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One of the most striking hallmarks shared by various neurodegenerative diseases, including Parkinson’s disease,
Alzheimer’s disease and amyotrophic lateral sclerosis, is microglia-mediated and astrocyte-mediated
neuroinflammation. Although inhibitions of both harmful proteins and aggregation are major treatments for
neurodegenerative diseases, whether the phenomenon of non-normal protein or peptide aggregation is causally
related to neuronal loss and synaptic damage is still controversial. Currently, excessive production of reactive
oxygen species (ROS), which induces mitochondrial dysfunction in neurons that may play a key role in the
regulation of immune cells, is proposed as a regulator in neurological disorders. In this review, we propose that
mitochondrial DNA (mtDNA) release due to ROS may act on microglia and astrocytes adjacent to neurons to
induce inflammation through activation of innate immune responses (such as cGAS/STING). Elucidating the
relationship between mtDNA and the formation of a pro-inflammatory microenvironment could contribute to a better
understanding of the mechanism of crosstalk between neuronal and peripheral immune cells and lead to the

development of novel therapeutic approaches to neurodegenerative diseases.
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| 1. Possible Mechanisms of mtDNA Release

“Leaky” mtDNA from damaged mitochondria caused by mitochondrial dysfunction is a significant source of
mitochondrial danger-associated molecular patterns (MtDAMPSs). Mitochondria share several features with
bacteria, including a double membrane structure and a circular genome with non-methylated CpG sites
independent of nuclear DNA replication. Given this similarity, once released into the cytoplasmic or extracellular
space, mtDNA fragments activate innate immunity and inflammation, such as DAMPs, which are similar to
pathogen-associated molecular patterns (PAMPs). This occurs through a molecular cascade reaction that includes
binding to Toll-like receptor 9 (TLR9) and subsequent activation of stimulators of the interferon gene (STING)
pathway . We speculate that accumulation of DAMPS in neurons may activate microglia and astrocytes and

promote leukocyte infiltration.

ROS production is thought to be an upstream step in the oxidative damage of mitochondrial proteins, membranes
and mtDNA. This is partly due to the fact that mitochondria are a major source of endogenous ROSs, which are
produced in the mitochondrial matrix and escape from metabolic processes and electron transport chains during
oxidative phosphorylation. ROSs are produced by electron transport chains and metabolic redox reactions, which

can result in mtDNA mutations or deletions, oxidative damage to the respiratory chain, lipid peroxidation and
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overall mitochondrial dysfunction. When neurons are exposed to oxidative stress, their internal mitochondria
produce ROS, leading to mitochondrial dysfunction and the possible release of oxidized mtDNA (Figure 1).
Moreover, mtDNA is located in environments with high levels of ROS, and accumulated mtDNA can lead to
organelle and cellular dysfunction. Thus, ROS-induced mitochondrial damage may cause the release of mtDNA,
which ultimately leads to mitochondrial dysfunction and in turn, chronic inflammation and disease. As demonstrated
by Zhao et al. @, mtDNA damage can be aggravated by mitochondrial ROS. Mitochondrial Lon is a molecular
chaperone and DNA-binding protein that plays a role in protein quality control and stress-response pathways. Lon
levels regulate mtDNA metabolism and mitochondrial ROS production. Overexpression of Lon induces
mitochondrial ROS to oxidize mtDNA, thereby allowing it to be released it into the cytoplasm &I,
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Figure 1. Release of mtDNA from neurons causes activation of the cGAS/STING pathway in neighboring microglia

and astrocytes, leading to increased transcription of pro-inflammatory factors.

As a DAMP, mtDNA can cause cellular stress. Many studies have been conducted on how mtDNA is released into
the cytoplasm/extracellular space. Kim et al. found that cytoplasmic mtDNA was reduced both at basal levels and
after H,O, stimulation in the voltage-dependent anion channel 1/3(VDAC1/3) knockout mouse fibroblasts (MEF)
when compared with wild-type MEF. Additionally, in the presence of mtDNA, VDAC1 trimer and higher-order
oligomer formation was increased, suggesting that oxidatively stressed mitochondria release mtDNA fragments
through pores formed in the outer mitochondrial membrane by VDAC oligomers 4. Riley et al. treated
osteosarcoma cell U20S with ABT-737 (a BCL-xL, BCL-2 and BCL-w inhibitor), actinomycin D (ActD; an unstable
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transcription inhibitor) and qVD-OPh (a cysteine protease inhibitor) to promote mitochondrial apoptosis and mimic
mitochondrial outer membrane permeabilization (MOMP). Moreover, mtDNA was observed by using a super-
resolution Airyscan confocal microscopy in wild-type and BAX/BAK-deficient U20S cells. They found that, under
cysteine protease inhibitory conditions, which induced BAX/BAK-dependent MOMP, matrix-localized mtDNA was
released from mitochondria 2. Huang et al. transfected LPS into wild-type, Caspl11™~ and GSDMD™~ mouse
microvascular endothelial cells (MVEC) and found that intracellular LPS-induced mtDNA release was dependent on
caspase-11 and Gasdermin D &, Similarly, Bao et al. detected mtDNA in the cytoplasm and mitochondrial fission,
which is a sign of cellular stress, in hepatocellular carcinoma (HCC) cells treated with Drp1 4. Taken together,
MtDNA can be released into the cytoplasm through pores formed by VDAC oligomerization, BAX/BAK-mediated
MOMP and other means. In addition, Nakahira et al. extracted wild-type and NLRP3”~ mouse bone-marrow-
derived macrophages, induced them with LPS, treated them with ATP and found that NALP3 also mediates mtDNA
release . It has been suggested that mtDNA can also be released by inflammatory vesicles. Oxidative stress in
mitochondria leads to the accumulation of oxidized mtDNA fragments, which, along with ROS, are released in the
cytosol as free molecules or engulfed into mitochondrial derived vesicles (MDVs). Guescini et al. demonstrated
that, in human glioblastoma cells (U87MG) and astrocyte cells, exosomes can work as vesicular carriers of mtDNA
[, Moreover, exosomes containing the complete mitochondrial genome were also detected by Sansone et al. 19,
Furthermore, Torralba et al. suggested that exosomes containing mtDNA can activate the cGAS/STING pathway in
immune cells, which in turn elicits a downstream inflammatory response L. Accumulation of mtDNA in the

cytoplasm will also spread to the extracellular space and act on nearby microglia and astrocytes (Figure 1) 121,

| 2. Effect of mtDNA on Microglia

The mtDNA released by neurons also has an effect on adjacent microglia. Liao et al. used mtDNA extracted from
purified mitochondria, which were then transfected into cGAS knockout mice and tamoxifen-induced cGAS or
HDAC3 knockout microglia, and demonstrated that the cGAS/STING pathway in microglia was activated by mtDNA
and that HDAC3-regulated p65 acetylation and nuclear localization in microglia transcriptionally activated cGAS
expression and enhanced cGAS/STING pathway activation, which exacerbated the inflammatory
microenvironment (231, Mathur et al. found that STING979t was not sensitive to ganciclovir (GCV)-induced interferon
responses compared with microglia from wild-type mice 24, Tsilioni extracted serum isolates from 20 clinical
patients with brain-inflammation-induced extracellular vesicles, and the inflammatory group had more mtDNA in
cultured microglia and secreted more of the pro-inflammatory cytokine interleukin IL-13 when compared with the
normal group 13, The accumulation of oxidative damage to linear mtDNA leads to the increased production of
ROS, which activates redox-sensitive NF-kB to cause excessive neuroinflammation 28, Thus, mtDNA can enhance
microglia polarization toward M1 and exacerbate the inflammatory response. In contrast, Nasi et al. treated human
microglia HMC3 cells with mtDNA extracted from Hela cells and found decreased mRNA expression of IL-1p 17,
However, the majority of studies have suggested that mtDNA promotes the secretion of pro-inflammatory factors by
microglia, which thereby exacerbates neuroinflammation and thus furthers the development of neurodegenerative

diseases.
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| 3. Effect of mtDNA on Astrocytes

Mitochondrial oxidative stress is an important factor leading to the disruption of mtDNA integrity and mtDNA
release, which in turn may act on surrounding astrocytes by entering the cytoplasm or being secreted
extracellularly via vesicles/exosomes, permeability pores and other means. In a variety of neurodegenerative
diseases, TAR DNA/RNA binding protein 43 (TDP-43) exhibits aberrant aggregation and localization within neurons
and glial cells. It has been shown that TDP-43 can cause dysregulation of mitochondrial proteins, leading to
mitochondrial oxidative stress [8l. Yu et al. used TDP-43 transgenic mice to demonstrate that TDP-43 can invade
mitochondria and release mtDNA through permeability transition pores 2; TDP-43 has also been shown to induce
astrocyte inflammation 2%, Hu found that hypoxia-induced mtDNA damage could lead to apoptosis in mouse
astrocytes 21l Ignatenko et al. used replicative mtDNA decapping enzyme Twinkle (TwKO) inactivation to induce
MtDNA depletion in mouse neurons and astrocytes and found that mtDNA deletion caused astrocyte overactivation
to induce early onset neurological disease 22, The above studies suggest that the mild stress caused by mtDNA
causes astrocytes to secrete more inflammatory factors, thus promoting neuroinflammation, while exacerbating the
development of neurodegenerative diseases. In contrast, when mtDNA is excessively damaged or even absent, it
may cause astrocytes to undergo apoptosis, which would slow down inflammation and possibly delay the onset of

neurodegenerative disease.

| 4. mtDNA Promotes Activation of the cGASISTING Pathway

In neurodegenerative diseases, mtDNA serves as the initiation point of neuroinflammation and how it activates the
inflammatory response. The mtDNA released by neuronal cells acts on nearby microglia and astrocytes via
exocytosis. The CcGAS/STING pathway plays a unigue and critical role in neuroinflammation and
neurodegenerative diseases as one of the important aberrant cytoplasmic DNA monitors. As the primary
cytoplasmic DNA receptor for microglia and astrocytes, cGAS can be activated by mtDNA that is aberrantly
localized in the cytoplasm. As shown in Figure 1, when miDNA is released into the cytoplasm by
stressed/damaged mitochondria, mtDNA binds to cGAS to form a complex that induces a conformational change in
the active site of cGAS, which catalyzes the synthesis of cyclic GMP-AMP (cGAMP) from ATP and GTP. The
cGAMP synthesized by cGAS contains two phosphodiester bonds, one between the 2'-OH of GMP and the 5'-
phosphate of AMP and the other between the 3'-OH of AMP and the 5'-phosphate of GMP, and is referred to as
2'3'-cGAMP. Overall, 2'3'-cGAMP acts as a second messenger that binds and activates STING proteins on the
endoplasmic reticulum membrane, inducing oligomerization to form tetramers and translocation from the
endoplasmic reticulum to the endoplasmic reticulum—Golgi intermediate region. Upon cGAMP binding, STING
undergoes a conformational change. The two wings of the protein are juxtaposed with the ligand located deep in
the binding pocket, and the lid consisting of four antiparallel B-sheet chains is rearranged at the top of the binding
pocket, producing a closed conformation. This conformational change leads to a 180° rotation of the ligand-binding
region, resulting in the formation of STING oligomers by side-by-side stacking of dimeric STING molecules. After
STING is activated, STING is transferred from the endoplasmic reticulum to the Golgi apparatus, where

tetramerization of STING can serve as a signaling platform to recruit and activate TANK-binding kinase (TBK1),
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which in turn can phosphorylate the carboxy-terminal structural domain of STING, which subsequently recruits and
phosphorylates interferon regulatory factor 3 (IRF3). Phosphorylated IRF3 forms a dimer that translocates to the
nucleus and induces transcriptional expression of downstream type | interferon (IFN-I) and interferon-stimulated
genes (ISGs), initiating the innate immune response 23, Riley et al. treated wild-type and STING-deficient mouse
endothelial SVEC cells with ABT-737 and the MCL-1 inhibitor S63845 to induce rapid mitochondrial apoptosis and
found that MOMP-induced mtDNA release initiates a cGAS/STING-dependent type | interferon response . Zhang
et al. administered mtDNA extracted from liver tissue to wild-type and STING-deficient mice intraperitoneally and
found that mtDNA activated IFN-B in a cGAS/STING pathway-dependent manner (24, In addition, STING recruits
IkB kinase (IKK), which phosphorylates the NF-kB inhibitor, IkBa, and phosphorylation of IkBa leads to NF-kB
translocation to the nucleus, activating the classical NF-kB signaling pathway and inducing the expression of
genes, such as tumor necrosis factor a (TNF-a) and interleukin 6 (IL-6) (23],

5. mtDNA/cGASI/STING Pathway Exacerbates
Neurodegenerative Disease

The release of mtDNA due to mitochondrial dysfunction may be an important marker in neurodegenerative
diseases. Leurs et al. compared the levels of free mtDNA in the cerebrospinal fluid of patients with relapsing-
remitting multiple sclerosis (RRMS), patients with progressive multiple sclerosis (PMS), controls with various
neurological diseases, and healthy controls and found that PMS patients had mtDNA concentrations that were
nonspecifically elevated 23, Podlesniy et al. [28] and Cervera-Carles et al. [27 also examined levels of free mtDNA
in cerebrospinal fluid from clinical patients with AD versus asymptomatic patients at risk for AD and found that
preclinical free mtDNA was significantly increased. Sliter et al. found that mtDNA-induced mitochondrial stress in
the absence of Parkin or PINK1 led to a STING-mediated type | interferon response in mice by STING9Y8t, Parkin™
~ and PINK17~ mice and their hybrids, demonstrating that Parkin and PINK1 prevent the development of a
cytosolic response by clearing both damaged mitochondria to prevent increases in cytosol and circulating mtDNA
to prevent inflammation and neurodegeneration, thereby alleviating symptoms of PD through mitochondrial
autophagy [28]. Yu et al. used transgenic mice with the TDP-43 mutant allele A315T, STING-deficient mice, and the
resulting progeny from crossing these two lines to demonstrate that TDP 43 releases mtDNA through the mPTP
permeability pore and activates the cGAS/STING pathway thereby exacerbating ALS [22. Jauhari et al. found in
AANAT-KO mice that mtDNA release into the cytoplasm and its mediated inflammation are dependent on the
CGAS/STING/IRF3 pathway B9, mtDNA release due to mitochondrial Lon induced Cheng et al. also found that
ROS induction by Lon-induced mtDNA release activates the STING/IFN pathway to induce an inflammatory
response &,
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