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Introduction injury, and function loss (Hu et al., 2015; Anrather and ladecola,

Stroke is a major cause of death and chronic disability globally
(Venketasubramanian et al., 2017; GBD 2017 Causes of Death
Collaborators, 2018; Pandian et al., 2018; Saposnik et al.,
2022). Vascular recanalization may be able to save the ischemic
penumbra and the neurological deficits, but there are not many
other options for therapy (Belayev et al., 2018). Unfortunately,
owing to their limitations, including the small time window
for intervention and concomitant issues such as bleeding and
allergies, the presently available procedures thrombolysis and
mechanical thrombectomy cannot adequately treat many strokes
(Berge et al., 2016; Demaerschalk et al., 2016). Just 11% of stroke
patients are appropriate candidates for recombinant tissue
plasminogen activator in routine clinical practice because of the
limited temporal window after a stroke, weak recanalization
rates, and other clinical contraindications (Tuo et al., 2022b).
Furthermore, only 50% of patients see improvements in
their health with recombinant tissue plasminogen activator
(Yeo et al., 2013). Mechanical thrombectomy, while offering
a larger temporal window, is not always effective in treating
microvessel- and occlusion-related strokes. Moreover, the blood
flow restoration that takes place outside of the reperfusion
window may result in cerebral ischemia-reperfusion (IR) injury
(CIRI). The series of events that define this syndrome start with
mitochondrial damage and continue through energy depletion,
excess calcium, inflammatory responses, secondary damage or

2016; Chen et al., 2020b; Liao et al., 2020a; Qiu et al., 2023;
Dai et al., 2024). When many impairments combine, it creates
a “waterfall” effect that injures neighboring healthy cells,
intensifying the initial damage and resulting in inflammation and
neuronal death, which impairs function (Lipinski et al., 2015).
Research has shown that maintaining mitochondrial integrity
protects neural cells and shortens the pathogenic course of CIRI
(Liu et al., 2020). The mitochondria-associated endoplasmic
reticulum (ER) membrane (MAM), a dynamic cellular structure,
strengthens the connection between the mitochondria and
ER without merging the two. The MAM affects a wide range
of cellular processes, including autophagy, lipid metabolism,
apoptosis, inflammation, mitochondrial kinetics, calcium ion (Ca*)
homeostasis, and oxidative stress (Zhou et al., 2018). Synaptic
fusion protein 17, known also as syntaxin 17 (STX17), mediates
many functions of MAM. STX17 decreases ER stress and restores
autophagic flow by inhibiting ischemic neuronal injury (Chen et
al., 2020a). Intracellular homeostasis disturbances may lead to
DNA damage, the disruption of mitochondria and exosomes, and
the activation of cyclic guanosine monophosphate-adenosine
synthase (cGAS) (Gentili et al., 2019; Li et al., 2020). When
cGAS attaches to double-stranded DNA (dsDNA) and activates
its enzymatic activity, 2'3' cyclic guanosine monophosphate-
adenosine monophosphate (cGAMP), a potent stimulator
of interferon genes (STING) agonist and second messenger
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molecule, is created (Ishikawa et al., 2009; Ablasser et al., 2013;
Diner et al., 2013; Gao et al., 2013; Sun et al., 2013; Wu et
al., 2013; Zhang et al., 2013). Studies on STING-deficient mice
have shown the critical role STING plays in initiating the body’s
defense mechanism against interferon (IFN)-B (Sun et al., 2009).
The STING targets interferon regulatory factor 3 (IRF3) and
nuclear factor-kB (NF-kB), which may provide STING-activating
signals that, in turn, may cause IFN production, essential for
neuroinflammation and cell death (Ding et al., 2016; Guo et al,,
2019; Gamdzyk et al., 2020).

A recent study summarized the evidence that cGAS-STING
plays a pivotal role in IR injury of the heart, liver, brain, kidney,
and other organs (Lv et al., 2023). However, a more systematic
review of cGAS-STING’s role in CIRI is lacking. In this paper, we
mainly review the functions of the cGAS-STING pathway in CIRI,
such as microglia transformation, disruption of the blood—brain
barrier (BBB) by the inflammatory response, dysregulation of
calcium homeostasis, autophagy, ferroptosis, pyroptosis, etc., and
summarize the inhibitors related to cGAS-STING with a view to
assisting research into the treatment of CIRI.

Search Strategy

There have been a lot of similar investigations on cGAS—STING
in CIRI, but they have often focused on just one or a few of the
pathogenic pathways. In this narrative review, we summarize
the influence of the cGAS-STING signaling pathway on the
pathological mechanisms of CIRI in a more comprehensive
manner, with a focus on a single disease, CIRI. The pathological
mechanisms are also elaborated in greater detail. Furthermore,
unlike earlier investigations, this article focuses on the idea of the
amount of time following a cerebral infarction; after all, “time
is brain.” From February to July 2023, we searched for relevant
literature online using the PubMed database. The search strategy
and screening criteria included the following keywords: cerebral IR,
cGAS, STING, STX17, syntaxin 17, cellular autophagy, inflammation,
pharmacological intervention, pharmacological treatment,
neuroprotection, mode of cell death, time after cerebral ischemia,
mitochondria, and calcium homeostasis. To conduct a thorough
search of the literature, we employed numerous combinations of
the aforementioned phrases. Initially, we assessed the relevance
of the titles and abstracts to the pathogenic processes of CIRI
using the most relevant search phrase. If they were found to
be significant, the full publication was reviewed to verify that it
contained an adequate explanation of the link between CIRI and
signal pathways. Articles published in English that discussed the
importance of characterizing the cGAS-STING signaling pathway
and the pathogenic processes of CIRI were included. Articles
that did not concentrate on CIRI or had pathogenic processes
unrelated to CIRI were removed, as were those that were not
published in English. The majority of the chosen literature (80% of
total references) was published between 2017 and 2023.

Overall Mechanism and Treatment Strategies of

Cerebral Ischemia-Reperfusion Injury

Because research is revealing more of the multiple mechanisms
of CIRI, treating it is becoming more complicated, which presents
a problem in clinical work. Numerous free radicals are produced
by oxidative stress during cerebral ischemia or reperfusion injury.
These radicals act on polyvalent unsaturated fatty acids, causing
lipid peroxidation, and they can also induce the cross-linking
of DNA, RNA, polysaccharides, and amino acids, among other
substances, decreasing their function or activity. Finally, they can
encourage the polymerization and breakdown of polysaccharide

molecules (Sun et al., 2018). CIRlI damage occurs when there is
excess Ca’* (Lipton, 1999). In addition, to block ATP synthesis,
which hinders the synthesis of energy, calcium-dependent
proteases are activated by Ca”. These proteases change the
intracellular xanthine dehydrogenase enzyme from its harmless
form to xanthine oxidase, which produces a lot of oxygen free-
radicals. Excitatory amino acid toxicity, which defines neuronal
death, results from the activation of excitatory amino acid
receptors and serves as a major catalyst and mediator of cerebral
ischemia injury (Haskew-Layton et al., 2005), which is often
accompanied inflammation and immune responses. Immune
responses and inflammation frequently happen at the same time
when CIRI occurs.

In addition to the increased neutrophil count that causes the “no-
reflow” phenomenon (El Amki et al., 2020), other events that are
involved in the inflammatory reaction include the development
of neutrophil extracellular traps (NETs) (Wang et al., 2019b; Li et
al., 2024; Lou et al., 2024); the activation of the NF-kB pathway,
which mediates apoptosis (Li et al., 2022b); and disruption of the
BBB (Hammond et al., 2014; Giraud et al., 2015; Neumann et al.,
2015). However, the treatment of inflammatory storms should
not be limited to agents that induce the excessive suppression
of inflammation. The body needs adequate inflammation, as it
has a protective function (Medzhitov, 2021). Preventing the over-
inhibition of inflammation requires further research to enhance
our understanding of the process. Additionally, the cell death
processes apoptosis, necroptosis, ferroptosis, and cuproptosis are
linked to CIRI (Tuo et al., 2022a; Guo et al., 2023). Scientists are
discovering a multitude of other mechanisms related to CIRI as
the research progresses. These mechanisms include heat shock
protein activity, exosomes, microRNA regulation, and the either
augmentation or repression of gene expression (Xu et al., 2021b;
Peng et al., 2022; Wei et al., 2023).

Treatment approaches for CIRI usually focus on influencing several
targets within these pathways due to their intricate nature. In
order to prevent the oversuppression of processes that could be
advantageous at specific periods of injury and repair, interventions
must be balanced. A few popular therapy modalities include
the following: (1) Anti-inflammatory treatments, including the
crucial cytokine inhibitor drugs that restrict peripheral immune
cell infiltration and microglial cell activation (Yu et al., 2022a). It
is important therapy is directed toward suppressing the specific
damaging components of the inflammatory response rather than
the entire reaction, which could impede the healing process. (2)
Antioxidants, which lessen oxidative stress by mitigating reactive
oxygen species (ROS) (Tang et al., 2024). The timing and dosage
(Li et al., 2022c) of antioxidants, however, need to be carefully
managed to prevent interference with ROS’s normal cell signaling
function. (3) Neuroprotective drugs, such as N-methyl-D-aspartate
receptor antagonists, inhibit glutamate receptors and can lessen
excitotoxicity (Jin et al., 2019). In a similar vein, extreme caution
must be exercised when using these drugs to prevent disruptions
to normal glutamatergic signaling, which is essential for memory
and learning. (4) Apoptosis inhibitors can avoid neuronal death
by targeting important stages of the apoptosis process (Xu et
al., 2021a). Furthermore, the too broad-scope suppression of
apoptosis could result in compromised cell function or possibly
cancer-causing cell survival. (5) Lowering the body temperature
via therapeutic hypothermia may lessen the effects of ischemic
injury and delay the emergence of secondary injury mechanisms
(Liu et al., 2018). This is achieved by lowering the metabolic rate.
(6) Stem cell therapy and regenerative medicine approaches
can help with brain healing by attempting to restore missing
neurons (Tang et al., 2023). Although these approaches seem
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promising, they need to be finely adjusted to prevent negative
consequences such as tumor development. (7) Targeted therapy
is a popular strategy that involves customizing the treatment
course according to certain aspects of the patient and their
iliness, including their genetic predisposition, degree of damage,
target proteins, and pathways (Bai et al., 2023). Optimizing the
timing of therapy interventions, modifying drug combinations,
and tweaking dosages, may enhance the outcomes.

Research on more appropriate and successful treatments for CIRI
is still ongoing and necessitates a sophisticated comprehension of
the disease’s pathogenesis. The ultimate objective is to improve
outcomes for people with CIRI by promoting intrinsic brain
healing processes and minimizing damage.

Overview of the cGAS-STING Signaling Pathway

The initiation of cGAS-mediated antiviral activities across
different species relies on the production of cGAMP (Ablasser
et al., 2013; Diner et al., 2013; Gao et al., 2013; Sun et al,, 2013;
Wu et al., 2013; Zhang et al., 2013). Researchers have found
positively charged DNA-binding sites on cGAMP, with site A
serving as the principal point of contact for dsDNA and site B
serving as a complementary binding site for additional dsDNA
molecule sugar-phosphate backbones (Wan et al., 2020; Decout
et al.,, 2021). When DNA attaches to the A site, it undergoes a
conformational shift that facilitates the most efficient interaction
between the substrates ATP and GTP (Ishikawa et al., 2009;
Diner et al., 2013). In the core 2:2 cGAS DNA complex, where
binding is based on DNA length rather than sequence, the B site
contributes significantly to the creation of a compact, functional
enzyme unit (Andreeva et al., 2017; Wan et al., 2020; Decout et
al., 2021). Recognition of b-type dsDNA by cGAS is often the only
trigger for cGAS activation, as opposed to a-type dsDNA or RNA
(Hu et al., 2015; Anrather and ladecola, 2016). In order to induce
biological effects, cGAS dimers must organize on long dsDNA in
ladder-like networks with phase-separated organelles (Andreeva
et al., 2017; Luecke et al., 2017; Du and Chen, 2018). There is a
brief N-terminal segment in the cytoplasm of STING, followed by
a four-span transmembrane structural domain, a linker region,

B type
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and finally, a C-terminal tail linked to a ligand-binding domain
in the cytoplasm (Decout et al., 2021). STING is redirected from
the ER to the Golgi or endosomal and autophagy-associated
compartments via the ER-Golgi intermediate compartment when
it binds to cGAMP, which separates the binding of STING and
STIM and allows STING to bind to selenocysteine 24C (SEC24C)
protein (Saitoh et al., 2009; Dobbs et al., 2015). When STING
reaches these regions, it enhances the autophosphorylation of
TANK-binding kinase 1 (TBK1) at its C-terminal tail, which in turn
activates the phosphorylation of IRF3 (Berke et al., 2013; Dobbs
et al., 2015; Chen et al,, 2016). The production of microtubule-
associated protein | light chain 3 (LC3)-positive autophagic
vesicles is also aided by STING when it exits the ER (Gui et al.,
2019). As a mechanism for self-degradation, the bridging protein
surfeit locus protein 4 (SURF4) interacts with STING at the Golgi
apparatus to enable the retrograde trafficking of coat protein
complex 1 vesicles encapsulating STING (Deng et al., 2020; Mukai
etal, 2021; Figure 1).

cGAS not only activates STING as a second messenger via its
catalytic activity but also plays a non-catalytic role by inhibiting
the homology of DNA breaks in the cell nucleus (Hopfner and
Hornung, 2020). After being activated, STING displays a wide
array of cellular roles. Activation of STING not only causes IRF3
phosphorylation, which in turn drives the expression of several
antiviral genes, but also activates NF-kB and MAPK, regulates
autophagy, and produces lysosome-dependent cell death by
mediating lysosomal transport (de Oliveira Mann et al., 2019;
Hopfner and Hornung, 2020).

Cerebral Ischemia-Reperfusion—-Induced Brain

Damage and cGAS-STING Pathway

In CIRI, the cGAS-STING pathway is pivotal. Its interaction with
proteins in the caspase family causes apoptosis and stimulates
the NF-kB pathway, which is involved in the inflammatory
response. Furthermore, it is necessary for ferroptosis to take
place, regulating calcium homeostasis, and encouraging microglia
to convert to the M1 type. The CIRlI cGAS—-STING pathway’s
particular roles will be detailed in the sections that follow.

Figure 1 | Structural characteristics of the cGAS—
STING pathway.

dsDNA
or
dsDN

Endoplasmic 5366 K150 K150

reticulum

_—

The DNA binds to the master site A, inducing a
conformational change (i.e., the interaction of the
loose dsDNA with cGAS at the site of these two DNA
interface residues causes the dsDNA to bend and
allows it to bind more easily to the next adjacent cGAS,
[ thereby rearranging the enzyme’s catalytic bag). Site
B is complementary and binds to another dsDNA.

The binding of DNA to the juxtaposition of B sites

is essential for the formation of the core 2:2 cGAS
DNA complex, which is the smallest active enzyme
unit. Created with BioRender.com. cGAMP: Cyclic
GMP-AMP; cGAS: cyclic GMP-AMP synthase; CTT:
cytoplasmic tail; dsDNA: double-stranded DNA; TFAM:
mitochondrial transcription factor A.
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Correlation of cGAS-STING with inflammatory reactions in
cerebral ischemia-reperfusion injury

Importantly, neutrophils are among the cells that are susceptible
to inflammatory reactions. Depleting neutrophils might decrease
BBB damage, according to research that used a mouse model of
neutrophil-associated middle cerebral artery occlusion (MCAO).
It was shown that STING-mediated vascular remodeling is caused
by NETs, and this reduction improved neovascularization in 14
days. Neutrophil inhibition promoted vascular plasticity and
inhibited STING, which in turn reduced damage to the BBB (Kang
et al., 2020).

Thromboinflammation, enhanced excitotoxicity, cell lysis,
oxidative stress, and BBB disruption are among the ways in which
inflammation worsens brain injury during the acute phase (Shi et
al., 2019).

Crucial to the maintenance of the CNS microenvironment, the
BBB controls the entrance of substances into the brain and is
made up of brain endothelial cells, pericytes, extracellular matrix,
and astrocyte end-feet (Xu et al., 2021c; Jia et al., 2024). Acute
ischemic stroke patients may have a worse chance of survival as
a result of the BBB instability and permeability alterations that
occur during cerebral ischemia (Horsch et al., 2016). According
to many studies, after cerebral ischemia, the BBB is most often
disrupted by the inflammatory response (Huang et al., 2020; Qiu
et al.,, 2021; Xu et al., 2021c; Cui et al., 2023; Chen et al., 2024).
Neutrophils are the most delicate cells in the body’s inflammatory
system. Researchers found that neutrophil depletion for 14
days reduced BBB disruption and enhanced neovascularization
in a mouse model of neutrophil-associated MCAO. Moreover,
vascular remodeling mediated by STING is carried out by
NETs. Suppressing STING reduction, decreasing BBB damage,
and increasing vascular plasticity are the results of inhibiting
neutrophils (Kang et al., 2020).

Sterile inflammation is initiated by cellular stress in CIRI. Pattern
recognition receptors are cellular sensors that can detect
various signals, such as apoptosis, exosomes, DNA damage,
mitochondrial damage, pathogen-associated molecular patterns,
and the danger-associated molecular patterns produced by
DNA viruses, retroviruses, and microbes (Wan et al., 2020; Hu
et al., 2022). The genetic material of most eukaryotic organisms
is typically contained inside the nucleus and mitochondria. But
in CIRI, DNA from either within or outside the cell may activate

cGAS Detects Cytosolic DNA

Cytosolic DNA

‘o000t
cGAS s
j—’ CGAMP

®
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IRF3 e
IRF7 0

Endoplasmic
reticulum
Nucleus

Type-l IFNs

DNA sensors such as cGAS to trigger innate immune responses
(Hartmann, 2017; Benmerzoug et al., 2019; Zahid et al., 2020).
In order to initiate IFN production, STING activation causes the
phosphorylation of IRF3, but this is only the beginning of the
immunostimulatory response induced by type | IFN signaling.
Type | IFN-stimulated genes are transcribed when the Janus
kinase signaling sensor and activator of transcription pathway are
activated (Gonzalez-Navajas et al., 2012; Schneider et al., 2014).
Through cGAS—STING pathway activity, the expression of various
IFN-stimulated genes is induced, including IFN-induced proteins
with tetratricopeptide repeats and pro-inflammatory cytokines
such as tumor necrosis factor a (TNF-a), interleukin (IL)-6, C—
X—C motif chemokine ligand 10 (CXCL10), and chemokine (C—
C motif) ligand 5 (CCL5) (Prabakaran et al., 2018). A positive-
feedback loop in the propagation of IFN signaling results from the
increased expression of cGAS and STING (Ma et al., 2015a, b). As
this response continues to be maintained by positive-feedback
control, the inflammatory reaction will continue indefinitely, and
consequently, STING will continue to strengthen CIRI (Figure 2).

When STING activity is turned on, it may activate the inhibitor
of the NF-kB (IkB) kinase complex and NF-kB transcription by
promoting the synthesis of NF-kB via TBK1 and its homolog
IkB kinase e (Balka et al., 2020; Yu et al., 2022b). Despite
CIRI's relevance and the high degree of conservation in the
downstream activity of STING-mediated NF-kB transcription, the
molecular connection between STING and components of the
NF-kB pathway remains poorly known (Decout et al., 2021). The
involvement of NF-kB is critical in several CIRI processes, such
as inflammatory promotion, apoptotic induction, and mediating
free-radical damage. It is possible that NF-kB controls the
synthesis of IL-6, IL-1B, and TNF-a, three pro-inflammatory factors
expressed in astrocytes (Hwang et al., 2015; Phuagkhaopong et
al., 2017). According to prior research, reducing macrophage and
T cell infiltration may be achieved by selectively decreasing NF-
kB (Gabel et al., 2016; Yuan et al., 2017; Xu et al., 2018). This is
because this pathway downregulates chemokines generated by
astrocytes, which in turn inhibits astrocyte activation. As a result,
secondary system illnesses caused by inflammatory damage are
reduced (Gabel et al., 2016; Yuan et al., 2017; Xu et al., 2018).
Furthermore, non-canonical NF-kB responses may be induced
by stimulating the cGAS-STING pathway, which in turn promotes
the nuclear translocation of p52-RELB (p52-REL proto-oncogene,
NF-kB subunit) (Bakhoum et al., 2018; Hou et al., 2018). Hence,

Figure 2 | cGAS detects cytosolic DNA.

After recognizing double-stranded DNA, cGAS
promoted STING activation. Meanwhile, TANK-
binding kinases 1 (TBK1) were recruited to STING’s
highly conserved CTT region (C-terminal tail
domain), thereby phosphorylating and activating
TBK1. Activated TBK1 phosphorylates the
interferon regulatory factors IRF3 and IRF7 (IRF3/7),
causing the dimerization and transfer of IRF3

and IRF7 to the nucleus and ultimately activating
the transcription of type | IFN and inflammatory
cytokine genes. Created with BioRender.com.

A: ATP; cGAS: cyclic GMP-AMP synthase; G:

GTP; IRF3: interferon regulatory factor 3; IRF7:
interferon regulatory factor 7; IFN: interferon; P:
phosphorylation; STING: stimulator of interferon
genes.
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to combat CIRI, it may be necessary to suppress the cGAS-STING
pathway in CIRI. This might impact the production of IFN, NF-kB,
and other proteins, which in turn could lessen the detrimental
effects of sterile inflammation on the BBB.

CcGAS-STING and gut-brain—microbiota axis

The gut—brain—microbiota axis has been the subject of numerous
investigations in the last few years. The gut microbiota is involved
in a cGAS-STING-dependent route that leads to the generation
of type | IFN, and it has been shown that the dsDNA generated
by numerous gastrointestinal bacteria may activate the STING
pathway (Erttmann et al., 2022). Dendritic cells activate a cascade
response involving cGAS-STING-TBK1-IRF7-IFNB when exposed
to the common probiotic Lactobacillus rhamnosus GG in the
intestines.

The integrity of STING signal transduction is necessary for the
maintenance of intestinal homeostasis. When it comes to the
intestinal environment, type | IFN is the most important element
that regulates CD4'Foxp3” regulatory T cells (Tregs) (Dooyema
et al.,, 2022). It is worth mentioning that animals lacking the
STING gene show a decrease in the functioning and numbers
of Tregs (Dooyema et al., 2022). The intricate nature of the
STING pathway’s functional involvement in regulating intestinal
permeability and homeostasis is highlighted by this.

The cGAS-STING signaling system modulates immunological
regulatory mechanisms, mucosal protection, and intestinal
permeability. By acting through the gut-brain-microbiota axis, this
has additional effects on CIRI.

The cGAS-STING pathway and cellular autophagy in cerebral
ischemia-reperfusion injury

Reducing cGAS—STING-mediated excessive autophagy can
mitigate ischemic injury to neurons in CIRI animals, according to
in vivo research using C57BL6 mice and an in vitro study using
the OGD/R primitive neuronal cell model (Liu et al., 2023). This
indicates that cGAS—STING is a potential target for therapies
aimed at controlling autophagy in CIRI.

In CIRI, dysfunctional lysosomal storage and consequent neuronal
cell death may result from upregulating neuronal autophagy
(Zhang et al., 2021). Metabolic stress, component breakdown,
and cell death may result from hyperactive autophagy in the
latter phases of reperfusion (Haag et al., 2018). Although, there
is as yet no evidence that autophagy, CIRI, and the beginning of
plasmatic alterations are related. Initial autophagic alterations are
amplified, and lysosome number and size are increased during
acute ischemia, at which stage dysfunctional lysosomes start
storing chemicals. Because initial mammalian target of rapamycin
(mTOR)-dependent lysosomal biogenesis during reperfusion is
inadequate to remove the temporarily elevated autophagic cargo,
faulty autophagy follows defective lysosomal storage (Zhang et
al., 2021).

LC3 and chelator 1 (SQSTM1/p62) are two of the more
prevalent indicators of autophagy (Mizushima and Murphy,
2020). Increased p62 levels are often thought of as a sign of
suppressed autophagic activity (Kim et al., 2021). The autophagy
receptor p62/SQSTM1 is crucial for selective autophagy in cells.
Cellular autophagy can be prompted by cGAS-STING activation,
and once autophagy has begun, cGAS—-STING ubiquitinates
and binds to p62. Once bound STINGs are integrated into the
cellular autophagosome and bind to lysosomes, they form
autophagic lysosomes, which finally finish the entire process
of autophagy (Hu et al., 2022). Autophagic lysosomes will
promptly break down cGAS, also known as STING, after the

brief activation of downstream signaling (Gui et al., 2019).
Simultaneously, the cGAS-STING pathway is triggered by
cytoplasmic dsDNA, and STING phosphorylates p62 to induce
STING breakdown and attenuation (Prabakaran et al., 2018). p62
proteins and autophagy are involved in negative-feedback loops
that prevent the prolonged overactivation of the system and
guarantee transitory cGAS-STING signaling (Gui et al., 2019). A
pathophysiological vicious circle was discovered in an experiment
using the MCAO model in C57 mice, where it was discovered
that certain pathological mechanisms of CIRI itself block
autophagosome degradation with p62-mediated autophagosome
formation. Undegraded autophagosomes are secreted
extracellularly via exocytosis, which causes an inflammatory
cascade that further damages mitochondria, increasing ROS
accumulation and impeding autophagosome degradation (Zeng
et al., 2022). Evidently, the STING pathway is overactivated when
autophagosome degradation is interrupted. This p62 exacerbates
the vicious cycle of CIRI by preventing the breakdown of further
autophagic vesicles.

One of the most important steps in the process of cellular
autophagy is the lipidation of LC3. Only lipidated LC3 protein can
attach to the autophagosome membrane and take part in the
cellular autophagy process that follows. It has been shown that
cGAMP is independent of the C-terminal signaling domains of
TBK1 and STING, which are required for type | IFN production,
and it may directly promote LC3 lipidation (Tanaka and Chen,
2012; Liu et al., 2015). It is also true that STING-induced cytosolic
autophagy and IFN-induced activity can be distinguished
from one another, as evidenced by experiments showing that
autophagy-associated protein-5-deficient cells with impaired
LC3 lipidation and autophagosome formation still exhibited
intact TBK1 and IRF3 activity (Schmeisser et al., 2013). Moreover,
autophagy and the STING-mediated inflammatory response are
still impacted by one another even after their separation. One
possible theory is that p62 deficiency leads to decreased STING
degradation, increased STING-mediated IFN synthesis, and an
increased inflammatory response. It was discovered that TBK1
in normal cells not only triggers IFN but also indirectly activates
p62, resulting in p62 phosphorylation and LC3 lipidation. After
the occurrence of autophagy, STING is broken down (Prabakaran
et al., 2018). Autophagy maintains a dynamic equilibrium and
prevents the persistent overactivation of inflammation by
regulating the protein quantities of the cGAS-STING signaling
pathway in a normal state. Depending on how autophagy
develops during cerebral ischemia or reperfusion, the activation
of cGAS-STING will have distinct effects. Autophagosomes are
more difficult for lysosomes to attach to, making them more
difficult to break down, and it becomes more likely the STING
pathway will be overactivated as more time elapses after
reperfusion. When the pathway is out of balance, autophagy and
the inflammatory response will be detrimental.

There are two primary forms of the mitochondrial autophagy
process: the receptor-mediated pathway and the ubiquitin-
mediated system (Onishi et al., 2021). Mitochondrial autophagy
plays a critical role in the pathological processes linked to the
existence of mitochondria in the presence of CIRI, which include
oxidative stress, inflammatory response, calcium excess, and
mitochondria-dependent apoptosis (Shen et al., 2021). Another
name for mitochondrial DNA is dsDNA. When mitochondria
are damaged, dsDNA activates cGAS receptors, which in turn
triggers the cGAS-STING pathway. In tumor models xenografted
from naked mice, the cGAS-STING pathway was demonstrated
to correlate with mitochondrial autophagy (Li et al., 2022d).
Furthermore, Liu et al/s experiments with sepsis acute lung
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injury models revealed the occurrence of p62 accumulation
and LC3-Il conversion in Wistar rats but not STING”™ C57BL/6
mice (Liu et al., 2021). An important factor in sepsis acute lung
injury was the increased level of cyclic mitochondrial DNA, which
disrupted autophagy and activated the STING pathway. Based
on the aforementioned research, we can determine that STING
may affect the process of mitochondrial autophagy and that it
temporally activates to impact LC3-1l and p62. Because of its
l[imitations, the CIRI model has not been used to validate this
research. The research is still somewhat significant, however, as
mitochondrial disruption is a major contributor to the pathogenic
mechanisms of CIRI, and cGAS is a dsDNA sensor that is present
in many cells (Figures 3 and 4).

By increasing autophagic flow and decreasing ER-stress-
dependent neuronal apoptosis, STX17 may improve CIRI-
induced neuronal damage, according to research by Chen et al.
(2020a). It was found that, after overexpression of exogenous
STX17, neuronal damage was alleviated and lysosome function
was restored to a certain extent. STX17 plays a pivotal role
during autophagic vesicle production, namely during the
initiation and fusion phases (Baskaran et al., 2014; Kumar et al.,
2021). When nutrients are lacking, acetyltransferase becomes
inactive, and STX17’s acetylation level drops. This allows STX17
to more easily assemble with soluble N-ethylmaleimide-
sensitive factor attachment protein receptor molecules, vesicle-
associated membrane protein 8 (VAMP8), and synaptosome-
associated protein 29 (SNAP29), forming a complex that
enables autophagosomal-lysosomal fusion (Wollert, 2019).
Alternatively, in a study examining energy stress-induced
autophagy in Drosophila, a C57BL/6 mouse model, and STING-
deficient fruit fly fat body cells, it was discovered that, in a well-
nourished and inactivated innate immune system setting, the
STING molecule can down-regulate autophagic flux by binding
to STX17, a crucial protein for autophagic membrane fusion,
causing it to reside in the ER (Rong et al., 2022). The stress-
dependent sequestration of STX17 at the ER by STING was
discovered; the translocation of STX17 was shown to be reliant
on STING, and the dissociation of STING-STX17 was found to
be energy-crisis-dependent. Autophagy does not occur under
typical circumstances of sufficient nutrition, and this discovery
provides strong proof of that. CIRI disease is basically a condition
of starvation and subsequent nutritional recovery. In the pre-
STX17 stage, autophagy is enhanced, and lysosomal binding is
accelerated. However, in the late stage of CIRI, when blood and
energy supplies are restored and lysosomal dysfunction occurs,
autophagic vesicles are again generated continuously, and STX17
levels decrease. Additionally, lysosome and autophagosome
binding are restricted when STX17 is depleted. The destination
of the STX17 protein, as controlled by STING, is affected by the
duration of, and energy recovery after, reperfusion, which in turn
impacts the autophagy process in neuronal cells.

An excess amount of ROS is produced in CIRI, resulting in cellular
oxidative stress that eventually leads to cell death (Jangholi et
al., 2020). The endogenous ROS produced mainly comes from
mitochondria. In an experiment of STX17-knockout cells, it was
found that the complete loss of STX17 negatively regulated
mitochondrial elongation and mitochondrial ROS production
(Wang et al., 2019a). STX17-knockout cells showed strong
resistance to oxidative stress, mainly due to the function of
STX17 in mitochondrial division rather than autophagy (Wang
et al., 2019a). It has also been found that the elongation of
mitochondria in STX17-knockout cells prevents autophagy, which
may provide protection against apoptosis (Gomes et al., 2011;

Rambold et al., 2011). In conclusion, the absence of STX17 is
beneficial to the protection of cells from apoptosis. Therefore,
STX17 has opposing effects on autophagy and mitochondrial
function during CIRI. However, analysis found that the STX17-
gene knockout represented the congenital loss of STX17 protein,
and mitochondrial function had been formed, which had
antioxidant effects on cells. In normal cells, the depletion of
STX17 protein is not instantaneous; there is no rapid change in
mitochondrial function, and the cell does not suddenly increase
its antioxidant capacity naturally.

In an experimental designed to simulate IR-injured neurons,
researchers found that reactivated mechanistic target of
rapamycin complex 1 repressed the transcriptional levels of
relevant mRNAs (e.g., LC3, Stx17, Vamp8, and Snap29) (Hua et
al., 2019); this surely explains the inhibitory effects of mTOR on
transcriptional and translational levels of autophagy-associated
proteins in neurons injured by IR. In addition, the above findings
were reconfirmed in a study on the specific mechanism by which
the Akt-mTOR pathway regulates neuron-specific autophagy to
improve the prognosis of neurological function in mice after IR
injury, and the role of STX17 in the lysosomal degradation of
autophagy was once again affirmed (Hua et al., 2018). Rizwan
et al. (2020) found that the escape of damaged mtDNA into
cytoplasmic lysosomes was involved in the activation of mTOR via
CcGAS-STING with a high-glucose-environment-induced elevation
of ROS levels. From this experiment, we can infer that STING
may be able to inhibit the transcriptional regulation of the STX17
protein by activating mTOR. In addition to the above model of
energy regulation, it was also found that STING interacts with
STX17 through its dimerization domain, and STING regulates
the STING-STX17 interaction through its own polymerization,
phosphorylation, and degradation (Song et al., 2024). Song et al’s
study also explored the relationship between STING and STX17
in terms of temporal dynamics, which has not yet been validated
in CIRI. Therefore, there are future opportunities to continue
exploring the temporal changes of STING-STX17 after CIRI.

The cGAS-STING pathway affects microglial cells in cerebral
ischemia-reperfusion injury

After brain traumas, such as IR damage, microglia are essential
players in starting the inflammatory response (Li et al., 2017;
Neher and Cunningham, 2019). The M1 and M2 phenotypes
of microglia, which are involved in tissue damage and healing,
respectively, may be quickly induced by various stresses (Liu et
al., 2016; Wang et al., 2018a; Feng et al., 2019). Therapeutic
strategies for cerebral ischemia that aim to regulate the
balance between these characteristics have shown promise
(He et al., 2020; Wang et al., 2020a; Li et al., 2021b). Metabolic
reprogramming and autophagy play crucial roles in the transition
between M1 and M2 states (Jin et al., 2018). An M1-type
polarization marker protein, inducible nitric oxide synthase, and
an M2-type polarization marker protein, recombinant human
arginase-1, are expressed as polarization marker proteins by
macrophages (Lisi et al., 2017). The concentration of microglia
near injury sites is caused by CIRI’s activation of cellular stress,
which in turn produces a cascade of inflammatory chemicals and
cytotoxic compounds that worsen tissue damage. According to
the hypothesis mentioned earlier, a higher percentage of M2-
type microglia after CIRI may mitigate these effects (Figure 5).

Findings from in vivo and in vitro investigations show that STING
is essential for microglia to adopt an M1 phenotype and may
impede M2 microglia polarization by activating downstream
pathways such as IRF3 and NF-kB (Kong et al., 2022). Work that
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Figure 4 | lllustration of the three main tasks of STING throughout the autophagic process.

First, STING is essential in the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) formation associated with autophagy. Upon
binding to cGAMP, STING interacts with the capsid protein SEC24C on COPII vesicles, further undergoing highly targeted membrane vesicle
transport with COPII to reach the ERGIC and fuse with it, completing the co-localization of STING and ERGIC. Secondly, STING carries cGAMP
and induces LC3 lipidation in ERGIC, providing a membrane source for the recruitment of WIPI2 protein. During the co-localization of STING
and LC3, STING undergoes translocation mediated by the WIPI2 protein. Thirdly, cGAMP-bound STING is transported to the lysosome via the
endosome or trans-Golgi network (TGN) for degradation via the multivesicular body (MVB) pathway, accompanied by TBK1 phosphorylation
and RAB7" protein-dependent binding of STING to AP-1 protein. Created with BioRender.com. APAF1: Apoptotic protease activating factor-1;
Caspase-3: cysteinyl aspartate specific proteinase 3; Caspase-8: cysteinyl aspartate specific proteinase 8; cGAMP: cyclic GMP-AMP; cGAS:
cyclic GMP-AMP synthase; COPI: coat protein I; COPII: coat protein Il; ERGIC: Endoplasmic Reticulum-Golgi Intermediate Compartment; IFN:
Interferon; IFNAR1: interferon alpha and beta receptor subunit 1; IFNB-1: Interferon-p-1; IKKB: inhibitory kappa-B kinase beta; IRF3: interferon
regulatory factor 3; LC3II: light chain 3; MLKL: mixed lineage kinase domain-like protein 1; NF-kB: nuclear factor kappa-B; P: phosphorylation;
PIP3: phosphatidylinositide 3-kinases; RIPK1: receptor-interacting protein kinase 1; RIPK3: receptor-interacting protein kinase 3; STING:
stimulator of interferon genes; SURF4: Surfeit locus protein 4; TBK1: TANK-binding kinase 1; TNF: tumor necrosis factor; TNFR1: tumor
necrosis factor receptor 1; Ub: ubiquitin; ULK1: UNC-51-like kinase 1; WIPI2: WD repeat domain, phosphoinositide interacting 2.
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focused on microglial cells and neuroinflammation using transient
MCAO models in C57BL/6 mice later confirmed this conclusion.
Results from in vivo experiments showed that microglial cells
lacking cGAS reduced neuroinflammation and IR-induced brain
damage (Liao et al., 2020b). Thus, STING in CIRI promotes the
presence of M1-type microglia, and blocking STING might be a
way to treat neuroinflammation after an ischemic stroke.

The inflammatory responses mediated by STING have been
discussed in our earlier paper. By modulating microglial
inflammation and decreasing M1 polarization, blocking this
pathway does more than decrease cGAS; it also inhibits the
pro-inflammatory cytokines IL-6 and TNF. Findings from an
investigation using a C57BL/6 mouse MCAO model verified
that inflammatory mediators influence changes in microglia
polarization. A clinical study has demonstrated that cGAS
inhibition alters polarization changes in microglia (Jiang et al.,
2021). By activating transcription, pro-inflammatory cytokines,
including IFN-y, TNF-a, and IL-1pB, regulate inducible nitric oxide
synthase levels (Bogdan, 2015). A notable improvement in the
reparative microglia phenotype (M2 microglia) was seen after
cGAS-knockdown-induced suppression of the cGAS-STING
pathway. This discovery raises the possibility that cGAS might be
a therapeutic target for IS.

We learned more about the regulatory mechanisms and signaling
pathways linked to microglial cell M1/M2 polarization in a
thorough analysis of microglial cells in ischemic stroke (Jiang et
al., 2020). The investigation showed that autophagy is associated
with the polarization of microglia. In this cascade, STING
modulates autophagy to affect microglial cell polarization and has
a unique effect on microglial cell regulation.

Researchers have discovered a new cell type that may offer
protection against acute ischemic stroke by utilizing human
blood reperfusion in CIRI and the mouse middle cerebral artery
embolism model. This cell type is different from the conventional
M1/M?2 phase of polarization due to the presence of FOXP3"
macrophages (Cai et al., 2023). After a thorough investigation,
we found that FOXP3" is related to inflammation, macrophages,
and autophagy. We confidently claim that STING controls FOXP3"
macrophages by using this information. Research that focused on
T cells in cervical cancer using C57BL/6 mice, blood samples, and

° 4 » Degenerated
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Figure 5 | STING promotes M1 microglial cell
activation and inhibits M2 microglial cell activation.
STING could promote the polarization of M1 microglia
and act as an obstacle to M2 microglia. Created with
BioRender.com. ArG1: Arginase-1; CCL2: C—C motif
chemokine ligand 2; CXCL: C—X—C motif chemokine
ligand; GM-CSF: granulocyte-macrophage colony
stimulating factor; IFN: interferon; IL: interleukin;

iNOS: Inducible nitric oxide synthase; MAMPs:
metabolism-associated molecular patterns; MHCII:
major histocompatibility complex; MMPs: matrix
metalloproteinases; OS: reactive oxygen species; STING:
stimulator of interferon genes; TGF: transforming growth
factor; TNF: tumor necrosis factor.
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tumors from cancer patients lends strong support to this idea (Ni
et al., 2022).

It is evident from the data acquired that STING and cGAS
are chemicals that influence the polarisation of microglia.
Additionally, both impede M2 type microglia’s polarisation shift.
Additionally, a possible association between STING and FOXP3"
macrophages has been identified. Though further research
is required, as we still do not know how STING regulates CIRI
damage or what variables impact this control.

The different microglia phenotypes that emerge throughout the
progression of illnesses have been revealed in recent years with
the emergence of novel single-cell/nucleus sequencing tools
(Dumas et al., 2021; Li et al., 2022a). These phenotypes vary
greatly from the M1/M2 state. The human CNS'’s region-specific
microglia, such as white matter and gray matter microglia, are
heterogeneous, as shown by single-cell sequencing (Sankowski
et al., 2019). Furthermore, fresh subtypes of midbrain microglia
have been discovered (Uriarte Huarte et al., 2021). Depending
on the disease, other subtypes have emerged. For example,
in Alzheimer’s disease, the increased numbers of microglia
surrounding AB plaques are linked to a significant transcriptional
activation feature known as disease-associated microglia, which
is different from homeostatic microglia (Keren-Shaul et al., 2017).
These findings are among some of the seminal discoveries in
microglia phenotypes made possible by single-cell sequencing.
While white-matter-associated microglia have been discovered
in senescent white matter, microglia associated with proliferative
areas have also been found in developing white matter (Li et al.,
2019; Safaiyan et al., 2021; Figure 5).

Recent research examined changes in gene expression in
microglia in the brain of a mouse model of ischemic stroke
by combining spatial transcriptomics with single-cell RNA
sequencing. The researchers identified microglial subclusters
associated with CIRI in the brains of mice undergoing MCAO (Li
et al., 2023a). Cluster 2 cells made up 94% of the cells in normal
mice, whereas cluster 1 surrounded the region of tissue damage,
and cluster 3 was found in the center of the area affected by
a lack of blood supply (Li et al., 2023a). Based termed cluster
1 cells as ischemic penumbra-associated microglia and cluster
3 as ischemic core-associated microglia based on the unique
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marker genes and features of the microglia subpopulations (Li
et al., 2023a). Ischemic penumbra-associated microglia may
possess neuroprotective qualities that are critical for the survival
of ischemic penumbra cells, whereas ischemic-core-associated
microglia may contribute to hyper-neuroinflammation and
worsen brain injury (Li et al., 2023a). Research on cardiovascular
illness has shown that STING has a role in increasing ischemic-
core-associated microglia in vascular endothelial cells (Oduro et
al., 2022). Although the research was carried out in cardiovascular
disease models, these findings pertain to cerebral blood vessels
and are specific to the vascular endothelium.

The cGAS-STING pathway and regulation of calcium
homeostasis

The ER is an essential cellular organelle that plays a role in protein
synthesis, maturation, and the regulation of intracellular Ca®
levels (Fu et al., 2021). Intracellular Ca’* signals regulate a wide
variety of cellular processes, including secretion, contraction, gene
transcription, cell proliferation, and cell death. The ER collaborates
and coordinates with mitochondria, lysosomes, and plasma
membranes to regulate cellular calcium homeostasis (Marchi et
al., 2018), which is necessary for important cellular processes,
including the transmission of intracellular Ca® (Figure 6).

As a result, it is critical to consider the consequences of disrupting
calcium homeostasis and the signaling function of calcium as
a second messenger while studying calcium homeostasis. CIRI
activates sodium-calcium exchange proteins, which disturb the
ER and impact calcium homeostasis by generating intracellular
and extracellular ion misalignment. The condition causes
intracellular calcium excretion by allowing Ca* to flood cells.
Cellular organelles are subjected to irreparable damage from the
excess calcium, which causes energy problems and widespread
calcium absorption by all organelles. Cell death is the ultimate
outcome of this cascade of events. The store-operated calcium
entry (SOCE) mechanism is responsible for restocking intracellular
Ca”™ reserves. STIM in the ER and the channel ORAI protein
in the plasma membrane are two proteins required for SOCE.
(Daverkausen-Fischer and Prols, 2022). There are two isoforms
of STIM: STIM1 and STIM2. STIM1 activates SOCE in response
to substantial store depletion, whereas STIM2 keeps basal
Ca’* homeostasis in check in response to mild store depletion
(Chen et al., 2019c). From a mechanistic standpoint, it seems
that STIM1 binds preferentially to the ER monomer of STING in
order to inhibit its spontaneous activation, as STIM1 deficiency
amplifies STING translocation and dimerization. Conversely, SOCE
is increased, and STIM1 translocation and the Ca®* entry driven
by ER Ca” store depletion are exacerbated by STING deficiency
(Srikanth et al., 2019). Thus, STIM1 is an essential component in
CIRI-induced severe calcium overload. To stop STING from being
translocated and activated, STIM1 keeps some STING localized in
the ER. Nevertheless, STING may regulate calcium homeostasis,
improve SOCE, and boost STIM1 translocation if blocked early.
During CIRI, STING activation is enhanced due to the direct effect
of cGAS activation on the STING produced by cytoplasmic DNA
breakage. The free translocation of STIM1 and its interaction
with calcium-release-activated calcium modulator 1 might result
in a brief inward influx of cytoplasmic Ca** (Mathavarajah et al.,
2019). Furthermore, calcium homeostasis is disrupted and SOCE
is restricted by excessive STING activity, which also significantly
increases Ca’* inward flow. A recent study found that cytosolic
DNA is recognized by cGAS under replication stress, resulting
in self-activation and cGAMP production. cGAMP then binds to
STING, resulting in the separation of the latter from transient
receptor potential vanilloid type 2 (TRPV2) and ending with the

loss of TRPV2 inhibition and the release of Ca’ into the cytoplasm
(Li et al., 2023b; Figure 6).

Mathavarajah et al. (2019) found that STING activation is
additionally influenced by Ca™* signal. The cGAS-STING signalling
pathway has been discovered to be regulated by Ca” fluxes
that come from the mitochondrial and endoplasmic reticulum
Ca’* pools, as well as important Ca”* signalling proteins such as
calmodulin, CAMKII, and CAMKIV (Mathavarajah et al., 2019).
Furthermore, the primary recipients of calcium signaling are
autophagy and AMP-activated protein kinase (Mathavarajah
et al., 2019). Therefore, it is clear that STING and Ca’ are
functionally related. Calcium excess impacts STING activity during
CIRI. However, STING activation undermines calcium homeostasis
control, creating a self-perpetuating cycle that amplifies CIRI’s
harming of cells.

The cGAS-STING pathway and many forms of cell death such
as apoptosis, necrosis, ferroptosis, and pyroptosis in cerebral
ischemia-reperfusion injury

To maintain homeostasis in vivo, ER stress becomes a pro-
apoptotic stimulator after CIRI, activating caspase family members
and driving the initiation of apoptosis (D’Arcy, 2019). The
hallmarks of cell death include DNA degradation inside the cell,
nuclear sequestration, nuclear fragmentation, and the formation
of apoptotic vesicles (Xiong et al., 2021). Numerous cysteine
proteases are required for cell death to begin, including those
that initiate cell death (caspase-2, caspase-8, caspase-9, and
caspase-10), as well as those that carry out cell death (caspase-3,
caspase-6, caspase-7, and caspase-14) (Yuan et al., 2018). New
research has shown that caspase enzymes and the cGAS-STING
pathway communicate with one another (Xiong et al., 2021).
Caspase-4, caspase-11, caspase-3, and caspase-7 may all be
activated by cGAS, as seen in Figure 7. Additionally, the cGAS has
the ability to activate caspase-1, which results in the generation
of IL-1B and IL-8. Caspases-3 and caspase-7 may be activated by
IL-1B and IL-8. At the same time, caspase-9 and its downstream
executors, caspase-3 and caspase-7, are stimulated by STING and
the IRF3 production it mediates (Figure 7).

Most cells undergo cellular necrosis following CIRI. Cell necrosis
is regulated by receptor-interacting kinase 1 (RIP1 or RIPK1),
receptor-interacting kinase 3 (RIPK3 or RIP3), and pseudokinase
mixed-spectrum kinase structural domain-like protein (MLKL)
(He and Wang, 2018). Increased cellular vulnerability to necrosis
is caused by the transcriptional induction of mixed-spectrum
kinase structural domain-like protein and the upregulation of
receptor-interacting kinase 3 in response to IFN stimulation (Chen
et al.,, 2019a; Ingram et al., 2019; Knuth et al., 2019; Sarhan
et al., 2019). In the event that caspase-8 inhibition occurs, the
phosphorylation of mixed-spectrum kinase structural domain-
like protein and subsequent necrotic apoptosis might result
from TNF binding to the tumor necrosis factor receptor 1 trimer,
which in turn activates receptor-interacting kinase 1/receptor-
interacting kinase 3. Research by Murthy et al. (2020) supports
the idea that the cGAS-STING pathway is involved in necrosis
initiation. Inhibiting caspase-8 causes necrosis by activating the
TNF and IFN signaling pathways, which are reliant on cGAS-STING
and react to cytoplasmic DNA (Brault et al., 2018). Thus, cell
necrosis necessitates the activation of receptor-interacting kinase
1/receptor-interacting kinase 3 via a TNF—=tumor necrosis factor
receptor 1 interaction, as well as mutual and synergistic signaling
across the two STING-activated pathways.This is consistent
with what we mentioned above: cGAS-STING can activate TNF
by activating NF-kB, providing a “primer” for the subsequent
reaction.
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Recent research has shown that an imbalance in iron metabolism
is a key factor leading to the worsening of early brain damage in
CIRI (Li et al., 2021a). Ferroptosis, a kind of controlled cell death
related to an iron metabolism imbalance, is characterized by a
fatal buildup of lipid peroxides caused by increased intracellular
iron and reduced antioxidant capability. Iron mortality is
specifically caused by a deficiency in anti-lipid oxidative activity
(Dodson et al., 2019). Nuclear receptor coactivator 4 (NCOA4), a
cargo receptor, promotes ferritin-selective autophagy, resulting
in elevated intracellular Fe™* levels and lipid peroxidation, which
causes iron death. According to research, NCOA4 controls ferritin
iron phagocytosis and modulates iron death in ischemic stroke
(Li et al., 2021a). It is worth noting that ferroptosis occurs via
the glutathione peroxidase 4 (GPX4) inactivation caused by
glutathione deficiency as well as direct GPX4 inactivation. As a
result, GPX4 functional loss, whether direct or indirect, is a critical
event that leads to iron death events (Ingold et al., 2018). In
other words, cells with lower GPX4 levels are more susceptible to
iron death, and GPX4 knockdown may cause ferroptosis.

An experimental model of sepsis in knockout C57BL/6 mice
revealed a significant discovery: the direct interaction of STING
and NCOAA4 results in the liberation of free Fe”". The CDN-binding
domain of STING binds to the CC structural domain of NCOA4
for autophagic degradation, enhancing the stability of the STING
dimer, reducing the nuclear coactivator function of NCOA4, and
leading to decreased protective effects. The nuclear localization
capacity of NCOA4 is diminished as a consequence (Wu et al,,
2022). These results indicate that STING activation is necessary
for the formation of iron mutations, with NCOA4 playing a role.
NOCA4 enhances STING-mediated downstream reactions, which
is pertinent not only to sepsis, as shown by this research, but also
to iron mortality in stroke, as shown by prior studies.

A recent study has shown the critical functions of GPX4 in
controlling lipid peroxidation and STING activation. When GPX4
was inhibited, lipid peroxidation increased, resulting in STING
carbonylation at C88 and transport blockage from the ER to
the Golgi complex (Jia et al., 2020). This study’s findings imply
that GPX4 activation is required for the cGAS-STING pathway
to function in CIRI. Furthermore, without external energy
replenishment, CIRI produces a progressive drop in energy
levels over time, leading to the downregulation of glutathione
and GPX4. Interestingly, the STING pathway remains elevated
despite lower energy levels, indicating a strong reliance on
GPX4 activation (Gamdzyk et al., 2020). Under normal settings,
ferroptosis needs coordination between GPX4, STING, and NACO4
to maintain dynamic equilibrium. However, the ferroptosis caused
by CIRI or other external sources disturbs this coordination,
resulting in a decrease in GPX4 and STING overactivation,
therefore increasing ferroptosis.

Pyroptosis is a form of programmed cell death induced by the
inflammatory vesicle-mediated activation of caspase-1. An
exaggerated inflammatory response ensues as a consequence of
gasdermin-D-induced cellular lysis, cytoplasmic release, and the
generation of pro-inflammatory cytokines, including IL-18 and IL-18
(He et al., 2015; Poh et al., 2019). The localized death-associated
inflammatory vesicles encapsulate various pattern recognition
receptors from the NOD-like receptor family, including nucleotide-
binding oligomerization domain, leucine-rich repeat, and pyrin
domain-containing 1-3 (NLRP1-3), NLR family CARD domain-
containing 4, and melanoma 2 (AIM2), as well as pro-caspase-1 and
apoptosis-associated speck-like protein, among other components
(Chen et al., 2019b; Akbal et al., 2022). The process of pyroptosis is
initiated when inflammatory vesicles containing proteins, such as
NLRP3 and AIM2, activate caspase-1, resulting in the release of the

pro-inflammatory cytokines IL-1y and IL.-18. The ischemic semidark
zone is the primary site of pyroptosis, a powerful instigator of pro-
inflammatory pathways in ischemic stroke (Dong et al., 2018). CIRI
damage is associated with pyroptosis, inflammation, autophagy,
and mitochondrial dysfunction, according to recent research
(Zhang et al., 2022). Excessive autophagy contributes to cell death
and cytoplasmic content release in the late phases of reperfusion
damage, which in turn causes adjacent cells to die and worsens
CIRI (Shi et al., 2012; Strowig et al., 2012). STING aids pyroptosis
by increasing caspase-1 activity. To facilitate the production of
inflammatory vesicles, STING recruits NLRP3 and encourages its ER
location (Wang et al., 2020b). An additional mechanism that might
enhance AIM2 protein levels is the activation of the cGAS-STING-
IFN1 pathway (Swanson et al., 2017). When DNA is present, AIM2’s
function is replaced by the cGAS-STING-NLRP3 pathway in human
myeloid cells. This pathway is responsible for lysosomal cell death,
K" efflux, and the activation of NLRP3 inflammatory vesicles (Gaidt
et al.,, 2017). The number of danger signals is proportional to the
DNA level and its location in the cytoplasm, which in turn governs
which DNA sensor is triggered.

The development of gasdermin D holes causes the outflow of
potassium ions, according to ion channel research. Consequently,
this reduces IFN production by blocking the activation of the
dsDNA-mediated cGAS-STING pathway (Feltham and Vince,
2018). To further restrict cytoplasmic DNA-mediated cGAS-
STING activation, caspase-1 may directly cleave cGAS (Wang et
al., 2017). On the other hand, IFN has the ability to suppress the
activation of NLRP3 inflammatory vesicles in a STAT1-dependent
way, which means it can prevent the release of IL-1 that is reliant
on caspase-1 (Guarda et al., 2011). These results demonstrate
the role of the intricate relationship between cGAS-STING and
components of inflammatory vesicles in controlling inflammation
and avoiding its excess (Murthy et al., 2020; Figure 8).

Relationship between cGAS-STING and time following cerebral
ischemia-reperfusion injury

When researching therapy and prognosis, the connection between
CIRI and the time frame are crucial considerations. Current
attention to the relationship between CIRI and time has focused
more on the timing of thrombolysis and intervention, with fewer
studies at longer time points such as 24 and 48 hours after the
onset of CIRI. Nevertheless, cerebral edema usually begins to form
within 24 hours after CIRI and reaches its peak 72-96 hours later.
Researchers discovered that levels of cGAS and STING transcripts
were much higher 72 hours after hypoxia-ischemia, suggesting that
STING-induced autophagy is often harmful, as it is at its highest
at the late stage of reperfusion (Gamdzyk et al., 2020). It is worth
noting that the use of small-interfering RNA to silence STING
resulted in a smaller infarct, less cortical neurodegeneration, and
better neurobehavior after 48 hours.

In a study by Rong et al. (2022), it was found that in an
environment of adequate nutrition and unactivated innate
immunity, STING molecules could inhibit the autophagosome-
lysosome fusion process involved in STX17 and down-regulate
the autophagic flux by binding to STX17. But when CIRI starts,
along with hypoxia and ischemia, mitochondria are damaged
and lose energy over time, which reduces the binding of STING
and STX17 and eventually triggers autophagy. In CIRI, expression
of the cGAS-STING signaling pathway reaches a peak, and the
sooner it is inhibited before then, the greater the benefit. It
is therefore important to know exactly when the cGAS-STING
signalling pathway begins to be highly expressed. The likelihood
of a positive CIRI prognosis increases the sooner negative the
regulation of cGAS-STING signaling begins.
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Figure 6 | How does STING regulate calcium homeostasis?
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In another study, STING-mRNA levels in the hippocampus,
cortex, liver, and spleen tissues of adult rats were higher than
those of 10-day-old neonatal rats (Gamdzyk et al., 2020); thus
there appears to be a relationship between STING and the age
of an individual. Sladitschek-Martens et al. (2022) discovered
that stromal cell Yes-associated protein (YAP)/transcriptional
coactivator with PDZ-binding motif (TAZ) activity regulated cGAS-
STING, which in turn halted senescence. The negative regulation
of cGAS-STING may be used as a therapeutic signaling route that
could be integrated into regular preventative strategies, as aging
is also intricately linked to CIRI.

cGAS-STING and complement system

An important part of the body’s innate immune system is the
complement system, which includes the cGAS-STING pathway,
and there is evidence these systems are related, according
to studies conducted on human immunodeficiency virus
infection (Posch et al., 2021). Complement-enabled human
immunodeficiency virus RNA was used to induce the generation
of type | IFN downstream of STING in the absence of cGAS.
Another study that looked at Listeria infection also obtained
the same results, finding that wildtype bone marrow-derived
dendritic cells produced fewer IFN-B signaling molecules, such
as dead-box helicase 41, STING, phosphorylated TBK1, and
phosphorylated p38 mitogen-activated protein kinase, when cells
were pre-treated with C5a and C3a (Mueller-Ortiz et al., 2017).

Inhibitors to cGAS-STING Pathway

According to the findings, the cGAS—-STING pathway seems to
be significantly involved in CIRI deterioration. That being said,
the path and the course of the illness may be related. However,
STX17 seems to have a multi-faceted function in CIRI formation,
impacting autophagy and mitochondrial dynamics in ways
that are at odds with one another. Thus, cGAS-STING pathway
inhibitors have been investigated as a means to modify disease
progression.

Inhibitors of cGAS

The DNA-binding and pathway-starting processes of the CGAS-
STING pathway are dependent on cGAS. Therefore, inhibiting
cGAS activity or preventing it from attaching to DNA may
be a means of disrupting the cGAS-STING pathway. Table 1
summarizes the various cGAS inhibitors found in the literature.

Figure 8 | STING with two different modes of cell death.
Left: The crosstalk between the STING pathway and
pyroptosis. When cGAS-STING-IFN1 amplifies AIM2 protein
levels, AIM2 can activate caspase-1, which in turn triggers
the secretion of IL-1B and IL-18 from cells, leading to
pyroptosis. Caspase-1 has the ability to shear GSDMD

and release its N-terminal domain. In addition to GSDMD,
Caspase-1 can also shear IL-1f precursors and IL-18
precursors. Right: The crosstalk between the STING pathway
and ferroptosis. GPX4 activates STING, and STING directly
interacts with NCOA4 to release free Fe’* and activate

iron death. Created with BioRender.com. Caspase-1:
Cysteinyl aspartate specific proteinase 1; Caspase-11/4/5:
cysteinyl aspartate specific proteinase-11/4/5; cGAS:

cyclic GMP-AMP synthase; DNA: double-stranded DNA;
GPX4: glutathione peroxidase 4; GSDMD: gasdermin; GSH:
glutathione, reduced; IFN: interferon; IL-1B: interleukin-
1B; IRF3: interferon regulatory factor 3; NCOA 4: nuclear
receptor coactivator 4; PPARa: peroxisome proliferator-
activated receptor-alpha; STING: stimulator of interferon
genes; TBK1: TANK-binding kinase 1.

On the other hand, certain inhibitors, such as antimalarials
and anticancer medications, may not be viable options for CIRI
therapy due to their potential for unwanted side effects. However,
for some CIRI patients with malaria or cancer disease, there
may be some benefits to treating CIRI with these drugs. Because
many CIRI patients also have type 2 diabetes, hyperglycemia is a
major concern when using the diabetic medication metformin,
which increases the likelihood of ischemic stroke. It has also been
discovered that aspirin, a key medication for CIRI therapy, inhibits
cGAS (Elkon, 2019). Hence, the timing of aspirin administration is
equally important.

Inhibitors of STING

As a key molecule in the cGAS-STING pathway, aberrant STING
protein activation may be triggered by micronuclei, mtDNA,
bacteria, viruses, and defective cytoplasmic chromatin, among
others (Dou et al., 2017; Parkes et al., 2017; Hu et al., 2021;
Liu et al., 2021). Therefore, to avoid the ensuing IFN-mediated
response, it is crucial to find STING inhibitors. Table 1 summarizes
the literature on STING inhibitors. Studies show that STING
inhibitors significantly hinder palmitoylation, an essential step in
protein membrane migration (Linder and Jennings, 2013; Jiang
et al., 2018). These findings have provided further evidence that
intercellular transport may be impacted by inhibitors of STING
proteins. For this reason, CIRI mitigation relies heavily on the
exact timing of STING blocking.

Inhibitors of downstream effectors of the cGAS-STING pathway
We have already shown that variables farther down the cGAS-
STING pathway may regulate one another via inhibitory effects
and negative feedback. Some studies have found inhibitors of
these downstream effectors (Table 1). The cytosolic RNA innate
sensor retinoic acid-inducible gene-I is the target of cyclo-
L-phenylalanyl-L-proline, a cyclic dipeptide with antifungal
properties (Wang et al., 2022). Therefore, it may be more
pertinent when discussing fungal disease.

We found that RIG-1 has a similar effect to cGAS (Lee et al.,
2019; Han et al., 2021), and this drug inhibits not only the
recognition of endogenous nucleic acids by inhibiting RIG-1 but
also IFN synthesis (Lee et al., 2018). Interferon acts downstream
of cGAS-STING, and if IFN cannot play a role, it will reduce the
inflammatory response, which will also reduce CIRI.
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Table 1 | Inhibitors of cGAS-STING pathway

Target Inhibitor Mechanism Reference
Cytoplasmic  Metformin or rapamycin Autophagy can be induced by causing an increase in intracellular reactive oxygen Han et al., 2020
DNA species, and the presence of extracellular DNA can be reduced by autophagy.
Hydroxychloroquine Prevents DNA from binding to cGAS and replaces the bound DNA An et al., 2015
Quinacrine Prevents DNA from binding to cGAS An et al., 2015
X6 Blocking DNA binding of DNA to cGAS inhibits its activity An et al., 2018
Suramin sodium Functions as a DNA imitator but does not trigger cGAS for GAMP production Wang et al., 2018b
cGAS RU. 521 Binding to the catalytic region of cGAS and decreasing its binding strength to ATP  Vincent et al., 2017
and GTP
G150 Taking over cGAS’s active spot and making it less likely to bind to ATP and GTP Lama et al., 2019
Aspirin Acetylation of cGAS Dai et al., 2019
pf-06928215 (highly inhibited  Inhibition of cGAS activity Hall et al., 2017
but inactive intracellularly)
S2/S3 Inhibition of cGAS activity Zhao et al., 2020
CU-32/CU-76 Prevention of cGAS dimerization Padilla-Salinas et al., 2020
A151 Abrogation of cytoplasmic nucleic acid sensing cGAS and activation of AIM Lietal., 2020
inflammatory vesicles by immunostimulatory DNA competition for binding
Epigallocatechin gallate Blocking the interaction of cGAS with DNA by inhibiting the activity of GTP- Liu et al., 2019
activated proteins
STING C-178/C-176 Blocking STING protein activation-induced palmitoylation and preventing Haag et al., 2018
palmitoylation-induced STING aggregation
H-151 Blocking palmitoylation caused by STING protein activation and preventing STING Haag et al., 2018
protein aggregation
NO2-FAs Blocking STING protein activation-induced palmitoylation Hansen et al., 2018
Astin C Binding to STING and CDN, and preventing IRF3 from joining the STING Lietal, 2018
signalosome
Compound 18 Binding to STING, and preventing IRF3 from joining the STING signalosome Siu et al., 2019
Cyanocarbonyl-3- Disruption of the mitochondrial membrane potential stops STING and TBK-1 from Kwon et al., 2017
chlorophenylhydrazone talking to each other
IFN Ruxolitinib Selective inhibition of IFN-y/JAK/STAT signaling pathway Qian et al., 2022

Baricitinib
Cyclo(L-Phe-L-Pro)

Blocking the IFN signal
Inhibition of IFN-B production by interfering with the activation of retinoic acid-

Sanchez et al., 2018
Leeetal, 2018

inducible gene-l (RIG-I)

Atg5: Autophagy related 5; cGAS: cyclic GMP-AMP synthase; IFN: interferon; Mfn2: Mitofusin 2; mito-LC3Il: mitochondrial microtubule-associated proteins
1A/1B light chain 3B II; Smac: second mitochondria-derived activator of caspase; x-IAP: X-linked inhibitor of apoptosis protein.

The CRISPR/CRISPR-associated nuclease 9 (CRISPR/Cas9) genome
editing system is a powerful genome engineering tool. CRISPR/
Cas9 technology has become the most examined gene editing
technology in recent years due to its simple design, yet low
cost, high efficiency, and simple operation. Using this method,
it was found that sulfated glycosaminoglycans (sGAGs) in the
Golgi apparatus were necessary and sufficient to drive STING
polymerization (Fang et al., 2021), and inhibition of sGAGs should
be effective for alleviating CIRI. Another study found that CRISPR
transfection activated STING-dependent antiviral responses
in keratinocytes, but CRISPR-generated KO keratinocytes
permanently suppressed IFN-kand IFN-stimulated gene (ISG)
expression (Sarkar et al., 2023), which would cause permanent
damage if used as a target and is therefore not recommended.
Genome-wide CRISPR-Cas9 screening confirmed that Armadillo-
like helical domain-containing protein 3 is the key to STING
activation. Moreover, STING activation was shown to be impaired
by disrupting PI4P-dependent lipid transport through RNA
interference with other PI4P-binding proteins (Fang et al., 2023).
Therefore, RNA interference is also an option for treatment
research.

The controlled activation of the cGAS-STING may be beneficial to
individuals with CIRI, but overactivation can have adverse effects.
Overstimulation of the immune system’s functions may cause
autoimmune diseases. Timely intervention is therefore essential.
Restoring the homeostasis of the organism and maximizing the

beneficial effects of the cGAS-STING pathway would likely be a
better therapeutic strategy.

Conclusion and Outlook

Physicians have had long-term difficulties treating CIRI due to
the many mechanisms that eventually lead to nerve cell loss and
patient dysfunction. However, there is a lot of hope for improving
the clinical management of CIRI with the introduction of novel
ideas such as therapeutic time windows and ischemic penumbra,
as well as novel treatments such as mechanical thrombolysis
and endovascular thrombolysis. Understanding the molecular
underpinnings of CIRI is essential to maximizing neuronal cell
salvage efforts and glial and neuronal cell survival in order to
minimize neurological problems. Recent studies on CIRI have
focused on modulating the cGAS-STING pathway. Some studies
on the treatment of CIRI by modulating the cGAS-STING pathway
have confirmed its beneficial effect on the alleviation of CIRI.
However, we found that there is a certain correlation between
the expression of cGAS-STING pathway and time, so it will be a
challenge to choose the right time point for correct regulation.

The clinical etiology of stroke is complicated, which makes
managing the convergence of pathogenic processes in the period
after reperfusion and identifying the optimal time point for
reperfusion recovery difficult. As CIRI causes severe damage and
loss of neuronal cells, long-term therapy and future treatments
depend on the negative regulation of the cGAS-STING pathway.
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The identification of pathogenic mechanisms of CIRI mediated
by the STING pathway has been based on STING’s effects on
inflammation and autophagy. As STING ultimately appears to
be harmful to cellular autophagy in CIRI, neuronal cell survival
may also be impacted by the surge that appears after 72 hours.
Conversely, when therapies are given during the ischemic phase
or within the time window, early activation of the cGAS-STING
pathway may be required to reduce the effects on the nervous
system and to preserve as many neuronal cells as possible.
This begs the question of whether the scheduling of aspirin
administration in clinical settings should be altered in order to
optimize its effectiveness as a cGAS inhibitor. It is important to
carefully consider the timing of cGAS-STING pathway regulation
in order to achieve the intended therapeutic impact.

According to many recent studies, there is still a chance of
cerebral bleeding with thrombolytic treatments (Whiteley et al.,
2012; Powers et al., 2019). Thrombolytic medication infusion
causes BBB damage to worsen, upregulates NETs, and elevates
STING expression (Gao et al., 2023). It is possible that focusing
on NETs or cGAS might lower the incidence of post-thrombolytic
bleeding in ischemic stroke and provide novel treatment
approaches to enhance thrombolysis safety (Wang et al., 2021).

The upregulation of STING expression in CIRI enhance STX17
protein activity, promotes NF-kB activation, IRF3 release, and
cellular autophagy. The patients with the illness benefit from
the appropriate activation of STING, but in the pathological state
of CIRI, the initial balance of STING control is upset, leading to
the overactivation of many pathways. Numerous studies have
discovered that STING pathway downregulation reduces neuronal
damage and improves neuroinflammation. STING also modulates
cellular autophagy and inflammation, but these effects are
not independent of other mechanisms (such as the brain-gut
axis, microglia activation, calcium regulation, and apoptosis). In
order to promote post-stroke neurological healing, precision-
targeted STING-based treatments are probably more promising
therapeutic approaches than broad-based therapies such as anti-
inflammatory and antioxidant therapies.

This review has some limitations: First, it is based on a
comprehensive analysis of the literature within a specific time
frame. Due to the constant updates to and growth of the
literature, some recent studies may not have been taken into
account. Second, many of the research subjects or models
discussed in this paper are only theoretically related to CIRI,
and some of the latest research on CIRI models is lacking.
Moreover, the ratio of animal studies to clinical studies may be
somewhat imbalanced in this paper, and there is currently a lack
of STING-related CIRI clinical trials. After all, the results of animal
experiments do not fully apply to humans. Finally, this scientific
field is still in the exploration stage and at the whole-genome
level, so the sorting of inhibitors is not comprehensive. Future
inhibitor screening and validations of this signaling pathway
and some of its related proteins should make use of more
sophisticated technologies, including CRISPR, in order to expand
the range of available therapy options.

The cGAS-STING pathway plays a significant role in the
pathophysiology of CIRI, but there are several additional
contributing elements. It would be incorrect to believe that
treating or inhibiting CIRI should only be dependent on blocking
or activating one particular protein or biological pathway.
Consequently, considering the temporal link, combination
treatments that concurrently target the cGAS-STING pathway
may represent feasible therapeutic approaches. In the future,
a thorough evaluation of autophagy with a refined or dynamic

emphasis on the period after reperfusion is required, as
autophagy is a dynamic process, and it is difficult to manage its
moderate activation. As this review makes clear, further effort
is required to adapt the existing findings to clinical practice and
integrate time-based relationships into the therapy of CIRI. In
conclusion, our knowledge of the roles of the STX17 protein
and cGAS-STING pathway in CIRI will expand along with our
comprehension of their pathogenicity and the interactions
between them throughout time. This will undoubtedly aid in the
creation of more effective CIRI therapies.
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