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The neuroimmune nexus: unraveling
the role of the mtDNA-cGAS-STING signal
pathway in Alzheimer’s disease
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Abstract

The relationship between Alzheimer’s disease (AD) and neuroimmunity has gradually begun to be unveiled. Emerg-
ing evidence indicates that cyclic GMP-AMP synthase (cGAS) acts as a cytosolic DNA sensor, recognizing cytosolic
damage-associated molecular patterns (DAMPs), and inducing the innate immune response by activating stimulator
of interferon genes (STING). Dysregulation of this pathway culminates in AD-related neuroinflammation and neu-
rodegeneration. A substantial body of evidence indicates that mitochondria are involved in the critical pathogenic
mechanisms of AD, whose damage leads to the release of mitochondrial DNA (mtDNA) into the extramitochondrial
space. This leaked mtDNA serves as a DAMP, activating various pattern recognition receptors and immune defense
networks in the brain, including the cGAS-STING pathway, ultimately leading to an imbalance in immune homeosta-
sis. Therefore, modulation of the mtDNA-cGAS-STING pathway to restore neuroimmune homeostasis may offer prom-
ising prospects for improving AD treatment outcomes. In this review, we focus on the mechanisms of mtDNA release
during stress and the activation of the cGAS-STING pathway. Additionally, we delve into the research progress on this
pathway in AD, and further discuss the primary directions and potential hurdles in developing targeted therapeutic

drugs, to gain a deeper understanding of the pathogenesis of AD and provide new approaches for its therapy.
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Background

Alzheimer’s disease (AD) is the most common form
of chronic neurodegenerative disease, posing signifi-
cant health risks to the elderly [1]. Clinically, it primar-
ily manifests as a progressive impairment of memory
and cognitive function [2]. Analysis of epidemiological
data has indicated that the global prevalence of demen-
tia is expected to triple by 2050, imposing heavy eco-
nomic and psychological challenges on communities
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and households [3-5]. The primary pathological features
of AD involve the widespread amyloid plaques and neu-
rofibrillary tangles (NFT) within the brain, triggering
irreversible neuronal damage and cognitive decline [6].
Despite significant global financial investments for tack-
ling AD, effective treatment strategies are still lacking [7].
One possible reason for this is that the etiology of AD is
multifactorial [8], and the precise molecular mechanisms
underlying its onset and progression remain largely elu-
sive. As such, there is an urgent need to explore new dis-
ease-modifying therapies that target the critical processes
of AD pathogenesis [9], with the aim of obtaining better
treatment outcomes. Recent studies have identified the
involvement of maladaptive inflammatory responses and
immune dysregulation in AD development [10, 11], high-
lighting the importance of understanding the potential
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molecular mechanisms underlying immune-inflamma-
tory reactions.

The innate immune, serving as the first line of defense
in the body’s immune system, can distinguish between
“self” and “non-self” effectively [12]. Endogenous dam-
age-associated molecular patterns (DAMPs) released
after cellular damage, such as self-proteins or nucleic
acids, can also be recognized by the innate immune sys-
tem, thereby eliciting a swift and non-specific immune
response [13]. This recognition process is mediated by
pattern recognition receptors (PRRs), the majority of
which possess sequence- and cell-type- specificity [14].
Notably, as a unique type of PRRs, cyclic GMP-AMP syn-
thase (cGAS) lacks DNA sequence specificity, and cannot
effectively distinguish between self and foreign DNA [15].
Consequently, mitochondrial DNA (mtDNA) and other
double-stranded DNA (dsDNA) can act as DAMPs to
bind cGAS upon entry into the cytoplasm, thus activating
the downstream stimulator of interferon genes (STING)
[16]. Typically, the cGAS-STING pathway serves as a
protective mechanism against invading pathogens, and
its activation by external nucleic acids, such as those
from viruses, can effectively protect the cells from poten-
tial threats [17]. However, overactivation of this pathway,
triggered by the accumulation of ectopic dsDNA in the
central nervous system (CNS), may exacerbate neuroin-
flammatory responses. This dysregulated inflammatory
environment likely further impairs neuronal cells, caus-
ing damage to healthy tissues and potentially triggering
multiple neurological diseases that have been reported
to be associated with abnormal inflammation, including
AD, Parkinson’s disease (PD) [18], amyotrophic lateral
sclerosis (ALS) [19], postoperative cognitive dysfunction
(POCD) [20], and traumatic brain encephalopathy (TBE)
[21], although the pathogenesis of these diseases shows
high heterogeneity. Recent studies particularly highlight
its critical role in AD.

In this review, we summarize how mtDNA is released
into extramitochondrial space under cellular stress, and
subsequently recognized by the cGAS-STING signal
pathway. Furthermore, we discuss the pivotal role of the
mtDNA-cGAS-STING pathway in AD and the prospects
of targeting this pathway for AD treatment. We believe
that an in-depth exploration of the mechanisms related
to this cascade pathway will provide greater hope for
delaying AD progression.

Mechanisms of mtDNA release

In mammalian cells, mtDNA is a double-stranded, cir-
cular DNA comprising 16,569 base pairs and encod-
ing 37 genes [22]. mtDNA is distributed throughout
the mitochondrial network, and the proteins it encodes
are involved in a wide range of physiological functions
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[23], including energy supply, Ca>" homeostasis mainte-
nance, synaptic plasticity [24], and heme and cholesterol
synthesis [25]. Notably, mtDNA itself exerts an endog-
enous pro-inflammatory effect, which is largely attrib-
uted to its unmethylated CpG islands, akin to bacterial
genomes [26, 27]. As such, mtDNA released outside of
mitochondria can act as an immune stimulant to mediate
immune-inflammatory processes. Nevertheless, mtDNA
possesses an intricate set of self-protection systems that
protect it from recognition by the immune surveillance
system under physiological conditions, thus maintaining
its relatively stable existence within cells. These mecha-
nisms encompass the barrier of the mitochondrial “dou-
ble-layer” membrane, balanced mitochondrial dynamics,
coordinated regulation of various nuclear genes, mito-
chondrial autophagy, and interplay with other cellular
organelles [28-30]. Abnormalities in these mechanisms
may lead to mtDNA mutations or relocation outside the
mitochondria, although the specific release process and
related regulatory mechanisms remain unclear. Inter-
estingly, the mechanisms underlying mtDNA releasing
to extramitochondrial space differ between apoptotic
and living cells; in cells under apoptotic stress, mtDNA
escape predominantly occurs through macropores
formed by apoptotic regulators (BAK/BAX) [31, 32],
including in senescent cells that remain resistant to apop-
tosis, where mtDNA can also be released via BAK/BAX-
dependent minority MOMP (miMOMP) [33]. Whereas
in living cells, mtDNA primarily depends on voltage-
dependent anion channel (VDAC) oligomerization pores
in the outer mitochondrial membrane (OMM) that pro-
mote mitochondrial outer membrane permeabilization
(MOMP) [34, 35]. Besides, gasdermin pores, mitochon-
drial dynamics, extracellular vesicles (EVs), and neutro-
phil extracellular traps (NETs) also contribute to mtDNA
release [36]. As such, mtDNA escape is an exceedingly
complex process involving an interplay of multiple mech-
anisms. In the following sections, we systematically sum-
marize these mechanisms of mtDNA release to better
understand the role of mtDNA in inflammatory diseases
and immune regulation.

The mechanism of mtDNA release

into the extramitochondrial space

BAK/BAX pores

The prevailing view supports the notion that MOMP is
the primary trigger of mtDNA release. When apoptotic
signals occur within cells, the pro-apoptotic factors BAX
and BAK are activated and recruited to oligomerize on
the OMM, forming macropores that induce MOMP
[37]. The growth rate of these macropores and the rela-
tive kinetics of mtDNA are influenced by the relative
availability of Bax and Bak, while their interactions can
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regulate the dynamics of mtDNA release [38, 39]. Unlike
non-inflammatory mitochondrial apoptosis, which relies
on caspase activation, mtDNA release through these
macropores does not require activated caspases [32].
The absence of the latter is crucial for mtDNA-mediated
inflammation. If caspases are activated, cell death occurs
after MOMP, without triggering the type I interferon
(IEN) response [40, 41]. In other words, caspase activa-
tion can sequester the apoptotic process of cells from the
immune system, thus avoiding unnecessary inflammatory
responses. This precise regulatory mechanism ensures
the orderly progression of apoptosis, which is important
for maintaining immune homeostasis in organisms.

Following MOMP, the inner mitochondrial membrane
(IMM) protrudes into the cytoplasm through BAK/BAX
macropores to form mitochondrial herniations. Then, the
mitochondrial matrix contents, including the mitochon-
drial genome and other mitochondrial components, are
translocated outside the mitochondria [31], subsequently
activating caspase-independent cell death (CICD)-asso-
ciated inflammation. This process may further result in
a loss of IMM integrity, culminating in mitochondrial
inner membrane permeabilization (MIMP) [32]. Addi-
tionally, studies have indicated that mtDNA is released
into the cytoplasm in the form of entire nucleoids. How-
ever, whether these released nucleoids remain intact or
fragmented remains unclear [42]. Clarifying the fate and
effects of these released nucleoids within the cytoplasm
is crucial, as they may be closely linked to the potential of
mtDNA as an effective biomarker.

Notably, MOMP may also be associated with the
release of mitochondrial double-stranded RNA (mt-
dsRNA) [43]. Dhir et al. found that the release of mt-
dsRNA is almost entirely blocked by the downregulation
of BAX and BAK, indicating that mt-dsRNA release may
predominantly occur via MOMP. These released mt-
dsRNAs can also be recognized by dsRNA sensors and
activate the IFN-I pathway [44]. Furthermore, they may
act as mitochondrial self-antigens involved in the devel-
opment of autoimmune diseases [45]. Nevertheless, the
mechanisms underlying mt-dsRNA release remain poorly
understood, and their precise role in immune responses
requires further investigation.

VDAC oligomer pores

In living cells, the mechanism by which mtDNA is
released is not uniform. Multiple studies have indicated
that oxidative stress, when insufficient to activate BAK
and BAX, can induce VDAC oligomerization and subse-
quently form pores in the OMM, thus promoting MOMP
in living cells and facilitating mtDNA release [34]. Nota-
bly, mtDNA translocation through VDAC requires the
coordination of other proteins, particularly the adenine
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nucleotide translocator (ANT) located in the IMM, and
Cyprin D in the matrix. These proteins are considered key
components of the mitochondrial permeability transition
pore (mPTP), a diverse protein complex located between
the IMM and OMM [46, 47]. Garcia et al. provided evi-
dence to support this view, showing that cyclosporin A,
a Cyprin D inhibitor, could affect the permeability tran-
sition pore and inhibit mtDNA release into the cyto-
plasm by 52% [48]. Unlike the BAK/BAX pores, mtDNA
fragments, which are components of specific genes, are
released via VDAC pores [49]. In addition, mPTP pores
are expected to allow only mtDNA fragments with a
molecular weight of less than 1.5 kDa to pass through
[50], enriching evidence that the mtDNA released via
VDAC pores are fragments rather than intact nucleoids.
The formation of VDAC oligomer pores is a complex
process regulated by several factors. Upon entry into the
mitochondrial intermembrane space, mtDNA fragments
themselves interact with residues at the N-terminus of
the VDACI subtype, thus promoting VDAC oligomeri-
zation and forming a feed-forward loop [34]. The virus-
related kinase 2 (VRK2) protein, a member of the vaccinia
virus-related kinase family and a serine/threonine kinase
with catalytic activity [51, 52], is considered another
important regulator of VDACI1 oligomerization during
mtDNA release. VRK2 was recently shown to induce
cGAS-mediated innate immune response [53], indicat-
ing its potential as a therapeutic target for infectious and
autoimmune diseases associated with mtDNA release.
Additionally, Baik et al. demonstrated that the dissocia-
tion of hexokinase 2 (HK2) from VDAC triggers calcium
release from the endoplasmic reticulum (ER), which is
subsequently taken up by the mitochondria, leading to
VDAC oligomerization and mtDNA escape [54]. How-
ever, these studies only partly elucidated the regulatory
mechanisms governing mtDNA release through VDAC
oligomeric pores, and their findings are likely limited to
specific disease contexts. Further research is therefore
needed to investigate whether there are differences in the
regulation of mtDNA release through VDAC oligomeric
pores under various disease conditions such as infec-
tion, autoimmune diseases, and cancer, which will help to
identify specific therapeutic targets to provide more pos-
sibilities for the treatment of these related diseases.

Gasdermin pores

Gasdermins (GSDMs) are a class of pore-forming pro-
teins that represent another channel for mtDNA escape
from mitochondria [55]. As a pivotal effector molecule
in pyroptosis, gasdermin undergoes cleavage by acti-
vated caspases to generate an N-terminal domain, that
inserts into the plasma membrane and oligomerizes to
form large pores through its pore-forming activity [56],



Quan et al. Molecular Neurodegeneration (2025) 20:25

allowing the release of inflammatory substances like
interleukin-1p (IL-1p) [57]. Huang et al. indicated that
mtDNA can be released into the cytosol through gas-
dermin pores to activate downstream signaling path-
ways during inflammatory injury [58]. In detail, several
members of the gasdermins, including gasdermin A3,
gasdermin D (GSDMD), and gasdermin E, can facili-
tate mtDNA release during apoptosis or pyroptosis, and
inhibit the pore activity of GSDMD significantly impedes
this process, consequently ameliorating mitochondrial
network structure damage and rescuing mitochondrial
dysfunction [55, 59]. Additionally, oxidized mtDNA can
directly interact with the GSDMD-N domain to enhance
its oligomerization during the pore-forming process
[60], which may exacerbate mitochondrial membrane
rupture. Furthermore, membrane damage induced by
gasdermin could precipitate the collapse of the mito-
chondrial network system, potentially providing alter-
native pathways for mtDNA release, such as NETs [61],
and ultimately resulting in the displacement of mtDNA
outside the mitochondria or even extracellularly. These
studies indicate a plausible interplay between gasdermin
and damaged mitochondria, both promoting cell death.
Overall, the formation of gasdermin pores is a significant
determinant of mtDNA escape, extending its importance
beyond pyroptosis.

The mechanism and significance of mtDNA release

into the extracellular space

Diverse mtDNA forms have been detected in different
biological fluids, such as plasma [62], serum [63], cere-
brospinal fluid (CSF) [64], and synovial fluid [65], indicat-
ing the further release of mtDNA from the cytoplasmic
compartment into the extracellular environment. Cur-
rently, the active release of mtDNA is believed to occur
primarily through transportation via extracellular EVs
or as components of NETs, whereas its passive release
typically occurs during cell injury and death processes
like apoptosis, necrosis, and pyroptosis [25]. Recent
studies have suggested that the level of cell-free mtDNA
(cf-mtDNA) released into the extracellular fluid is a sig-
nificant biomarker that partly reflects the severity and
prognosis of various inflammation-related diseases. For
example, a correlation has been observed between higher
mtDNA copy numbers (mtDNAcn) in circulation and
better cognitive function [66]. Similarly, patients with
coronary heart disease have lower mtDNA levels than the
control group [67]. Interestingly, evidence suggests that
only cf-mtDNA, and not mtDNA present in intact circu-
lating mitochondria, can elicit an inflammatory response
[68]. Understanding the mechanisms underlying mtDNA
releasing into extracellular space and the pathophysiolog-
ical functions of its various forms is essential to advance
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our knowledge of mitochondrial biology and its roles in
health and disease.

Activation of cGAS-STING by Leaked mtDNA

As mentioned above, under physiological circumstances,
mtDNA is encapsulated within the “double membrane”
structure of mitochondria and does not disturb the
immune system. Upon release into the cytoplasm or cir-
culation, it acts as a potential immune stimulus, eliciting
an inherent immune response in the body. Although the
precise mechanisms by which mtDNA triggers inflam-
mation have not yet been fully elucidated, it is widely rec-
ognized that mtDNA primarily affects immune responses
through three important signaling pathways: the toll-like
receptor-9 (TLR-9), cGAS-STING, and nucleotide-bind-
ing oligomerization domain (NOD), leucine-rich repeat
(LRR), and pyrin domain-containing protein 3 (NLRP3)
inflammasome pathways [69] (Fig. 1). Given that the
association of TLR-9 and NLRP3 with mtDNA has been
extensively summarized in many other excellent reviews
[25, 70], herein, we primarily focused on the crosstalk
between mtDNA and the emerging immune pathway
c¢GAS-STING, which is increasingly being recognized for
its role in AD.

Molecular mechanisms of the cGAS-STING pathway

Activation of the cGAS-STING pathway is an extremely
complex process (Fig. 2). The molecular weight of cGAS
is approximately 60 kDa, and it comprises an N-terminal
region that mediates binding to cell membrane, a highly
conserved nucleotidyltransferase core domain, and a
male abnormal gene family 21 (Mab21) nucleotidyltrans-
ferase domain [71, 72]. The Mab21 domain is primarily
involved in dsDNA binding, and structural defects in it
cause cGAS to lose the ability to induce IFN- expres-
sion [73]. Thus, maintaining structural integrity is espe-
cially important for the physical function of cGAS.
Unlike other PRRs, cGAS binds to negatively charged
dsDNA through electrostatic interactions and hydrogen
bonds, which partly explains its lack of sequence-specific
recognition [74, 75]. In other words, it can bind to vari-
ous types of nucleic acids, such as dsDNA, RNA:DNA
hybrids, ssDNA, and dsRNA, but the latter two lack the
ability to rearrange the catalytic pocket of cGAS to acti-
vate it [76, 77]. In addition, the intracellular localization
of cGAS remains controversial. Although most studies
consider it a “cytoplasmic sensor” [78], recent research
indicated that cGAS is present in the cell nucleus and
membrane as well [79-82]. For example, the localiza-
tion of cGAS is cell-cycle dependent [83, 84]; it is typi-
cally located in the cytoplasm of non-dividing cells but
translocates into the nucleus during mitosis in prolif-
erating cells, where it binds to chromatin DNA [85]. In
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Fig. 1 Overview of the mechanisms of mtDNA release and its effect on the innate immune response. Under normal circumstances, mtDNA

is encapsulated within mitochondria without disturbing the immune system. However, when exposed to various adverse factors such as ROS,
cellular stress, and aging, mitochondria inevitably incur a certain degree of damage. At this point, mtDNA is released into the extramitochondrial
space through mechanisms involving BAK/BAX, VDACT, GSDMD, and others. Subsequently, the leaked mtDNA acts as DAMPs, recognized by diverse
PRRs, primarily activating the body’s innate immune response through three different inflammatory pathways: TLR9, NLPR3, and cGAS-STING

summary, its subcellular localization is tightly related to
the cell types and biological contexts, allowing it to func-
tion more effectively.

Indeed, cGAS possesses catalytic inertness. When it
binds to dsDNA, a conformational change occurs, con-
verting the catalytic pocket of cGAS from an inactive
“closed” conformation to an active “open” conformation,
forming a 2:2 dimeric structure composed of cGAS and
dsDNA [75, 86]. Subsequently, this complex catalyzes the
formation of 2'3’-cyclic GMP-AMP (2'3’-cGAMP) from
guanosine triphosphate (GTP) and adenosine triphos-
phate (ATP), which serves as a second messenger, bind-
ing and activating the adaptor protein STING located

on the ER membrane, initiating a cascade of intracellular
signaling events crucial for the immune response [87].
Ishikawa et al. first reported the importance of STING
in the innate immune response to antiviral immunity.
As an important component of nonspecific immunity
against aberrant cytoplasmic DNA, STING is widely
expressed in the ER across various cell types [88]. Upon
binding to 2’3’-cGAMP, STING oligomerizes and is traf-
ficked from the ER to the Golgi apparatus [89, 90]. Dur-
ing this process, the C-terminal tail (CCT) of STING
recruits and activates TANK-binding kinase 1 (TBK1),
which phosphorylates STING and interferon regulatory
factor 3 (IRF3) [91]. Subsequently, phosphorylated IRF3
forms dimers and is translocated to the nucleus to bind
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Fig. 2 Overview of the molecular mechanisms of the cGAS-STING signal pathway. The activation of the cGAS-STING signaling begins

with the detection of abnormal dsDNA within the cell. Initially, dsSDNA binds to cGAS, triggering its enzymatic activity and the production

of 2'3-cGAMP. Subsequently, cGAMP binds to STING on the ER membrane, inducing conformational changes that result in STING oligomerization

and translocation to the ERGIC and Golgi apparatus. This change leads to the activation of signaling molecules such as TBK1 and IRF3, which enter
the nucleus and initiate the transcription of immune factors like interferons, ultimately initiating the body’s immune response to combat infection

and damage

IEN response elements, inducing extensive transcription
of downstream type I interferons (IFN-I) and interferon-
stimulated genes (ISGs), thus triggering IFN-I-mediated
immune responses [92]. Additionally, STING can also
phosphorylate IkB kinase (IKK), causing the release of
nuclear factor kappa-B (NF-kB) into the nucleus, activat-
ing the classical NF-«B signaling pathway, and inducing
the expression of genes such as tumor necrosis factor-
alpha (TNF-a), interleukin-6 (IL-6), and IL-1p, triggering
a broad immune response [93].

cGAS-STING-mediated autophagy represents the
primitive and highly conserved function of this pathway
[94]. Upon binding with cGAMP, STING buds from the
ER to form COPII vesicles, forming the ER-Golgi inter-
mediate compartment (ERGIC). The ERGIC-containing
STING serves as a membrane source for microtubule-
associated protein 1 light chain 3 (LC3) lipidation, pro-
moting the formation of autophagosomes [95, 96]. In

contrast, autophagy can feedback-regulate the activity of
this pathway as well [97]. In addition to negatively regu-
lating STING signaling by interfering with the assembly
of STING-TBK1-IRF3 or STING degradation, autophagy
prevents STING activation by delivering cytoplasmic
DNA to lysosomal degradation [95, 98, 99]. The recipro-
cal regulation between the cGAS-STING pathway and
autophagy helps clear damaged organelles, abnormal
proteins, and accumulated dsDNA in the cytoplasm, sup-
pressing unnecessary inflammatory responses and sup-
porting cellular homeostasis.

Crosstalk between cGAS-STING and mtDNA

The interaction between cGAS-STING and mtDNA
and its involvement in disease pathogenesis has long
been a focal point of research. A pivotal discovery link-
ing mtDNA to the cGAS-STING pathway demonstrates
that mtDNA stress is an intrinsic trigger of antiviral
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responses. Specifically speaking, viral infection can lead
to abnormal mtDNA escape into the cytosol, where it
binds to cGAS and promotes STING-IRF3-dependent
signaling, mediating antiviral innate immunity [100].
Other studies have also provided evidence of mtDNA
colocalization with ¢cGAS and triggering inflammatory
damage under specific conditions [40, 101]. Sliter et al.
presented compelling findings connecting mtDNA-
STING signaling to neurodegenerative diseases, showing
that mitochondrial stress induced by mtDNA mutations
triggers a STING-IEN-I response in a PD mouse model
lacking Parkin or PINK1 [102]. Furthermore, the release
of mtDNA is related to the mitochondrial localization of
neuropathological proteins, which may impair the integ-
rity and function of the mitochondrial membrane. A
critical study has reported that the mitochondrial locali-
zation of tau protein triggers mtDNA leakage and cGAS
activation in microglia treated with tau fibrils, diminish-
ing cognitive resilience through decreasing the neuronal
transcriptional network of myocyte enhancer factor 2c
(MEF2C) [103]. A similar mechanism was revealed in a
parallel study, where the mitochondrial translocation
of transactive response DNA binding protein of 43 kDa
(TDP-43) drives mtDNA release into the cytoplasm,
activating the cGAS-STING pathway in ALS models
[19]. These studies together demonstrate the interaction
of mtDNA with the cGAS-STING and its downstream
pathways, providing persuasive evidence that mtDNA
escaping into the extramitochondrial space can be sensed
by cGAS.

Further in-depth research has established the link
between mitochondrial stress in neurons and neuro-
inflammation. After ischemia—reperfusion injury, ox-
mtDNA activated the cGAS-STING pathway within
neurons, and restricting the release of ox-mtDNA into
the cytoplasm downregulated p-STING expression lev-
els in both neurons and microglia [104]. Other research
has reported that neurons could release vesicles con-
taining mtDNA into the extracellular space, which can
be engulfed by neighboring microglial cells [105-108].
Additionally, transfection of extracted mtDNA into
microglia upregulated the expression of IFN-f which
was significantly inhibited upon ¢cGAS knockout [109],
thus cGAS in microglia may also be activated by mtDNA
released from other cells. Based on these results, we cau-
tiously propose that stressed neurons can release mtDNA
and other pro-inflammatory factors into the extracellular
space under various harmful conditions, and this dis-
placed mtDNA may then be recognized by nearby micro-
glia or astrocytes, consequently activating cGAS-STING
signaling in these immune cells and exacerbating neu-
roinflammation. Unfortunately, direct evidence for this
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process is still lacking in AD. If further validated, target-
ing this pathway may hold even greater promise.

The role of the mtDNA-cGAS-STING pathway in AD

AD is a neurodegenerative disease with an insidious
onset, caused by the interaction of genetic and envi-
ronmental factors [110]. Despite extensive research, its
pathogenesis remains elusive. Emerging evidence sug-
gests that mitochondrial disorders and innate immune
responses play crucial roles in the development of AD [7,
111]. Specifically, numerous adverse factors, including
elevated levels of pathogenic proteins in AD, could desta-
bilize the neuronal mitochondrial genome [112, 113],
leading to mitochondrial dysfunction, ultimately trigger-
ing the release of disrupted mtDNA into the extramito-
chondrial space to initiate a series of immune responses
[114]. These maladaptive neuroinflammatory activities
in the CNS are generally considered to exacerbate path-
ological changes and accelerate the rate of AD-related
cognitive decline [115, 116]. Furthermore, several AD-
related risk genes have been implicated in inflammation.
As described by He et al., among the 50 AD-related risk
loci identified through genome-wide association analy-
sis (GWAS), more than half were significantly enriched
or specifically expressed in immune cells, particularly
microglia and macrophages, such as Age and apolipopro-
tein E (APOE), triggering receptors expressed on myeloid
cells 2 (TREM?2), and ATP-binding cassette subfamily A
(ABCA) [117]. More importantly, the cGAS-STING sign-
aling, a pivotal DNA-sensing pathway, links cytoplasmic
mtDNA to sterile inflammation and the body’s innate
immune system, and its activation has been identified
across multiple cell types in AD brains [118]. Overall,
mtDNA-cGAS-STING activation in AD highlights the
intricate interplay between mitochondrial dysfunction
and neuroinflammation (Fig. 3). Elucidating the molecu-
lar mechanisms of this immune-inflammatory signaling
pathway holds immense promise for developing novel
therapeutic interventions to mitigate the devastating
impact of AD on both individuals and society as a whole.

mtDNA disturbances in AD

Endogenous neuroprotection and repair within the body
rely on the health of the mtDNA, whose turbulence inev-
itably leads to various AD pathological changes, includ-
ing the abnormal aggregation of pathological amyloid-p
(AB) plaques [119, 120] and hyperphosphorylated tau
protein [121], impaired synaptic transmission and plas-
ticity [122], cholinergic dysfunction [123], and neuro-
inflammation [124]. For example, mtDNA mutations in
mice lead to an increase in AP42 levels and AB42 plaque
density, and the accumulation of amyloidosis is caused by
a decrease in the content of AP clearance enzymes, rather
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Fig. 3 mtDNA-cGAS-STING signal pathway and neuroinflammation in AD. A. In the AD brain, the neurotoxic effects of primary

pathological proteins, such as AR plagues and neurofibrillary tangles. The overwhelmed mitochondria of injured neurons release mtDNA

into the extramitochondrial space, activating immune cells and forming a neuroinflammatory microenvironment in the CNS. B. The activation

of the mtDNA-cGAS-STING pathway in the brain of AD. Firstly, various adverse factors in AD, such as AR plaques, hyperphosphorylated tau,

ROS, and aging, stimulate the release of mtDNA from mitochondria in neurons. This mtDNA, along with AD pathological proteins, initiates

the cGAS-STING pathway through multiple mechanisms. Secondly, cGAMP spreads through gap junctions in neurons and various glial cells, leading
to the release of a series of cytokines by activated glial cells, and modulating neuronal inflammation. Ultimately, the activation of cGAS-STING
would lead to complex outcomes. Various cell types in the brain play a role in the activation of this pathway, which, on one hand, can alleviate brain
inflammation to some extent, while, on the other hand, its excessive activation forms a widespread neuroinflammatory network, exacerbating brain
damage and promoting disease progression

than an increase in AP production [125]. This decrease =~ ATP-driven microglial activity, resulting in increased AP
in AP clearance is likely due to energy supply disruption  aggregation [126]. These studies suggested that mtDNA
connected to mtDNA damage. Consistently, Scheffler  disruption exacerbates AD pathology by impairing mito-
et al. confirmed that mtDNA polymorphisms, such as chondrial function. In turn, mtDNA is susceptible to
mutations affecting oxidative phosphorylation or the tri-  attacks from these destructive changes, further exacer-
carboxylic acid cycle, can cause reduced ATP levels and  bating mitochondrial injury [127, 128]. Specifically, AP
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can be transported to mitochondria through the translo-
case of the outer membrane (TOM) and localize to the
mitochondrial cristae [129, 130], impairing oxidative
phosphorylation pathways, causing mtDNA oxidative
damage and DNA double-strand breaks (DSBs) [131].
This vicious cycle between mitochondrial defects and AD
pathological impairment [132, 133] accelerates the rate of
cognitive decline.

Several AD-related studies have provided abundant
evidence to indicate the importance of mtDNA distur-
bances, primarily oxidative damage, mutations, and
methylation transfer [134]. In the brain tissue samples
from APPswe/PS1dE9 (APP/PS1) transgenic mouse
model and AD patients, expression levels of genes neces-
sary to mitochondrial replication and energy metabolism,
including the peroxisome proliferator-activated recep-
tor gamma coactivator 1 alpha (PGC-1a), mitochondrial
transcription factor A (TFAM), and neurogenic differ-
entiation factor-6 (NEURODG), are significantly down-
regulated [135, 136], indicating a pronounced mtDNA
maintenance defect in AD. Similarly, the oxidized base
level of mtDNA in the brains of postmortem AD indi-
viduals has been shown to be markedly higher than that
in an age-matched control group, and is approximately
tenfold that of nuclear DNA (nDNA) [137]. Addition-
ally, Chang et al. found a greater frequency of mtDNA
point mutations in the hippocampal region of patients
with AD, whereas the mtDNA (4977) and deletion muta-
tion did not increase [138]. However, Hamblet et al. indi-
cated that mtDNA delta 4977 in the temporal lobe cortex
of postmortem AD brains was elevated 6.5 folds [139].
Notably, lower levels of mtDNA mutations have also
been observed in patients with AD [124], which may be
related to neuronal death and loss during AD progres-
sion. In addition, the degree of mtDNA methylation in
AD remains highly uncertain [140, 141], possibly due to
methodological differences among studies. In conclusion,
current research on mtDNA abnormalities in AD has not
reached a consensus, and mtDNA disorders exhibit sig-
nificant heterogeneity. In the future, it will be necessary
to interpret the role of mtDNA in AD pathogenesis using
improved detection techniques, increased sample sizes,
and other feasible approaches.

Alterations in mtDNA content in AD remain contro-
versial [142—-144] (Table 1). Increased levels of cytoplas-
mic mtDNA have been observed in the brains of 5xFAD
mice compared with age-matched wild-type mice [145].
In line with this, Laura et al. reported elevated mtDNA
counts in the CSF of patients with AD compared to
those in normal individuals, albeit with considerable
inter-individual heterogeneity [146]. Nevertheless, some
studies have documented a reduction in mtDNAcn in
the brain of AD patients [143, 144], as well as decreased
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levels of free mtDNA in the CSF of patients with preclini-
cal AD [147]. A possible explanation is reduced energy
metabolism or abnormal mitochondrial function in AD,
which is reflected by mtDNAcn to some extent. While
most studies have indicated a close relationship between
abnormal mtDNA levels and AD pathology, determining
whether changes in mtDNA content are causally related
to the onset of AD and the specific mechanisms by which
mtDNA levels affect AD pathogenesis remain significant
challenges.

Direct evidence of the activation of cGAS-STING in AD
Although studies on the relationship between the cGAS-
STING pathway and AD are currently limited, evi-
dence of the activation of this pathway has been found
in patients with AD and multiple AD models (Table 2).
Increased interactions between dsDNA, RNA-DNA
hybrids, and ¢cGAS have been observed in AD patient-
derived iPSCs [166], 5xFAD mice [145], or human AD
fibroblasts [167]. Ferecské et al. discovered that the
expression levels of STING in neurons and endothelial
cells were significantly elevated in CNS tissues extracted
from AD patients [168]. Consistently, the phosphoryla-
tion levels of STING, TBK1, p-65, and IRF3 were found
to be upregulated in the prefrontal cortex of AD patients
[145]. Further studies demonstrated that cGAS gene
deletion in 5xFAD mice alleviated cognitive impairment,
AP aggregation, neuroinflammation, and cholinergic
neuron damage; STING inhibitors also sustainably ame-
liorated AD pathogenesis, which may be partially attrib-
utable to the inhibition of neurotoxic Al astrocytes [117,
145, 167].

Interestingly, two studies based on the APP/PS1 mouse
model revealed reduced activity of the cGAS-STING
pathway, whereas most research reports its activation
(Table 2). Wang et al. found that the expression levels
of cGAS and STING were significantly downregulated
in the cardiomyocytes of APP/PS1 mice [175], despite
the large aggregation of cytoplasmic mtDNA. Another
study also observed a downward trend in STING expres-
sion levels in the APP/PS1 model compared to wild-type
mice, although the differences were insignificant [179].
These contradictory results may be potentially due to dif-
ferences in genetic backgrounds, stages of disease pro-
gression, and specific experimental conditions. Findings
on this pathway derived from studies based on the APP/
PS1 model should be carefully evaluated. In addition,
STING in the Golgi apparatus was found to be nearly
depleted in AD patients in a study by Nelson et al. [172].
A possible reason for this may be the prolonged activa-
tion of the cGAS-STING in the brain tissue, which has
exhausted related components, and such prolonged acti-
vation may be mediated by the accumulated mtDNA and



Quan et al. Molecular Neurodegeneration (2025) 20:25 Page 10 of 28
Table 1 Changes in mtDNA levels in clinical studies of AD
Sample type Tissue/Cell Type Sample size Country Technique Trend Disease Stage Reference
Brain - AD/control: 282/351 UK Exome sequencing Decrease  AD [143]
Brain Hippocampal pyrami-  AD/control: 10/9 us gPCR Decrease  AD [148]
dal neurons
Brain Frontal cortex AD/control: 12/7 Spain RT-PCR Decrease  AD [149]
Hippocampus No change AD
and cerebellum
Blood - AD/control: 17/11 No change AD
Brain Frontal cortex AD/control: 23/40 us gRT-PCR Decrease  AD [150]
Brain Dorsolateral prefrontal  AD/Non AD: 251/116;  US WGS Decrease  AD [144]
cortex 57/30
Posterior cingulate AD/Non AD: 45/21 Decrease
cortex
Cerebellum AD/Non AD: 141/101 No change AD
Temporal cortex AD/control: 89/51 Decrease  AD
Frontal pole AD/control: 205/132 Decrease  AD
Brain Temporal cortex AD/control: 10/10 Brazil ddPCR Decrease  AD [151]
Cerebellum AD/control: 10/10 No change AD
Brain CSF Symptomatic AD/ Spain gPCR; ddPCR Decrease  Symptomatic AD [147]
Asymptomatic
patients at risk of AD:
13/10 (study cohort
a),
20/9 (study cohort b),
17/19 (validation
cohort)
Brain CSF AD patients pro- Germany ddPCR Decrease  AD patients pro- [152]
gressed faster/control: gressed faster
30/49
AD patients pro- No change AD patients pro-
gressed lower/con- gressed lower
trol: 16/49
Brain CSF AD/MCI/Pre- Spain ddPCR Increase Preclinical AD, MCl [146]
clinical AD/control: and AD
58/42/20/140
Brain Pyramidal neurons AD/old control/young - In situ hybridization Increase AD [153]
control: 27/12/8
Blood Leukocyte AD/control: 82/82 Tianjin, China gRT-PCR Decrease  AD [154]
Blood CD4+,CD19+and Early-stage AD/ Turkey RT-PCR Decrease  Early-and late-stage [155]
CD56 + peripheral late-stage AD/control: AD
lymphocytes 30/30/30
CD8+ peripheral RT-PCR Decrease  Late-stage AD
lymphocytes
Blood Plasma Cognitive impaired/ us RT-PCR Increase Cognitive impaired [156]
control: 11/35
Buffy coat Decrease
Brain Parietal cortex AD/MCl/control: UK gRT-PCR Decrease  MCland AD [157]
24/6/16
Blood Leukocyte Cognitive impaired/  Korea gPCR Decrease  Cognitive impaired [158]
control: 29/78
Blood Leukocyte Cognitive dysfunc- Korea RT-PCR Decrease  Cognitive dysfunc- [159]
tion/control: 125/61 tion
Blood whole blood AD/MCl/control: UK gRT-PCR No change MCland AD [142]
28/31/28
Brain Dorsolateral prefrontal - us WGS Decrease  MCland AD [160]

cortex
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Table 1 (continued)
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Sample type Tissue/Cell Type Sample size Country

Technique Trend Disease Stage Reference

Blood AD/MCl/control: us
31/72/149

(Mexican American)

AD/MCl/control:
63/28/129
(Non-Mexican Ameri-
can)

AD/MCl/control:
38/82/91

(Mexican American)
AD/MCl/control:
67/34/142
(Non-Mexican Ameri-
can)

Blood Leukocyte AD/control: 600/601
Brain - - us
AD/control: 13/25 us

AD/MCl/control:
20/24/30 (Spanish
cohort),
248/70/276 (Italian
cohort)

Buffy coat

Plasma

Brain Frontal cortex

Blood Peripheral blood

mononuclear cell

Taiwanes, China RT-PCR

Spanish, Italian

gPCR Decrease  AD [1e1]

Increase MCI

No change MCland AD

162
163
164
165

Decrease  AD
WGS
gRT-PCR
RT-PCR

Decrease  AD
Decrease  AD
MCl and AD

Decrease

other dsDNA. However, it remains unclear whether the
prolonged activation of this pathway truly exists in AD.
Additionally, the threshold dose of dsDNA that triggers
neuroinflammation and cellular damage, as well as the
activation effects of different types of dsDNA, has yet to
be fully defined. Overall, these changes reflect the plas-
ticity of the pathway under different conditions to some
extent and the potential protective effects of modulat-
ing this pathway in AD. Based on the existing evidence,
understanding the role of the cGAS-STING in AD
requires considering the composite effects of these fac-
tors, and how to balance the pathway to develop more
effective therapeutic strategies.

Activation of cGAS-STING is associated with mtDNA in AD

Xie et al. previously linked the activation of the cGAS-
STING pathway to mtDNA in AD. In their research,
mtDNA and 2'3’-cGAMP levels in primary microglia,
neurons, and astrocytes were found to be significantly
increased following treatment with oligomeric human
AB42 peptides [145]. Similarly, Wilkins et al. demon-
strated that mitochondrial lysates or mtDNA injected
into the mouse hippocampus could act as a DAMP to
induce inflammatory responses and affect AD-related
biomarkers [182]. Furthermore, Hou et al. found that
nicotinamide riboside (NR) supplementation can rescue
abnormal mitochondrial autophagy and reduce cytoplas-
mic DNA levels in the APP/PS1 mouse model, thereby
reducing the cGAS perception of mtDNA [167]. In addi-
tion, Zhao et al. suggested that the mtDNA released by

neurons activates the cGAS-STING pathway in adjacent
microglia, astrocytes, and other neuronal cells [183], but
further research is needed to confirm this opinion in AD.
Overall, these studies provide preliminary evidence that
extracellularly released mtDNA likely facilitates com-
munication between various types of neuronal cells,
promotes the propagation of neuroinflammation, and
exacerbates the inflammatory microenvironment.

The relationship between cGAS-STING and the core
pathological mechanism of AD
Hyperactivation of cGAS-STING and the aggregation of
AP proteins are adverse factors in AD, and their interac-
tions accelerate the pathological progression of AD [176].
Acker et al. found that the activation of cGAS-STING
upregulated autophagy and induced amyloid precur-
sor protein-C-terminal fragment (APP-CTF) accumula-
tion [173]. Furthermore, p-STING primarily colocalized
with the activated microglia marker CD68 around A
plaques in 5XFAD mice [145], which may be related to
ER and mitochondrial stress induced by the accumula-
tion of neurotoxic proteins. In contrast, inhibition of the
c¢GAS-STING and its downstream signaling could signifi-
cantly alleviate AP toxicity [89, 117, 173]. These studies
emphasize the importance of the cGAS-STING pathway
in the neurotoxic process induced by Ap aggregation and
enrich the pathogenic mechanisms of AP as well.

The interaction between cGAS-STING and aberrantly
aggregated hyperphosphorylated tau protein also con-
tributes to AD development. Sequencing results from



Page 12 of 28

(2025) 20:25

Quan et al. Molecular Neurodegeneration

SISayiuAsolq

wsed

|012159|04D pUE S|9AJ| ‘uon ISIH  -01AD pue SaUIOSOSA| Ul ONILS SIER
[e/1] 412-ddV pazl|ewlioN ~BAIIDR DNILS PIoMOT INOYD0WY dd¥Y [9A3] YNJIW pasealdu] ‘SyDd parenbaidn - ASAS-HS UsPysp ¢d1d
obe Buljeubis uoiayianul syuaied
[es1] - - - -Wep yYNJSP paseanu|  -DNILS-SYO padiedul| Qv 4o 290 [eiodwa| -
uonezuejod
[e1jbooiw A1orewiuepul
-nue saowold oj
-ABYSQ pue uoiubod
panoidull '90USS3USS auy| |92
1e|N||9 pue UoReW  S|PA3] YNQ dluwiseidoifd 158|gOIqY UBS uewny
-WeyuUIoINaU PadNpal PadNpal {pazijewiou sem ONILS -panlap syuaned Qv
[11] ‘Abeydoliw paseanu| HNILS-SYDD 9yl paieAs|d UN  [9A9] YNJIW paseaidu| 'SYD parenbaidn - DlpeJods 221w [Sd/ddY
sa1unau d1ydousAp Jo
S|9A3] 343 padNpal ‘uoly
-ewlloy anbed paywi)
‘quawiieduw] aARUBOD leNpleli) ONILS
[/L1]  paonpul-gy pateins|y - Sy9ddynads-elboniy - ‘Syod parenbaidn syuaned gy IW QVHXS
A1DIX0) [PUOINBU
paoNpul-gy dswobijo
pasealdap ‘sa1kd0ise
LY JIX0104N3U JO uof LSL-H ONILS
[0/1]  -ewloyayr passaiddng - ‘uopajep sebH - 'SYD2 parenbaidn - DI gv4X§
2dA3- |\ plemoy
eljboid|ul Jo uonez
-liejod ay3 pauqiyul
‘Juawiiedul] uolubod VYNQ J1|0S014D Jo uon
paAoidul] {uolewWRl  -B|NWNJDE Y1 PaleIAd||e 9pISOdA|6 [9A3] YNASP ONILS
6911 -ujoINaU pajeIoRWY  ‘ONILS ‘SYD2 paseanag auaq)is AxoipAyenal 211050140 pasealou| 'Sy9d parenbaidn - DIUW [Sd/ddV
eljboIw Ul
adAouayd >nfoonse
| DIX010INauU paMqIyul
‘uoljewweuloinau ‘“Abo Kemyied 1S1-H
-loyied gy Wswieduwl  DNJLS-SYDD 841 Jo uon 1zsny [oA3] YNQIW ONILS swsied Qv Jo
[s¥1] SANIUBOD PaleIAS|lY  -PAIIDE 9] passaiddng !—/—spb) 21105014 pasealdou| 'SyYDd patenbaidn uoibal [ledwedoddiH DIW QV4XS
adAjousyd
[eljboudiw aAn>301d a3
pajouoid 2oUa35aUs
Je|n||9> pauaAaid Al
-di3sejd ondeuAs pue
1uswIedw uopiubod HENE]] S[192 [eljboIdIW UBWNY
panoidull ‘uonew ONILS ‘SYD2 ‘YNQIW [oAS] YNdIW ONILS €DWH padnputl gy
[Z91] -Weyuloinau padnpay  dlwse|dolfd paseainag LAvN 21|0S03AD paseany| 'SyDD paiejnbaidn - 221W [Sd/ddV
UOIIUBAIDIU|
133 DN|LS-SVYDI
FERITEYETEN| 129J9 UOIUBAIDIU| ‘YNAsp ui sabueyd UOIUAAIRIU| S|9A3] YNASP fyAde DNLS-SYDD 9)dwes uewnyH ]I 1]

Qv pue femyred DN|ILS-SYDD 23Ul US9MISQ UOIEL|1I0D Y1 UO 3DUIPIAD UD1easay g djqel



Page 13 of 28

(2025) 20:25

Quan et al. Molecular Neurodegeneration

les1]

[coll

(821]

[£21]

[os1]

[991]

(sz1]

/L]

SIS01

-dode uoinau pue peoj
anbe|d gy saseainsp
‘sobueyp |esibojoyed
panoiduwl [sudyap oAl
-lub0d s1eIOoIPUY

Alowaw pue
Aupnserd ‘Kubayul
J1ndeuAs palolsay

uolewWe|Ul
-0JN3U P1RIPAW-DNILS
S90NPai ‘s1el 71 S-AD| JO
Joineyaq al|-uolssaldap
/K121Xue pue Jusw
-Jledwil sAUB0 ay)
S91eJOI[DUIE S||9D

CCIH poieal-Z]S Jo
[PAIAINS P2IOWIOId

usw
-lledwil 9AIMUBOD pue
uopesausbap uoinau
p=onpul yNJIW pue
Ty-1gv pauayul
uopew

-Wejuloinau pasnpal
‘eljbo.diw Jo uoneziejod
M- LN Y3 passaiddng
sioyusboid gy ul
adAousyd sissusbou
-nau pasiedwi ayy pue
1eap [eUOINAU PaNISaY

Abeydoyw pue
‘AluBa1ul [epuoydolW
‘sisoxdode ‘uonouny pue

A119WO09b deip.ed ul
sabueyd padnpul-1Sd
/ddV p=ieloljsuly

uon
-eQUIEXd QY PRIUIASI

ONLLS JO uols
-saidxe ay3 parenbaidn

ONILS peses1oe(

ONILS Paseanaq

ONILS ‘SYD2 paseadsd

uolleAnde HN|LS
-SY9H2 9yl pue uonewloy
PUGAY YNO-VNY 2ndsay

uoieinwnooe

VYNQIW D1|0SO0IAD pales
-ollpwy ‘Buljeubis ONILS
-SyDD Y3 bunowoid

dWVYD2

0£59-1dL
'sso| svb)

ONILS 10 Bupydouy
UMOPMD0UY EN LI

9L1-D
‘lesny

uomgIyu unf->

uluole|siy

(lomquyui Aemyied
ONILS-S¥DD) suosdeq

[2A9] YNQIW
21|0s0IAD paseainu|

obexes|
YNQIW paseainu]

19A3] SPUGAY YNA-YNY
21105014 pasealou|

[9AS] VNI
31|0S01AD Pasealdu|

ONILS pa1e|nbaiumog

ONILS

'Syod parenbaidn

ONILS pareinbaidn

ONILS parenbaidn

ONILS
'SyDd palejnbaidn

ONILS
'SyYDd pate|nbaidn

ONILS
'SYOD paie|nbaiumod

- 9IW | Sd/ddV

el|boioIw pasnpul ney

siusped gy ‘ediw duabsuen §10gd

S1e1Z1S-ADI
‘suoinau |edwedoddiy

- BULNW ZZ1H pa1ean-Z1s

saull (192 3g-N-)S pue
eZN ‘CZIH paanpul
- gv 921w 15d/ddV

- el|BoIDIW padnpul gy

- $DSdI-panuap 1ualted gy

syuaned gy 92IW |Sd/ddV

$193(qNs uasueH ul
195N Bnip Qy-hue pue
‘suosdep ‘syusned Qv -

S9OU319j)9Y

12949 UOUIAIU|

UOonuUaAIRU|
133 DN|LS-SVYD>
‘YN@sp ui sabuey>

UuonuaAIRlU|

S|2A3] YNQSP

AuAnde DNILS-SYDd

9]dwes uewny 1oPOW

(panunuod) g ajqey



Page 14 of 28

(2025) 20:25

Quan et al. Molecular Neurodegeneration

U3 J0 BUQ 9/1-D ‘SIONGIYUI DNILS 343 JO 3UQ L§L-H ‘SIONGIYUL SYDD Y1 JO SUQ LZ§NY ‘OPISOGU SPILIBUNOIIN YN DPHOS|INUIP SUIUSPE SPILUBUNODIN YN ‘630 LSd/IMSAdY [Sd/ddY ‘95essip s iauwipyz)y [e

€ u19104d SURIqUIBWISUERI] PIONPUI-UOIIHU| EL[H] ‘SIOUIYUI DNILS

e4 gv4 |19

wia)s Juazodunid pasnpu| IS4/ ‘BWIN|OA [elueIdRIU| D) ‘UPD030Z0Ydans 71§ ‘sd asedijoydsoyd £g7d ‘Kemyied DNILS-SYDD Yl pue qy Usamiaq UoiIe[a.1102 1o diysuoiie|al [esned ay3 Uo 3dUIPIAS UdIeasal 3y} sisl| 1xa1 8y

(181 -

S5O
Alowaw pajuanaid ‘uon
-ewWweyyul [eIga19d pue

5150116 padnpai ‘sainles)
oiusboyied gy Jo

[08l]  9buesspim e padNPaY

ONILS posealds(

NOXS0UX ONILS
‘LLO-NS
1SL-H

[oA9] YNdIW
21|0s0IAD paseainuy|

[9A3] YNQIW
21|0s0IAD paseainuy|

ONILS
'Syod parenbaidn

ONILS
'SYDD paie|nbaidn

921w Ayedoney

- dleWs) H/vH-+30dV
nel pue gy Yyum paieasy
ej|boniw Alewlld
‘e1|boIDIU PaALISP

-DSd! uewiny ¢3 304v

'9DIW UI-{D0U

- -d|gnop nejy/ o, ddv

S9OUa19j)9Y 1029})9 UOlUaAILU|

UONUdAINU|
193y DN|LS-SVD
‘YN@sp ui sabuey>

uonUAAIRU|

S|9A3] YNASP

Auande oN[LS-SYDd

a|dwes uewnH I9PON

(PanuNUOd) Z 3jqey



Quan et al. Molecular Neurodegeneration (2025) 20:25

hippocampal tissue in a tau-induced disease model
revealed elevated levels of cGAS and STING, while
genetic ablation of cGAS in mice with tauopathy alle-
viated the activation of IFN-I response in microglia,
without altering the pathological tau load in the brain.
Additionally, pharmacological inhibition using TDI-
6570, a non-toxic, brain-penetrant c¢GAS inhibitor,
enhanced the neuronal MEF2C transcriptional network
in the tauopathy mouse model, restoring synaptic integ-
rity, plasticity, and memory [103]. Another recent study
demonstrated that pharmacological inhibition of STING
significantly reduces various pathological tau phospho-
rylation events in the AppNL-G-F/hTau double-knockin
mouse model, further supporting the role of the cGAS-
STING pathway in tau pathologies [180]. These studies
revealed the critical role of the cGAS-STING pathway
in AD, especially in its interaction with AP and tau. The
modulation of this pathway may reduce the deposition of
these pathological proteins, inhibit neuroinflammation,
and protect neuronal and synaptic functions.

The relationship between the cGAS-STING pathway

and APOE genotype

APOE &4 is the strongest genetic risk factor for late-onset
sporadic AD, exacerbating neurodegeneration induced
by tau [184]. This process is partially attributed to a cru-
cial immune hub, which involves the activation of the
interferon pathway in microglia and interactions with
cytotoxic T cells [185, 186]. Recent studies indicate that
cGAS-STING plays a significant role in this context as
well, further linking innate immunity to neuroinflam-
matory responses in AD. Chung et al. found that APOE
€4 allele, like AP and tau, upregulated cGAS and STING
expression in microglia. The knockout or pharmacologi-
cal inhibition of STING reversed the reactivity of APOE
€4 human iPSC-derived microglia, significantly reducing
the AP burden and tau hyperphosphorylation while pre-
serving memory functions in AppNL-G-F/hTau-dKI mice
[180]. In addition, the R47H variant of the TREM2 and
female sex are risk factors for sporadic AD. A study by
Carling et al. found that APOE €4 and R47H amplify the
tau-induced microglial ¢GAS-STING-IEN-I responses
in female mice, worsening neurodegeneration through
upregulated cGAS and BAX-dependent microglial senes-
cence, suggesting that enhanced IFN-I signaling under
APOE &4 and R47H backgrounds could be an important
pathological mechanism in AD [181]. Specific APOE
mutations, such as the R136S mutation on APOE3, could
reduce tau-related pathological burden by inhibiting the
cGAS-STING-IEN signaling pathway, and treatment
with cGAS inhibitor prevented tau-induced synaptic
loss in E3/P301S mice [185, 187]. These findings empha-
size not only the importance of the APOE-activated
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cGAS-STING pathway in tau pathology but also the role
of microglia in this inflammatory process. Modulating
the cGAS-STING pathway may provide new strategies
for developing therapies against AD, especially in carriers
of the APOE &4 allele.

Neuroinflammation induced by cGAS-STING and AD
Neuroinflammation is another significant feature of
AD pathogenesis, involving aberrant activation of the
innate immune system [188]. This effect is to some
extent dependent on the disruption of the cGAS-STING
pathway in different cells within the brain, especially in
immune cells [189]. Although several types of neural cells
can express cGAS and STING, microglia have been found
to be the primary contributors to this pathway [117, 190,
191], which partially explains why they have been identi-
fied as major participants in neuroinflammation. Overall,
abnormal activation of the cGAS-STING axis in diverse
neuroglial cells is significant in the neuroinflammatory
and neurodegenerative processes, particularly in micro-
glia. Notably, moderate activation of this pathway may
exert neuroprotective effects by suppressing inflamma-
tion. Evidence suggests that cGAMP treatment could
activate the STING-IRF3 pathway to upregulate TREM2
expression, alleviating cognitive deficits and pathologi-
cal changes in APP/PS1 transgenetic mice [179]. Another
research has reported that ganciclovir can exert anti-
inflammatory effects by mediating low therapeutic levels
of IFNs, and this effect is STING-dependent [192]. Thus,
the effects of ¢cGAS-STING pathway activation vary,
potentially depending on the differences in cell types and
the extent of its activation. However, how to appropri-
ately activate this pathway to achieve similar protective
effects remains unclear. Further research is required to
explore the balance between the anti-inflammatory and
pro-inflammatory responses of this pathway in AD to
achieve optimal neuroprotection.

The cGAS-STING pathway primarily induces neu-
roinflammation by regulating the expression of ISGs
in inflammatory diseases [193, 194], including AD.
Although the basal level of ISG mRNA in the CNS is gen-
erally much lower than in peripheral tissues, the brain is
highly sensitive to IEN effects [195, 196]. In AD mouse
models, pathological AP protein leads to a significant
increase in ISG mRNA expression levels in the brain,
and selective IFN receptor blockade effectively reduces
persistent microgliosis and synaptic loss. Recent studies
have also found that innate immune stimulation in neu-
rons can drive seeded tau aggregation through the IFN-I
response [197]. In clinical AD patients, the IFN path-
way is also markedly upregulated and significantly cor-
related with disease severity and complement activation
[198]. Additionally, the IFN-I produced by cGAS-STING
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pathway can induce a series of inflammatory responses
by binding to its respective receptors in microglia, astro-
cytes, and neurons [199]. Then, these activated micro-
glia secrete cytokines and chemokines, such as IL-1 and
TNF-a, causing neurotoxicity through communicating
with neurons [200]. Concisely, the cGAS-STING-IFN-I
axis serves as an important mediator of neuroinflam-
mation, forming a sophisticated regulatory network that
bridges neuroglia and neurons in the CNS, leading to
neuronal loss, and ultimately accelerating the onset of
AD.

Interaction between Cellular Senescence and cGAS-STING
in AD

The interplay between cGAS-STING and cellular senes-
cence is considered another crucial pathological process
that accelerates AD progression [201, 202]. A recent
study has shown that aged microglia, compared to young
microglia, exhibit an increased mtDNA burden in the
cytosol. This triggers the activation of the cGAS-STING
pathway and subsequent aging-related reactive microglial
transcriptional states, suggesting that the cGAS-STING
pathway is a driving force behind age-related inflamma-
tion [203]. Consistently, the accumulation of senescent
cells, along with cGAS activation and STING homo-
dimer formation, has been observed in various types of
neural cells during aging [204-207]. In the APP/PS1
mouse model, cGAS and STING expression levels were
higher in aged mice compared to younger mice [167].
After ¢cGAS knockout in mouse embryonic fibroblast
cells, the rate of cellular senescence significantly slowed
and progressed toward immortalization [85]. Another
research has shown that blocking cGAS or STING sup-
pressed etoposide-induced cellular senescence [167]. As
such, dsDNA released during aging signals through the
cGAS-STING pathway, and targeting the cGAS-STING
pathway holds considerable promise for slowing AD
development by inhibiting the aging process.

One of the important mechanisms through which
the interplay of the cGAS-STING pathway and cellu-
lar senescence contribute to AD is the activation of the
senescence-associated secretory phenotype (SASP) [202],
which includes a variety of cytokines, chemokines, and
growth factors secreted by senescent cells [208, 209].
These SASPs can recruit immune cells and regulate their
activity [207], altering intercellular communication lev-
els, and thus accelerating the aging of senescent cells and
their neighboring cells [210, 211]. During aging, the pro-
cess by which the cGAS-STING induces SASP has been
considered to involve LINE-1 (L1), a key component of
sterile inflammation and a hallmark of aging. According
to research by De Cecco et al., the transcriptional dere-
pression of L1 activates IFN-I responses, sustaining SASP
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and exacerbating inflammatory senescent phenotypes
during cellular senescence, and knocking out cGAS or
STING suppresses SASP gene expression in late senes-
cent cells [212]. Other studies have also shown that cGAS
or STING inhibition downregulates SASP gene expres-
sion in both mouse and human cells [85, 213].

cGAS-STING-mediated senescence is also involved in
the release of mtDNA. Specifically, mitochondria exhibit
structural abnormalities and accumulate mtDNA in the
cytoplasm in aged microglia, which subsequently triggers
a cGAS-dependent inflammatory response [203]. Nota-
bly, Victorelli et al. discovered an intriguing phenomenon
during cellular aging in which a subset of mitochondria
undergoes a process called miMOMDP, leading to mtDNA
translocation into the cytosol to trigger cGAS-STING
activation [33]. These findings suggested that cGAS-
STING is a crucial molecular link between various types
of DNA damage, mitochondrial dysfunction, and aging.
More research is needed to fully understand the intricate
relationships between them and the precise molecular
mechanisms underlying these connections, thus provid-
ing valuable evidence for the development of more effec-
tive targeted drugs for AD.

The involvement of cGAS-STING in AD depends

on microglia

Microglia, traditionally regarded as the resident mac-
rophages of the brain, are involved in various physi-
ological functions, ranging from immune surveillance to
synaptic pruning [214]. In AD, microglia play a dual role,
that is closely related to their involvement in the meta-
bolic processes of neurotoxic proteins such as Ap. On one
hand, they can release degrading enzymes to degrade AP
and further clear them through phagocytosis [215]. On
the other hand, they further serve as carriers to seed A,
promoting its pathological spread throughout the CNS
[216]. In turn, AP accumulation within the brain leads to
the phenotypic shift of microglia, releasing neuroinflam-
matory substances and further contributing to neuro-
toxicity [176, 217]. Currently, the aberrant activation of
c¢GAS-STING in microglia is believed to ultimately lead
to neuronal dysfunction [117]. Modulating the activity of
this pathway in microglia may aid in balancing the neu-
roprotective and neurotoxic effects, thereby slowing the
progression of AD.

In recent studies, microglia have been regarded as the
primary contributors to the cGAS-STING activation
in AD, which is largely attributed to the relatively high
expression levels of these two proteins [103, 170, 218],
despite controversies regarding their expression levels
across diverse cell types. Although A oligomers can trig-
ger cGAS activation in many types of neural cells, a more
specific STING-IFN response is triggered in microglia,
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rather than in neurons and astrocytes [145]. Additionally,
moderate expression levels of cGAS in neurons and oli-
godendrocytes were observed in another study, with low
levels in astrocytes and endothelial cells [117]. Overall,
cGAS-STING is largely not limited to a single cell type
but encompasses a spectrum of cellular responses within
the brain during AD. In addition to focusing on the com-
plex role of this pathway in microglia, further exploration
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is required to understand the specific mechanisms in dif-
ferent cell types and how these cells communicate with
each other, thus collectively slowing the development of
AD.

Microglial neuroprotection or neurotoxicity depends
on their phenotype and function to some extent (Fig. 4)
[188], which can be regulated by the cGAS-STING
pathway. AD-related research has focused mainly on
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Fig. 4 Microglia and the cGAS-STING pathway in AD. A The dual role of microglia in the CNS. Under physiological conditions, ramified microglia
survey the brain microenvironment through their processes, sensing various damage signals. These highly dynamic cells perform immune
surveillance, provide neurotrophic support, promote the establishment and maturation of neural circuits, and clear pathogens or debiris,
maintaining brain homeostasis. When the brain is challenged by pathogens or subjected to injury, activated microglia release various factors,
including pro-inflammatory cytokines and chemokines. These factors help clear pathogens or toxins but may also lead to neuronal dysfunction
and damage. B Activation of the cGAS-STING pathway in microglia in AD: Microglia are the primary cell type that activate cGAS-STING

signaling in the brain. Pathological aggregates, such as AP plagues and tau proteins, cause mitochondrial damage and mtDNA release, leading

to the activation of the cGAS-STING pathway in microglia, as well as astrocytes. Additionally, microglia secrete cytokines that induce the infiltration
of peripheral immune cells, collectively modulating inflammation to alleviate neurodegeneration. However, overactivation of this system results

in neuroinflammation, which can lead to neuronal dysfunction



Quan et al. Molecular Neurodegeneration (2025) 20:25

traditional M1 and M2 microglial phenotypes currently
[169, 176, 179], although evidence challenging this
dichotomy exists. Single-nucleus RNA sequencing has
identified other specific activation states in microglia
related to cGAS, including interferon-responsive micro-
glia (IRM), disease-associated microglia (DAM), and
neurodegenerative microglia (MGnD). IRMs, a subset
of microglia enriched with IFN response genes such as
Ifits, Statl, Sp100, Trim30a, and Parpl4 [181, 203], play
a crucial role in AD-related neuroinflammation. Accord-
ing to a recent study, IRMs are significantly enriched in
APOE4-R47H tauopathy mice [181]. Another research
found that the proportion of IRMs increases with age,
a process further exacerbated by AP deposition [219].
Importantly, the phenotypic transition to IRMs is closely
linked to DAMPs and the activation of the cGAS-STING
pathway [220]. In the mg-Cgas®**f microglial popula-
tion, IFN signatures were broadly upregulated, indicat-
ing that cGAS activation induces microglia to transition
into a distinct IFN-activated state, which in turn pro-
motes neuroinflammation and aging processes [203].
The increase in DAM is another prominent feature in AD
[221], and cGAS activation has been found to facilitate
the transition of DAM subtypes from a low-activation
state (DAM-1) to a high-activation state (DAM-2) [203].
In 5xFAD mice, the absence of cGAS significantly elimi-
nates AP pathology-induced DAM markers [117]. How-
ever, these findings mainly rely on bulk transcriptomics
and single-nucleus RNA sequencing, which may over-
look the spatial differences in microglial activation states
across different brain regions. The integration of spatial
transcriptomics can better reveal the heterogeneity of
c¢GAS-STING-driven microglial phenotypes across dif-
ferent brain regions in AD.

Various receptors expressed in microglia are linked to
the activation of this pathway. Polyglutamine-binding
protein 1 (PQBP1), an intracellular receptor capable of
binding to HIV ¢cDNA [222], has emerged as a participant
in tau-mediated cGAS activation. Upon recognition of
tau3R/4R, PQBP1 activates cGAS-STING, leading to the
induction of NF-kB nuclear translocation. In contrast,
depletion of PQBP1 markedly attenuates the recruitment
of cGAS and NF-kB-dependent transcription of inflam-
mation genes, thus mitigating inflammation in the brain
and cognitive impairment [223]. As such, PQBP1 is a
promising novel therapeutic target for AD and other tau
proteinopathies. Another relevant receptor is TREM2,
a transmembrane immune receptor predominantly
expressed in microglia [224]. Xu et al. demonstrated
that stimulation of the cGAMP-STING-IRF3 pathway
can induce TREM?2 expression, which promotes the
phagocytosis of AP by microglia, and reduces AP depo-
sition and neuronal loss, simultaneously attenuating the
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pathological morphology and cognitive deficits in AD.
Therefore, upregulating TREM2 may exert a regulatory
effect on the cGAS-STING pathway, potentially mitigat-
ing its neurotoxic effects to some extent.

The propagation of inflammatory signals triggered by
STING-IEN in the microglia relies on intercellular gap
junctions. Gap junction channels serve as vital conduits
for intercellular communication, enabling the unre-
stricted flow of various small molecules and ions between
neighboring cells [225]. Ablasser et al. demonstrated that
the 2’3’-cGAMP produced by cGAS can exploit gap junc-
tions to establish inflammatory crosstalk between human
embryonic kidney cells and murine embryonic fibroblasts
[226], and can also be transported between adjacent cells
through specific anion channels [227]. In a mouse model
induced by high-fat diets, the activation of cGAS-STING
and microglia both occurred in the CNS; however, in
their neuron-microglia co-culture system, a significant
inhibition in cGAS-STING activation and inflamma-
tory crosstalk was observed upon blocking gap junctions
[228]. Accordingly, 2’3’-cGAMP produced in neurons
can similarly converge into adjacent microglia, triggering
the activation of STING-IFN and subsequently produc-
ing diverse inflammatory factors [229]. These inflamma-
tory mediators not only stimulate microglia but can also
influence other types of cells, such as astrocytes and neu-
rons, thereby establishing a vast inflammatory microen-
vironment within the brain [230, 231]. The association
between gap junctions and AD pathology described by
Mei et al. is also noteworthy; in this study, they observed
the enrichment of gap junction-forming proteins CX43
and CX30 near AP plaques, and blocking these gap junc-
tions slowed pathological progression [232]. To conclude,
gap junctions and other channels are likely involved in
the exchange of cGAS-STING-mediated inflammatory
signals between neurons and glial cells. Exploring the
signal transduction mechanisms between neighboring
neural cells may help to identify approaches to regulate
this process of inflammatory communication, ultimately
slowing down or even inhibiting the progression of AD.

Potential therapeutic strategies and future
directions

After mtDNA release, excessive activation of cGAS-
STING and subsequent neuroinflammation inevitably
lead to neuronal death and loss. Although the role of
the mtDNA-cGAS-STING pathway in the CNS has only
been partially revealed in recent years, its potential as an
emerging target for AD treatment has gradually become
apparent, and its significance and prospective utility can-
not be ignored. Therefore, besides alleviating and inhib-
iting the abnormal release of mtDNA or other dsDNA
caused by mitochondrial stress and autophagy imbalance
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[233], blocking the transmission of cGAS-STING signal-
ing and the activation of its downstream inflammatory
signals may represent a feasible approach for AD therapy
[218].

Currently, a large body of preclinical research suggests
that regulating the cGAS-STING is a promising interven-
tion strategy (Table 3) (Fig. 5). Drugs targeting this path-
way that have shown beneficial effects in AD animal or
cellular models including H-151, RU.521, and C-176. For
instance, H-151, inhibiting the palmitoylation of STING,
and RU.521, targeting the catalytic site of cGAS, both sig-
nificantly alleviated AP pathology in 5xFAD mice [145];
C-176 is an irreversible STING inhibitor that covalently
binds to the Cys91 site of STING [234], significantly pre-
venting neuroinflammation in microglia treated with
AB,5_35 and showing even more pronounced effects
with combined treatment with RU.521 [176]. In addition,
certain drugs, such as NR and its metabolite NAD™, the
endogenous hormone melatonin, and the antibiotic dap-
sone [167, 171, 174, 175], all can non-specifically modu-
late this pathway to alleviate AD pathology. Although no
drugs targeting this pathway have yet been approved for
AD treatment, these studies provide valuable insights
for the development of therapeutic drugs for AD in the
future.

Despite significant progress in the research on cGAS-
STING and its related modulators, there are still some
issues that require clarification. Firstly, the cGAS and
STING proteins are widely expressed in various tissues
and cells, which may lead to significant adverse reac-
tions when cGAS and STING modulators are used. Thus,
when developing drugs targeting this pathway, it would
be necessary to chemically optimize them to enhance
target selectivity and deliver them selectively to the CNS,
minimizing adverse reactions caused by their effects on
the immune system throughout the body as much as pos-
sible. Additionally, owing to the functional diversity of
c¢GAS and STING, and the complexity of the immune
surveillance network [266, 267], complete inhibition of
cGAS-STING signaling may not be a feasible approach.
Specifically, prolonged inhibition of this pathway may be
detrimental to the treatment of diseases requiring acute
and beneficial initial neuroinflammatory responses,
including stroke, spinal cord injury, and traumatic brain
injury [268], although it may have relatively beneficial
effects on chronic neurodegenerative diseases. At the
same time, STING inhibitors may lead to excessive sup-
pression of the body’s immune system, thus impairing
the immune surveillance of tumor cells to increase the
risk of tumor occurrence [269], and weakening antiviral
and antibacterial responses that could result in severe
infections [189]. It is also essential to identify the bal-
ance point for the regulation of this pathway to ensure
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the maximum alleviation of AD pathology while avoiding
other adverse reactions.

Secondly, in studies related to AD treatment, the
expression of cGAS and STING has been reported
in multiple types of neural cells [103, 117]. However,
whether this pathway mediates diverse pathophysiologi-
cal responses in different cell types still remains unclear.
Additionally, there is as yet no consensus regarding the
cell types in the brain expressing cGAS and STING and
their expression levels in different cell types; the intracel-
lular localization of cGAS has not been fully elucidated as
well [270]. Thus, necessitating further research to explore
their cellular distribution to provide compelling evidence
for more precise targeted therapy.

Furthermore, a comprehensive consideration of other
influencing factors to improve drug treatment efficacy
is equally important. In addition to cGAS, other DNA
sensors, such as IFN-y inducible protein 16 (IFI16) and
DEAD-box helicase 41 (DDX41), have been found to
mediate downstream signaling through STING and
appear to complement cGAS in pathogen detection
under certain circumstances [17, 271]. Among them,
DDX41 modulates cGAS activation by regulating the
homeostasis of dsDNA and ssDNA [272]. However,
the mechanisms of interaction among these DNA sen-
sors remain largely unclear. Simultaneous interference
with these pathways could potentially impair immune
surveillance and increase susceptibility to certain dis-
eases. Another issue that requires attention is that exist-
ing research on this pathway is mostly based on animal
or cell models, and there may be species differences in
cGAS and STING [268], which could lead to poor clini-
cal outcomes. In addition, drugs must be transported
from the periphery to the CNS through the blood—brain
barrier (BBB), increasing BBB permeability and realiz-
ing precise targeting therapy also needs to be given pri-
ority. However, current studies on these drugs primarily
focus on their anti-inflammatory effects and are limited
to peripheral administration in animal or in cell mod-
els, with insufficient research on their ability to cross
the BBB, specific distribution, and metabolic processes
within the CNS. Moreover, optimizing drug delivery sys-
tems, such as nanoparticle-based carriers, carrier/recep-
tor-mediated endocytosis, and exosome-mediated drug
delivery [273-276], may offer breakthroughs in targeting
the cGAS-STING pathway for AD treatment.

Conclusion

As research in the field has continued to advance, the
mechanisms of mtDNA release and the specific role
of the cGAS-STING pathway in AD are constantly
being updated. Recent studies have revealed that
mtDNA release and the activation of this pathway are
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Table 3 The inhibitors targeting the cGAS-STING pathway
Targets Agent Mechanism Pharmacological effect References
cGAS Inhibitors  A151 Competes with DNA Inhibits IFN-I production; attenuates brain [235, 236]
inflammatory burden
Suramin Displaces dsDNA from cGAS Reduces IFN-I production [237]
AMDs (Hydroxychloroquine,  Disrupts the binding of dsDNA with cGAS  Reduces IFN-3 production [238,239]
Quinacrine,
Chloroquine)
X6 Disrupts the binding of dsDNA with cGAS ~ Reduces ISG expression and cGAMP [239]
production
XQ2B Targets the interface between cGAS Suppresses the elevated levels of type | [240]
and dsDNA and phase separation interferon and proinflammatory cytokines
CU.32,CU.76 Binds to the zinc-binding site of cGAS Reduces IFN- production [241]
4-sulfonic calix [6] arene Influences both the dsDNA-binding site Dose-dependent inhibition in poly dAdT-  [242]
on cGAS and the 2',3'-cGAMP induced IFN-( release
RU.521 Occupies the catalytic site of cGAS; reduce ~ Suppresses IFN- | production [243]
its affinity for ATP and GTP
PF-06928215 Has high affinity for the catalytic site Exhibits no inhibitory potency [244]
against dsDNA-induced IFN- expression
in cellular cGAS assays
G140, G150 Inhibits the catalytic activity Inhibits dsDNA-triggered interferon [245]
expression
Compound S3 Inhibits the catalytic activity - [246]
Compound 25 Occupies the catalytic site of cGAS Dramatically suppresses the dsDNA- [247,248]
induced phosphorylation of the down-
stream STING/TBK1/IRF3 signaling
and the mRNA expression of the down-
stream 1SGs
EGCG Disrupts cGAS activation by inhibiting Inhibits self DNA-induced autoinflamma- [249]
of G3BP1 tory responses and I1SG expression
aspirin Inhibits cGAS by enforcing its acetylation Suppresses self-DNA-induced autoim- [194]
munity in AGS patient cells and in an AGS
mouse model
FTO Decreases cGAS mRNA stability by inhibi-  Significantly alleviated brain injury [250]
tion of mM6A modification and microglia-mediated inflammatory
response
Leptomycin B Blocks the nuclear export of cGAS Inhibits the expression of IFN-B and ISG [251]
MRNA
Entinostat (MS275) Suppresses cGAS transcription by inhibit-  Reduces IFN-3 production [109]
ing HDAC3
Trichostatin A (TSA) Suppresses cGAS transcription by inhibit-  Reduces IFN-3 production [109]
ing HDAC3
Activin A Inhibits cGAS-STING-mediated autophagy  Alleviates neuronal injury [252]
by the PI3K-PKB pathway
Perillaldehyde Inhibits cGAS activity through unknown Reduction in type-l IFN- mediated inflam-  [253]
mechanism mation in a mouse model of Aicardi-
Goutiéres syndrome (AGS)
TDI-6570 - Suppresses IFN- | production [103]
STING Inhibitors  Astin C Inhibits STING by targeting its C-terminal Inhibits cytosolic DNA-trigged [254]
activation pocket gene expression
Compound 18 Inhibits STING by competing Functional inhibition of STING-mediated [255]
with cGAMP cytokine release
SN-011 Suppresses STING Inhibits interferon and inflammatory [256]
activation by blocking CDN binding pocket  cytokine induction induced by 2'3'-cGAMP
C-176,C-178 Inhibits the palmitoylation of STING Strongly reduced STING-mediated IFN3 [234]
reporter activity
C-170,C-171,H-151 Inhibits the palmitoylation of STING Abrogation of type | IFN responses, reduc-  [234]

tion of TBK1 phosphorylation and systemic
cytokine responses
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Table 3 (continued)

Targets Agent Mechanism Pharmacological effect References
NO2-FAs Blocks STING Palmitoylation Inhibit Release of Type I IFN [257]
2-bromopalmitate Inhibits the palmitoylation of STING Abolishes the type | interferon response [258]

(2-BP)
BPK-21, BPK-25 Inhibits the palmitoylation of STING - [259]
Cccep Inhibits phosphorylation of STING Inhibits STING-mediated IFN-B production  [260]

4-octyl itaconate (40I)

1ISDO17

4-HNE

Palbociclib

SP23

and the interaction between STING

and TBK-1

Inhibits phosphorylation of STING

by alkylating its cystei

Blocks the essential trafficking of STING

from the ER to Golgi

Represses type | IFN production [261]
ne sites 65,71, 88

Inhibits the expression of IFN-l and blocks  [262]
pathological cytokine responses

Inhibits STING translocation from the ER - [263]
to the Golgi

Targets Y167 of STING to block its dimeriza-  Alleviates autoinflammation [264]
tion

Modulates STING-degrading activities Reduces proinflammatory cytokines [265]

and inhibited the expression of p-TBK1

The inhibitors of the cGAS-STING pathway

DNA binding domain

Suramin

X6

XQ2B
Hydroxychloroquine
Quinacrine

Al51

CU-32, CU-76
4-sulfonic calix[6] arene

Catalytic pocket

RU.521
PF-06928215
G140, G150
Compound S3
Compound 25

Acetylation
e aspirin

X o

o o
U mMDNA

CN

\l L/

cGAS ”

Extracellular space

Cytoplasm
Palmitoylation site
D binding site « C176,C178
Astin C e HISI
Compound 1, 13, 18 N ~—— « CI170,Cl171
SN-011 e 2-BP
Palbociclib e NO2-FAs
o BPK-21, BPK25
Phosphorylation
— e CCCP
// e 4-octyl itaconate (40I)

4

¢cGAMP —*| STING [—  STING degrade

= e SP23

/ STING trafficking
/ « ISDO17

e 4-HNE . .

o Palbociclib m6A modification

Leptomycin B » FTO
cGAS | « = cGAS }—J

Unknown
e TDI-6570

o MS275 _{ HDAC3

e TSA Nucleus

Fig. 5 Overview of the inhibitors targeting the cGAS-STING signal pathway



Quan et al. Molecular Neurodegeneration (2025) 20:25

interconnected events that collectively drive AD progres-
sion. Due to the extensive spectrum of pathogenic mech-
anisms formed by the interaction of this pathway with
AD pathological processes, including neuroinflamma-
tion, aging, and neurodegeneration, further exploration
of their causal relationships is essential. Importantly, the
development of modulators targeting this pathway may
provide new therapeutic strategies for AD. In summary,
a thorough investigation into the role of the mtDNA-
cGAS-STING pathway in AD is crucial for understand-
ing its pathogenesis, identifying new therapeutic targets,
and providing more possibilities for alleviating symptoms
and slowing disease progression in patients with AD.
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