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KEY WORDS Abstract Mitophagy, essential for mitochondrial health, selectively degrades damaged mitochondria. It
. . is intricately linked to the cGAS—STING pathway, which is crucial for innate immunity. This pathway

Neuroinflammation; . . . . . k

Mitophaey: responds to mitochondrial DNA and is associated with cellular stress response. Our review explores the

G Ag—sg%iNG- molecular details and regulatory mechanisms of mitophagy and the cGAS—STING pathway. We criti-

Innate immunity; cally evaluate the literature demonstrating how dysfunctional mitophagy leads to neuroinflammatory con-

Mitochondrial DNA;

Crosstalk;

Therapeutic avenues;

Neurodegenerative
diseases

ditions, primarily through the accumulation of damaged mitochondria, which activates the cGAS
—STING pathway. This activation prompts the production of pro-inflammatory cytokines, exacerbating
neuroinflammation. This review emphasizes the interaction between mitophagy and the cGAS—STING
pathways. Effective mitophagy may suppress the cGAS—STING pathway, offering protection against
neuroinflammation. Conversely, impaired mitophagy may activate the cGAS—STING pathway, leading

to chronic neuroinflammation. Additionally, we explored how this interaction influences neurodegenera-
tive disorders, suggesting a common mechanism underlying these diseases. In conclusion, there is a need
for additional targeted research to unravel the complexities of mitophagy—cGAS—STING interactions
and their role in neurodegeneration. This review highlights potential therapies targeting these pathways,
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potentially leading to new treatments for neuroinflammatory and neurodegenerative conditions. This syn-
thesis enhances our understanding of the cellular and molecular foundations of neuroinflammation and
opens new therapeutic avenues for neurodegenerative disease research.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Neuroinflammation, which encapsulates intricate immune
responses within the central nervous system (CNS), has increasingly
become a focal point of research in neurodegenerative diseases'.
This multifaceted phenomenon, characterized by the activation of
resident glial cells, the release of numerous pro-inflammatory
cytokines, and the recruitment of peripheral immune cells to the
CNS, represents a double-edged sword for neuronal health®.
Historically, the CNS was considered an immunologically privi-
leged site, shielded from the peripheral immune system by the
blood—brain barrier (BBB)*. Recently, the prevailing view of the
relationship between the CNS and the immune system has
evolved, largely due to accumulating evidence highlighting their
intricate interactions®. Acute neuroinflammation is typically
regarded as a beneficial mechanism that aids in eliminating
pathogens, compromised cells, and cellular debris”®. However,
chronic inflammation frequently leads to deleterious outcomes’.
Prolonged neuroinflammation has been implicated in exacerbating
neuronal injury, driving the progression of diseases such as Alz-
heimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic
lateral sclerosis (ALS)” "2

An immediate inquiry that surfaces is as follows: What or-
chestrates the balance between the beneficial and harmful aspects
of neuroinflammation? Upon delving into the molecular mecha-
nisms involved, mitophagy and the cyclic GMP—AMP synthase
(cGAS)-stimulator of interferon genes (STING) pathway are
identified as principal agents in this process'>. Mitophagy, a
specific type of autophagy, targets and removes damaged mito-
chondria to preserve cellular balance and prevent inflamma-
tion'*'”. Conversely, the cGAS—STING pathway acts as a
sentinel of innate immunity and is primed to detect and respond to
cytosolic DNA, notably mitochondrial DNA (mtDNA), which
might escape during instances of compromised mitophagy'®'”.
Activation of this pathway can initiate a cascade of inflammatory
responses, having profound implications for the CNS'”'®, The
convergence of these two processes in the context of neuro-
inflammation offers rich insight into molecular interactions,
feedback loops, and regulatory checkpoints'*'”. Their crosstalk
provides insights into the cellular and molecular dynamics
underpinning the neuroinflammatory responses observed in
various neurodegenerative conditions'’. Moreover, understanding
this interplay holds the promise of unveiling novel therapeutic
targets, potentially reshaping the landscape of treatment strategies
for a range of neurological disorders'**’.

This review embarks on a journey to explore the research sur-
rounding autophagy/mitophagy and the cGAS—STING pathway, as
well as their intricate relationships since 1957 (Fig. 1). It integrates
current knowledge, challenges existing paradigms, and charts the
course for future investigations. By thoroughly analyzing the
molecular dynamics, cellular implications, and wider physiological
effects, we aim to offer a detailed overview of the crosstalk between

mitophagy and the cGAS—STING pathway, emphasizing its crucial
role in influencing neuroinflammatory responses. Considering the
aforementioned factors, researchers must explore these molecular
pathways in great detail, as they not only offer insights into the
pathogenesis of neurodegenerative diseases but also pave the way
for innovative therapeutic interventions.

2. The key role of mitophagy in neuroinflammation

Mitophagy is a specialized form of autophagy that specifically
targets mitochondria, the powerhouses of the cell, for degradation
and recycling. This selective process is essential for maintaining
cellular health and function by ensuring that damaged or dysfunc-
tional mitochondria are efficiently removed. This process is critical
because mitochondria are responsible for producing the energy
needed by cells. Malfunctioning mitochondria can lead to a wide
range of cellular problems, including impaired energy metabolism,
increased oxidative stress, and activation of apoptotic pathways.
The importance of mitophagy extends beyond cellular energy
metabolism; it plays a key role in modulating responses to cellular
stress, regulating cell signaling, and influencing cell survival and
death, development, differentiation, aging, and immune function.
This underscores its vital role in maintaining cellular integrity and
preventing disease. The significance of mitophagy is further high-
lighted through its association with a range of health conditions,
encompassing neurodegenerative diseases, cardiovascular disorders,
cancer, metabolic disorders, aging, immune disorders, and muscular
disorders”"* (Fig. 2). In the context of neuroinflammation,
mitophagy has emerged as a key regulator of maintaining neuronal
and glial cell health. It prevents the accumulation of damaged
mitochondria, a critical factor that can amplify inflammatory
responses and accelerate the progression of neurodegenerative
diseases®”. When mitochondria become damaged, they can release
pro-inflammatory molecules and reactive oxygen species (ROS),
exacerbating neuroinflammation®. This inflammation can in turn
cause further damage to mitochondria, creating a vicious cycle®.
Dysregulated mitophagy, therefore, plays a role in the progression
of various neurodegenerative diseases, such as PD, AD, and
ALS”* . Targeting and improving mitophagy might offer thera-
peutic potential for these neuroinflammatory conditions.

2.1.  Fundamentals and biological relevance of mitophagy

Mitochondria are double membrane organelles responsible for
generating adenosine triphosphate (ATP), the primary energy
currency of the cell””. This is achieved through oxidative phos-
phorylation, a process that harnesses energy from electron trans-
port chains located within mitochondrial membranes™. In addition
to energy production, mitochondria are intricately involved in
other vital cellular processes, including calcium regulation, lipid
metabolism, and apoptosis (programmed cell death)'>~'. Given
these multifaceted roles, it becomes evident that maintain-
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This timeline depicts a selection of significant discoveries related to autophagy/mitophagy (light brown), cGAS—STING (light

yellow), and their interactions (light green). Regarding the research on autophagy, Christian de Duve first coined the term ‘autophagy’ in 1963,
leading to a series of crucial discoveries. These include the complex pathways of autophagy/mitophagy, ranging from simple yeast organisms to
animals such as mice. In 2016, Yoshinori Ohsumi was rightfully awarded the Nobel Prize in Physiology or Medicine for his pioneering work in the
field of autophagy, underscoring the importance of this area of research. In the study of cGAS—STING, notable discoveries include the iden-
tification of key proteins such as IFN, NF-«xB, and IRF3; the recognition of STING as a crucial adaptor protein for intracellular DNA-induced IFN
response; and the discovery of cGAS as a cytosolic DNA sensor activating STING. Over the past decade, there has been an increasing focus on the
interplay between autophagy/mitophagy and cGAS—STING. This includes research on the regulatory effect of cGAS—STING on the induction of
autophagy/mitophagy and the inhibitory impact of autophagy/mitophagy on the activation of cGAS—STING and subsequent immune responses.

ing mitochondrial health and function is crucial for the overall
well-being of the cell’>. The necessity for mitophagy arises from
the inherent susceptibility of mitochondria to damage®. Over
time, these organelles can become compromised due to various
factors, including the production of ROS, mtDNA mutations, and
exposure to certain environmental stressors®**’. Damaged mito-
chondria not only are less efficient at maintaining their primary
functions but can also become detrimental to the cell, producing

o Deye\Oprt!e?t ang
&% differentiation 4,,,/.

@
W,
o )
Sr Neurodegenerativey®
diseases

Figure 2 The cellular functions of mitophagy and the c-GAS—ST-
ING pathway and their implications in various human diseases.

harmful byproducts, and exacerbating cellular stress’*’. Once a
damaged or dysfunctional mitochondrion is identified in a cell,
mitophagy is initiated*®. The targeted mitochondrion is enveloped
by a phagophore, a double-membraned structure that expands to
engulf the organelle. This process results in the maturation of
autophagosomes, which subsequently fuse with lysosomes. Within
this combined structure, termed an autolysosome, the mitochon-
drial contents are degraded by lysosomal enzymes, and the
resulting macromolecules are recycled back into the cytosol for
reuse””.

The biological relevance of mitophagy extends beyond the
cellular level, impacting tissue function, organ health, and overall
organismal well-being’’. Mitophagy plays a protective role,
especially in tissues with high metabolic demands, such as the
heart and brain*'*?. By ensuring the removal of dysfunctional
mitochondria, mitophagy prevents the accumulation of harmful
byproducts that can lead to cellular damage and death. Further-
more, by recycling mitochondrial components, mitophagy sup-
ports cellular energy demands and metabolic processes.
Dysregulation of mitophagy has been implicated in a myriad of
diseases”*****. For instance, in neurodegenerative diseases such
as PD and AD, impaired mitophagy leads to the accumulation of
damaged mitochondria in neurons, contributing to neuronal death
and disease progression” *°. Similarly, in cardiac diseases,
compromised mitophagy can exacerbate cardiac injury and
dysfunction*®*’. Moreover, the role of mitophagy in aging has
garnered increased attention, with evidence suggesting that
enhanced mitophagy can promote longevity and mitigate age-
associated pathologies™®.

In essence, mitophagy is a critical biological process with
wide-reaching implications for maintaining cellular and organ-
ismal health. Its protective role against cellular damage and its
association with various diseases underscores the importance of
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further research. Understanding the detailed mechanisms and
potential therapeutic applications of mitophagy is crucial for
developing strategies to prevent and treat diseases, highlighting
the need for comprehensive studies on its regulatory pathways and
interactions.

2.2. Mechanisms of mitophagy initiation and progression

The molecular mechanisms underlying the initiation and pro-
gression of mitophagy are intricate and involve a series of proteins
and pathways that ensure the targeted degradation of damaged or
superfluous mitochondria®’. Notably, two core molecular players
pivotal for mitophagy activation, PTEN-induced kinase 1 (PINK1)
and Parkin are involved in this process™. Under normal physio-
logical conditions, mitochondria function optimally to maintain
their membrane potential. PINK1, a protein that is encoded by the
Parkinson disease 2 gene in humans and mice, is continuously
imported into healthy mitochondria, specifically targeting the
inner mitochondrial membrane where it is rapidly degraded by
mitochondrial proteases, ensuring that its intracellular levels
remain low”’. This continuous import and degradation cycle acts
as a surveillance mechanism, ensuring that only functional mito-
chondria persist. Nevertheless, upon mitochondrial impairment or
diminished membrane potential, PINKI1 import is arrested,
prompting PINK1 accumulation on the outer mitochondrial
membrane (OMM) and effectively flagging the mitochondrion as
malfunctioning. Rather than mere passive accumulation, PINK1
actively ushers on Parkin, an E3 ubiquitin ligase, from its
customary cytosolic location to malfunctioning mitochondria®*>".
PINK1 directly phosphorylates Parkin, an action that catalyzes the
ligase function of Parkin®®. Once localized on the OMM in its
activated form, Parkin embarks on its primary task, ubiquitinating
an array of OMM-associated proteins®®. This ubiquitination pro-
cess effectively “tags” or “labels” the damaged mitochondrion,
marking it for eventual degradation™. Following the ubiquitina-
tion of mitochondrial proteins by Parkin, autophagy receptors,
including optineurin (OPTN), nuclear dot protein 52 kDa, voltage-
dependent anion channel 1, and p62/SQSTMI, are
recruited®™'~?. These receptors recognize and bind to ubiquiti-
nated proteins, facilitating the formation of the phagophore, a
double-membrane structure that begins to envelop the targeted
mitochondria. The expansion of the phagophore is facilitated by
various autophagy-related genes, which ensure the elongation and
closure of the phagophore, leading to the complete encapsulation
of the damaged mitochondrion within an autophagosome™.
Additionally, PINK1 has another pivotal function: phosphory-
lating both Parkin and the ubiquitin moieties that Parkin attaches
to OMM proteins™. This phosphorylation of ubiquitin further
enhances Parkin activity via a positive feedback loop, ensuring a
robust and amplified response to mitochondrial damage®®. The
ubiquitinated proteins on the OMM are products of the enzymatic
activity of Parkin and then serve as signals or beacons for the
recruitment of downstream autophagy machinery, setting the stage
for engulfment of the damaged mitochondrion and its eventual
degradation within the lysosome". This intricate and coordinated
interaction between PINK1 and Parkin ensures that cells can
efficiently and selectively identify, target, and remove mitochon-
dria that are no longer functional or that pose a potential threat to
cellular health®'. The importance of the PINK1—Parkin pathway
is underscored by the fact that mutations in the genes encoding

these proteins are linked to familial forms of PD, underscoring its
imperative role in mitochondrial regulation and broader human
health paradigms®* >°.

While the PINK1/Parkin pathway is a well-characterized
mechanism for mitophagy initiation, several other pathways and
molecular players have emerged as significant contributors to
this process*”’. Parkinson disease (autosomal recessive, early
onset) 7 (PARK7, also known as DJ-1) is another protein
implicated in PD°’. Recent studies have highlighted its role in
PINK 1/Parkin-mediated mitophagy™®. Although DJ-1 is not a
direct initiator of mitophagy, it acts as an essential downstream
mediator’’. In the context of mitochondrial damage, DJ-1
translocates to depolarized mitochondria in proximity to auto-
phagy receptors such as OPTN’’. This translocation is dependent
on PINKI1 and Parkin but does not require oxidation of the
cysteine residue of DIJ-177. Interestingly, without PINKI
signaling-mediated mitochondrial damage or Parkin-mediated
ubiquitination, overexpressed DJ-1 cannot effectively initiate
the tagging and recognition steps necessary for mitophagy,
despite its protective role against mitochondrial dysfunction’’.
DJ-1 cannot compensate for the loss of PINKI1 kinase activity
and Parkin E3 ubiquitin ligase activity, which occur upstream of
this pathway, underscoring the importance of a comprehensive
approach to understanding and treating PD. By focusing on both
the unique and collective functions of these proteins, researchers
are laying the foundation for innovative therapies that could offer
hope to millions of people worldwide affected by PD. In the
context of diabetic nephropathy, characterized by kidney damage
due to diabetes, the Src protein has been identified as a regulator
of mitophagy. Src activation aggravates podocyte injury in dia-
betic nephropathy by suppressing the FUN14 domain containing
1 (FUNDC1)-mediated mitophagy’®. FUNDCI, a mitochondrial
outer membrane protein, acts as a receptor for mitophagy,
especially under hypoxic conditions. The interplay between Src
and FUNDCI1 highlights the role of non-canonical pathways in
disease-specific contexts®”. Triple-negative breast cancer is a
aggressive form of breast cancer. Recent findings show that
mitochondrial uncoupling protein 1 (UCP1) negatively regulates
triple-negative  breast cancer progression®. UCP1 over-
expression not only induces mitochondrial swelling but also
activates mitophagy®’. Furthermore, UCP1 overexpression acti-
vate gasdermin E, a core protein involved in pyroptosis, a form
of inflammatory cell death®’. This study underscores the inter-
connectedness of mitophagy, mitochondrial dynamics, and other
forms of cell death in the context of cancer®. Although not
directly related to mitophagy, the emerging role of non-canonical
Wnht signaling in cardiovascular diseases is worth noting®'. This
pathway has been linked to key mechanisms of atherosclerosis,
including oxidative stress and endothelial dysfunction®* %%,
Targeting components of non-canonical Wnt signaling pathways
offers potential therapeutic avenues for treating cardiovascular
diseases. While the PINK1/Parkin pathway is central to our
understanding of mitophagy, it is clear that a myriad of other
proteins and pathways also play crucial roles in this process (Fig.
3). These alternative pathways not only expand our under-
standing of mitophagy but also offer potential therapeutic targets
for a range of diseases. The intricate nature of these pathways
and their interplay in various disease contexts underscore the
need for holistic therapeutic strategies. Understanding the nu-
ances of these mechanisms allow us to better tailor interventions
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Figure 3 The molecular mechanisms of mitophagy. The diagram illustrates two classical mitophagy pathways: the ubiquitin-dependent
pathway and the ubiquitin-independent pathway. In the ubiquitin-dependent pathway, when mitochondria are stressed, PINK1 is stabilized on
the OMM and activated through autophosphorylation. It then phosphorylates Parkin and ubiquitin, enhancing Parkin’s E3 ligase activity. This
results in the ubiquitination of several OMM proteins, which results in the formation of polyubiquitin chains that PINK1 further phosphorylates,
creating a self-amplifying loop. These chains attract adaptor proteins such as OPTN, nuclear dot protein 52 kDa (NDP52), NBR1, and p62, which
bind to LC3, initiating autophagosome formation. The binding of OPTN to ubiquitin chains is further strengthened by TBK1-mediated phos-
phorylation. In the ubiquitin-independent pathway, under hypoxic conditions, proteins such as FUNDC1, BNIP3, and NIX play crucial roles in
recruiting autophagosomes to mitochondria through their interaction with LC3. During mitophagy, Ambral is instrumental in relocating HUWE1
from the cytosol to the mitochondria, leading to the degradation of mitofusin 2, a necessary step for Ambral-driven mitophagy. Additionally, the
IxB kinase o phosphorylates S1014 on Ambral, enabling its interaction with LC3. PHB2, an inner mitochondrial membrane protein, is key for
directing mitochondria toward autophagic degradation. The externalization of cardiolipin (CL) to the OMM in response to mitochondrial damage
acts as a signal for the selective autophagic removal of dysfunctional mitochondria, with CL interacting with LC3 in mammalian cortical neurons.
Ceramide serves as a selective mitophagy receptor by directly binding to LC3, as does FKBPS, an OMM protein, promoting the degradation of
damaged mitochondria through interactions with LC3.

to specific disease states, potentially offering more effective and
targeted treatments.

2.3.  Implications of mitophagy for neuroinflammation

Neuroinflammation, characterized by the activation of glial cells
and the release of pro-inflammatory cytokines, plays a central role
in the pathology of many neurodegenerative diseases®”. Disruption
of mitophagy, leading to the accumulation of damaged mito-
chondria, exacerbates this condition by producing ROS. These
ROS not only further damage cellular components, contributing to
the pathological features observed in diseases such as AD and
PD® % but also release mitochondrial components that activate
microglia. This activation can induce a chronic inflammatory state
in the brain, impairing neuronal function and accelerating the
progression of neurodegenerative diseases®”’".

Recent studies underscore the linkage between impaired
mitophagy/autophagy and elevated neuroinflammation across a
broad range of neurological disorders, such as Huntington’s disease
(HD), ALS, ischemia/reperfusion (I/R), chronic cerebral ischemia
(CCI), and multiple sclerosis (MS), as evidenced by cellular, animal,
and clinical research (Table 1). This connection is especially pro-
nounced in AD, where mitochondrial dysfunction, ineffective
mitophagy/autophagy, and increased pro-inflammatory responses are
observed in both patient brains and in vitro and in vivo disease
models’'~"?. Critical autophagy genes, such as Beclin-1, PINK1, and
autophagy-related gene 5 (Arg5), play essential roles in regulating
microglial activation and, consequently, neuroinflammation’""’*">.
The potential of mitophagy/autophagy induction to counteract these
pathological processes is supported by findings that inducers such as
urolithin A (UA) and actinonin (AC) can significantly reduce pro-
inflammatory cytokine levels [e.g., interleukin 6 (IL-6) and tumor
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Table 1

The implications of mitophagy/autophagy defects or activation in triggering or inhibiting neuroinflammation.

Type of diseases

Cell, animal, and human sample

The evidence of mitophagy/autophagy in
neuroinflammation

Molecular mechanism

AD”

AD74

AD™

AD7S

AD7I

AD7()

AD?

ADB52

PD&i

PDX(»

PDXS

PD87

PDX?{

. 9
Depression; PD !

PD%

PD¥

PD23

PDQ()

HD95

BV-2 cells; primary microglia
from mice and postmortem
human AD brains
LPS/ATP-stimulated primary
microglia from Beclin-17"~ and
Beclin-1*"~ APP/PS1 mice
fAB-treated primary microglia

MnCl, 4H,0 + LPS-induced
mice and BV-2 cells

Primary microglia; APP/PS1
mice

APP/PS1 mice

Af4,-induced BV2; APP/PS1
mice

AR _so-treated primary astrocyte
from Sprague—Dawley rats

a-Synuclein A53T-Tg mice;
SN4741 cells; BV-2 cells

MPTP-induced mice; LPS-
induced BV-2

Primary microglia from a-
synuclein A53T-Tg mice; a-
synuclein A53T-Tg mice

Atg5 WT and Atg5 cKO mice

LPS/MPP " -induced N9 cells;
MPTP-induced mice

LPS/ATP-induced BV2 and
primary microglia; LPS-treated
mice

MPTP-induced mice

MPTP-induced mice; LPS-
induced BV-2 cells

AS53T a-synuclein
overexpressing BV2 cells
a-Synuclein A53T-Tg mice;
MPTP-induced mice; LPS-
induced mice; LPS/ATP-induced
primary microglia and BV-2 cells
zQ175 neo-deleted knockin mice;
HD hESC-derived striatal cells;
HD-homo, HD-het, and control
cells

Genetic reduction of Beclin-1 impairs microglial
phagocytosis

Beclin-1""" and Beclin-1""~ APPPS1 mouse
microglia exhibit activation of the NLRP3
inflammasome

siMap1lc3B and siAtg7 aggravates the activation
of the NLRP3 inflammasome in fAg-treated
microglia

The hippocampus of mice and BV2 cells exhibit
activation of the NLRP3 inflammasome and
autophagy dysfunction

Depletion of PINK1 increases the expression of
TNF-« in microglia; UA or AC reduces L-6 and
TNF-« levels and increases IL-10 levels in APP/
PS1 mice; UA inhibits the NLRP3
inflammasome in APP/PS1 mice

UMI-77 reduces IL-6 and TNF-« levels in APP/
PS1 mice

PSS inhibits the activation of the NLRP3
inflammasome in AB4,-induced BV2 and APP/
PS1 mice

AP induces autophagy dysfunction and
inflammatory responses in astrocytes;
Progesterone induces autophagy and inhibits the
NLRP3 inflammasome

a-synuclein A5S3T-Tg mice exhibits activation of
the NLRP3 inflammasome and chaperone-
mediated autophagy impairment

Deletion or knockdown of A7g5 in microglia
exacerbates MPTP- or LPS-induced activation
of the NLRP3 inflammasome

a-Synuclein induces microglial autophagic
impairment; Depletion of A7g5 in microglia
exacerbates the neuroinflammation in a-
synuclein A53T-Tg mice

Deletion or knockdown of Azg5 in microglia
induces the activation of the NLRP3
inflammasome

LPS/MPP" impairs the initial step of
autophagosome formation; andrographolide
inhibits the NLRP3 inflammasome
LPS/ATP-induced BV2 cells and LPS-treated
mice exhibit impaired autophagy flux and
inhibition of the PINK1/Parkin pathway; QU
inhibits the NLRP3 inflammasome

MPTP induces mitochondrial damage, ROS
generation, and the activation of the NLRP3
inflammasome; Rapa rescues astrocytic Kir6.1
deletion-induced neuroinflammation

MPTP induces autophagic flux and
neuroinflammation; UA inhibits the NLRP3
inflammasome

PSS inhibits the NLRP3 inflammasome

PD mice and LPS/ATP-induced microglia
exhibit activation of the NLRP3 inflammasome;
KPF inhibits the NLRP3 inflammasome

The inflammatory response and autophagic flux
are increased

Beclin 1-mediated autophagy
CALCOCO2-mediated
autophagy

AMPK-mediated autophagy

Atg5-dependent autophagy

PINK1/Parkin-mediated
mitophagy

MCL-1-mediated mitophagy

SHP-2-mediated mitophagy

mTOR-mediated autophagy

p38—TFEB-mediated
autophagy

Atg5-dependent autophagy
TLR4 and its downstream
p38 and Akt—mTOR-
mediated autophagy
Atg5-dependent autophagy
PINK1/Parkin-mediated
mitophagy
PINK1/Parkin-mediated

mitophagy

PINK1/Parkin-mediated
mitophagy

PINK 1/Parkin-mediated
mitophagy
SHP-2-mediated mitophagy

Atg5-dependent autophagy

cGAS—STING-dependent
pathway
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Table 1 (continued)

Type of diseases

Cell, animal, and human sample

The evidence of mitophagy/autophagy in
neuroinflammation

Molecular mechanism

HD*

ALS”®

ALS?’

MS?
Ms”
MS100

CCII()I

I/RH]Z

URI(B

Depression'**

Early brain injury'®

mHTT74 overexpressing BV2
cells

LPS-stimulated C90rf72-ALS
iPSC-derived microglia

SOD1%3A mice

LPS-induced BV-2 cells;
MOG35-55-treated mice
LPS-induced BV-2 cells;
MOG35-55-treated mice
LPS-induced BV-2 cells;
MOG35-55-treated mice
BCCAo rats

MCAO rats

MCAQO rats

Chronic unpredictable mild
stress-induced mice
Subarachnoid hemorrhage rats

PSS inhibits the NLRP3 inflammasome

mC9-MG exhibits a deficit of the autophagy
initiation and activation of the NLRP3
inflammasome and NF-«B signaling

Increased microtubule-associated protein 1 light
chain 3 beta, p62, Ub, microgliosis, and the
activation of the NLRP3 inflammasome can be
found in the anterodorsal thalamic nucleus
AXL induces autophagy to mitigate
inflammatory responses

a7nAChR induces autophagy to mitigate spinal
inflammatory responses

CB2R induces autophagy and inhibits the
NLRP3 inflammasome

BCCAOo rats exhibit microglial overactivation
and activation of the NLRP3 inflammasome;
Blocked autophagy and mitophagy flux
aggravate the activation of the NLRP3
inflammasome; URB597 induces mitophagy and
inhibits the NLRP3 inflammasome

MCAO rats exhibit activation of the NLRP3
inflammasome and autophagic dysfunction;
RVT inhibits the NLRP3 inflammasome
GSK-38 knockdown and SB216763 inhibits the
NLRP3 inflammasome

Andrographolide inhibits inflammation and
blocks the assembly of NLRP3

MT inhibits the NLRP3 inflammasome

SHP-2-mediated mitophagy

C90RF72-mediated
autophagy

PI3K/AKT/mTOR-mediated
autophagy
AMPK—mTOR—p70S6K-
mediated autophagy
Atg5-dependent autophagy

Sirtl—AMPK-mediated
mitophagy

GSK-36-mediated autophagy

PINK1/Parkin-mediated
mitophagy

A, amyloid beta; AC, actinonin; AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; Arg5, autophagy-related gene 5; ATP, adenosine
triphosphate; C90rf72, chromosome 9 open reading frame 72; CCI, chronic cerebral ischemic; HD, Huntington’s disease; I/R, ischemia/reperfusion;
KPF, kaempferol; LPS, lipopolysaccharide; MCAO, middle cerebral artery occlusion; MOG, myelin oligodendrocyte glycoprotein; MPTP, 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MS, multiple sclerosis; NF-«B, nuclear factor-kappa B; NLRP3, NOD-, LRR- and pyrin domain-
containing protein 3; Rapa, rapamycin; PD, Parkinson’s disease; PSS, Polygala saponins; QU, quercetin; RVT, resveratrol; ROS, reactive oxy-
gen species; TNF-«, tumor necrosis factor alpha; UA, urolithin A; WT, wild-type.

necrosis factor-alpha (TNF-«)] and inhibit the activation of the NOD-
, LRR- and pyrin domain-containing protein 3 (NLRP3) inflamma-
some, a crucial component of the neuroinflammatory response’.
Similarly, other inducers, including UMI-77, metformin, and NAD,
have shown effectiveness in AD models, offering promise for ther-
apeutic intervention’® ®". In addition to these inducers, natural
compounds such as Polygala saponins (PSS) and progesterone have
been shown to mitigate NLRP3 inflammasome activation and neu-
roinflammation through mitophagy/autophagy induction, suggesting
a holistic approach for managing these complex pathways>>*"%2,
This approach is particularly relevant for PD research, where mito-
chondrial damage, elevated ROS levels, and NLRP3 inflammasome
activation have been documented®**. The essential role of auto-
phagy genes in maintaining neuronal health is highlighted by the
exacerbation of neuroinflammation and disruption of mitophagy/
autophagy flux following their deletion or knockdown, such as with
A1g5% 7% Conversely, mitophagy/autophagy inducers not only
reduce neuroinflammation but also enhance neuronal viability and
ameliorate PD-like behaviors®>%*%5~91,

Given the pivotal role of mitophagy in maintaining mitochondrial
health and its implications for neuroinflammation, enhancing

mitophagy presents a promising therapeutic strategy for neurode-
generative diseases’~. Drugs that stimulate mitophagy or prevent the
accumulation of damaged mitochondria could reduce neuro-
inflammation and decelerate disease progression”>”*. Furthermore,
elucidating the intricate relationship between mitophagy and neu-
roinflammation can pave the way for personalized medicine, with
treatments are administered based on individual mitophagy and in-
flammatory profiles. As research in this area advances, developing
targeted interventions that modulate mitophagy offers hope for in-
dividuals affected by neurodegenerative conditions, highlighting the
importance of continued investigation into these mechanisms.

3. cGAS—STING pathway: A central player in
neuroinflammation

The cGAS—STING pathway is a crucial part of the immune
response. The proteins cGAS and STING, essential in the
cGAS—STING pathway, have distinct structural features crucial
for their function. cGAS, with its unique two-domain structure,
including a nucleotidyltransferase domain and a DNA-binding
domain, is activated upon binding to cytosolic DNA, leading to
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cyclic GMP—AMP (cGAMP) synthesis. STING, a transmembrane
protein with a key C-terminal domain, binds to cGAMP, triggering
a conformational change that activates downstream immune re-
sponses. These structural characteristics are central to the ability
of these proteins to detect cytosolic DNA and initiate immune
defense mechanisms. The cGAS—STING pathway is integral to a
spectrum of cellular functions, playing pivotal roles in innate
immunity, antiviral defense, the response to DNA damage, auto-
phagy, the regulation of inflammation, cellular aging, tumor sur-
veillance, and the modulation of interferon signaling (Fig. 2). This
pathway is relevant for various pathological conditions. Notably,
its dysregulation is implicated in the pathogenesis of autoimmune
and inflammatory diseases and is often triggered by aberrant
activation in response to self-DNA, culminating in persistent
inflammation. In the realm of oncology, the cGAS—STING
pathway plays a dichotomous role: it contributes to tumor sup-
pression through the initiation of immune responses against
neoplastic cells, while paradoxically, it may also facilitate tumor
progression and survival in certain contexts. A comprehensive
understanding of this pathway is thus imperative for the devel-
opment of novel therapeutic strategies targeting a broad spectrum
of diseases, including infectious diseases, autoimmune disorders,
cancers, aging, and aging-related diseases'’®'% (Fig. 2). Recent
insights underscored the importance of the cGAS—STING
pathway in neurodegenerative diseases, where it has emerged as
a key player in the mediation of neuroinflammation'’®. Intrigu-
ingly, while this pathway is essential for defending against path-
ogens, overactivation or dysregulation of this pathway can lead to
detrimental effects in the CNS'?%"''°. To appreciate its significance
in neuroinflammation, understanding its role in innate immunity,
activation mechanisms, and specific implications for neuro-
inflammation is essential''""''%. Recent studies highlight the dual
role of the cGAS—STING pathway in the CNS, where it can act as
a protective mechanism against genuine threats but can also
exacerbate neuroinflammatory responses under certain condi-
tions''"''?. The cGAS—STING pathway, central to innate im-
munity, has profound implications for neuroinflammation''’. Tts
activation within the CNS can be a double-edged sword, offering
protection against genuine threats but also contributing to neuro-
inflammatory and neurodegenerative pathologies''""''?.  As
research continues to unravel the complexities of this pathway
within the brain, it offers both challenges and opportunities for
therapeutic interventions in a range of neurological conditions'''.
The potential to modulate this pathway for therapeutic benefit is
an exciting frontier in neuroimmunology research. Understanding
its precise role and regulation will be pivotal for harnessing its
potential benefits while mitigating its risks.

3.1.  Role of cGAS—STING in innate immunity

Innate immunity, often referred to as the body’s natural defense
system, is characterized by rapid and nonspecific responses to po-
tential threats''*. In contrast to adaptive immunity, which is slower
but more specific, immune evasion relies on memories generated
from previous encounters with pathogens''*. At the heart of the
innate immune system’s ability to detect and respond to a myriad of
challenges is the cGAS—STING pathway, a sophisticated signaling
cascade that has emerged as a central player in the defense against
microbial invaders and cellular aberrations''>'"°,

The cell is equipped with numerous sensors designed to detect
various forms of threats. These sensors, known as pattern recog-
nition receptors, recognize pathogen-associated molecular

patterns and damage-associated molecular patterns''’. Among
these pattern recognition receptors, cGAS is unique because of its
ability to sense aberrant DNA in the cytoplasm''®. This specificity
of cGAS in detecting aberrant DNA has underscored its evolu-
tionary significance in cellular defense. Under physiological
conditions, DNA is restricted to the nucleus and mitochondria.
However, during instances of cellular stress, microbial invasion, or
DNA damage, DNA fragments can escape these compartments
and enter the cytoplasm''®. cGAS, strategically positioned in the
cytosol, recognizes and binds to this misplaced DNA''’. Tts
binding is not sequence-specific, allowing it to detect a wide range
of DNA structures, from viral genomes to mtDNA fragments'’.
Upon binding to dsDNA, cGAS activates its enzymatic function,
leading to the synthesis of cGAMP from ATP and GTP'*"'**. This
molecule is not just a byproduct of cGAS’s enzymatic activity; it
is also a potent alarm signal'”>. cGAMP acts as a secondary
messenger, alerting the cell to the presence of foreign or mis-
placed DNA and setting the stage for a coordinated immune
response'>*. STING, which resides dormant on the endoplasmic
reticulum (ER), initiates its action upon encountering cGAMP'>°.
The binding of cGAMP induces a series of structural and func-
tional changes in STING, allowing it to transition from the ER to
other cellular compartments'?®. This dynamic movement of
STING is a test of the cell’s ability to rapidly respond to threats'*’.
This movement is strategic, facilitating the recruitment and acti-
vation of various signaling molecules essential for mounting an
immune response'”’. Once activated, STING orchestrates a series
of signaling events, recruiting and activating kinases, which in
turn activate transcription factors'?®. These events culminate in the
production of type I interferons (IFNs), especially interferon-beta
(IFN-B), and a range of pro-inflammatory cytokines'”'*’. These
molecules serve multiple purposes: they establish an antiviral state
within the cell, recruit and activate other immune cells, and alert
neighboring cells to potential threats, ensuring a coordinated and
robust defense mechanism'’®. While the cGAS—STING pathway
is a cornerstone of innate immunity, its effects ripple into the
realm of adaptive immunity. Activation of the cGAS—STING
pathway induces pro-inflammatory cytokine secretion, pivotal
for the activation of macrophages and T cells, illustrating how
innate immunity modulates adaptive immunity'”"**"3! " This
modulation bridges the gap between the immediate, nonspecific
response of innate immunity and the slower, more targeted
response of adaptive immunity, ensuring comprehensive defense
against threats.

In conclusion, the cGAS—STING pathway highlights the evolu-
tionary sophistication of cellular defenses, bridging the detection of
aberrant DNA to a robust immune response. This phenomenon un-
derscores the complexity and adaptability of the innate immune
system, which responds swiftly to diverse challenges. This pathway’s
role in orchestrating an immediate defense while facilitating
communication with adaptive immunity ensures a comprehensive
and coordinated response to pathogens and cellular abnormalities.
Understanding this pathway will enrich our understanding of the
intricacies of the immune system and its capacity for precision in
safeguarding cellular integrity.

3.2.  Activation mechanisms and downstream signaling
pathways of cGAS—STING

The cGAS—STING pathway functions as a sentinel of cellular
integrity, monitoring the cytosolic environment for the presence of
aberrant DNA. Its activation triggers a cascade of events that not
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only neutralize immediate threats but also prepare the cell and its
neighbors for potential challenges. The intricate steps involved in
the activation of this pathway and the subsequent signaling events
are examples of the cell’s evolutionary refinement in orchestrating
a precise and coordinated immune response.

Under normal circumstances, the cell cytoplasm is devoid of
DNA. However, during microbial invasion, cellular damage, or
certain pathological conditions, DNA can enter the cytosol'*.
cGAS recognizes this DNA and binds to it regardless of its
sequence' . This binding is not a passive event; it induces a
significant conformational change in cGAS, activating its enzy-
matic domain'**. This activation sets the stage for the synthesis of
the secondary messenger, cGAMP'**. Notably, the evolutionary
conservation of this mechanism from bacteria to animals un-
derscores its fundamental importance in cellular defense. cGAMP
is not merely a byproduct of cGAS’s interaction with DNA; it is a
potent molecular signal that heralds the presence of potential
threats within the cell'*”. As a secondary messenger, cGAMP’s
primary role is to relay the alarm to STING, the primary responder
in this signaling cascade. In its inactive state, STING resides on
the ER membrane. The binding of cGAMP to STING induces a
series of structural rearrangements in STING, allowing it to form
homodimers. These dimers then transition from the ER to the
Golgi apparatus and subsequently to perinuclear endosomes'’.
This translocation facilitates the recruitment and activation of
various signaling molecules essential for mounting an immune
response'*. The precision of these molecular events speaks to the
cell’s ability to respond to threats rapidly and effectively. One of
the first molecules to be recruited by STING is TANK-binding
kinase 1 (TBK1)"*’. This kinase plays a pivotal role in trans-
lating STING’s activation into a transcriptional response'**. Once
activated by STING, TBKI1 targets the transcription factor inter-
feron regulatory factor 3 (IRF3). The phosphorylation of IRF3 by
TBKI1 induces its dimerization and prepares it for nuclear trans-
location'*. Upon dimerization, IRF3 translocates to the nucleus.
Within this compartment, it binds to specific DNA sequences,
promoting the transcription of type I interferon (IFN) genes. These
genes, particularly IFN-@, are instrumental in establishing an
antiviral state within the cell, preparing it for potential viral
challenges'*’. While IRF3 activation and nuclear translocation are
significant events, the cGAS—STING pathway also concurrently
activates another powerful signaling cascade involving nuclear
factor-kappa B (NF-«B)'?’. Once activated, this transcription
factor promotes the production of numerous pro-inflammatory
cytokines'**'?°. These cytokines amplify the immune response,
ensuring a comprehensive defense mechanism that not only neu-
tralizes threats but also alerts neighboring cells to potential dan-
gers'*"!*2_ Given the potency of the cGAS—STING response, the
pathway incorporates several feedback loops and regulatory
mechanisms'**'**. These steps ensure the response is proportional
to the threat and that the pathway returns to its resting state once
the threat is neutralized. Therefore, this regulation is crucial for
preventing excessive inflammation or potential autoimmunity.

In summary, the cGAS—STING pathway is crucial for detecting
DNA anomalies and triggering immune responses, revealing the
evolutionary sophistication of the immune system. It combines
detection, signaling, and regulatory mechanisms to protect against
threats while maintaining cellular balance (Fig. 4). The conserva-
tion of this pathway across species underscores its fundamental role
in immunity. Its potential for therapeutic applications in treating

infections, autoimmune diseases, and cancer highlights its medical
significance. Understanding cGAS—STING signaling is key to
enhancing the immune system’s capacity to balance defense and
homeostasis.

3.3.  Implications of cGAS—STING for neuroinflammation

The CNS is a complex and delicately balanced environment
crucial for maintaining neurological function, where the balance
between protective and pathological processes is essential'®.
Within this context, the cGAS—STING pathway has emerged as a
significant player that influences both protective outcomes and
pathological conditions'''. This pathway plays a dual role in
defending against external threats while also being implicated in
various neuroinflammatory conditions, highlighting its multifac-
eted role in CNS health and disease''! (Table 2).

In the field of AD, the cGAS—STING pathway has been identi-
fied as a pivotal mechanism contributing to the neuroinflammatory
processes underlying disease pathogenesis, with significant impli-
cations for both understanding AD and identifying potential thera-
peutic targets. Studies have shown that activation of this pathway in
the brains of AD patients plays a crucial role in the progression of this
disease, including cognitive impairment and amyloid beta (AG) pa-
thology'*°, suggesting that targeting this pathway could provide a
novel therapeutic strategy for AD'*’. Further research has revealed
specific mechanisms through which tau proteins, a hallmark of AD,
activate microglia and induce neuroinflammation via the
c¢GAS—STING pathway. This discovery points to a shared inflam-
matory pathway between neurodegenerative diseases and viral in-
fections, further emphasizing the pathway’ significance in CNS
disorders'*®. Investigations into the downstream effects of the
cGAS—STING pathway, particularly its role in activating type I IFNs
and driving neuroinflammation and synapse loss in AD, highlight the
critical role of IFN signaling in the neuropathogenic processes
associated with AD, linking the cGAS—STING pathway to synaptic
dysfunction and neurodegeneration'*’. Additionally, evidence sug-
gests that AG peptides, which are central to AD pathology, trigger
neuroinflammation and microglial activation via the cGAS—STING
pathway, adding another layer to our understanding of the pathway’s
role in the inflammatory response to AD pathology . The interplay
between viral infections and AD risk has also been explored,
revealing that certain viral infections downregulate triggering re-
ceptor expressed on myeloid cells 2 (TREM2) in microglia through
the cGAS—STING pathway. TREM2 is a protein linked to AD risk,
and this discovery suggests complex relationships between viral in-
fections, innate immune responses, and AD pathogenesis, high-
lighting the therapeutic potential of targeting this pathway'>'. The
c¢GAS—STING pathway is also crucial in PD, particularly due to its
role in mitochondrial dysfunction and neuroinflammation. Mutations
in Parkin and PINK1, which are associated with early-onset PD, lead
to mitochondrial stress and activation of the STING pathway, causing
inflammation and dopaminergic neuron loss. However, research has
shown that mitigating STING activity through genetic deletion or
pharmacological inhibition can rescue these detrimental effects,
suggesting a protective mechanism against PD progression'’. Further
studies have demonstrated the activation of this pathway in models of
a-synucleinopathy, in which a-synuclein aggregates increase STING
expression and activation, leading to neurodegeneration. Notably,
STING-deficient mice exhibit protection from neuron loss, high-
lighting the potential of this pathway as a therapeutic target in PD and
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Figure 4 DNA sensing and signaling in the cGAS—STING pathway. This pathway leads to the production of type I IFNs and inflammatory
cytokines. Abnormal DNA in the cytoplasm, originating from either pathogen infection (bacteria, DNA viruses, or retroviruses) or cellular
damage, activates this process. cGAS binds to double-stranded DNA (dsDNA) and becomes active, converting ATP and GTP into 2,3'-cGAMP.
This compound subsequently activates the adaptor protein STING. STING, upon binding to cGAMP, changes conformation and moves from the
ER to the Golgi. In the Golgi, STING attracts TBK1, which phosphorylates the C-terminal tail of STING. This phosphorylated STING recruits
IFN regulatory factor 3 (IRF3), which TBK1 also phosphorylates and activates. The activated IRF3 dimer travels to the nucleus, where it regulates
type 1 IFN transcription and triggers type I IFN responses. Secreted IFN-g, through its receptor, activates TYK and JAK signals, influencing the
STAT, MAPK, and PI3K pathways. This enhances IFN-stimulated gene transcription via a positive feedback loop. Concurrently, the
cGAS—STING pathway activates NF-«kB signaling, regulating inflammatory cytokine gene transcription. The NLRP3 inflammasome, which is
triggered by increased ROS, is further upregulated by the STING protein. Additionally, STING initiates autophagy for degradation.

related disorders'>%. Additionally, the role of the pathway has been

confirmed is underscored in  1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) mouse models of PD, in which cGAS
deficiency in microglia controls neuroinflammation and neurotox-
icity. This finding suggested that targeting microglial cGAS could be
a therapeutic strategy, as evidenced by the neuroprotection conferred
by cGAS inhibitors during MPTP exposure'>*. Chronic activation of
STING, as shown in models expressing a constitutively active
variant, leads to dopaminergic neuron degeneration, pathological
a-synuclein, and neuroinflammation. This finding indicates that
prolonged STING activation is detrimental and that preventing such
inflammatory responses may offer therapeutic benefits for PD and

other neurodegenerative diseases'*. In ALS, the cGAS—STING
pathway is a critical mediator of the neuroinflammatory processes
that exacerbate disease progression. Research has illuminated how
this pathway is activated in ALS through various mechanisms. The
accumulation of TAR DNA-binding protein 43 (TDP-43), a protein
that is a hallmark of ALS, triggers the release of mtDNA via the
mitochondrial permeability transition pore, activating the cGAS—
STING pathway and leading to inflammation'>. Additionally, the
loss of chromosome 9 open reading frame 72 (C9orf72), a gene
associated with familial ALS, in myeloid cells results in hyper-
activation of STING and an elevated type I IFN response, further
contributing to inflammation'”®. Moreover, in models of ALS
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Table 2  The implications of the cGAS—STING pathway in neuroinflammation.
Type of diseases Cell, animal, and human sample The evidence of cGAS—STING in neuroinflammation
AD'Y Primary microglia, neurons, and astrocytes;  Elevated p-STING, p-TBK1, p-p65, and p-IRF3 levels were
aged and 5XFAD mice; the prefrontal cortex observed in the cortex of human AD, aged, and 5XFAD mice;
of human AD cGAS ™'~ reduces A pathology, neuroinflammation, and
cognitive decline in 5XFAD mice; cGAS ™/~ also prevents
astrocytes from becoming harmful Al types, reducing AG
peptide-induced neuronal damage
PD" Parkin’/’, Pinkl™" -, Sting” ~, and Lrrk2 Parkin~'~ mice accumulate mutations in mtDNA; STING '~
G2019S mice entirely stops inflammation from intense exercise or mtDNA
mutation and lessens dopaminergic neuron loss and motor
issues in Parkin '~ and Pinkl '~ mice
Aging'® Primary microglia and BV2; aged mice STING activation leads to neurodegeneration and cognitive
decline by causing reactive microglial states; mtDNA release in
aging brains activates cGAS in microglia, inducing age-related
transcriptional changes that result in inflammation,
neurotoxicity, and memory impairment
ALS' iPSC-derived motor neurons; TDP-43 The deletion of cGAS and STING stops NF-«B and type I IFN
mutant mice; spinal cord samples from ALS increase caused by TDP-43 in motor neurons and TDP-43
patients mutant mice; ALS patients have higher cGAMP levels in their
spinal cords
ALS/FTD'*° CYorf727'~ myeloid cells; C90rf72~'~ mice C9orf72~/~ myeloid cells are selectively hyperresponsive to
STING activators; STING inhibition reduces overactive type I
IEN responses in C9orf72 '~ myeloid cells and lessens
splenomegaly and inflammation in C90rf72~'~ mice
HD’ hESC-derived neuron, cGASA in HD-homo Cgas mRNA shows high ribosome activity at exon 1 and

Chronic neurodegeneration'®*

URIS‘)

165

Macular degeneration

: 166
Traumatic brain injury *°

HSEI(v7

CVST'®®

AD, HD'*®

Neuropathic pain'®’

Metabolic syndrome-
associated cognitive
impairment' "’

AD 171

cells; the brain tissue of HD patients

Ifnarl™~ and Sting™'~ mice
MCAO mice

Human RPE cells; Ifnarl '~ Star2~'~,
Mb21d1~'"~, and Ppif~’~ mice

WT and Sting ™'~ mice

Primary neurons, microglia, and astrocytes;
WT, Sting™~, and Cgas™'~ mice

Ferric chloride-induced male C57BL/6J
mice

Primary microglia; R6/2 and Pgbp1-cKO
mice

BV-2; SNI-induced rats

Cgas™'~ mice

Loxp (Cgas fi/fl; Cx3crl™'~), mKO (Cgas fl/
fl; Cx3crl™™), 5XFAD (5xFAD; Cgas fi/fl;
Cx3cr]7/7), and 5xFAD mKO (5xFAD;
Cgas fi/fl; Cx3crl ’/’) mice; postmortem
human brain and spinal cord sample

specific pauses at codons 171 and 172 in HD striatal cells;
cGAS protein levels and activity, as well as Ccl5 and Cxcll0
expression, are higher in HD striatum; cGAS depletion reduces
its activity and lowers inflammatory gene expression in HD
cells

STING-dependent IFN activates microglia and promotes the
neurodegenerative progression

Brain ischemia causes dsDNA release into the cytosol,
triggering inflammation through cGAS activation

cGAS triggers IFN-G in RPE degeneration in human cells and
mice; lowering DICER1 or Alu RNA buildup causes mtDNA to
enter the cytosol and activate cGAS

STING contributes to harmful neuroinflammation after
traumatic brain injury, as shown by higher levels of TNF-«,
IL-6, IL-13, and IFNs

HSV triggers IFN in brain microglia via cGAS—STING; Mice
lacking cGAS or STING are more prone to acute HSE, with
increased viral replication in neurons of Sting '~ mice. HSV-
infected microglia activate STING-dependent antiviral
responses in neurons and stimulate IFN production in astrocytes
through toll-like receptor 3

c¢GAS and STING increase significantly in mouse brain
microglia after CVST, which releases dsDNA into the
cytoplasm, causing inflammation through the cGAS—STING
pathway

Polyglutamine binding protein 1 senses extrinsic tau 3R/4R
proteins by direct interaction and triggers an innate immune
response by activating the cGAS—STING pathway

SNI detects external tau 3R/4R proteins through direct
interaction, initiating an immune response by activating the
cGAS—STING pathway

HFD leads to microglial activation, particularly in female
Cgas’/’ mice

Microglia primarily cause the increase in cGAS—STING
signaling; Removing cGAS from microglia at the start of A8
pathology greatly reduces plaque formation and protects
against AB-induced cognitive decline; cGAS is essential for
plaque-related microglial increase and for developing the DAM
(continued on next page)
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Table 2 (continued)

Type of diseases

Cell, animal, and human sample

The evidence of cGAS—STING in neuroinflammation

PDISZ

AD '

AD]S()

MSISX

Acute viral encephalitis'’>

I/Rlﬁ()

PD154

I/R](vZ

PDISB

Post-infection AD"”"

ALS157

I/R]m

Primary microglia, astrocyte, and neurons;
aSyn-PFF injected and Sting™’~ mice; SNpc
tissue from autopsied idiopathic PD patients

APPNL-G-F, 5XFAD, APP; tTa, and APP/
PS1 mice, rIFN-G- and generic NA-
containing amyloid fibrils-treated WT mice;
Mixed glia and hippocampal slice cultures
BV2

WT and Sting™'~ mice with EAE

Vero cells, BV2, and iPSC-derived
microglia; WT, Sting™'~, Cgas™'—, 1f37/~,
Irf3s1/sl, and Ifnar '~ mice

BV2 and HEK293T cells; Cgas cKO, Hdac3
cKO, and Cx3cr]CreERIRES-EYFP e

WT, Sting N153S/WT ki, Sting ki,
lfnarl’/’, and Casp]’/’ mice
BV2; WT and Sting’/’ mice

MPTP-induced WT and Cgas’/’ mice

human induced pluripotent stem cells
derived microglia

Immortalized human microglia, microglia,
oligodendrocyte lineage cells, neurons, and
astrocytes; WT, SOD19%*4, SOD19%°R | and
STING/G93A double-positive mice

WT, Stingilf, Cgasf/’, and NlrxI~'~ mice

phenotype; Loss of microglial cGAS lowers dystrophic
neurites, thus preserving synaptic and neuronal function

The cGAS—STING pathway is activated before
neurodegeneration begins, leading to type-I interferon
activation; Sting™'~ mice are protected from loss of
dopaminergic neurons; In PD SNpc tissues, STING levels
closely match the amount of pS129-aSyn; aSyn aggregates
elevate STING expression and enhance its activation
Activation of the IFN pathway occurs in the brains of various
AD mouse models, WT mice exposed to amyloid fibrils, and
the brains of deceased AD patients; IFN triggers microglial
activation and synapse loss in SXFAD mice
cGAS—STING-IFITM3 axis may be involved in AB-induced
neuroinflammation in microglia

EAE induction significantly boosts STING expression in Ibal+
myeloid cells and Tmem119+ microglia; Sting ™'~ mice show
less severe EAE development compared to WT mice
Microglia and immune cells die via apoptosis in HS V-infected
brains through the cGAS—STING pathway, independent of
Type I IFN signaling

mtDNA activates microglial cGAS—STING, leading to pro-
inflammatory conditions; The deletion of cGAS or HDAC3
reduces I/R-induced neuroinflammation and brain damage
Chronic activation of the STING pathway leads to
dopaminergic neuron degeneration

STING expression increased in microglia following MCAO;
STING deletion alleviates brain infarction, neuronal damage,
and neurobehavioral issues in MCAO mice, also decreasing
microglial activation and inflammatory chemokines, and
lessening microglial pyroptosis

cGAS—STING pathway activation in MPTP mice causes
neuroinflammation; Microglial cGAS deficiency reduces this
inflammation and toxicity

TREM?2 enhances virus-induced IFN-g production via the
cGAS—STING pathway in microglia, boosting STING
signaling and TBK1 and IRF3 activation

ALS-causing misfolded SODI1 leads to mitochondrial damage,
releasing mtDNA and RNA:DNA hybrids into the cytosol,
activating type I IFN and related genes via IRF3 and IFNAR,
independent of mPTP; cGAS/DDX41-STING signaling is
amplified in neighboring cells through gap junctions

Sting and Ifn genes are increased after CCI injury; The loss of
cGAS or STING reduced inflammation and conferred
neuroprotection at 24 h, with Cgas—/— mice showing fewer
motor deficits after 4 days and less tissue damage after 14 days

Ap, amyloid beta; AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; C9orf72, chromosome 9 open reading frame 72; CCI, cranial
cervical instability; CVST, cerebral venous sinus thrombosis; DAM, disease-associated microglia; EAE, experimental autoimmune encephalo-
myelitis; FTD, frontotemporal dementia; HD, Huntington’s disease; HDAC3, histone deacetylase 3; HFD, high fat diet; HSE, herpes simplex
encephalitis; HSV, herpes simplex virus; IFN, interferon; IFNs, interferons; iPSC, induced pluripotent stem cells; I/R, ischemia/reperfusion; MCAO,
middle cerebral artery occlusion; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MS, multiple sclerosis; PD, Parkinson’s disease; RPE,
retinal pigmented epithelium; SNI, spared nerve injury; SOD1, superoxide dismutase type 1; TDP-43, TAR DNA-binding protein 43; TREM2,

triggering receptor expressed on myeloid cells 2; WT, wild-type.

associated with SOD1 mutations, mitochondrial damage leads to the
release of mtDNA and RNA:DNA hybrids, activating the
cGAS—STING pathway. This activation not only triggers an
inflammatory response but also allows this response to spread to
neighboring cells, amplifying the neuroinflammation observed in
ALS"’. Furthermore, in other CNS disorders, such as HD, the cGAS
pathway plays a crucial role in regulating inflammation and auto-
phagy, as indicated by increased cGAS activity and expression of

inflammatory genes in the HD striatum. Depletion of cGAS reduces
inflammation and autophagy, while its restoration in HD cells pro-
motes these responses’”. In a mouse model of MS, the induction of
experimental autoimmune encephalomyelitis (EAE) significantly
increased the expression of STING in myeloid cells marked by Ibal™*
and microglia marked by TmemI19*. However, compared with wild-
type (WT) mice, mice lacking STING (STING ™) experience less
severe development of EAE. The antiviral drug ganciclovir induces a
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type 1 IFN response in microglia through the STING pathway,
thereby reducing microglial reactivity and neuroinflammation'®. In
the context of stroke, brain ischemia leads to the release of dsDNA
and mtDNA, activating the cGAS—STING pathway and triggering
inflammation. The deletion of cGAS or STING reduces inflamma-
tion and provides neuroprotection in various models of brain injury,
including I/R injury and CCI injury' ™',

Overall, the cGAS—STING pathway has emerged as a central
mediator of neuroinflammation across a spectrum of CNS disor-
ders, underscoring its potential as a therapeutic target. By
modulating this pathway, it may be possible to alleviate the in-
flammatory responses that contribute to the progression of
neurodegenerative diseases, offering hope for new treatments that
can slow or halt the course of these debilitating conditions.

The brain, while shielded by the BBB, is not impervious to viral
infections. Viruses such as herpes simplex virus (HSV) and Zika can
invade the CNS, leading to neuroinflammation and potential neuro-
logical deficits'”*'”*. Upon viral invasion, the release of viral DNA
into the cytoplasm of CNS-resident cells can activate the
c¢GAS—STING pathway'"”". This activation triggers the production
of type I IFNs and pro-inflammatory cytokines, establishing an
antiviral state within the cell'”>. This response not only is crucial for
inhibiting viral replication but also acts as a beacon, signaling other
immune cells to the site of infection, thereby amplifying the defense
mechanism'”. In addition to the immediate antiviral response, the
cGAS—STING pathway also facilitates communication between
infected and uninfected cells'*’. The cytokines and chemokines
produced as a result of pathway activation can recruit immune cells to
the site of infection, bolstering the defense of the CNS against viral
threats'’®'”7. MS is an autoimmune condition in which the body’s
immune system mistakenly attacks the myelin sheath of neurons'’®.
Recent research has suggested that the cGAS—STING pathway
might play a role in the pathogenesis of MS'”. Activation of this
pathway in CNS-resident cells can amplify the inflammatory
response, leading to enhanced demyelination and worsening of
clinical symptomsm .

Given the dual role of the cGAS—STING pathway in the CNS,
there are both challenges and opportunities for therapeutic inter-
vention''". Tt is imperative to strike a balance when targeting this
pathway, ensuring that while its pathological implications are
mitigated, its protective roles are not compromised. Targeting this
pathway could lead to novel strategies for treating viral infections
of the CNS, neurodegenerative conditions, and autoimmune dis-
orders. However, any therapeutic approach must consider the
pathway’s protective role, ensuring that interventions do not
compromise the CNS’s ability to defend against genuine threats.
As research progresses, the cGAS—STING pathway represents a
promising target for developing treatments for various neurolog-
ical diseases, underscoring the importance of understanding its
dual role in the CNS.

4. Molecular crosstalk: Mitophagy and cGAS—STING

The intricate interplay between cellular processes ensures the
maintenance of homeostasis and appropriate response to
stressors'*C. Within the realm of neuroinflammation, the crosstalk
between mitophagy and the cGAS—STING pathway has garnered
significant attention'®"'8?, Recent studies have highlighted the
importance of this crosstalk in the context of neurodegenerative
diseases, where dysregulation of either pathway can exacerbate
disease progression'”. This molecular dialog underscores the

complexity of cellular responses and offers insights into the
pathogenesis of various neuroinflammatory conditions. Notably,
the balance between these pathways is delicate, and any disruption
can lead to exacerbated inflammatory responses or compromised
cellular health. The molecular interaction between mitophagy and
the cGAS—STING pathway provides insight into the intricacies of
cellular defense mechanisms and homeostasis. Their crosstalk,
especially within the CNS, has profound implications for neuro-
inflammation and the pathogenesis of various neurological con-
ditions'®®. As our understanding of this molecular crosstalk has
improved, potential therapeutic targets for a range of inflammatory
and degenerative conditions have been identified.

4.1.  Dysfunctional mitophagy and the release of mtDNA

Mitophagy is essential for cellular health, especially in high-demand
environments like neurons'®*. Interestingly, the importance of
mitophagy in neurons is further emphasized by the fact that neurons
are postmitotic cells, meaning that they do not divide. This makes the
efficient removal of damaged mitochondria even more crucial'®'.
This process is regulated by molecular signals, and proteins such as
PINK1 and Parkin label damaged mitochondria for autophagic
degradation. This mechanism ensures the efficient elimination of
dysfunctional mitochondria, balancing mitochondrial fission and
fusion to optimize function and prevent damage accumulation™.
Compared with nuclear DNA, mtDNA is more exposed and lacks
protective histones, increasing susceptibility to damage from ROS
generated during cellular respiration'®>. When mitochondria are
damaged, there is not only a risk of compromised energy production
but also the danger of mtDNA release into the cytoplasm'®’. In the
cytosol, mtDNA, due to its bacterial-like characteristics, can be
mistaken for a foreign entity, potentially activating various innate
immune pathways, including the cGAS—STING axis'**'®”. More-
over, mitophagy protects cellular health by rapidly removing
damaged mitochondria, preventing mtDNA leakage into the cytosol,
and thus avoiding immune activation'®®'®°. This containment is
crucial for preventing unwanted immune activation and maintaining
cellular homeostasis. However, mitophagy is not infallible. Genetic
mutations, as observed in certain hereditary forms of PD, can impair
mitophagy'**'"!. Environmental toxins, oxidative stress, and the
natural aging process can also challenge the efficiency of mitoph-
agy**'”?. When mitophagy is compromised, damaged mitochondria
accumulate, increasing the risk of mtDNA release and the subsequent
activation of inflammatory pathways'®®. Importantly, while
mitophagy is a protective mechanism, mitophagy dysfunction can be
a double-edged sword, leading to both energy deficits and inflam-
matory responses' . Effective mitophagy is crucial, particularly in
neurons, to prevent mitochondrial dysfunction and its consequences.
Focusing on the role of mitophagy in health and disease, it has
become clear that its regulation is key to preventing neurodegener-
ative and inflammatory conditions'*”. Enhancing our understanding
and targeting of mitophagy propose new therapeutic options for these
disorders, marking an important area for future research. This
perspective underscores the need for balanced cellular mechanisms
and the potential of mitophagy-focused therapies for treating
neurological diseases.

4.2.  ¢GAS—STING activation by mtDNA: Implications for
neuroinflammation

The inadvertent presence of mtDNA in the cytoplasm potently trig-
gers innate immune responses'*C. This activation, particularly
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through the cGAS—STING axis, has profound implications for
cellular health, especially within the delicate environment of the
CNS'”’. Understanding the cascade of events following mtDNA
escape and subsequent activation of the cGAS—STING pathway
provides insights into the pathogenesis of various neuroinflammatory
and neurodegenerative conditions''’. mtDNA, a relic of the organ-
elle’s bacterial ancestry, is distinct from nuclear DNA. Its circular
configuration, certain unmethylated CpG motifs, and other unique
features make it structurally similar to bacterial DNA'?®., While
safely housed within the mitochondria, mtDNA is harmless. How-
ever, once the fungus finds its way into the cytoplasm, the cell per-
ceives it as a danger signal, akin to an invading pathogen’s DNA'®°.
Once in the cytoplasm, mtDNA can bind to and activate cGAS,
leading to the synthesis of cGAMP. This secondary messenger sub-
sequently activates STING, initiating a signaling cascade that cul-
minates in the production of type I IFNs and pro-inflammatory
cytokines'”.

The CNS is a delicate and intricately balanced environment in
which neurons and glial cells work in harmony to ensure proper
brain function. However, disruptions in this process, especially
those stemming from chronic activation of immune pathways such
as the cGAS—STING axis, can have profound and often detri-
mental consequences'®’. Emerging evidence indicates the impor-
tance of sustained cGAS—STING activation within the CNS**.
Microglia, often termed the “sentinels” of the brain, are on con-
stant alert for signs of injury, infection, or other disturbances.
Under physiological conditions, microglia exist in a quiescent
state, surveying their environment and supporting neuronal func-
tion. However, activation of the cGAS—STING pathway can shift
microglia from the resting state to the pro-inflammatory pheno-
type'”’. In this state, they release numerous pro-inflammatory
cytokines, such as interleukin 1 beta (IL-18), TNF-«, and IL-6,
which can perpetuate inflammation and disrupt neuronal homeo-
stasis®’'. Astrocytes, another major glial cell type, can also
become reactive in the face of chronic neuroinflammation””.
Reactive astrocytes can produce and release inflammatory medi-
ators, further amplifying the inflammatory response initiated by
microglia®”’. Moreover, their ability to regulate neurotransmitter
levels and maintain the extracellular environment can be
compromised, affecting neuronal signaling”*****. Chronic neuro-
inflammation can lead to alterations in synaptic function®”.
Inflammatory mediators can modulate neurotransmitter release,
receptor expression, and synaptic plasticity”’>*’. Over time,
these disruptions can impair learning, memory, and other cogni-
tive functions”*®?”. Moreover, neurons, especially those in
certain vulnerable regions such as the hippocampus and substantia
nigra, can become targets of inflammatory responses” ',
Chronic exposure to inflammatory mediators can induce oxidative
stress, mitochondrial dysfunction, and even apoptotic cell death in
these neurons'’®. The balance of excitatory and inhibitory
neurotransmission is crucial for proper brain function®'”. Chronic
inflammation can disrupt this balance, potentially leading to
conditions such as excitotoxicity, where excessive glutamate
signaling can damage or kill neurons”'?. The BBB is composed of
specialized endothelial cells connected by tight junctions®'*.
Chronic inflammation can induce stress in these cells, leading to
the expression of adhesion molecules and the recruitment of
peripheral immune cells?’”. Once the integrity of the BBB is
compromised, peripheral immune cells, including T cells, B cells,
and monocytes, can infiltrate the brain’'®. These cells can release
their own set of inflammatory mediators, exacerbating the already

heightened state of neuroinflammation”'®. A compromised BBB
can also allow potentially neurotoxic substances, including path-
ogens, toxins, and metabolic waste products, to enter the CNS,
posing additional threats to neuronal health®'”.

Chronic activation of the cGAS—STING pathway has been
implicated in the pathogenesis of AD'*’. Sustained neuro-
inflammation can exacerbate Af deposition and tau hyper-
phosphorylation, hallmark features of AD*®'""2%%18 'Eyrthermore,
inflammation can impair synaptic function and neuronal viability in
regions critical for memory, such as the hippocampus'’'. In PD,
dopaminergic neurons in the substantia nigra are particularly
vulnerable. Chronic neuroinflammation, driven by cGAS—STING
activation, can exacerbate oxidative stress in these neurons, accel-
erating their degeneration and leading to the motor symptoms char-
acteristic of PD'®"*'?, MS is an autoimmune condition in which the
myelin sheath of neurons is attacked. Chronic activation of the
c¢GAS—STING pathway can amplify the inflammatory response in
MS, leading to enhanced demyelination and neuro-
degeneration' *>**, Thus, complex neurons in the CNS and the glial
network are acutely sensitive to disruptions in homeostasis. Chronic
activation of the cGAS—STING pathway leads to neuro-
inflammation, which adversely affects neuronal health, synaptic
function, and overall brain integrity'*®. Insight into this pathway
within the CNS context illuminates promising therapeutic strategies
aimed at reducing neuroinflammation and safeguarding neurological
function, identifying a crucial area for future research to explore and
develop targeted interventions.

4.3.  The regulatory effect of cGAS—STING on mitophagy

The regulation of autophagy/mitophagy by the cGAS—STING
pathway is a critical aspect of cellular homeostasis and the
immune response. This intricate regulatory mechanism plays a
pivotal role in how cells respond to DNA damage, infection, and
other stressors’>'. Activation of the cGAS—STING pathway
marks the beginning of a complex signaling cascade that triggers
an immune response and significantly influences mitochondrial
dynamics and mitophagy, creating a feedback loop that can either
amplify or dampen cellular responses'>. This feedback mechanism
is crucial for maintaining cellular homeostasis, particularly under
conditions of stress or damage. The trafficking of STING is a
critical step in its activation, regulated by various proteins and
posttranslational modifications®*”. For instance, inhibiting ADP-
ribosylation factor GTPases, which are involved in vesicular
trafficking, can block STING activation, underscoring the
importance of its proper localization within the cell’*’. Palmi-
toylation, a type of post-translational modification, at specific
cysteine residues in the Golgi apparatus is also crucial for STING
activation. This modification enhances the interaction of STING
with its downstream effectors, facilitating the immune signaling
cascade”*. Once STING has fulfilled its signaling role, it is
rapidly targeted for degradation to prevent overactivation of the
immune response. This degradation likely occurs through auto-
phagy®**. Mitochondrial fission is crucial for removing damaged
portions of mitochondria and facilitating their degradation via
mitophagy>”°. Recent studies show that STING activation can
upregulate proteins such as dynamin-related protein 1 (DRP1), a
key player in mitochondrial fission®’. Enhanced fission, while
beneficial in some contexts, can lead to mitochondrial fragmen-
tation if not regulated®”’. Mitochondrial fusion allows for the
merging of two mitochondria, a process that can dilute damage
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and share mitochondrial contents”*®. STING activation down-
regulates fusion proteins such as mitofusin 1 and mitofusin 2,
potentially inhibiting the fusion process'***** **°. Reduced
fusion can isolate damaged mitochondria, preventing them from
merging with healthier counterparts®'. Additionally, the auto-
phagy kinase unc-51 like autophagy activating kinase 1 (ULK1) is
implicated in targeting STING for degradation, although the

precise underlying mechanisms remain to be fully eluci-
dated”*****. Depending on the context, this can promote or inhibit
the initiation of the autophagic process. Microtubule-associated
protein 1 light chain 3 beta and p62/SQSTMI are critical for
autophagosome formation and cargo recognition'**. Activation of
the cGAS—STING pathway can modulate the levels and activity
of these proteins, influencing the efficiency of autophagosome
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Figure 5 Crosstalk between the regulatory mechanism of autophagy/mitophagy and cGAS—STING. The cGAS—STING pathway is a crucial
mechanism in the innate immune system and is primarily responsible for detecting cytoplasmic DNA, which is indicative of either pathogenic infection
or cellular damage. When cGAS encounters this DNA, it becomes activated and synthesizes the messenger molecule cGAMP. This molecule then binds
to STING, a protein on the ER, triggering its conformational change and relocation to the Golgi apparatus. STING activates a cascade of immune
responses, primarily through the activation of TBK1 and subsequent phosphorylation of IRF3 and NF-«B activation, leading to the production of type I
IFNs and inflammatory cytokines. Autophagy and mitophagy are sophisticated cellular processes for maintaining cellular homeostasis. Autophagy is
activated by nutrient deprivation or other stressors, in turn engaging the ULK1 complex and the Beclin-1 complex, which are modulated by the balance
of AKT and AMPK signaling. The ULK1 complex initiates autophagy, while the Beclin-1 complex nucleates the formation of autophagosomes.
Mitophagy, a specialized form of autophagy that targets mitochondria, is primarily regulated by the PINK1/Parkin pathway. PINK1 accumulates on
damaged mitochondria, where it recruits Parkin, which ubiquitinates mitochondrial proteins, signaling for autophagic degradation. Proteins such as p62
are involved in recognizing ubiquitinated proteins and facilitating mitophagy. Intriguingly, the cGAS—STING pathway intersects with these autophagic
processes. cGAS and STING can undergo autophagic degradation mediated by p62, which recognizes ubiquitinated forms of these proteins. Beclin-1, an
essential component of the autophagy initiation complex, can both inhibit and be activated by cGAS, indicating a complex regulatory interaction.
Furthermore, ULK1 can inhibit the phosphorylation of STING, which is crucial for its activation, and attenuate the activity of cGAS. In this intricate
network, TBK1 further enhances the ubiquitination of OPTN, another autophagy-related protein, adding another layer of regulation. This interplay
between the autophagy/mitophagy pathway and the cGAS—STING pathway highlights the complexity of cellular responses to stress and infection,
revealing potential therapeutic targets for diseases involving these pathways.
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formation and subsequent mitophagy'®*. The final step of
mitophagy involves the fusion of autophagosomes with lyso-
somes, leading to the degradation of their contents. The
cGAS—STING pathway can influence lysosomal pH and enzyme
activity, potentially affecting the degradation efficiency of mito-
phagic cargo'”*****. Moreover, upon sensing cytosolic DNA,
cGAS itself can interact with key regulators of autophagy, such as
Beclin-1. This interaction induces autophagy through a mecha-
nism that is independent of STING**®. The binding of cGAS to
Beclin-1 leads to the release of Rubicon, a negative regulator of
autophagy, from the Beclin-1 complex. This release then facili-
tates the induction of autophagy, which is crucial for the removal
of cytosolic DNA and the modulation of immune responses. This
process is particularly important for preventing overactivation of
immune responses and maintaining cellular homeostasis®*°. While
the cGAS—STING pathway responds to mitochondrial stress
signals, it also modulates mitochondrial function, particularly
mitophagy. Activation of the cGAS—STING pathway can influ-
ence mitophagy either directly through signaling pathways
affecting mitochondrial dynamics or indirectly by modulating
cellular inflammatory and immune responses, which can impact
mitochondrial function (Fig. 5)237’238.

Therefore, the regulation of autophagy/mitophagy by the
cGAS—STING pathway represents a critical intersection between
innate immunity and cellular stress responses. This regulation
ensures that cells can effectively respond to infections and damage
while maintaining internal balance and preventing excessive or
prolonged immune activation. Understanding these mechanisms in
greater detail could provide valuable insights into developing
treatments for diseases characterized by dysregulated immune
responses and impaired autophagy/mitophagy, such as autoim-
mune disorders, neurodegenerative diseases, and certain types of
cancer.

4.4.  The regulatory effect of mitophagy on the cGAS—STING
pathway

The regulation of the cGAS—STING pathway by autophagy/
mitophagy also represents a crucial aspect of cellular homeostasis
and immune response modulation. Emerging evidence suggests that
autophagy/mitophagy plays significant roles in controlling the
activation and function of the cGAS—STING pathway. Autophagy,
which is a primary cellular defense mechanism against various
stressors, including pathogens and damaged organelles, can engulf
and degrade cytosolic DNA, a potent activator of the cGAS—STING
pathway. By clearing cytosolic DNA, autophagy effectively regu-
lates the activation of cGAS, preventing its overstimulation and
consequent hyperactivation of immune responses™°. This regula-
tion is crucial for maintaining a balanced immune response, pre-
venting chronic inflammation, and avoiding autoimmune
conditions. Mitophagy, by selectively degrading damaged mito-
chondria, prevents the accumulation of mtDNA in the cytosol,
thereby indirectly regulating the activation of the cGAS—STING
pathway. The regulation of the cGAS—STING pathway by auto-
phagy/mitophagy is complex and finely tuned (Fig. 5). It is essential
for the proper functioning of the immune system, particularly in
preventing excessive or inappropriate immune responses”'’. Dys-
regulation of this interaction can lead to various pathological con-
ditions, including autoimmune diseases, chronic inflammatory
states, and susceptibility to infections'******'. In the context of
neurodegenerative diseases, such as PD and AD, the impairment of
mitophagy due to mutations in genes such as Parkin and PINK1

exacerbates inflammation, contributing to the pathogenesis and
progression of these disorders. Such inflammation can lead to
further mitochondrial damage, creating a vicious cycle that accel-
erates neuronal loss'%>*2, However, research has shown that
enhancing mitophagy through various means, including through
NAD™ supplementation, can counteract these effects. By reducing
neuroinflammation and cellular senescence via the cGAS—STING
pathway, these interventions offer potential therapeutic strategies
that could slow or even reverse the progression of neurodegenera-
tive diseases®*”. In addition to neurodegeneration, mitophagy and
the cGAS—STING pathway are important for nonneurological
diseases, where mitochondrial dysfunction and immune dysregu-
lation play significant roles. For instance, in cardiac diseases,
mitophagy deficiency leads to increased STING-mediated inflam-
mation and pathological remodeling, highlighting the potential of
targeting this pathway for therapeutic intervention>*****. Similarly,
during aging, a decrease in mitophagy contributes to increased
inflammation and cellular decline, suggesting that strategies to
enhance mitophagy could help mitigate age-related diseases and
prolong health>*>. Moreover, the role of mitophagy in disease is not
limited to human health. Studies in model organisms, such as
Drosophila, have provided valuable insights into the mechanisms
by which mitophagy regulates immune responses and maintains
cellular integrity in the face of mitochondrial damage'®'. These
findings deepen our understanding of the basic biology of mitoph-
agy and underscore the potential for cross-species therapeutic in-
sights. Crosstalk between autophagy/mitophagy and the
cGAS—STING pathway is evident in the context of pathogen
clearance. Autophagy can target intracellular pathogens for degra-
dation via a process known as xenophagy”*'. The cGAS—STING
pathway, activated by pathogen-derived DNA, leads to an immune
response. By degrading these pathogens, autophagy not only
eliminates the source of infection but also the DNA that would
otherwise activate the cGAS—STING pathway. This mechanism
highlights the role of autophagy in modulating immune responses
and maintaining cellular homeostasis. Furthermore, components of
the autophagy/mitophagy machinery have been shown to interact
directly with elements of the cGAS—STING pathway. For instance,
the autophagy protein Beclin-1 can interact with STING, influ-
encing its activity. This interaction suggests a more direct regulatory
role of autophagy in the cGAS—STING pathway beyond just the
degradation of cytosolic DNA or pathogens®°. In summary, the
regulation of innate immune responses by autophagy and mitoph-
agy, particularly through their impact on the cGAS—STING
pathway, offers a unifying theme in the pathogenesis and potential
treatment of a wide array of diseases. From neurodegenerative
disorders to cardiovascular diseases and the challenges of aging, this
regulation ensures that immune responses are appropriately cali-
brated in response to cellular stress, damage, and pathogen invasion,
maintaining cellular and organismal homeostasis. Further research
in this area holds the potential for significant advances in our
understanding of immune regulation and the development of
new treatments for diseases associated with immune system
dysfunction.

5. Implication of mitophagy and cGAS—STING crosstalk
for neuroinflammation

The intricate interplay between cellular processes such as mitophagy
and immune pathways such as the cGAS—STING axis plays a pivotal
role in maintaining cellular homeostasis**>. Within the specialized
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environment of the CNS, this crosstalk has profound implications,
influencing both neuroinflammatory responses and the progression of
neurodegenerative diseases”*”. This section delves into the molecular
interplay between mitophagy and the cGAS—STING pathway and its
implications for neuroinflammation. The molecular interplay
between mitophagy and the cGAS—STING pathway is central to the
regulation of neuroinflammatory responses in the CNS. Disruptions
in this balance, whether due to genetic predispositions, environ-
mental factors, or age-related changes, can have profound implica-
tions for neuronal health and the progression of neurodegenerative
diseases”*®. As research continues to unravel the intricacies of this
crosstalk, it holds promise for the development of novel therapeutic
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strategies for a range of neurological conditions™ .

5.1.  How the interplay between mitophagy and cGAS—STING
contributes to neuroinflammation

The intricate relationship between mitophagy and the
cGAS—STING pathway serves as a linchpin in the regulation of
neuroinflammatory responses”>. This interplay, rooted in the
cell’s need for both mitochondrial quality control and innate
immune defense, has profound implications for neuronal health
and function®*®. Mitochondria are dynamic organelles that are
constantly undergoing fission (division) and fusion (joining).
These processes are crucial for maintaining mitochondrial health,
as they allow for the dilution of damaged components and the
generation of new mitochondria®*’. Dysfunctional mitophagy
disrupts these dynamics, leading to the accumulation of damaged
and fragmented mitochondria®*’, mtDNA, due to its bacterial
origin, possesses unmethylated CpG motifs, which are recognized
as danger signals by the cell’s innate immune system. When
released into the cytoplasm, mtDNA can bind to and activate
various DNA-sensing pathways, with the cGAS—STING axis
being particularly sensitive’”. By swiftly encapsulating and
degrading damaged mitochondria, mitophagy acts as a gatekeeper,
preventing the release of mtDNA and other mitochondrial com-
ponents into the cytoplasm”*®. However, when this process is
compromised, the risk of cytosolic mtDNA accumulation and
subsequent immune activation increases>*’.

Microglia, the primary immune cells of the CNS, are equipped
with numerous sensors, including cGAS>*®. Upon sensing cyto-
solic mtDNA, microglia activate the cGAS—STING pathway,
leading to the production of cGAMP and subsequent STING
activation”*’. Activation of the cGAS—STING pathway culmi-
nates in the transcriptional upregulation of pro-inflammatory
genes, leading to the release of cytokines such as IFN-3, TNF-«,
and IL-6>*%. These cytokines can activate neighboring glial cells
and affect neuronal function, setting the stage for chronic neuro-
inflammation®*®. Chronic neuroinflammation can disrupt synaptic
communication, impair neurotransmitter release, and induce
oxidative stress in neurons”*’. Over time, this can lead to synaptic
loss, neuronal dysfunction, and even cell death”*’.

In addition to its role in immune activation, STING was
recently suggested to directly influence mitochondrial function®.
Activated STING has been shown to associate with DRPI, a
protein involved in mitochondrial fission that potentially
influences mitochondrial dynamics®*. The cGAS—STING pathway
can modulate general autophagy®’’. For instance, sustained
STING activation can inhibit autophagic flux, potentially
compromising mitophagy and leading to the accumulation of
damaged mitochondria®*. The bidirectional relationship between

mitophagy and the cGAS—STING pathway ensures a homeostatic
balance between mitochondrial quality control and immune
defense®>. However, chronic disruptions in this balance, as
observed in certain neurodegenerative diseases, can tilt the scales
toward persistent neuroinflammation, exacerbating disease
pathology”*°.

Crosstalk between mitophagy and the cGAS—STING pathway
is a testament to intricate regulatory networks in cells that ensure
both energy homeostasis and defense against threats. In the
specialized environment of the CNS, where energy demands are
high and immune responses need to be finely tuned, understanding
this interplay is crucial. Disruptions in this balance can have
cascading effects on neuronal health, highlighting the importance
of this molecular dialog in the context of neuroinflammation and
neurodegenerative diseases (Fig. 6).

5.2.  Evidence from experimental models and human studies

The interplay between mitophagy and the cGAS—STING pathway
and its implications for neuroinflammation are not just theoretical
constructs. Growing evidence from animal models, cellular
studies, and human clinical and genetic investigations underscores
the importance of this molecular crosstalk in neurodegenerative
diseases'*’**’. In mouse models of AD, such as APP/PS1 mice,
researchers have noted a decrease in mitophagy-related proteins
such as PINK1 and Parkin, as well as an increase in cytosolic
mtDNA and activation of the cGAS—STING pathway>’.
Interventions that promote mitophagy, such as overexpression of
PINKI or treatment with mitophagy-inducing compounds, reduce
AB plaques, tau hyperphosphorylation, and neuroinflammation’',
highlighting the therapeutic potential of targeting mitophagy in
AD. In models of PD, such as the MPTP-induced mouse model,
there is a clear link between mitochondrial dysfunction, impaired
mitophagy, and neuroinflammation®*>*". Genetic or pharmaco-
logical enhancement of mitophagy in these models often results in
reduced dopaminergic neuron loss, decreased alpha-synuclein
aggregation, and attenuated neuroinflammation®>**%. Similar
observations have been made in rodent models of diseases such as
HD and ALS'?>?*7%5° The commonality across these models is
the relationship between mitochondrial health, the cGAS—STING
pathway, and neuroinflammation. In primary neuronal cultures
and cell lines such as SH-SYS5Y, inducing mitochondrial damage
with agents such as rotenone or antimycin A leads to the release of
mtDNA into the cytoplasm. This effect is often accompanied by
activation of the cGAS—STING pathway, as evidenced by
increased levels of cGAMP and phosphorylated TBK1>°%*7,
Enhancing mitophagy, either genetically or pharmacologically,
can mitigate this activation, emphasizing the protective role of
mitophagy''*'%%%°%_In glial cell cultures, especially microglia,
mtDNA release following mitochondrial damage can lead to a
pronounced inflammatory response accompanied by increased
secretion of cytokines such as TNF-« and IL-6°”*®. Enhancing
mitophagy in these cells can dampen this inflammatory response,
suggesting a potential therapeutic strategy for targeting glial-
driven neuroinflammation”>*?*°. Examination of brain tissues
from individuals with AD, PD, or other neurodegenerative dis-
eases often reveals evidence of mitochondrial dysfunction, with
swollen and fragmented mitochondria'®**®'. Concurrently,
the expression of cGAS—STING pathway components and
markers of neuroinflammation are upregulated''®'”?. These find-
ings provide direct links between human disease-related factors
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Figure 6  The role of autophagy/mitophagy and cGAS—STING crosstalk in microglial activation. In the advanced stages of neurodegenerative

disease, resting MO microglia can be activated to the M1 phenotypes under various stimuli. These include endogenous factors such as mtDNA,
nuclear DNA, senescence, autophagy deficiency, and cell death, as well as exogenous factors such as microbial and foreign DNA. These factors
are crucial for activating the cGAS—STING signaling pathway. In the early stages of neurodegenerative disease, resting MO microglia can be
polarized toward the M2 phenotype. This activation is achieved through the modulation of the type I IFN response, maintenance of cellular and
protein homeostasis, clearance of damaged mitochondria, inhibition of the NLRP3 inflammasome, degradation of cGAS and STING, prevention
of mtDNA release, control of cell death, and reduction of ROS. These processes are attributed to the induction of autophagy/mitophagy. When
activated, M1 microglia release pro-inflammatory cytokines (such as TNF-« and IL-1(3) and reactive species (including ROS and NO). These
substances can induce neuronal damage and disrupt the integrity of the BBB. Conversely, M2 microglia release anti-inflammatory cytokines and
growth factors that support neuronal survival and regeneration, and aid in the restoration and maintenance of BBB integrity.

and mitochondrial health, the cGAS—STING pathway, and neu-
roinflammation. Genome-wide association studies (GWASs) and
targeted genetic investigations have identified mutations or vari-
ants in genes related to mitophagy, such as PINK1, Parkin, and
LRRK2, in patients with neurodegenerative diseases”*> *°*. Some
of these genetic alterations have been linked to heightened sus-
ceptibility to diseases such as PD. Furthermore, polymorphisms in
genes related to the cGAS—STING pathway have been associated
with altered risk profiles for certain neurodegenerative condi-
tions' 7%, suggesting genetic interplay between mitophagy, the
cGAS—STING pathway, and disease susceptibility.

In conclusion, the evidence from experimental models and
human studies paves the way for a clear picture of the intertwined
relationship between mitophagy, the cGAS—STING pathway, and
neuroinflammation. These findings not only enhance our under-
standing of the molecular underpinnings of neurodegenerative
diseases but also offer promising avenues for therapeutic
interventions. Targeting the crosstalk between mitophagy and the
c¢GAS—STING pathway could pave the way for novel treatments
that modulate neuroinflammation and alter the course of neuro-
degenerative diseases.

5.3.  Potential consequences for neurodegenerative disease
progression

The intricate interaction between mitophagy and the
cGAS—STING pathway and its subsequent influence on neuro-
inflammation, has profound implications for the progression of
neurodegenerative diseases. The consequences of this molecular
interplay extend beyond cellular health, shaping the trajectory of
disease pathology and neuronal vulnerability, and offering potential
therapeutic avenues. Chronic neuroinflammation, resulting from
the intertwined dysfunction of mitophagy and cGAS—STING
activation, can amplify the pathological signatures of various
neurodegenerative diseases. In AD, for instance, heightened neu-
roinflammation can enhance the enzymatic processes that lead to
increased A deposition2(’7‘2(’”. In diseases such as PD, inflamma-
tion can promote the aggregation of alpha-synuclein, leading to the
formation of Lewy bodies”*”?’’. Microglia and astrocytes, the
primary immune and support cells in the CNS, respectively, can
become chronically activated in the face of persistent neuro-
inflammation”*®, This chronic activation can lead to a state in which
these cells perpetually release pro-inflammatory cytokines, further
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exacerbating disease pathology. Chronic activation of the
cGAS—STING pathway and subsequent neuroinflammation can
compromise the integrity of the BBB*"'*"?. A weakened BBB can
allow the entry of peripheral immune cells, toxins, and other
inflammatory mediators into the CNS, further amplifying the dis-
ease’s pathological processes. Chronic neuroinflammation, driven
by the dysfunctional interplay between mitophagy and the
cGAS—STING pathway, can increase oxidative stress within neu-
rons. This oxidative environment can damage neuronal DNA,
proteins, and lipids, impairing neuronal function and increasing the
risk of cell death®’*>”*. Synapses, which are crucial for neuronal
communication, can become dysfunctional in an inflammatory
milieu. Pro-inflammatory cytokines can disrupt synaptic plasticity,
impair neurotransmitter release, and even lead to synaptic
loss>”>?’®. Over time, this synaptic dysfunction can manifest as
cognitive deficits, memory loss, and other neurological impair-
ments>’">’%, Certain neuronal populations, such as dopaminergic
neurons in the substantia nigra in PD patients or pyramidal neurons
in AD patients, are particularly vulnerable to the effects of chronic
neuroinflammation. The reasons for this selective vulnerability are
multifaceted and include genetic, environmental, and cellular
factors”’* ?®!. Enhancing mitophagy through genetic means or
pharmacological agents is a promising strategy for reducing the
release of mtDNA and subsequent cGAS—STING activa-
tion' 8189282 By improving mitochondrial quality control, one can
potentially attenuate neuroinflammation and slow disease pro-
gression”®. Direct modulation of the cGAS—STING pathway via
the use of inhibitors or activators provides another therapeutic
avenue'®. By fine-tuning the activity of this pathway, one can
potentially reduce the inflammatory response and protect neuronal
health. Given the multifaceted nature of neurodegenerative dis-
eases, combination therapies targeting both mitophagy and the
cGAS—STING pathway, in addition to other disease-modifying
strategies, might offer the best chance for therapeutic success.
The molecular crosstalk between mitophagy and the
c¢GAS—STING pathway has significant implications for the pro-
gression of neurodegenerative disease. By dissecting these pro-
cesses and their interplay, researchers and clinicians can pave the
way for innovative treatments, offering new hope for individuals
experiencing these challenging conditions.

6. Therapeutic potential and challenges

The intricate relationship between mitophagy and the
cGAS—STING pathway, and its implications for neuro-
inflammation offer promising avenues for therapeutic
interventions in neurodegenerative diseases. However, translating
this molecular understanding into effective treatments presents
both opportunities and challenges. This section delves into the
current therapeutic strategies, the challenges faced in drug
development and delivery, and the potential future directions in
this exciting field. The molecular crosstalk between mitophagy
and the cGAS—STING pathway offers rich insight into thera-
peutic targets for neurodegenerative diseases (Fig. 7). While sig-
nificant challenges remain in translating these molecular insights
into effective treatments, the potential benefits, in terms of halting
or even reversing disease progression, are immense. With
continued research and innovation, the coming years might wit-
ness breakthroughs that transform the therapeutic landscape for
neurodegenerative diseases.

6.1.  Current therapeutic strategies targeting mitophagy and the
cGAS—STING pathway

The intricate interplay between mitophagy and the cGAS—STING
pathway has garnered significant attention in the field of neuro-
degenerative disease research'™'®%. As our understanding of these
processes has improved, numerous therapeutic strategies have
emerged that aim to modulate these pathways for therapeutic
benefit. Among these, many mitophagy activators are being
explored for their potential in treating neurodegenerative dis-
eases’” (Table 3 and Fig. 8). UA, a metabolite produced by gut
bacteria from ellagitannins and ellagic acid, has garnered
increased amounts of attention for its potential therapeutic effects
on neurodegenerative diseases, particularly AD and PD. In AD
models, UA has been shown to reverse mitochondrial dysfunction,
synaptic toxicity, and cognitive deficits induced by mutant amy-
loid precursor protein (APP) and A, as well as by phosphorylated
tau (p-tau). Notably, UA stimulated mitophagy and promoted the
elimination of defective mitochondria in the hippocampus of AD
mice, improving mitochondrial morphology and size. This
enhancement of mitophagy was associated with significant
improvements in learning and memory retention, as evidenced by
the Morris water maze test and the Y maze spontaneous alternation
behavioral test. UA treatment also led to a reduction in common
AD pathological features, including insoluble levels of AS;_4;
and AB1_40 and an increase in the extracellular A8 plaque burden.
Furthermore, UA inhibited inflammation in microglia isolated
from APP/PS1 mice via PINK-1-dependent mitophagy, indicating
its role in reducing neuroinflammation associated with
AD’"?%%2%%2% In an MPTP-induced mouse model of PD, UA
reduced dopaminergic neuron loss, ameliorated behavioral defi-
cits, and attenuated neuroinflammation. Additionally, UA pro-
moted mitophagy and suppressed NLRP3 inflammasome
activation in microglia, restoring mitochondrial function and
inhibiting pro-inflammatory responses®’. Melatonin (MT), a hor-
mone primarily known for regulating the sleep-wake cycle, has
emerged as a promising therapeutic agent for AD due to its
potential to enhance mitophagy and regulate inflammation.
Research indicates that MT can improve cognitive deficits and
mitochondrial dysfunction in AD models by promoting the
removal of damaged mitochondria and reducing A pathology,
thereby improving mitochondrial function and cognition®®.
Additionally, MT regulates NLRP3 inflammasome activity, which
is linked to AD progression, by inducing the nuclear translocation
of transcription factor EB (TFEB), which plays a crucial role in
autophagy and mitophagy. This action leads to decreased ROS,
reduced senile plaque formation, and decreased inflammatory
cytokine levels, highlighting the potential of MT for mitigating
AD symptoms and progression”*®. Rapamycin (Rapa), a well-
known autophagy and mitophagy enhancer, has demonstrated
significant neuroprotective effects on various models of neurode-
generative diseases and injuries, including AD, I/R, and spinal
cord ischemia—reperfusion injury (SCIRI). In AD models, Rapa
was shown to activate Parkin-mediated mitophagy, enhancing the
clearance of damaged mitochondria and improving cognitive and
synaptic plasticity deficits in APP/PS1 mice. This action leads to
improved learning and memory and synaptic function and reduced
oxidative stress and apoptosis, suggesting a pivotal role for
mitophagy in alleviating AD pathology®®’. Similarly, in models of
cerebral ischemia, Rapa enhanced mitophagy, as evidenced by
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Potential therapeutic targets and interventions focusing on the crosstalk between autophagy/mitophagy and the cGAS—STING

pathway could be pivotal in mitigating the inflammatory responses associated with neurodegenerative diseases. By detecting dsDNA and sub-
sequently activating the cGAS—STING pathway, this overview provides potential intervention sites. These include reducing foreign and self-
dsDNA, targeting compounds that inhibit the cGAS—STING—TBKI1 signaling pathway, targeting compounds that activate autophagy/mitoph-
agy, targeting compounds that protect mitochondria, and targeting compounds that inhibit NLRP3 inflammasome-mediated pyroptosis.

increased LC3-II and Beclin-1 expression, reduced mitochondrial
dysfunction and infarct volume, and improved neurological out-
comes, linking enhanced mitophagy to mitochondrial protection
and neuroprotectionzgg. Furthermore, in the context of SCIRI,
Rapa significantly increased mitophagy, as indicated by the
translocation of p62 and Parkin to damaged mitochondria and
attenuated mitochondria-dependent apoptosis. This resulted in
reduced apoptosis and improved locomotor function, highlighting
the therapeutic potential of Rapa in spinal cord injury through the
promotion of mitophagy and inhibition of apoptosis®*’. Resvera-
trol (RVT), a naturally occurring polyphenol found in grapes and
other plants, has garnered attention for its potential neuro-
protective effects on various models of neurodegenerative

diseases, including AD and cerebral ischemia. The underlying
mechanisms through which RVT exerts its protective effects have
been the subject of extensive research, with a particular focus on
its ability to enhance mitophagy. In the context of AD, RVT was
shown to attenuate oxidative damage, enhance mitophagy, and
reduce apoptosis in AB;_4-treated PC-12 cells, suggesting that
the activation of mitophagy plays a crucial role in the neuro-
protective mechanism of RVT>*". Similarly, in a model of oxygen/
glucose deprivation/reoxygenation (OGD/R), a simulation of ce-
rebral ischemia, RVT improved cell viability, suppressed
apoptosis, and alleviated oxidative stress and mitochondrial
damage through the induction of mitophagy. This was further
supported by the activation of the PINKI1/Parkin pathway,
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Table 3

Pharmacological activity and mechanism of action of mitophagy activators in neurodegenerative diseases.

Inhibitor

Cell and animal

Pharmacological activity

Disease

MT

MT

RVT

RVT

UA

AC

NAD™ supplementation

Tomatidine

EGCQG, or UA + EGCG

Rapa

KPF and rhapontigenin

5XxFAD mice

APP/PS1 mice; ABas5—35
induced SH-SYSY cells

Af4r-induced PC-12 cells

OGD/R-induced rat cortical
neurons

CL2355 worms; APP/PS1
mice; apolipoprotein E4
iPSC-derived neurons;
mAPP-HT22 cells; mTau-
HT22 cells

CL2355 worms; APP/PS1
mice; mAPP-HT22 cells;
mTau-HT22 cells

CL2355 worms; APP/PS1
mice; mAPP-HT22 cells;
mTau-HT22 cells

mAPP-HT22 cells; mTau-
HT22 cells

mTau-HT22 cells

APP/PS1 mice

CL2355 and BR5270 worms;

HEK 293 3G-EGFP-Tau
P301L/mCherry; 3x7Tg AD
mice

Ameliorates cognitive impairments and
mitochondrial dysfunction and decreases A3
deposition in the brain of 5 x FAD mice; attenuates
mitophagy deficits by promoting the fusion of
mitophagosomes and lysosomes in the hippocampus
of 5 x FAD mice

Improves the cognitive function of APP/PS1 mice;
decreases ROS and senile plaque in APP/PS1 mice;
inhibits the activation of the NLRP3 inflammasome;
promotes mitophagy in APP/PS1 mice and SH-
SYSY cells by inducing TFEB nuclear translocation
Inhibits cell apoptosis, oxidative damage, and
mitochondrial damage; promotes mitophagy by
increasing Parkin and Beclin-1 expression
Improves cell viability and suppresses apoptosis;
alleviates mitochondrial membrane potential and
excessive oxidative stress; promotes mitophagy by
activating the PINK1/Parkin pathway

Improves cognitive function of worms and APP/PS1
mice; reduces AB peptides in worms; maintains
mitochondrial healthy in mAPP-HT22 cells, mTau-
HT?22 cells, and the hippocampus of APP/PS1 mice;
diminishes insoluble levels of AB;_4> and AB;_40,
and extracellular A@ plaque; increases the maximal
oxygen consumption rate of apolipoprotein E4
neurons; increases the phagocytic efficiency of
microglia; mitigates the NLRP3 inflammasome-
dependent neuroinflammation; inhibits tau
hyperphosphorylation in SH-SY5Y and enhances
memory in tau worms and 3 x Tg AD mice;
promotes mitophagy by activating the PINK1/Parkin
pathway

Improves cognitive function of worms and APP/PS1
mice; maintains mitochondrial healthy in mAPP-
HT22 cells, mTau-HT22 cells, and the hippocampus
of APP/PS1 mice; diminishes insoluble levels of
AQ1—4 and AB;_40, and extracellular AB plaque;
increases the phagocytic efficiency of microglia;
mitigates the neuroinflammation of APP/PS1 mice;
promotes mitophagy by activating the PINK1/Parkin
pathway

Improves associative memory of worms; maintains
mitochondrial health in mAPP-HT22 cells and
mTau-HT22 cells; promotes mitophagy by
activating the dct-1 and PINK1/Parkin pathway
Maintains mitochondrial health in mAPP-

HT22 cells and mTau-HT22 cells; promotes
mitophagy by activating the PINK1/Parkin pathway
Maintains mitochondrial health in mTau-

HT22 cells; promotes mitophagy by activating the
PINK1/Parkin pathway

Improves cognitive function; synaptic plasticity, and
the expression of synapse-related proteins; inhibits
cytochrome C-mediated apoptosis and oxidative
damage; recovers mitochondrial function; promotes
mitophagy by increasing p62 and Parkin protein
expressions

Increases the survival and functionality of
glutamatergic and cholinergic neurons; inhibits A8
and tau pathologies; improves the cognitive function
of 3 x Tg AD mice; promotes mitophagy by
activating the PINK1/Parkin pathway

(continued on next page)
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Table 3 (continued)

Inhibitor Cell and animal Pharmacological activity Disease
UMI-77 APP/PS1 mice Ameliorates cognitive decline and amyloid AD’®
pathologies; reduces neuroinflammation; promotes
mitophagy by promoting the activation of MCL-1
with LC3A and Arg5
Bexarotene Human induced pluripotent Eliminates dysfunctional mitochondria and restores ~ AD*”*
stem cells derived NSCs the mitochondrial network morphology; promotes
mitophagy by activating the PINK1/Parkin pathway
(-Asarone AByr-treated rats Improves the learning and memory of rats; promotes ~ AD**?

Deoxytrillenoside CA and
epitrillenoside CA

EGFP-N1-APP, EGFP-Tau-
WT-, or EGFP-Tau-P301L-
transfected HT-22 cells;
CL2331, CL4176, BR5270,
NL5901, 6-OHDA-induced
BZ555; and AM141 worms;
APP/PS1 mice

mitophagy by activating the PINK1/Parkin pathway
Improve the cognitive function and behaviors in
worms and mouse models of AD, PD, and HD;
inhibit AG and tau pathologies in vivo and in vitro of
AD models; inhibit a-synuclein and mHtt in worm
models of PD and HD; inhibits the loss of
dopaminergic neurons in 6-OHDA-induced BZ555
worms; promote mitophagy by activating the
AMPK/ULKI1, mTOR, and PINK1/Parkin pathways

AD, PD, HD>****

Spermidine NL5901 worms; UMO0001 Ameliorates behavioral deficits and pathological AD, PD***
worms features in NL5901 worms; prolongs lifespan and
protects against memory loss in UM0001 worms;
promotes mitophagy by activating the PINK1/Parkin
pathway
UA LPS-BV2; MPTP-induced Reduces the loss of dopaminergic neurons; pPD*
mice ameliorates behavioral deficits and
neuroinflammation in MPTP-induced mice; restores
mitochondrial function and attenuates pro-
inflammatory response in LPS-induced BV-2 cells;
inhibits the NLRP3 inflammasome in vivo and
in vitro
QU LPS/ATP-induced BV2 and Inhibits the NLRP3 inflammasome-mediated PD"'!
primary microglia; LPS- neuroinflammation in vitro and in vivo models;
treated mice inhibits the NF-«B signaling pathway; eliminates
damaged mitochondria and reduces mitochondrial
ROS levels; promotes mitophagy by activating the
PINK1/Parkin pathway
QU 6-OHDA -treated rats; Alleviates PD-like motor behaviors, mitigates PD>*?
6-OHDA -induced PC12 cells; neuronal death, and reduces mitochondrial damage
NL5901 and 6-OHDA- and a-synuclein accumulation in 6-OHDA-treated
induced BZ555 worms rats; improves mitochondrial quality control,
reduces oxidative stress, and decreases a-synuclein
expression in 6-OHDA-treated PC12 cells; promotes
mitophagy by activating the PINK1/Parkin pathway
Justicidin A, justicidin B, and 6-OHDA-induced PC-12 or Inhibit 6-OHDA-induced cell death, mitochondrial pPD”?
justicidin C SHSYSY cells; a-synuclein damage, and oxidative damage; degrade a-synuclein
overexpressing MEF cells; expression via Atg7; inhibit a-synuclein expression
6-OHDA-induced rats and reduce the loss of dopaminergic neurons;
improve behaviors in worm and rat models of PD;
Promote mitophagy by activating the AMPK/ULKI,
Raf/MEK/ERK, and PINK1/Parkin pathways
Rapa MCAQO rats Reduces infarct volume, improves neurological /RS
outcomes, and inhibits mitochondrial dysfunction in
MCAQO rats; promotes mitophagy by increasing p62
protein expression
Rapa SCIRI mice Improves the locomotor function; decreases I/R*?

mitochondrial apoptosis and reduces the

TUNEL + cells in the spinal cord ischemic tissue;
promotes mitophagy by increasing p62 and Parkin
protein expressions

6-OHDA, 6-hydroxydopamine; A, amyloid beta; AC, actinonin; AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; Azg5, autophagy-
related gene 5; Arg7, autophagy-related gene 7; HD, Huntington’s disease; I/R, ischemia/reperfusion; KPF, kaempferol; LPS, lipopolysaccharide;
MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MS, multiple sclerosis; MT, melatonin; NF-kB nuclear factor-kappa B; NLRP3, NOD-, LRR-
and pyrin domain-containing protein 3; OGD/R, oxygen/glucose deprivation/reoxygenation; PD, Parkinson’s disease; QU, quercetin; Rapa, rapa-
mycin; ROS, reactive oxygen species; RVT, resveratrol; SCIRI, spinal cord ischemia—reperfusion injury; TFEB, transcription factor EB; MCAO,
middle cerebral artery occlusion; UA, urolithin A.
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indicating that the protective effects of RVT against OGD/R-
related damage are mediated, at least in part, by promoting
mitophagy®'. Moreover, other natural compounds, such as quer-
cetin (QU), justicidin A, justicidin B, justicidin C, deoxy-
trillenoside CA, epitrillenoside CA, kaempferol (KPF), and
rhapontigenin, have also been shown to activate mitophagy and
exhibit neuroprotective effects in various neurodegenerative
diseases’***°* 72> On the other hand, inhibitors targeting the
cGAS—STING pathway have potential applications in treating
autoimmune diseases such as neurovegetative diseases by modu-
lating the immune response and inflammation (Table 4). The
chemical structures of the currently reported inhibitors of cGAS,
STING, and TBK1 and inhibitors of the nuclear factor-kB (IkB)
kinase are displayed in Fig. 9. For example, as a direct inhibitor of
cGAS, RU.521 prevents the synthesis of cGAMP, thereby damp-
ening the downstream activation of STING and the associated
inflammatory cascade®. Its potential in treating neurodegenera-
tive diseases lies in its ability to reduce chronic neuro-
inflammation, which exacerbates neuronal damage’’”. By
targeting STING directly, H-151 can inhibit the downstream
effects of cGAS activation®’. By doing so, it can mitigate the
production of pro-inflammatory cytokines and type I IFNs,
offering neuroprotection'*’**®, In addition to direct inhibitors,
strategies that modulate the downstream effectors of the
cGAS—STING pathway, such as TBK1 or IRF3, can also offer
therapeutic benefits>”” "', By targeting these molecules, one can
fine-tune the inflammatory response, balancing immune activation
with neuroprotection. The bidirectional relationship between
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The chemical structures of mitophagy activators are used in various neurological diseases.

mitophagy and the cGAS—STING pathway offers a unique ther-
apeutic opportunity. By simultaneously enhancing mitophagy and
inhibiting the cGAS—STING pathway, one can achieve a syner-
gistic effect, offering enhanced neuroprotection compared to
modulating either pathway alone. Combining agents such as UA
or NAD™ with cGAS—STING inhibitors can potentially amplify
their benefits. Such combinations can ensure that while damaged
mitochondria are efficiently removed, any released mtDNA does
not trigger a robust inflammatory response. Combining genetic
strategies, such as overexpressing PINK1 or Parkin, with phar-
macological inhibitors of the cGAS—STING pathway can offer a
multipronged approach to neuroprotection. Such strategies can
ensure both enhanced mitochondrial quality control and dampened
neuroinflammation. In conclusion, the therapeutic landscape tar-
geting mitophagy and the cGAS—STING pathway is vast and
rapidly evolving. As our understanding of these processes deepens
and as new modulators are identified, the potential to halt or even
reverse the progression of neurodegenerative diseases becomes
increasingly tangible. In the coming years, exciting advancements
in this realm will be made, offering hope to millions affected by
these debilitating conditions.

6.2.  Challenges in drug development and delivery

The quest to develop effective treatments for neurodegenerative
diseases, especially those involving targeting processes such as
mitophagy and the cGAS—STING pathway, is fraught with
challenges. These challenges span from the fundamental barriers
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Table 4

Pharmacological activity and mechanism of action of inhibitors targeting cGAS—STING—TBKI1 signaling in neurodegener-
ative diseases.

Inhibitor Cell and animal Pharmacological activity and mechanism of action Disease
H-151 Primary microglia, neurons, Inhibits oligomeric AB4,-induced neuronal toxicity; lowers AB4,, and AD'Y
and astrocytes; SXFAD mice A cores in DG and cortex, and reduces Ibal™* microglia and
GFAP ™ astrocytes in DG, boosting microglial phagocytosis
RU.521 Primary neurons Inhibits oligomeric Ag4,-induced neuronal toxicity AD'"
H-151 Primary microglia and BV2; Reduces hippocampal Ihal ™ cells; Boosts hippocampal NeuN" cells Aging'®
Aged and mg-Cgas®**'F mice and synaptophysin in CAl; suppresses IFN signaling and microglial
function genes in aged mice; inhibits I/R-induced cGAS-dependent
inflammation; lessens learning decline in mg-Cgas®**'# mice
RU.521 TDP-43-overexpressing Reduces IFN-G and TNF-« expression in mutant TDP-43 ALS'™
THP-1 cells overexpressing THP-1 cells
H-151 TDP-43-overexpressing Reduces IFN-G and TNF-« in mutant TDP-43 THP-1 cells; reduces ALS'™
THP-1 cells, iPSC-derived motor neuron death in iPSC-derived neurons; decreases IFN and
motor neurons, TDP-43 NF-«B in the cortex and spinal cord, lessens neuron loss in cortical
mutant mice layer V, and enhances behavior in TDP-43 mutant mice
H-151 PBMCs and monocyte- Maintains basal ISG expression in sporadic ALS PBMCs, while ALS/FTD'*°
derived macrophage effectively suppressing ISG in C9-ALS PBMCs and monocyte-derived
macrophage
H-151 Primary microglia, BV2, and Reduces cGAS expression, absent in melanoma 2 inflammasome, and Stroke'?
monocytes; MCAO mice pyroptosis-related molecules; inhibits immune response poststroke,
reducing neutrophils, microglia, and IL-6 and TNF-« production;
lessens infarct volume, neurologic deficits, and cell death
RU.521 Ferric chloride-induced male Lowers 2/,3'-cGAMP, STING, and inflammatory cytokines; inhibits CVST!'®®
C57BL/6J mice NLRP3 inflammasome; reduces oxidative stress and microglia/
neutrophil numbers; improves neuronal health and neurological
function post-CVST
RU.521 BV-2; SNI-induced rats Diminishes cGAS, STING, p-IRF3, p-NF-«B, CD16, IL-13, and Neuropathic pain”‘”
TNF-«, and increases Mrcl and 1110 mRNAs in LPS-induced
BV-2 cells; increases PMTs, lowers mechanical hyperalgesia index,
reduces cGAS, STING, p-IRF3, p-NF-«xB, IFN-g, Ibal, CD16, IL-16
and TNF-«, and increases Mrcl and 1110 in SNI rats
C-176 BV-2; SNI-induced rats Diminishes STING, p-IRF3, p-NF-«kB, CD16, IL-18, and TNF-«, and Neuropathic pain”"J
increases Mrcl and 1110 mRNAs in LPS-induced BV-2 cells; increased
PMTs, increases PMTs, lowers mechanical hyperalgesia index, reduces
STING, p-IRF3, p—NF-«B, IFN-(, Ibal, CD16, IL-16 and TNF-«, and
increases CD206 and IL-10 in SNI rats
H-151 Mixed microglia and Inhibits the expression of pTBK1 PD'*?
astrocyte cultures
RU.521 MPTP-induced WT and Eases PD symptoms; lessens tyrosine hydroxylase-positive neuron PD'**
Cgas™'~ mice loss; decreases activated microglia in the SN; reduces cGAS-dependent
inflammation factors
RU.521 C20 and SIM-49 cells; Reduces Ifin-8 mRNA in SOD19%R and SOD1%%*# transfected ALS"’
SOD1%%*A mice C20 cells and HT-DNA treated C20 cells; inhibits IFN-G reporter
activities in SOD19%34 SIM-49 cells; enhances weight, delays disease
onset, increases survival rate, improves motor function, and reduces
IEN, ISG, pro-inflammatory, and chemokine gene mRNA in SOD19%*4
mice brains and spinal cords
H-151 C20 and SIM-49 cells; Reduces Ifin-8 mRNA in SOD1°%°R and SOD1%%*# transfected ALS"’
SOD1%%%** mice C20 cells and HT-DNA treated C20 cells; inhibits IFN-@ and NF-xB
reporter activities in SOD19%34 SIM-49 cells; reduces Ifnbl, Rsad2,
and 1[6 mRNA in SOD1%°*4 mice spinal cord
C-176 SIM-49 cells; SOD1%%34 Inhibits IFN-§ reporter activities in SOD19%*# SIM-49 cells; enhances ~ ALS'”’

mice

weight, delays disease onset, increases survival rate, improves motor
function, and reduces Ifnbl, Rsad2, and Il6 mRNA in SOD1%?*4 mice
spinal cord

AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; CVST, cerebral venous sinus thrombosis; DG, dentate gyrus; IFN-@, interferon-beta;
IL-10, interleukin 10; ISG, interferon-stimulated genes; LPS, lipopolysaccharide; NF-xB, nuclear factor-kappa B; PBMCs, peripheral blood
mononuclear cells; SN, substantia nigra; SNI, spared nerve injury; SOD1, superoxide dismutase type 1; TDP-43, TAR DNA-binding protein 43;
TNF-a, tumor necrosis factor-alpha.
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posed by the brain’s protective mechanisms to the intricacies of
individual genetic variability>">*"°. Addressing these challenges
is crucial for the successful translation of promising laboratory
findings into clinical therapeutics. The BBB, a tightly regulated
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barrier formed by endothelial cells, astrocytes, and pericytes, is
designed to protect the brain from potential toxins and patho-
gens®*®. This barrier selectively restricts the entry of molecules
based on size, charge, and lipid solubility. Despite showing
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promise in vitro, many therapeutic agents struggle to reach ther-
apeutic concentrations in the brain due to their inability to traverse
the BBB. To overcome BBB restrictions, drug design often
involves modifications to enhance lipid solubility or to enable
transport via endogenous transporters’’~%%, However, such
modifications can sometimes compromise the efficacy of the drug
or introduce new side effects’”. Strategies such as intranasal
delivery’'®, convection-enhanced delivery”'', or the use of nano-
particles aim to bypass the BBB'2, but each approach involves its
own set of challenges and limitations. The cellular pathways
involved in mitophagy and the cGAS—STING axis are intricate
and involve multiple proteins and intermediates. Drugs that target
one component without affecting others require drugs with high
molecular specificity, which is a challenge in drug design. The
cGAS—STING pathway, while implicated in neuroinflammation,
also plays a role in systemic immunity®'?. Inhibiting this pathway
might render individuals more susceptible to infections or other
diseases, necessitating a careful balance between therapeutic
benefits and potential risks’'*. Chronic modulation of fundamental
cellular processes can have ripple effects throughout the cell and
the organism. For instance, while enhancing mitophagy might
offer neuroprotection, it could also influence other forms of
autophagy or cellular processes, with unforeseen consequences™.
Even after rigorous clinical trials, the long-term effects of a new
drug might become apparent only after it has been used by a
broader population for an extended period. Robust post-marketing
surveillance systems are crucial for monitoring and addressing any
emerging safety concerns®'”. Individuals can vary significantly in
their response to drugs, a variability often rooted in genetic dif-
ferences®'®. For instance, polymorphisms in drug-metabolizing
enzymes can influence drug efficacy and safety profiles’'’. As
our understanding of the genetic underpinnings of neurodegener-
ative diseases grows, there is a move toward personalized medi-
cine’'’. This approach tailors treatments based on an individual’s
genetic makeup, optimizing therapeutic outcomes. However,
complex drug development also exists, requiring therapies to be
tested across diverse genetic backgrounds®'’. Personalized medi-
cine, while promising, also raises ethical concerns, especially
regarding data privacy and the potential for genetic discrimina-
tion’'®. In conclusion, while the challenges in drug development
and delivery for neurodegenerative diseases are significant, they
are not insurmountable. Advances in technology, a deeper
understanding of disease mechanisms, and collaborative efforts
between researchers, clinicians, and patients will pave the way for
innovative solutions. As we address these challenges, the horizon
holds the promise of transformative therapies that can change the
trajectory of neurodegenerative diseases, offering hope to millions
worldwide.

7. Perspectives and conclusions

As we delve into the intricate landscape of neuroinflammation, the
critical dialog between mitophagy and the cGAS—STING
pathway presents both challenges and a wealth of therapeutic
opportunities. This interplay is crucial for neuronal function,
where efficient mitophagy is essential for clearing damaged
mitochondria, and the cGAS—STING pathway, though a defender
against pathogens, can lead to sustained neuroinflammation and
neurodegeneration when dysregulated.

In addressing these challenges, several promising directions
have emerged:

(1) Nanotechnology and drug delivery

Advancements in nanocarriers, such as nanoparticles and
liposomes, provide innovative means to encapsulate and deliver
therapeutic agents across the restrictive BBB*'* >, The potential
of these materials for targeted delivery and sustained release of
drugs offers strategic advantages, particularly for treatments with
narrow safety margins®>~. For instance, nanotechnology-enhanced
RVT delivery systems, such as biomimetic nanosystems and
nanostructured hydrogels, offer a promising approach to treating
neurodegenerative diseases. They ensure targeted and efficient
delivery to neuronal mitochondria and the brain. These advance-
ments significantly improve the therapeutic efficacy of RVT
against AD and PD by overcoming the limitations of traditional
treatments and enhancing biocompatibility and drug circulation.
This innovative strategy highlights the potential of nanotech-

nology for revolutionizing neuroprotective therapy’>> %",

(2) Gene therapy and precision medicine

The advent of CRISPR-Cas9 and other gene-editing tech-
nologies ushers in a new era of precision medicine, capable of
correcting genes implicated in dysfunctional mitophagy or
aberrant cGAS—STING activation’®**’. These modalities
promise long-lasting benefits, but their delivery methods must be
refined for safe and efficient CNS targeting®”®. For instance,
aging mice lacking the STING protein (STING1™'7) exhibit
reduced microglial accumulation and increased neuron density
in the hippocampus. Additionally, both aged STING1 ™'~ mice
and cGAS-knockout BV-2 microglia exhibit decreased levels of
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pro-inflammatory markers, including IL-18, IL-6, and TNF-a °-.
(3) Biomarker development and personalized therapeutics

The identification of biomarkers, ranging from genetic to
metabolic, can inform disease progression and therapeutic
responses>~’. Personalizing treatments based on these biomarkers
could substantially improve patient outcomes by optimizing effi-
cacy and reducing adverse effects. For instance, the levels of
specific cytokines or mtDNA fragments in cerebrospinal fluid
could serve as indicators of cGAS—STING activation and

mitophagy efficiency>".

(4) Stem cell therapies and regenerative medicine

The potential of stem cells to differentiate and replace damaged
neurons, or to support existing ones offers a beacon of hope
When combined with interventions that modulate mitophagy and the
cGAS—STING pathway, stem cell therapies enhance the efficacy and
integration of drugs within the CNS. For instance, RVT significantly
enhances the engraftment and therapeutic effects of human umbilical
cord-derived mesenchymal stem cells in a mouse model of AD. This
combination not only improved cognitive functions but also
increased neuroprotection through mechanisms involving neuro-
trophic secretion, neurogenesis, and the activation of SIRT1
signaling pathways in the hippocampus, suggesting that RVT is a
promising approach for treating AD*>.

Despite these forward-looking strategies, substantial chal-
lenges need to be addressed. A comprehensive understanding of
the roles these pathways play in neuroinflammation is needed.
Overcoming hurdles such as drug delivery to the CNS, specificity,
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safety, and systemic immune impact is critical for translating
preclinical findings into clinical applications. The future holds
exciting possibilities for innovative therapies. Collaborative efforts
across disciplines will be vital for the development of effective
treatments. Ethical considerations will guide the progression of
genetic interventions and personalized medicine.

In conclusion, crosstalk between mitophagy and the
cGAS—STING pathway is a pivotal process in neuroinflammation
and neurodegenerative diseases. Unveiling its intricacies and
realizing its therapeutic potential demands a united effort from the
global scientific community. With these concerted efforts, we are
moving closer to novel treatments and improving the quality of
life for individuals with neurodegenerative diseases.
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