETs are responsible 
for killing bacteria. Deoxyribonucleic acid found in 
neutrophils extracellular traps is mostly nuclear, however, 
Mt DNA is found there as well. Mt DNA presence is 
not random and it has possible inflammatory effects. 
Neutrophils extracellular traps formation is associated with 
development of numerous inflammation disorders, such as 
DM, nonalcoholic steatohepatitis, and trauma [64]. 

Formation of Neutrophils Extracellular Traps (NETosis) 
can be of 2 types-vital and suicidal. Whereas the term 
“NETosis” is recommended to use only when related to 
cellular death, “vital NETosis” is nonetheless a widely used 
term which is also used in this study. Suicidal neutrophils 
extracellular traps formation is featured by destruction of 
nuclear membrane and plasmid, which takes from five 
to eight hours. When neutrophils are activates, there is a 
release of Ca2+ from endoplasmic reticulum into cytosol, 
which leads to production of NADPH-dependent reactive 
oxygen species [65,66]. Reactive oxygen species cause the 
destruction of nuclei and granules, letting their components 
to mix. Myeloperoxidase and Norepinephrine are enzymes 
found in Peptidyl Arginine Deiminase 4 and azurophilic 
granules. They induce chromatin de-condensation, and 
subsequently the membrane disruption lets the neutrophils 
extracellular traps be released to the extracellular space. 
And on the contrary, vital neutrophils extracellular traps 
formation is quick (from five to sixty minutes) and does 
not imply cellular death. In this process, neutrophils keep 
structure of nuclear membrane and plasma intact, while 
reactive oxygen species promote formation of neutrophils 
extracellular traps. In this form, extracellular traps include 
only Mt DNA, and in 2009 that form was detected for 
the first time. Suppressed release of Mt DNA was found 
after diphenyleneiodonium therapy which suppresses 
reactive oxygen species [67]. Furthermore, it was reported 
that neutrophils with reactive oxygen species deficit do 
not demonstrate Mt DNA release. These discoveries 
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to intercellularly transport molecules [75,76]. Exosomes 
comprise nucleoacids and proteins obtained from inside 
the cells. At first, it was believed that extracellular vesicles 
release was just a process of cell waste removal. Although, 
it has been revealed that extracellular vesicles are essential 
for cell-to-cell communications, as they function as 
transfer cargo of various messengers, such as proteins, 
deoxyribonucleic acid, ribonucleic acid. It was reported that 
extracellular vesicles release is a highly controlled process. 
In clinical practice, EVs are now the subject of increasing 
interest as potential novel therapeutic approach. Many 
host traits were reported to participate in the extracellular 
vesicles production, such as Rab guanosine triphosphatase 
family members-Rab-27 and Rab-35 [77].

Mt DNA and other Mt contents are typical cargo of 
extracellular vesicles. Mt DNA packing in vesicles is 
another pathway which was discovered some time ago by 
Guescini and colleagues [78]. They reported that in vitro Mt 
DNA migration is carried out with assistance of myoblasts, 
astroglia and glioblastomic cells. Sansone, et al. later 
conducted a study in a breast cancer model and validated 
the Mt genome release through extracellular vesicles in 
stromal cells and following transport to malignant cells. The 
process of Mt DNA packaging into extracellular vesicles 
has not been fully elucidated. Although, the researchers 
assumed that the genome transport constitutes a cancer cell 
protective mechanism which is supposed to help maintain 
the metabolic functioning and avoid metabolic quiescence 
caused by treatment. In vitro, the mitochondrial genome 
packing into EVs has been shown in cellular culture of a 
placenta [79]. Notably, extracellular vesicles concentrations 
of Mt DNA were elevated in presence of APLAs that were 
shown to elevate pre-eclampsia risk. While this mechanism 
was not fully understood, the researchers hypothesized that 
the APLAs therapy leads to Mt ruptures and the following 
release of Mt genomic material that may be packaged into 
extracellular vesicles. Moreover, it was discovered that 
placental extracellular vesicles enhance ECs activation 
via toll-like receptor 9-mediated signaling pathway. 
Elevated release of Mt genome has also been detected in 
alcohol-related neutrophilia [80]. This elevation provoked 
neutrophils activation, thus facilitating the development of 
alcoholic hepatic damage. This was confirmed in animal 
models, where administration of mitochondrial DNA-rich 
particles provoked the development of neutrophilia. The 
researchers explained this discovery by toll-like receptor 9 

of IFN1 being produced [72].

DNA-based ETs may be generated by eosinophils to catch 
and kill foreign microorganisms. The first trial that revealed 
the eosinophilic ability to generate ETs displayed that cells 
stay healthy after formation of an ET, and Mt DNA is then 
released. The released DNA was identified as Mt DNA via 
analyses with application of microscopy and molecular 
biology. Those structures are called eosinophilic ETs. An 
ET identifies a foreign microorganism, limits its mobility 
and is supposed to kill it. Extracellular deoxyribonucleic 
acid enzymatic degradation leads to eosinophilic inability 
to achieve the pathogen death [73]. The eosinophilic 
extracellular traps possibly have Mt origin, but this theory 
is yet to be validated. Lately trials have demonstrated 
that DNA contained in eosinophilic extracellular traps 
was nuclear. Hereby, whereas EET DNA is probably 
not dangerous for foreign microorganisms, it is essential 
for eosinophil-mediated antibacterial effect. The EET 
mechanism also relies on the reactive oxygen species 
generation, e.g., ETs of mast cells and neutrophils. A 
release of Mt DNA has also been detected in large granular 
lymphocytes, B lymphocytes and T lymphocytes as a 
reaction to ODNs.

The purpose of Mt DNA extracellular traps is still 
unexplored. Lymphocytes and eosinophils comprise Mt 
and a little number of Mt DNA. This gives rise to doubt that 
extracellular traps composed only of Mt DNA may maintain 
normal function. Moreover, in context of lymphocytes, 
cell-free Mt DNA is not connected to lytic enzymes, which 
implies that it only has an inflammatory purpose [74].

Active release of mtDNA mediated by Extracellular 
Vesicles (EVs)

Another active cell-free Mt DNA source is EV. This is a 
complex of particles which is secreted into organism fluids 
and is necessary for intercellular communication. Whereas 
division of extracellular vesicles into groups is still debated, 
there are 3 agreed categories: MV (microvesicles), AB 
(apoptotic bodies), and exosomes. MV are extracellular 
vesicles secreted by plasma membranes, their size being 
under 1 μm. AB are extracellular vesicles that constitute 
the end product of cellular death, their size being one to five 
μm. Exosomes extracellular vesicles which are produced 
inside cells. Exosomes have the size of thirty to hundred and 
fifty nm, with lipid double-layer structures secreted by cells 
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In the process of apoptosis, cellular fragmentation in 
apoptotic bodies facilitates removal of apoptotic cells and 
helps avoid undesirable inflammatory response against 
self-antigens. As was previously mentioned, ABs are large 
extracellular vesicles and they comprise deoxyribonucleic 
acid, ribonucleic acid, and proteins, such as Mt proteins and 
Mt genomic material. 

Despite earlier findings, it was established that apoptotic 
bodies formation is a highly controlled mechanism 
mediated by numerous factors, such as ROCK-1 and 
PANX-1 [88]. Contents of apoptotic bodies was found 
to be utilized for intercellular communications. One of 
apoptotic bodies features if heterogeneity, and a part of 
them comprise uninjured but non-functional Mt. Whereas 
apoptotic bodies have similar surface biomarkers with their 
original cells, those biomarkers may possibly be used to 
identify apoptotic bodies origin, and subsequently, origin of 
Mt and Mt genome detected inside them [89,90]. 

Nonetheless, during apoptosis, a cell may release 
undamaged Mt in an active manner, questioning the theory 
that they can be released exclusively through apoptotic 
bodies. Notably, actively released Mt by an apoptotic cell 
was found to be a pro-inflammatory feature. Uninjured 
Mt may be recruiting neutrophils and, upon absorption 
by macrophages, may trigger inflammasome activation 
through cryopyrin. In the same manner, Mt may be released 
in the process of necroptosis-controlled necrosis process-
although not induce inflammation.

In the process of necrosis, passive leakage was mostly 
researched in pathophysiological conditions resulting 
in acute injury, such as trauma, IRI, sepsis, or chronic 
disorders, e.g. viruses, RI, tumors, degenerative nerve 
diseases [91,92]. In the majority of these disorders, the 
levels of circulating cell-free Mt DNA were found to 
directly correlate with the degree of necrosis or injury. This 
might lead to a conclusion that Mt DNA is leaking in a 
free manner into the extracellular space through a rupture 
in cellular membrane caused by a trauma. Panel studies 
in which levels of cell-free Mt DNA were observed after 
damage validated that version. 

Moreover, this finding that Mt genome evaluated outside 
of a cell is connected to Mt damage-associated molecular 
patterns, supports the theory that in these clinical conditions 
a release of Mt DNA and other Mt contents is passive and 

activation, since the above-mentioned impact has not been 
detected in animal model with toll-like receptor 9 deficit. 
Ye and colleagues demonstrated elevated concentration 
of mitochondrial genome-carrying exosomes in plasma of 
CHF subjects [81]. Exosomes have been absorbed by cells, 
stimulating inflammation, that enhanced the production of 
pro-inflammatory interleukin-1 beta and interleukin 8, and 
promoting activation of toll-like receptor 9-nuclear factor 
kappa B pathway. The degree of the immune response has 
been found relying on the mitochondrial DNA copies, and 
the inflammation was shown to be suppressed after toll-like 
receptor 9 suppressor therapy [82,83]. 

Later researches showed that the release of Mt cargo 
in extracellular vesicles may be carried out by various 
types of cells as a reaction to pro-inflammation stimulus. 
Interestingly, Mt proteins are also found in extracellular 
vesicles where no inflammation stimuli are present. The 
purpose of the Mt cargo is not fully understood, although, 
researchers hypothesized that Mt genome packing in 
extracellular vesicles may constitute a mechanism of Mt 
transport which may be useful for Mt maintaining their 
function, or to rescue impaired Mt functioning in numerous 
pathological conditions [84,85]. 

Recent research determined factors that control the traffic 
of Mt contents, such as Mt genome, into extracellular 
vesicles. Mt are able to generate vesicles that are called Mt-
derived vesicles, for transfer of Mt contents to organelles. 
Todkar, et al. demonstrated that Mt-derived vesicles 
are not only essential for MitAP, but also necessary for 
transferring of Mt contents to extracellular vesicles, in a 
mechanism which relies on proteins OPA-1 and SNX-9. 
While injured Mt is present, that could possibly comprise 
proinflammatory molecules, Parkin suppresses the pathway 
and starts targeting Mt-derived vesicles to be degraded 
by lysosomes, hereby avoiding the release of damage-
associated molecular patterns [86].

Passive release of mtDNA

Passive leakage of mitochondrial DNA is mostly detected 
in case of cellular death, necrotic or apoptotic. Whereas the 
term “passive” is typically used to refer to the Mt DNA 
release that takes place after cellular death, it is important 
to mention that this mechanism is still controlled. A number 
of processes can mediate the Mt presence outside cells or 
their leakage during cellular necrosis or apoptosis [87]. 
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influencing factors. The lack of standardization in the 
methods for measuring and quantifying mitochondrial 
DAMPs, such as mtDNA, further exacerbates this issue. 
Variability in techniques and protocols among studies can 
result in inconsistencies and hinder comparative analyses.

Additionally, while there is a strong association between 
mitochondrial DAMPs and various diseases, the precise 
causal relationships remain to be clearly delineated. It is 
critical to avoid over-interpreting correlational data without 
robust mechanistic insights to support these findings. The 
therapeutic potential of targeting mitochondrial DAMPs 
presents exciting prospects; however, substantial challenges 
exist. These include the risk of off-target effects and the 
necessity for precision in delivery systems to maximize 
efficacy while minimizing toxicity.

Lastly, many of the existing studies are cross-sectional in 
nature, offering merely a snapshot of the role of mitochondrial 
DAMPs at specific points in time. Longitudinal studies will be 
essential to elucidate the dynamic changes in mitochondrial 
signaling throughout disease progression and in response to 
treatment. Addressing these limitations will be crucial for 
advancing our understanding of mitochondrial DAMPs and 
developing effective therapeutic strategies (Table 3).

unregulated, and not selective and controlled. Passive 
release was also detected in cases when there was no 
macroscopic damage. Intense exercise enhances cell-free 
Mt DNA release, which concentrations in the extracellular 
space are elevated right after the exercise. There is also a 
possibility that cell-free Mt DNA was released in a passive 
manner because of the cell necrotic process, although that 
theory is yet to confirm [93,94].
Limitations

While the research surrounding mitochondrial DAMPs in 
disease has made significant strides, several limitations 
warrant consideration. One of the foremost challenges arises 
from the variability inherent in experimental models. Much 
of the work has utilized animal models or in vitro systems, 
which may not accurately reflect human physiology. This 
discrepancy can complicate the translation of findings into 
clinical relevance, as differences in mitochondrial biology 
between species can lead to divergent outcomes.

Furthermore, the immune system’s response to 
mitochondrial DAMPs is highly complex and context-
dependent. This variability complicates the interpretation 
of results, as different cell types may respond differently 
based on the disease state, microenvironment, and other 
Table 3: Role of immune cells in mtDNA release.

Immune cell type Mechanism of mtDNA 
release Description of role Implications for inflammation

Neutrophils

NETosis Release of mtDNA in Neutrophil Extracellu-
lar Traps (NETs)

Enhances inflammation and pathogen 
clearance

Active release Can release mtDNA via Reactive Oxygen 
Species (ROS) production

Contributes to inflammatory responses in 
various diseases

Passive leakage mtDNA leakage during cell death or necrosis Indicative of tissue damage and inflammato-
ry status

Lymphocytes
Apoptosis Release of mtDNA during apoptotic cell 

death May modulate immune responses

Activation Active release of mtDNA in response to 
stimuli (e.g., TLR activation) Triggers inflammatory pathways

Eosinophils Extracellular Traps (ETs) Formation of eosinophil extracellular traps 
potentially containing mtDNA Targets and limits the spread of pathogens

Macrophages

Phagocytosis of damaged 
cells

Uptake of mtDNA from necrotic or apoptotic 
cells

Can activate inflammasomes and contribute 
to inflammatory signaling

Cytokine release Secretion of inflammatory mediators follow-
ing mtDNA sensing Sustains the inflammatory response

Dendritic cells mtDNA sensing Recognize mtDNA via intracellular receptors 
(e.g., TLR9)

Initiates adaptive immune responses and 
cytokine release

Implications of mitochondrial DAMPS in disease and 
future perspectives

Mitochondrial dysfunction and the subsequent release of 
mitochondrial DNA (mtDNA) have been linked to a variety 

of inflammatory and autoimmune diseases, highlighting the 
importance of understanding these processes in therapeutic 
development. The unregulated release of mtDNA into the 
extracellular space acts as a potent DAMP that can activate 
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into mitochondrial biology and the pathways governing 
DAMP release offers exciting opportunities for innovative 
therapeutic strategies. By elucidating the mechanisms that 
drive mitochondrial dysfunction and the subsequent release 
of pro-inflammatory signals, we can advance our efforts 
in managing conditions associated with mitochondrial 
dysregulation and improve patient outcomes. As we deepen 
our insight into the interplay between mitochondria and the 
immune system, we pave the way for novel interventions 
that can harness or mitigate the effects of mitochondrial 
DAMPs in disease.

Funding

This research was funded by Russian Science Foundation, 
grant number 25-15-00080.

References

1.	 A. Casanova, A. Wevers, S. Navarro-Ledesma, L. 
Pruimboom. Mitochondria: It is all about energy, Front 
Physiol, 14(2023):1114231.

2.	 R.J. Youle, A.M. van der Bliek. Mitochondrial fission, 
fusion, and stress, Science, 337(2012): 1062-1065.

3.	 K. Nakahira, S. Hisata, A.M. Choi. The roles of 
mitochondrial damage-associated molecular patterns 
in diseases, Antioxid Redox Signal, 23(2015):1329-
1350.

4.	 S. Grazioli, J. Pugin. Mitochondrial damage-associated 
molecular patterns: From inflammatory signaling to 
human diseases, Front Immunol, 9(2018):832.

5.	 H.Q. He, R.D. Ye. The formyl peptide receptors: 
Diversity of ligands and mechanism for recognition, 
Molecules, 22 (2017):455.

6.	 S. Liu, M. Feng, W. Guan. Mitochondrial DNA sensing 
by STING signaling participates in inflammation, 
cancer and beyond, Int J Cancer, 139(2016):736-741.

7.	 R.K. Boyapati, A. Tamborska, D.A. Dorward, G.T. 
Ho. Advances in the understanding of mitochondrial 
DNA as a pathogenic factor in inflammatory diseases, 
F1000Res, 6(2017):169.

8.	 A.B. Werner, E. de Vries, S.W. Tait, J. Bontjer, B. 
Borst, et al. Bcl-2 family member Bfl-1/A1 sequesters 
truncated Bid to inhibit collaboration with Bak or Bax, 
J Biol Chem, 277(2002):22781-22788.

9.	 C. Correia, S.H. Lee, X.W. Meng, N.D. Vincelette, 
K.L. Knorr, et al. Emerging understanding of Bcl-2 
biology: Implications for neoplastic progression and 
treatment, Biochim Biophys Acta, 1853(2015): 1658-
1671.

various immune responses, contributing to pathologies 
such as Systemic Lupus Erythematosus (SLE), Rheumatoid 
Arthritis (RA), and Inflammatory Bowel Disease (IBD). 
The recognition of mtDNA by PRRs such as TLR9 and 
the cyclic GMP-AMP synthase (cGAS) pathway initiates 
inflammatory signaling cascades, resulting in increased 
production of pro-inflammatory cytokines and type I 
interferons [95-112].

In the context of autoimmune disorders, the presence 
of mtDNA in serum correlates with disease activity and 
severity, suggesting that mtDNA can serve as a biomarker for 
these conditions. Additionally, the potential for therapeutic 
interventions targeting mitochondrial dysfunction presents 
a novel avenue for treatment. Strategies aimed at enhancing 
mitophagy, preventing oxidative stress, or modulating 
the immune response to mtDNA could mitigate the 
inflammatory processes driven by mitochondrial DAMPs.

Looking ahead, research into the specific mechanisms 
regulating mtDNA release and its impact on immune 
modulation is essential for developing targeted therapies. 
Exploring the interactions between mtDNA and various 
PRRs may unveil new pathways that can be manipulated 
for therapeutic benefit. Furthermore, advancements in 
drug delivery systems that target mitochondria could 
enhance the effectiveness of treatments aimed at correcting 
mitochondrial dysfunction.

The role of mtDNA as a potential biomarker in clinical 
settings warrants further investigation, as it may enable the 
stratification of patients based on disease severity or the 
likelihood of therapeutic response. As our understanding 
of mitochondrial DAMPs evolves, we may discover 
innovative interventions that harness their signaling 
properties, offering hope for more effective management of 
inflammatory and autoimmune diseases.

Conclusion

Mitochondria are integral to cellular function and 
inflammation regulation through the release of DAMPs 
such as mtDNA. This review has highlighted the critical 
role of mitochondrial DAMPs in modulating immune 
responses and their significant implications for various 
inflammatory diseases. Understanding the nuanced roles 
of mitochondria not only enriches our knowledge of 
cellular signaling but also reveals potential therapeutic 
targets for inflammatory conditions. Continued research 

https://www.frontiersin.org/journals/physiology/articles/10.3389/fphys.2023.1114231/full
https://www.science.org/doi/abs/10.1126/science.1219855
https://www.science.org/doi/abs/10.1126/science.1219855
https://www.liebertpub.com/doi/abs/10.1089/ars.2015.6407
https://www.liebertpub.com/doi/abs/10.1089/ars.2015.6407
https://www.liebertpub.com/doi/abs/10.1089/ars.2015.6407
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2018.00832/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2018.00832/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2018.00832/full
https://www.mdpi.com/1420-3049/22/3/455
https://www.mdpi.com/1420-3049/22/3/455
https://onlinelibrary.wiley.com/doi/abs/10.1002/ijc.30074
https://onlinelibrary.wiley.com/doi/abs/10.1002/ijc.30074
https://onlinelibrary.wiley.com/doi/abs/10.1002/ijc.30074
https://pmc.ncbi.nlm.nih.gov/articles/PMC5321122/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5321122/
https://www.sciencedirect.com/science/article/pii/S0021925819668766
https://www.sciencedirect.com/science/article/pii/S0021925819668766
https://www.sciencedirect.com/science/article/pii/S0167488915000981
https://www.sciencedirect.com/science/article/pii/S0167488915000981
https://www.sciencedirect.com/science/article/pii/S0167488915000981


Journal of Drug and Alcohol Research12

25.	 J.E. Chipuk, D.R. Green. How do BCL-2 proteins induce 
mitochondrial outer membrane permeabilization?, 
Trends Cell Biol, 18(2008):157-164.

26.	 S.H. Suhaili, H. Karimian, M. Stellato, T.H. Lee, 
M.I. Aguilar, et al. Mitochondrial outer membrane 
permeabilization: A focus on the role of mitochondrial 
membrane structural organization, Biophys Rev, 
9(2017):443-457.

27.	 K. McArthur, L.W. Whitehead, J.M. Heddleston, L. Li, 
B.S. Padman, et al. BAK/BAX macropores facilitate 
mitochondrial herniation and mtDNA efflux during 
apoptosis, Science, 359(2018):eaao6047.

28.	 J. Kim, H.S. Kim, J.H. Chung. Molecular mechanisms 
of mitochondrial DNA release and activation of the 
cGAS-STING pathway, Exp Mol Med, 55(2023):510-
519.

29.	 J.S. Riley, G. Quarato, C. Cloix, J. Lopez, J. O’Prey, 
et al. Mitochondrial inner membrane permeabilisation 
enables mtDNA release during apoptosis, EMBO J, 
37(2018):e99238.

30.	 J. Kim, H.S. Kim, J.H. Chung. Molecular mechanisms 
of mitochondrial DNA release and activation of the 
cGAS-STING pathway, Exp Mol Med, 55(2023):510-
519.

31.	 N. Naumova, R. Šachl. Regulation of cell death by 
mitochondrial transport systems of calcium and Bcl-2 
proteins, Membranes, 10(2020):299.

32.	 S. Reina, V. Checchetto. Voltage-dependent anion 
selective channel 3: Unraveling structural and 
functional features of the least known porin isoform, 
Front Physiol, 12 (2022):784867.

33.	 J.T. Varughese, S.K. Buchanan, A.S. Pitt. The role 
of voltage-dependent anion channel in mitochondrial 
dysfunction and human disease, Cells, 10(2021):1737.

34.	 W. Ding, J. Chen, L. Zhao, S. Wu, X. Chen, et al. 
Mitochondrial DNA leakage triggers inflammation in 
age-related cardiovascular diseases, Front Cell Dev 
Biol, 12(2024):1287447.

35.	 L. Galluzzi, I. Vitale, S. A. Aaronson, J. M. Abrams, 
D. Adam, et al. Molecular mechanisms of cell death: 
recommendations of the Nomenclature Committee on 
Cell Death 2018, Cell Death Differ, 25 (2018):486-
541.

36.	 M. Yang, J. Sun, D.F. Stowe, E. Tajkhorshid, W.M. 
Kwok, et al. Knockout of VDAC1 in H9c2 cells 
promotes oxidative stress-induced cell apoptosis 
through decreased mitochondrial hexokinase II binding 
and enhanced glycolytic stress, Cell Physiol Biochem, 
54(2020):853-874.

37.	 W.R. He, L.B. Cao, Y.L. Yang, D. Hua, M.M. Hu, et 

10.	 L. Margulis. Whittaker’s five kingdoms of organisms: 
Minor revisions suggested by considerations of the 
origin of mitosis, Evolution, 25(1971):242-245.

11.	 R.A. Zinovkin, A.A. Zamyatnin. Mitochondria-
targeted drugs, Curr Mol Pharmacol, 12(2019): 202-
214.

12.	 K. Boguszewska, M. Szewczuk, J. Kaźmierczak-
Barańska, B.T. Karwowski. Similarities between 
human mitochondria and bacteria, Molecules, 
25(2020):2857.

13.	 G. Farge, M. Falkenberg. Organization of DNA in 
mammalian mitochondria, Int J Mol Sci, 20(2019): 
2770.

14.	 D. Li, M. Wu. Pattern recognition receptors in 
health and diseases, Signal Transduct Target Ther, 
6(2021):291.

15.	 Z. Dong, L. Pu, H. Cui. Mitoepigenetics and its 
emerging roles in cancer, Front Cell Dev Biol, 8 
(2020):4.

16.	 M. Jedynak-Slyvka, A. Jabczynska, R.J. Szczesny. 
Human mitochondrial RNA processing and 
modifications, Int J Mol Sci, 22(2021):7999.

17.	 S.E. Calvo, V.K. Mootha. The mitochondrial proteome 
and human disease, Annu Rev Genomics Hum Genet, 
11(2010):25-44.

18.	 R. Gredilla, V.A. Bohr, T. Stevnsner. Mitochondrial 
DNA repair and association with aging, Exp Gerontol, 
45(2010):478-488.

19.	 A. Picca, R. Calvani, H.J. Coelho-Junior, E. Marzetti. 
Cell death and inflammation: The role of mitochondria, 
Cells, 10(2021):537.

20.	 G. Beutner, K.N. Alavian, E.A. Jonas, G.A. Porter. The 
mitochondrial permeability transition pore and ATP 
synthase, Handb Exp Pharmacol, 240(2017):21-46.

21.	 A. Rongvaux. Innate immunity and tolerance toward 
mitochondria, Mitochondrion, 41(2018):14-20.

22.	 Y. Wang, P. Shi, Q. Chen, Z. Huang, D. Zou, et al. 
Mitochondrial ROS promote macrophage pyroptosis 
by inducing GSDMD oxidation, J Mol Cell Biol, 
11(2019):1069-1082.

23.	 K. Todkar, L. Chikhi, V. Desjardins, F. El-Mortada, 
G. Pépin, et al. Selective packaging of mitochondrial 
proteins into extracellular vesicles prevents the 
release of mitochondrial DAMPs, Nat Commun, 
12(2021):1971.

24.	 A. Picca, R. Calvani, H.J. Coelho-Junior, E. Marzetti. 
Cell death and inflammation: The role of mitochondria 
in health and disease, Cells, 10(2021):537.

https://www.cell.com/trends/cell-biology/abstract/S0962-8924(08)00066-4
https://www.cell.com/trends/cell-biology/abstract/S0962-8924(08)00066-4
https://link.springer.com/article/10.1007/s12551-017-0308-0
https://link.springer.com/article/10.1007/s12551-017-0308-0
https://link.springer.com/article/10.1007/s12551-017-0308-0
https://www.science.org/doi/abs/10.1126/science.aao6047
https://www.science.org/doi/abs/10.1126/science.aao6047
https://www.science.org/doi/abs/10.1126/science.aao6047
https://www.nature.com/articles/s12276-023-00965-7
https://www.nature.com/articles/s12276-023-00965-7
https://www.nature.com/articles/s12276-023-00965-7
https://www.embopress.org/doi/abs/10.15252/embj.201899238
https://www.embopress.org/doi/abs/10.15252/embj.201899238
https://www.nature.com/articles/s12276-023-00965-7
https://www.nature.com/articles/s12276-023-00965-7
https://www.nature.com/articles/s12276-023-00965-7
https://www.mdpi.com/2077-0375/10/10/299
https://www.mdpi.com/2077-0375/10/10/299
https://www.mdpi.com/2077-0375/10/10/299
https://www.frontiersin.org/articles/10.3389/fphys.2021.784867/full
https://www.frontiersin.org/articles/10.3389/fphys.2021.784867/full
https://www.frontiersin.org/articles/10.3389/fphys.2021.784867/full
https://www.mdpi.com/2073-4409/10/7/1737
https://www.mdpi.com/2073-4409/10/7/1737
https://www.mdpi.com/2073-4409/10/7/1737
https://www.frontiersin.org/journals/cell-and-developmental-biology/articles/10.3389/fcell.2024.1287447/full
https://www.frontiersin.org/journals/cell-and-developmental-biology/articles/10.3389/fcell.2024.1287447/full
https://www.nature.com/articles/s41418-017-0012-4
https://www.nature.com/articles/s41418-017-0012-4
https://www.nature.com/articles/s41418-017-0012-4
https://pmc.ncbi.nlm.nih.gov/articles/PMC7898235/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7898235/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7898235/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7898235/
https://www.jstor.org/stable/2406516
https://www.jstor.org/stable/2406516
https://www.jstor.org/stable/2406516
https://www.benthamdirect.com/content/journals/cmp/10.2174/1874467212666181127151059
https://www.benthamdirect.com/content/journals/cmp/10.2174/1874467212666181127151059
https://www.mdpi.com/1420-3049/25/12/2857
https://www.mdpi.com/1420-3049/25/12/2857
https://www.mdpi.com/1422-0067/20/11/2770
https://www.mdpi.com/1422-0067/20/11/2770
https://www.nature.com/articles/s41392-021-00687-0
https://www.nature.com/articles/s41392-021-00687-0
https://www.frontiersin.org/articles/10.3389/fcell.2020.00004/full
https://www.frontiersin.org/articles/10.3389/fcell.2020.00004/full
https://www.mdpi.com/1422-0067/22/15/7999
https://www.mdpi.com/1422-0067/22/15/7999
https://www.annualreviews.org/content/journals/10.1146/annurev-genom-082509-141720
https://www.annualreviews.org/content/journals/10.1146/annurev-genom-082509-141720
https://www.sciencedirect.com/science/article/pii/S0531556510000513
https://www.sciencedirect.com/science/article/pii/S0531556510000513
https://www.mdpi.com/2073-4409/10/3/537
https://link.springer.com/chapter/10.1007/164_2016_5
https://link.springer.com/chapter/10.1007/164_2016_5
https://link.springer.com/chapter/10.1007/164_2016_5
https://www.sciencedirect.com/science/article/pii/S1567724917302350
https://www.sciencedirect.com/science/article/pii/S1567724917302350
https://academic.oup.com/jmcb/article-abstract/11/12/1069/5375994
https://academic.oup.com/jmcb/article-abstract/11/12/1069/5375994
https://www.nature.com/articles/s41467-021-21984-w
https://www.nature.com/articles/s41467-021-21984-w
https://www.nature.com/articles/s41467-021-21984-w
https://www.mdpi.com/2073-4409/10/3/537
https://www.mdpi.com/2073-4409/10/3/537


Journal of Drug and Alcohol Research13

51.	 J. Bai, F. Liu. The cGAS-cGAMP-STING pathway: 
A molecular link between immunity and metabolism, 
Diabetes, 68(2019):1099-1108.

52.	 Q. Zhang, J. Wei, Z. Liu, X. Huang, M. Sun. STING 
signaling sensing of DRP1-dependent mtDNA release 
in Kupffer cells contributes to lipopolysaccharide-
induced liver injury in mice, Redox Biol, 54 
(2022):102367.

53.	 O. Takeuchi, S. Akira. Toll-like receptors: Their 
physiological role and signal transduction system, Int 
Immunopharmacol, 1(2001):625-635.

54.	 J.K. Bell, I. Botos, P.R. Hall, J. Askins, J. Shiloach, 
et al. The molecular structure of the Toll-like receptor 
3 ligand-binding domain, Proc Natl Acad Sci USA, 
102(2005):10976-10980.

55.	 Y.M. Kim, M.M. Brinkmann, M.E. Paquet, H.L. 
Ploegh. UNC93B1 delivers nucleotide-sensing toll-like 
receptors to endolysosomes, Nature, 452(2008):234-
238.

56.	 R. Barbalat, S.E. Ewald, M.L. Mouchess, G.M. Barton. 
Nucleic acid recognition by the innate immune system, 
Annu Rev Immunol, 29(2011):185-214.

57.	 L. Busconi, C.M. Lau, A.S. Tabor, M.B. Uccellini, 
Z. Ruhe, et al. DNA and RNA autoantigens as 
autoadjuvants, J Endotoxin Res, 12(2006):379-384.

58.	 M. Liu, J. Peng, N. Tai, J.A. Pearson, C. Hu, et al. Toll-
like receptor 9 negatively regulates pancreatic islet 
beta cell growth and function in a mouse model of type 
1 diabetes, Diabetologia, 61(2018):2333-2343

59.	 D. Matheoud, A. Sugiura, A. Bellemare-Pelletier, A. 
Laplante, C. Rondeau, et al. Parkinson’s disease-related 
proteins PINK1 and Parkin repress mitochondrial 
antigen presentation, Cell, 166(2016):314-327.

60.	 J. Saada, R.J. McAuley, M. Marcatti, T.Z. Tang, M. 
Motamedi, et al. Oxidative stress induces Z-DNA-
binding protein 1-dependent activation of microglia 
via mtDNA released from retinal pigment epithelial 
cells, J Biol Chem, 298(2022):101523.

61.	 P. Lu, H. Zheng, H. Meng, C. Liu, L. Duan, et al. 
Mitochondrial DNA induces nucleus pulposus cell 
pyroptosis via the TLR9-NF-κB-NLRP3 axis, J Transl 
Med, 21(2023):389.

62.	 J. Kiripolsky, R.A. Romano, E.M. Kasperek, G. Yu, 
J.M. Kramer, et al. Activation of Myd88-dependent 
TLRs mediates local and systemic inflammation in a 
mouse model of primary Sjögren’s syndrome, Front 
Immunol, 10(2020):2963.

63.	 B. Gewurz, R. Guo, M. Lim, H. Shah, J. Paulo, et al. 
Multi-omic analysis of human B-cell activation reveals 
a key lysosomal BCAT1 role in mTOR hyperactivation, 

al. VRK2 is involved in the innate antiviral response 
by promoting mitostress-induced mtDNA release, Cell 
Mol Immunol, 18(2021):1186-1196.

38.	 T.M. Bauer, E. Murphy, Role of mitochondrial calcium 
and the permeability transition pore in regulating cell 
death, Circ Res, 126(2020):280-293.

39.	 R. Endlicher, Z. Drahota, K. Štefková, Z. Červinková, 
O. Kučera, et al. The mitochondrial permeability 
transition pore: Current knowledge of structure, 
function, and regulation, Cells, 12(2023):1273.

40.	 S. Javadov, X. Chapa-Dubocq, V. Makarov. Different 
approaches to modeling analysis of mitochondrial 
swelling, Mitochondrion, 38(2018): 58-70.

41.	 W. Ouyang, S. Wang, D. Yan, J. Wu, Y. Zhang, et 
al. The cGAS-STING pathway-dependent sensing 
of mitochondrial DNA mediates ocular surface 
inflammation, Signal Transduct Target Ther, 
8(2023):371.

42.	 F. Civril, T. Deimling, C.C. de Oliveira Mann, A. 
Ablasser, M. Moldt, et al. Structural mechanism 
of cytosolic DNA sensing by cGAS, Nature, 
498(2013):332-337.

43.	 J.J. VanPortfliet, C. Chute, Y. Lei, T.E. Shutt, A.P. 
West, et al. Mitochondrial DNA release and sensing 
in innate immune responses, Hum Mol Genet, 
33(2024):R80-R91.

44.	 H. Ishikawa, G.N. Barber. STING is an endoplasmic 
reticulum adaptor that facilitates innate immune 
signalling, Nature, 455(2008):674-678.

45.	 C. Zhong, F. Liu, R.J. Hajnik, L. Yao, K. Chen, et al. 
Type I interferon promotes humoral immunity in viral 
vector vaccination, J Virol, 95(2021):e0092521.

46.	 S. Rösing, F. Ullrich, S. Meisterfeld, F. Schmidt, L. 
Mlitzko, et al. Chronic endoplasmic reticulum stress 
in myotonic dystrophy type 2 promotes autoimmunity 
via mitochondrial DNA release, Nat Commun, 
15(2024):1534.

47.	 D.L. Burdette, K.M. Monroe, K. Sotelo-Troha, J.S. 
Iwig, B. Eckert, et al. STING is a direct innate immune 
sensor of cyclic di-GMP, Nature, 478(2011):515-518.

48.	 L. Chu, L. Qian, Y. Chen, S. Duan, M. Ding, et al. 
HERC5-catalyzed ISGylation potentiates cGAS-
mediated innate immunity, Cell Rep, 43(2024):113870.

49.	 A. De Gaetano, K. Solodka, G. Zanini, V. Selleri, A.V. 
Mattioli, et al. Molecular mechanisms of mtDNA-
mediated inflammation, Cells, 10(2021):2898.

50.	 S. Liu, B. Yang, Y. Hou, K. Cui, X. Yang, et al. The 
mechanism of STING autoinhibition and activation, 
Mol Cell, 83(2023):1502-1518.e10.

https://diabetesjournals.org/diabetes/article-abstract/68/6/1099/39736
https://diabetesjournals.org/diabetes/article-abstract/68/6/1099/39736
https://www.sciencedirect.com/science/article/pii/S2213231722001392
https://www.sciencedirect.com/science/article/pii/S2213231722001392
https://www.sciencedirect.com/science/article/pii/S2213231722001392
https://www.sciencedirect.com/science/article/pii/S2213231722001392
https://www.sciencedirect.com/science/article/abs/pii/S1567576901000108
https://www.sciencedirect.com/science/article/abs/pii/S1567576901000108
https://www.pnas.org/doi/abs/10.1073/pnas.0505077102
https://www.pnas.org/doi/abs/10.1073/pnas.0505077102
https://www.nature.com/articles/nature06726
https://www.nature.com/articles/nature06726
https://www.annualreviews.org/content/journals/10.1146/annurev-immunol-031210-101340
https://journals.sagepub.com/doi/abs/10.1177/09680519060120060901
https://journals.sagepub.com/doi/abs/10.1177/09680519060120060901
https://link.springer.com/article/10.1007/s00125-018-4705-0
https://link.springer.com/article/10.1007/s00125-018-4705-0
https://link.springer.com/article/10.1007/s00125-018-4705-0
https://link.springer.com/article/10.1007/s00125-018-4705-0
https://www.cell.com/fulltext/S0092-8674(16)30590-6
https://www.cell.com/fulltext/S0092-8674(16)30590-6
https://www.cell.com/fulltext/S0092-8674(16)30590-6
https://www.jbc.org/article/S0021-9258(21)01333-8/fulltext
https://www.jbc.org/article/S0021-9258(21)01333-8/fulltext
https://www.jbc.org/article/S0021-9258(21)01333-8/fulltext
https://www.jbc.org/article/S0021-9258(21)01333-8/fulltext
https://link.springer.com/article/10.1186/s12967-023-04266-5
https://link.springer.com/article/10.1186/s12967-023-04266-5
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2019.02963/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2019.02963/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2019.02963/full
https://pmc.ncbi.nlm.nih.gov/articles/PMC11160916/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11160916/
https://www.nature.com/articles/s41423-021-00673-0
https://www.nature.com/articles/s41423-021-00673-0
https://www.ahajournals.org/doi/full/10.1161/CIRCRESAHA.119.316306
https://www.ahajournals.org/doi/full/10.1161/CIRCRESAHA.119.316306
https://www.ahajournals.org/doi/full/10.1161/CIRCRESAHA.119.316306
https://www.mdpi.com/2073-4409/12/9/1273
https://www.mdpi.com/2073-4409/12/9/1273
https://www.mdpi.com/2073-4409/12/9/1273
https://www.sciencedirect.com/science/article/pii/S1567724917301034
https://www.sciencedirect.com/science/article/pii/S1567724917301034
https://www.sciencedirect.com/science/article/pii/S1567724917301034
https://www.nature.com/articles/s41392-023-01624-z
https://www.nature.com/articles/s41392-023-01624-z
https://www.nature.com/articles/s41392-023-01624-z
https://www.nature.com/articles/nature12305
https://www.nature.com/articles/nature12305
https://academic.oup.com/crawlprevention/governor?content=%2fhmg%2farticle-abstract%2f33%2fR1%2fR80%2f7679417
https://academic.oup.com/crawlprevention/governor?content=%2fhmg%2farticle-abstract%2f33%2fR1%2fR80%2f7679417
https://www.nature.com/articles/nature07317
https://www.nature.com/articles/nature07317
https://www.nature.com/articles/nature07317
https://journals.asm.org/doi/abs/10.1128/jvi.00925-21
https://journals.asm.org/doi/abs/10.1128/jvi.00925-21
https://www.nature.com/articles/s41467-024-45535-1
https://www.nature.com/articles/s41467-024-45535-1
https://www.nature.com/articles/s41467-024-45535-1
https://www.nature.com/articles/nature10429
https://www.nature.com/articles/nature10429
https://www.cell.com/cell-reports/fulltext/S2211-1247(24)00198-0
https://www.cell.com/cell-reports/fulltext/S2211-1247(24)00198-0
https://www.mdpi.com/2073-4409/10/11/2898
https://www.mdpi.com/2073-4409/10/11/2898
https://www.cell.com/molecular-cell/fulltext/S1097-2765(23)00243-5
https://www.cell.com/molecular-cell/fulltext/S1097-2765(23)00243-5


Journal of Drug and Alcohol Research14

in people with HIV and chronic pain, Mol Pain, 
19(2023):17448069231195975.

77.	 C. Trumpff, J. Michelson, C.J. Lagranha, V. Taleon, 
K.R. Karan, et al. Stress and circulating cell-free 
mitochondrial DNA: A systematic review of human 
studies, Mitochondrion, 59(2021):225-245.

78.	 G. Hovhannisyan, T. Harutyunyan, R. Aroutiounian, 
T. Liehr, The diagnostic, prognostic, and therapeutic 
potential of cell-free DNA with a special focus on 
COVID-19 and other viral infections, Int J Mol Sci, 
24(2023):14163.

79.	 L. E. Newman, G. S. Shadel, Mitochondrial DNA 
release in innate immune signaling, Annu Rev 
Biochem, 92(2023):299-332.

80.	 J. Schoen, M. Euler, C. Schauer, G. Schett, M. 
Herrmann, et al. Neutrophils’ extracellular trap 
mechanisms: From physiology to pathology, Int J Mol 
Sci, 23(2022):12855.

81.	 M. Ravindran, M. A. Khan, N. Palaniyar, Neutrophil 
extracellular trap formation: Physiology, pathology, 
and pharmacology, Biomolecules, 9(2019):365.

82.	 K. Fidan, S. Koçak, O. Söylemezoğlu, A. Atak 
Yücel, A well-intentioned enemy in autoimmune 
and autoinflammatory diseases: NETosis, Turk Arch 
Pediatr, 58(2023):10-19.

83.	 L. Zhang, B. Zheng, Y. Bai, J. Zhou, X. H. Zhang, 
et al. Exosomes-transferred LINC00668 contributes 
to thrombosis by promoting NETs formation in 
inflammatory bowel disease, Adv Sci, 10(2023): 
e2300560.

84.	 F. Chen, Y. Liu, Y. Shi, J. Zhang, X. Liu, et al. The 
emerging role of neutrophilic extracellular traps in 
intestinal disease, Gut Pathog, 14(2022):27.

85.	 S. Yousefi, D. Stojkov, N. Germic, D. Simon, X. Wang, 
et al. Untangling NETosis from NETs, Eur J Immunol, 
49(2019):221-227.

86.	 K. Itagaki, E. Kaczmarek, Y.T. Lee, I.T. Tang, B. 
Isal, et al. Mitochondrial DNA released by trauma 
induces neutrophil extracellular traps, PLoS One, 
10(2015):e0120549.

87.	 L. Tumburu, S. Ghosh-Choudhary, F. T. Seifuddin, E. 
A. Barbu, S. Yang, et al. Circulating mitochondrial 
DNA is a proinflammatory DAMP in sickle cell 
disease, Blood, 137(2021):3116-3126.

88.	 S. Caielli, S. Athale, B. Domic, E. Murat, M. Chandra, 
et al. Oxidized mitochondrial nucleoids released by 
neutrophils drive type I interferon production in human 
lupus, J Exp Med, 213(2016):697-713.

89.	 K. Shen, M. Zhang, R. Zhao, Y. Li, C. Li, et al. 

Res Sq, (2024): rs-4413958.

64.	 T.J. Costa, S.R. Potje, T.F.C. Fraga-Silva, J.A. da 
Silva-Neto, P.R. Barros, et al. Mitochondrial DNA 
and TLR9 activation contribute to SARS-CoV-2-
induced endothelial cell damage, Vasc Pharmacol, 
142(2022):106946.

65.	 A. Chowdhury, S. Witte, A. Aich. Role of mitochondrial 
nucleic acid sensing pathways in health and patho-
physiology, Front Cell Dev Biol, 10(2022):796066.

66.	 V. Hornung, A. Ablasser, M. Charrel-Dennis, F. 
Bauernfeind, G. Horvath, et al. AIM2 recognizes 
cytosolic dsDNA and forms a caspase-1-activating 
inflammasome with ASC, Nature, 458(2009):514-518.

67.	 C. Chen, P. Xu. Activation and pharmacological 
regulation of inflammasomes, Biomolecules, 12 
(2022):1005.

68.	 Z. Dai, W.C. Liu, X.Y. Chen, X. Wang, J.L. Li. Gasdermin 
D-mediated pyroptosis: mechanisms, diseases, and 
inhibitors, Front Immunol, 14(2023):1178662.

69.	 M.K. Atianand, V.A. Rathinam, K.A. Fitzgerald. 
Snapshot: Inflammasomes, Cell, 153 (2013): 272-272.
e1.

70.	 K. Nakahira, J.A. Haspel, V.A. Rathinam, S.J. 
Lee, T. Dolinay, et al. Autophagy proteins regulate 
innate immune responses by inhibiting the release 
of mitochondrial DNA mediated by the NALP3 
inflammasome, Nat Immunol, 12(2011):222-230.

71.	 A. Cabral, J. E. Cabral, A. Wang. Differential binding 
of NLRP3 to non-oxidized and Ox-mtDNA mediates 
NLRP3 inflammasome activation, Commun Biol, 
6(2023):578.

72.	 Y. He, H. Hara, G. Núñez. Mechanism and regulation 
of NLRP3 inflammasome activation, Trends Biochem 
Sci, 41(2016):1012-1021.

73.	 A.P. West, G.S. Shadel. Mitochondrial DNA in innate 
immune responses and inflammatory pathology, Nat 
Rev Immunol, 17(2017):363-375.

74.	 J. Liu, H. Chen, X. Lin, X. Zhu, J. Huang, et al. 
Melatonin suppresses cGAS-STING signaling and 
delays the development of hearing loss, Neuroscience, 
517(2023):84-95.

75.	 S.R. Mishra, K.K. Mahapatra, B.P. Behera, S. Patra, 
C.S. Bhol, et al. Mitochondrial dysfunction as a 
driver of NLRP3 inflammasome activation and its 
modulation through mitophagy, Int J Biochem Cell 
Biol, 136(2021):106013.

76.	 S.R. Gilstrap, J.M. Hobson, M.A. Owens, D.M. 
White, M.J. Sammy, et al. Mitochondrial reactivity 
following acute exposure to experimental pain testing 

https://journals.sagepub.com/doi/full/10.1177/17448069231195975
https://www.sciencedirect.com/science/article/pii/S1567724921000489
https://www.sciencedirect.com/science/article/pii/S1567724921000489
https://www.sciencedirect.com/science/article/pii/S1567724921000489
https://www.mdpi.com/1422-0067/24/18/14163
https://www.mdpi.com/1422-0067/24/18/14163
https://www.mdpi.com/1422-0067/24/18/14163
https://www.annualreviews.org/content/journals/10.1146/annurev-biochem-032620-104401
https://www.annualreviews.org/content/journals/10.1146/annurev-biochem-032620-104401
https://www.mdpi.com/1422-0067/23/21/12855
https://www.mdpi.com/1422-0067/23/21/12855
https://www.mdpi.com/2218-273X/9/8/365
https://www.mdpi.com/2218-273X/9/8/365
https://www.mdpi.com/2218-273X/9/8/365
https://pmc.ncbi.nlm.nih.gov/articles/PMC9885828/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9885828/
https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/advs.202300560
https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/advs.202300560
https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/advs.202300560
https://link.springer.com/article/10.1186/s13099-022-00497-x
https://link.springer.com/article/10.1186/s13099-022-00497-x
https://link.springer.com/article/10.1186/s13099-022-00497-x
https://onlinelibrary.wiley.com/doi/abs/10.1002/eji.201747053
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0120549
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0120549
https://ashpublications.org/crawlprevention/governor?content=%2fblood%2farticle-abstract%2f137%2f22%2f3116%2f475342
https://ashpublications.org/crawlprevention/governor?content=%2fblood%2farticle-abstract%2f137%2f22%2f3116%2f475342
https://ashpublications.org/crawlprevention/governor?content=%2fblood%2farticle-abstract%2f137%2f22%2f3116%2f475342
https://rupress.org/jem/article/213/5/697/42109/Oxidized-mitochondrial-nucleoids-released-by
https://rupress.org/jem/article/213/5/697/42109/Oxidized-mitochondrial-nucleoids-released-by
https://rupress.org/jem/article/213/5/697/42109/Oxidized-mitochondrial-nucleoids-released-by
https://www.sciencedirect.com/science/article/pii/S153718912100118X
https://www.sciencedirect.com/science/article/pii/S153718912100118X
https://www.sciencedirect.com/science/article/pii/S153718912100118X
https://www.frontiersin.org/articles/10.3389/fcell.2022.796066/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.796066/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.796066/full
https://www.nature.com/articles/nature07725
https://www.nature.com/articles/nature07725
https://www.nature.com/articles/nature07725
https://www.mdpi.com/2218-273X/12/7/1005
https://www.mdpi.com/2218-273X/12/7/1005
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2023.1178662/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2023.1178662/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2023.1178662/full
https://www.cell.com/pb/assets/raw/journals/research/snapshots/PIIS0092867413003310-1422647897983.pdf
https://www.nature.com/articles/ni.1980
https://www.nature.com/articles/ni.1980
https://www.nature.com/articles/ni.1980
https://www.nature.com/articles/ni.1980
https://www.nature.com/articles/s42003-023-04817-y
https://www.nature.com/articles/s42003-023-04817-y
https://www.nature.com/articles/s42003-023-04817-y
https://www.cell.com/trends/biochemical-sciences/abstract/S0968-0004(16)30148-7
https://www.cell.com/trends/biochemical-sciences/abstract/S0968-0004(16)30148-7
https://www.nature.com/articles/nri.2017.21
https://www.nature.com/articles/nri.2017.21
https://www.sciencedirect.com/science/article/pii/S0306452223000271
https://www.sciencedirect.com/science/article/pii/S0306452223000271
https://www.sciencedirect.com/science/article/pii/S1357272521000911
https://www.sciencedirect.com/science/article/pii/S1357272521000911
https://www.sciencedirect.com/science/article/pii/S1357272521000911
https://journals.sagepub.com/doi/full/10.1177/17448069231195975
https://journals.sagepub.com/doi/full/10.1177/17448069231195975


Journal of Drug and Alcohol Research15

Carinci, D. Chianese, et al. The tricky connection 
between extracellular vesicles and mitochondria 
in inflammatory-related diseases, Int J Mol Sci, 24 
(2023):8181.

102.	J. Heyn, M. A. Heuschkel, C. Goettsch. Mitochondrial-
derived vesicles: link to extracellular vesicles and 
implications in cardiovascular disease, Int J Mol Sci, 
24(2023):2637.

103.	D.R. Green. The coming decade of cell death research: 
Five riddles, Cell, 177(2019):1094-1107.

104.	X. Xu, Y. Lai, Z. C. Hua. Apoptosis and apoptotic body: 
Disease message and therapeutic target potentials, 
Biosci Rep, 39(2019):BSR20180992.

105.	J. J. Lai, Z. L. Chau, S. Y. Chen, J. J. Hill, K. V. Korpany, 
et al. Exosome processing and characterization 
approaches for research and technology development, 
Adv Sci, 9(2022):e2103222.

106.	L. M. Doyle, M. Z. Wang. Overview of extracellular 
vesicles, their origin, composition, purpose, and 
methods for exosome isolation and analysis, Cells, 
8(2019):727.

107.	A. Mázló, Y. Tang, V. Jenei, J. Brauman, H. Yousef, et 
al. Resolution potential of necrotic cell death pathways, 
Int J Mol Sci, 24(2023):16.

108.	M. Zhu, A. S. Barbas, L. Lin, U. Scheuermann, 
T. V. Brennan, et al. Mitochondria released by 
apoptotic cell death initiate innate immune responses, 
ImmunoHorizons, 2(2018):384-397.

109.	L. Ohlsson, A. Hall, H. Lindahl, R. Danielsson, 
A. Gustafsson, et al. Increased level of circulating 
cell-free mitochondrial DNA due to a single bout of 
strenuous physical exercise, Eur J Appl Physiol, 120 
(2020):897-905.

110.	G. E. Moya, P. D. Rivera, K. E. Dittenhafer-Reed. 
Evidence for the role of mitochondrial DNA release in 
the inflammatory response in neurological disorders, 
Int J Mol Sci, 22(2021):7030.

111.	R. Gilkerson, L. Bravo, I. Garcia, N. Gaytan, A. 
Herrera, et al. The mitochondrial nucleoid: Integrating 
mitochondrial DNA into cellular homeostasis, Cold 
Spring Harb Perspect Biol, 5(2013):a011080.

112.	H. Liu, X. Liu, J. Zhou, T. Li. Mitochondrial DNA is 
a vital driving force in ischemia-reperfusion injury 
in cardiovascular diseases, Oxid Med Cell Longev, 
2022(2022):6235747.

Eosinophil extracellular traps in asthma: Implications 
for pathogenesis and therapy, Respir Res, 24(2023):231.

90.	 J. H. Lee, Y. S. Cho. Eosinophil extracellular traps pave 
the way for the identification of novel therapeutics 
in severe asthma, Allergy Asthma Immunol Res, 
14(2022):441-443.

91.	 Alberro, L. Iparraguirre, A. Fernandes, D. Otaegui. 
Extracellular vesicles in blood: Sources, effects, and 
applications, Int J Mol Sci, 22(2021):8163.

92.	 S. Lazo, N. N. Hooten, J. Green, E. Eitan, N.A. Mode, 
et al. Mitochondrial DNA in extracellular vesicles 
declines with age, Aging Cell, 20(2021):e13283.

93.	 A. Rajput, A. Varshney, R. Bajaj, V. Pokharkar. 
Exosomes as new generation vehicles for drug delivery: 
biomedical applications and future perspectives, 
Molecules, 27(2022):7289.

94.	 M. Guescini, S. Genedani, V. Stocchi, L.F. Agnati, 
Astrocytes and glioblastoma cells release exosomes 
carrying mtDNA, J Neural Transm, 117(2010):1-4.

95.	 P. Sansone, C. Savini, I. Kurelac, Q. Chang, L.B. 
Amato, et al. Packaging and transfer of mitochondrial 
DNA via exosomes regulate escape from dormancy in 
hormonal therapy-resistant breast cancer, Proc Natl 
Acad Sci USA, 114(2017): E9066-E9075.

96.	 T. Lekva, A.Y.F. Sundaram, M.C.P. Roland, J. Åsheim, 
A.E. Michelsen, et al. Platelet and mitochondrial RNA 
is decreased in plasma-derived extracellular vesicles in 
women with preeclampsia, BMC Med, 21(2023):458.

97.	 Y. Cai, M. J. Xu, E. H. Koritzinsky, Z. Zhou, W. Wang, 
et al. Mitochondrial DNA-enriched microparticles 
promote acute-on-chronic alcoholic neutrophilia and 
hepatotoxicity, JCI Insight, 2 (2017):e92634.

98.	 K.L. Li, H.Y. Huang, H. Ren, X.L. Yang, Role of 
exosomes in the pathogenesis of inflammation in 
Parkinson’s disease, Neural Regen Res, 17(2022):1898-
1906.

99.	 M. A. Tienda-Vázquez, J. M. Hanel, E. M. Márquez-
Arteaga, A. P. Salgado-Álvarez, C. Q. Scheckhuber, 
et al. Exosomes: A promising strategy for repair, 
regeneration and treatment of skin disorders, Cells, 
12(2023):1625.

100.	Y. Zhou, S. Bréchard, Neutrophil extracellular 
vesicles: A delicate balance between pro-inflammatory 
responses and anti-inflammatory therapies, Cells, 
11(2022):3318.

101.	T. Di Mambro, G. Pellielo, E.D. Agyapong, M. 

https://www.mdpi.com/1422-0067/24/9/8181
https://www.mdpi.com/1422-0067/24/9/8181
https://www.mdpi.com/1422-0067/24/9/8181
https://www.mdpi.com/1422-0067/24/3/2637
https://www.mdpi.com/1422-0067/24/3/2637
https://www.mdpi.com/1422-0067/24/3/2637
https://www.cell.com/cell/article/S0092-8674(19)30443-X/fulltext
https://www.cell.com/cell/article/S0092-8674(19)30443-X/fulltext
https://portlandpress.com/bioscirep/article-abstract/39/1/BSR20180992/191
https://portlandpress.com/bioscirep/article-abstract/39/1/BSR20180992/191
https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/advs.202103222
https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/advs.202103222
https://www.mdpi.com/2073-4409/8/7/727
https://www.mdpi.com/2073-4409/8/7/727
https://www.mdpi.com/2073-4409/8/7/727
https://www.mdpi.com/1422-0067/24/1/16
https://link.springer.com/article/10.1007/s00421-020-04330-8
https://link.springer.com/article/10.1007/s00421-020-04330-8
https://link.springer.com/article/10.1007/s00421-020-04330-8
https://www.mdpi.com/1422-0067/22/13/7030
https://www.mdpi.com/1422-0067/22/13/7030
https://cshperspectives.cshlp.org/content/5/5/a011080.short
https://cshperspectives.cshlp.org/content/5/5/a011080.short
https://onlinelibrary.wiley.com/doi/full/10.1155/2022/6235747
https://onlinelibrary.wiley.com/doi/full/10.1155/2022/6235747
https://onlinelibrary.wiley.com/doi/full/10.1155/2022/6235747
https://link.springer.com/article/10.1186/s12931-023-02504-4
https://link.springer.com/article/10.1186/s12931-023-02504-4
https://pmc.ncbi.nlm.nih.gov/articles/PMC9523420/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9523420/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9523420/
https://www.mdpi.com/1422-0067/22/15/8163
https://www.mdpi.com/1422-0067/22/15/8163
https://onlinelibrary.wiley.com/doi/full/10.1111/acel.13283
https://onlinelibrary.wiley.com/doi/full/10.1111/acel.13283
https://www.mdpi.com/1420-3049/27/21/7289
https://www.mdpi.com/1420-3049/27/21/7289
https://link.springer.com/article/10.1007/s00702-009-0288-8
https://link.springer.com/article/10.1007/s00702-009-0288-8
https://www.pnas.org/doi/abs/10.1073/pnas.1704862114
https://www.pnas.org/doi/abs/10.1073/pnas.1704862114
https://www.pnas.org/doi/abs/10.1073/pnas.1704862114
https://link.springer.com/article/10.1186/s12916-023-03178-x
https://link.springer.com/article/10.1186/s12916-023-03178-x
https://link.springer.com/article/10.1186/s12916-023-03178-x
https://pmc.ncbi.nlm.nih.gov/articles/PMC5518559/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5518559/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5518559/
https://journals.lww.com/nrronline/fulltext/2022/09000/role_of_exosomes_in_the_pathogenesis_of.7.aspx
https://journals.lww.com/nrronline/fulltext/2022/09000/role_of_exosomes_in_the_pathogenesis_of.7.aspx
https://journals.lww.com/nrronline/fulltext/2022/09000/role_of_exosomes_in_the_pathogenesis_of.7.aspx
https://www.mdpi.com/2073-4409/12/12/1625
https://www.mdpi.com/2073-4409/12/12/1625
https://www.mdpi.com/2073-4409/11/20/3318
https://www.mdpi.com/2073-4409/11/20/3318
https://www.mdpi.com/2073-4409/11/20/3318

