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ARTICLE INFO ABSTRACT

Keywords: It is now widely accepted that inflammation is critical in cardiovascular diseases (CVD). Here,
Cardiovascular disease studies are being conducted on how cyclic GMP-AMP synthase (cGAS), a component of innate
CGAS immunity’s DNA-sensing machinery, communicates with the STING receptor, which is involved
Inflammatory response . s . s .. C e . .
Myocardial in activating the immune system’s antiviral response. Significantly, a growing body of research in
ST};NG recent years highlights the strong activation of the cGAS-STING signalling pathways in several

cardiovascular diseases, such as myocardial infarction, heart failure, and myocarditis. This
developing collection of research emphasises these pathways’ crucial role in initiating and
advancing cardiovascular disease. In this extensive narrative, we explore the role of the cGAS-
STING pathway in the development of CVD. We elaborate on the basic mechanisms involved in
the onset and progression of CVD. This review explores the most recent developments in the
recognition and characterization of cGAS-STING pathway. Additionally, it considers the field’s
future prospects while examining how cGAS-STING pathway might be altered and its clinical
applications for cardiovascular diseases.

Therapeutic

* Corresponding author at: Integrative Science Center of Germplasm Creation in Western China (CHONGQING) Science City and Southwest
University, College of Agronomy and Biotechnology, Southwest University, Chongqing 400715, PR China.
E-mail address: shahidbiochem@wmc.edu.pk (S.U. Khan).

https://doi.org/10.1016/j.cpcardiol.2023.102189

Available online 11 November 2023
0146-2806,/© 2023 Elsevier Inc. All rights reserved.


mailto:shahidbiochem@wmc.edu.pk
www.sciencedirect.com/science/journal/01462806
https://www.elsevier.com/locate/cpcardiol
https://doi.org/10.1016/j.cpcardiol.2023.102189
https://doi.org/10.1016/j.cpcardiol.2023.102189
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cpcardiol.2023.102189&domain=pdf
https://doi.org/10.1016/j.cpcardiol.2023.102189

M.S. Khan et al. Current Problems in Cardiology 49 (2024) 102189

Introduction

Cardiovascular diseases (CVDs) cover a diverse range of complex ailments. The conditions above encompass cardiomyopathies,
congenital cardiac anomalies, thoracic aortic aneurysms, coronary artery pathologies, and heart failure (HF). The complex circum-
stances mentioned above substantially impact fatalities worldwide.' * Despite significant progress in pharmacology and surgery,
improving outcomes, and increased survival rates for persons with cardiovascular diseases (CVDs), the overall outlook for these
conditions remains discouraging.” Numerous research efforts have shown the significance of genetic variables and their expression
profile modifications as the primary catalysts of genetic components and pathological cardiac events.® Cardiovascular diseases (CVDs)
are a prominent contributor to morbidity and mortality on a global scale, encompassing disorders such as myocardial infarction (MI)
and cardiomyopathy that impact individuals across various age cohorts. Globally, the annual mortality rate due to cardiovascular
diseases (CVDs) exceeds 17 million individuals.” Despite the considerable progress made in medical therapies, there is still a lack of
comprehensive exploration of techniques specifically targeting individual molecules.® '* In contrast to several other cellular pop-
ulations, the heart has an inherent deficiency in regenerative capacity following substantial injury, such as ischemic events. Restoring
myocardial function is a substantial difficulty. Different types of cell death have distinct functions in different situations. These include
established pathways such as apoptosis, autophagy, and proptosis, as well as emerging processes like ferroptosis, which is thought to
be significant in the progression of several diseases, including cardiac problems.''

Moreover, cardiac ageing is widely recognized as a significant determinant of heart disease, wherein cellular senescence plays a
crucial role in driving this occurrence.'® Although the precise mechanisms responsible for heart illness are not yet fully understood,
there is a strong association between mitochondrial malfunction and cardiac injury.>'° Senescent cells accumulate in an ageing heart
and trigger inflammation by producing chemokines and cytokines called the senescence-associated secretory phenotype. In-
flammation’s part in the aetiology of some cardiovascular diseases is now generally recognized.'”"'® The cyclic GMP-AMP synthase and
activator of interferon genes pathway stimulates downstream cytokines, interleukin (IL), tumour necrosis factor (TNF), and other
inflammatory agents such as interleukin (IL) and IL.'° Extensive research has been done to investigate its engagement in various
cellular activities and its well-documented roles in immune response and inflammatory processes. In addition to controlling senes-
cence, the cGAS-STING signalling pathway controls the senescence-associated secretory phenotype.?’ Mitochondrial DNA in the
cytoplasm may activate the cGAS-STING pathway by interacting with cGAS.?!

Therefore, this pathway controls the senescence-associated secretory phenotype, which leads to the activation of the inflammatory
response. Moreover, it is linked to other biological processes like autophagy, proptosis, apoptosis, and ferroptosis *>°° Noteworthy is
that prior research suggests that a breakdown of the ¢cGAS-STING pathway is responsible for various disordered cardiac activities>”**%,
while several mediating pathways still need to be discovered (Table 1). Significantly, prior research has indicated that disturbances in
the cGAS-STING pathway are involved in several cardiac dysfunctions; however, specific underlying processes have yet to be fully
elucidated.’’About the diverse range of roles played by the cGAS-STING pathway in cardiac diseases, there has been a growing interest
in exploring various drug-like molecules.>’ The substances above have exhibited encouraging outcomes in controlled laboratory
settings and animal experimentation, presenting prospective paths for advancing clinical interventions. Given the data above, the

Table 1
The connection between cardiac dysfunction and the cGAS-STING pathway.
Cardiovascular In vivo or in vitro Administration and Effect Potential methods Refs.
Disorder cGAS-STING Pathway
MI Mouse model of myocardial Reducing STING lowered myocardial fibrosis and Apoptosis inhibition 28
infarction, fibroblasts, Activity with H-151 apoptosis and preserved myocardial
cardiomyocytes, and cardiac. function
SIC LPS-treated NRCMs and LPS- Using siRNA, we can Enhanced cardiac performance; Reducing apoptosis and 3
induced mice knock down or knock decreased myocardial inflammation, pyroptosis by inhibiting
out STING. apoptosis, and pyroptosis; slowed cell ~ the NLRP3
death inflammasome
MI Macrophage infarction (MI) siRNA knockdown of Enhance heart function and reduce Undefined B
model mice cGAS or STING inflammation.
DCM Neonatal mouse cardiomyocytes  cGAS siRNA In DCM mice, it reduced myocardial Autophagy restoration "5
(NMCMs), the DCM mouse knockdown pyroptosis, inflammation, and
model, and isolated H9C2 enhanced heart function, reducing
cardiomyocytes diabetes-induced hypertrophy
MI-murine model STING inhibition with ReducedThe results were infarct size Undefined e
MI H-151 and scarring, enhanced left
ventricular systolic performance, and
mitigated myocardial hypertrophy.
LIC Palmitic acid challenges Selective genetic Improved NRCM viability Minimizing NLRP3 47
neonatal rat cardiomyocytes suppression of cGAS, inflammation
(NRCMs) STING, and IRF3
DCM Mice with DCM and H9C2 cells Inhibition of STING by =~ Minimized inflammation and Disrupting cytosolic 8
exposed to PA. C-176 apoptosis. mtDNA and inflammation
High-pressure Mice with transverse aortic SIRNA-induced cGAS Impaired cardiac remodeling and Reducing inflammation 9
overload constriction knockdown maintained LV function. and apoptosis
(HF)
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potential utilization of the cGAS-STING pathway emerges as a prospective focus for advancing therapeutic interventions to enhance
cardiac well-being.*!

Recent research has shown that treating cardiovascular conditions like myocardial infarction and heart failure with medications
like angiotensin II receptor blockers (ARBs), angiotensin-converting enzyme inhibitors (ACE inhibitors), and aldosterone receptor
blockers significantly reduces mortality and readmission rates associated with these diseases.? >® Additionally, the strategic use of
fB-adrenergic receptor blockers and angiotensin receptor enkeenase inhibitors, which possess the combined effect of angiotensin II
receptor blockade and elevation of natriuretic peptide levels, has contributed significantly to these positive outcomes. However, it is
essential to note that cardiovascular disease (CVD) constituted approximately 32 % of the total global mortality rate in 2017.>” Hence,
addressing the reduction of cardiovascular illnesses, slowing the progression of cardiovascular diseases, and enhancing the prognosis
of individuals afflicted with cardiovascular diseases remains a significant global public health challenge that necessitates resolution.
cGAS, also known as MB21D1, is an enzyme that detects double-stranded DNA. When cGAS attaches to DNA, it activates and produces
cyclic GMP-AMP (cGAMP). This molecule initiates the interferon gene (STING) as a second messenger. It has a unique and vital role in
the host’s defence against infections, immunity against tumours, autoimmune diseases, and age-related inflammation.*®“’ Heart
failure and myocardial infarction (MI) are two cardiovascular illnesses for which the role of inflammatory variables and mediators in
their development has been well established.*"** In recent years, the cGAS-STING signalling pathway has been highly active in
myocardial infarction and heart failure. The cGAS-STING signalling pathway has been hypothesised to have a crucial role in the
aetiology and development of cardiovascular disorders. Therefore, expanding our knowledge of the cGAS-STING signalling pathway in
the cardiovascular system could lead to identifying new therapeutic targets for heart disorders. This article provides a comprehensive
overview of cyclic GMP-AMP synthase and the cGAS-stimulator of interferon genes (STING) pathway, including their biochemical
properties and the signalling cascade they support. It also delves into how c¢GAS affects the cardiovascular system.

The biochemical and structural features of cGAS
Overview of cGAS

The cGAS in the cytoplasm, plasma membrane, and nucleus functions as a specific DNA sensor. In terms of its composition, the
protein consists of 522 amino acids and is classified under the nucleotidyl transferase (NTase) family. The protein under consideration
comprises two discrete domains: a globular C-terminal domain that exhibits a high degree of conservation and an N-terminal domain
that displays comparatively lower conservation. The N-terminal domain of cGAS is of significant importance in regulating its activity,
as it either stabilises the protein or functions as an autoinhibitory component. Additionally, it aids in the formation of complexes
between double-stranded DNA molecules.?’°° Upon encountering extracellular dsDNA not localised in its designated region, the cyclic
GMP-AMP synthase (cGAS) initiates a metabolic cascade, producing cyclic dinucleotide GMP-AMP (cGAMP). Canonical signalling
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Fig. 1. The cGAS enzyme has a structural organization consisting of an N-terminal and catalytic domain. In its active form, it binds to DNA, di-
merizes, and orders the activation loops, which causes the active site channel to close.
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pathways are then set in the downstream direction.”’
cGAS Structure

The human cGAS gene is located on chromosomal region 6q13. The mature cGAS protein contains 522 amino acids and interacts
with the cell membrane through a region of 160 amino acids at its N-terminus. The protein contains a nucleotide transferase domain
with a two-lobe structure and 362 amino acids. Fig. 1 shows the catalytic area in the interlobar grooves.”>>> There are two
DNA-binding sites on the surface of each cGAS molecule, which have been given the designations sites A and B. Site A plays a sig-
nificant role in the conformational change following ¢GAS binding to DNA.

In contrast, site B is mainly involved in co-associating the cGAS dimer and DNA.>* When cGAS comes into contact with dsDNA, it
undergoes a conformational change, creating a dimeric complex that includes both cGAS and dsDNA. Experimentally, dsDNA is linked
with site A of one cyclic GMP-AMP synthase (cGAS) molecule and site B of another cGAS molecule to produce a dimeric complex.”®
Recent scientific research has uncovered an extra binding site on the surface of cGAS, dubbed the C site. The activation of cGAS follows
its dimerization, and it has been shown that this particular C site plays a crucial role in this process.”°

Overview of STING

STING is predominantly localized to the endoplasmic reticulum (ER). Transmembrane protein 173 (TMEM173), novel plasma
membrane tetraspanin (MPYS), and Endoplasmic Reticulum IFN Stimulator are some of their alternative names.”’ This entity has a
C-terminal domain and 4 transmembrane domains (TM) that comprise its structural makeup. The C-terminal tail (CTT), C-binding
domain, and ligand-binding domain (LBD) are the three individual parts that make up the C-terminal domain. The CTT can establish
interactions with cyclic dinucleotides and promote downstream signalling cascades because of its propensity to form dimers in
solution.”®

STING maintains its ER attachment by interactions with several retainers, most notably Stromal Interaction Molecule 1. The STING
protein leaves the endoplasmic reticulum (ER) after establishing a complex with complement-dependent neutrophils (CDNs). It moves
to the ER-Golgi intermediate compartment (ERGIC)—several molecules linked to the coatomer protein complex II aid translocation.””

Localization of cGAS cells

Based on available data, cGAS has been reported to be distributed across many cellular compartments, including the cytoplasm,
nucleus, and the cytoplasmic side of the cell membrane. Researchers discovered that cytoplasmic DNA can stimulate the production of
type Iinterferon through a mechanism independent of toll-like receptor activation.®” The authors later presented the innovative notion
of a "cytoplasmic DNA sensor," which pertains to the involvement of the nuclear membrane in categorising the innate immune
recognition receptors that target particular DNA molecules found within the cytoplasm. To accomplish targeted binding to cytoplasmic
DNA while minimising interaction with endogenous genomic DNA. The initial discovery of cGAS as a constituent of the nucleotide
transferase enzyme superfamily and its role as a "cytoplasmic DNA sensor" in initiating type I interferon synthesis 2013. The finding
above was achieved using the processes of isolation, extraction, and quantitative mass spectrometry. Nevertheless, the notion of a
"cytoplasmic DNA receptor" remains a subject of ongoing debate and disagreement among the academic community. cGAS is highly
present in the nucleus of various cell types, including macrophages, human myeloid leukaemia mononuclear cells (THP-1), human
embryonic kidney cells, and cervical cancer cells in humans.®' In addition, except for poxviruses, the reproduction process for most
DNA viruses takes place inside the nucleus. Inhibiting viral replication in the nucleus requires activating cyclic GMP-AMP synthase
(cGAS) to elicit a type I interferon-mediated antiviral response. Studies using cGAS knockout mice have supported this phenome-
non.®>% How can cGAS avoid attaching to its DNA or becoming inactive in the nucleus under normal conditions? Recent studies have
shown that cyclic GMP-AMP synthase (cGAS) activity is significantly reduced by a nuclear component called the nucleosome core
particle (NCP). Several pathways that prevent cyclic GMP-AMP synthase (cGAS) from being activated through competitive inhibition
have been uncovered. The nucleocapsid protein (NCP) can occupy sites A or B, CGAS-NCP chains can form at sites B and C to prevent
¢GAS from binding to DNA, and c¢GAS dimerization can be blocked.®

According to recent investigations,cGAS, a protein implicated in the immune response, has been shown to relocate to the inner side
of the cell membrane in various cell types, including THP-1 and immortalized bone marrow-derived macrophages. 4, 5-diphosphate
interacts with the N-terminal region of ¢cGAS, facilitating its localization. Furthermore, it has been observed that cGAS lacking the N-
terminal region exhibits enhanced reactivity towards its DNA. A diminished responsiveness towards DNA from the poxvirus has been
observed.®>° It is widely acknowledged among scholars that the placement of cGAS in the cell membrane isolates it from endogenous
DNA and facilitates its prompt and efficient interaction with viral DNA.

cGAS post-translational modification

Accurate regulation of cGAS activity can be achieved through many processes, including proteolysis, ubiquitination, glutamylation,
acetylation, methylation, SUMO, and phosphorylation. Other study demonstrated that a mass spectrometry investigation was per-
formed on GFP-cGAS.®” The results revealed the presence of six phosphorylation sites and eight acetylation sites inside GFP-cGAS.
Notably, it was observed that phosphorylation at the S305 sites and acetylation at the K384 and K414 sites could impede
Cgas-dependent apoptosis. Nevertheless, the process of acetylation at the K198 site facilitates the synthesis of cytokines. In their study,
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Scientists discovered that acetylating aspirin can hinder the activation of cGAS.®® In mice lacking the TREX1 gene, this inhibition
effectively suppresses the type I interferon response, ultimately leading to increased longevity. Patients with Aicardi-Goutieres syn-
drome responded significantly less to a type I interferon challenge after receiving low doses of aspirin. Cysteine-containing aspartate
proteolytic enzyme one has been shown to inhibit cyclic GMP-AMP (cGAMP) production and the type I interferon response in the wake
of DNA virus infection. Specific cleavage of the cyclic GMP-AMP synthase (cGAS) enzyme at the D140 and D157 positions is
responsible for this inhibition.®” Recent studies have shown that protein arginine methyltransferase 5 (PRMT5) can inhibit the
manufacture of type I interferons by blocking the binding of cyclic GMP-AMP synthase (cGAS) with DNA. This inhibitory effect on
cGAS is achieved through methylation of the R124 residue. The substitution of arginine at the R124 position of cGAS with lysine or
PRMTS5 inhibitors has decreased cGAS methylation and facilitated a substantial restoration of the suppressed type I interferon
response.”® Gaining a comprehensive understanding of the modification after translation mechanism of cGAS and its associated role
would contribute to the enhanced elucidation of the mechanism underlying diseases influenced by the CGAS-STING pathway. The
user’s text needs to be longer to be rewritten academically. This paper aims to explore the signalling pathways activated downstream of
the cGAS-STING pathway and elucidate their respective biological activities.

Innate Immune Pathway Induced by cGAS-STING

Self-DNA leakage from microbes and viruses is a common cause of cytoplasmic DNA release, which is thought to activate STING.”*
Cyclic guanosine monophosphate-adenosine monophosphate is synthesized by the enzyme cyclic GMP-AMP synthase (cGAS) in
response to the cytosol’s double-stranded DNA (dsDNA). Adenosine triphosphate and guanosine triphosphate are used as fuel in this
procedure.”>’® The secondary messenger cyclic GMP-AMP causes STING to dimerize and activate. TANK-binding kinase 1 (TBK1),
linked to the TRAF group member-related NF-kappaB activator (TANK), is then recruited. Interferon regulatory factor 3 phosphory-
lation is facilitated by TBK1, which acts as a molecular scaffold.*® At the same time, TBK1 aids in importing nuclear factors kappa B
(NF-B). Type I interferon and additional transcription outputs, like tumour necrosis factor-alpha (TNF-) and interleukin-6 (IL-6), are
significantly expressed towards the end of this chain of events, amplifying the inflammatory reaction.”*

To a large extent, IFN-I production is controlled by the cGAS-STING pathway. Several inflammatory diseases, collectively called
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Fig. 2. Biological roles of the cGAS-STING signalling pathways. a: The DNA-binding activation of cGAS generates 2',3-cGAMP, which triggers the
transcription factor STING. This causes IRF3 to become phosphorylated and express IFN-, activating TBK1. b: STING-dependent activation of NF-
kappaB can be mediated by TBK1, although other mechanisms remain to be discovered. c: STING promotes autophagosome production by facili-
tating LC3 lipidation. d: As soon as STING is activated, it travels to endolysosomes, opening the lysosomal membrane and triggering cell death.
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"type-I interferonopathies," can result from abnormally high amounts of IFN-1.”° In excess amounts, interferon type I (IFN-I) has been
related to conditions including systemic lupus erythematosus (SLE). Autoantibody production and inflammatory mediators, including
TNF- and IL-1, were significantly reduced in Fcgr2b-null lupus mice, leading to less severe glomerulonephritis. Furthermore, the
introduction of bone marrow-derived dendritic cells (BMDCs) that were activated by STING into lupus animals lacking Fcgr2b, in the
absence of STING, resulted in the reversal of the previously observed protective effect against the development of lupus. This was
demonstrated by elevated amounts of anti-dsDNA antibodies and specific inflammatory characteristics.”®””

cGAS-STING-TBK1-IRF3 classical pathways mediates type I

The current investigation reveals that the interaction between cGAS and dsDNA leads to the formation and activation of a dimer of
2. In addition, dsDNA longer than 16 base pairs can bind to sites A and B on the surface of cGAS, leading to the enzyme’s activation in
both locations at once. Type I interferon expression did not significantly change when THP1 cells were stimulated with 88-4,003 bp
dsDNA at a concentration of 1.67 g/mL.”®’° However, it has been discovered that the ability of double-stranded DNA (dsDNA) to
stimulate the expression of type I interferon is strongly related to the length of the dsDNA, even at low DNA concentrations (0.167 and
0.0167 g/mL). This indicates that microbial DNA in the cytoplasm, even at low amounts, can activate the immune system’s protective
response. Double-stranded DNA (dsDNA) induces a conformational change in the catalytic domain of cyclic GMP-AMP synthase
(cGAS), which in turn catalyzes the production of 2/,3-cGAMP from ATP and GTP in a two-step process. The second messenger function
is then provided by cyclic GMP-AMP (cGMP), which binds to the endoplasmic reticulum-localized STING and activates it.%® After
STING has been activated, conformational changes occur, forming a polymer complex. The Golgi apparatus receives this complex after
it has been shuttled from the ER.%'"%% The palmitoylation of two cysteine residues (Cys88/91) on STING proteins occurred upon
translocation to the Golgi apparatus. Despite the lack of a good understanding of the precise mechanism of palmitoylation, this
biological process is essential for activating STING and subsequent molecules.®* Simultaneously, the protein known as STING will
engage in the recruitment and phosphorylation of TBK1 using its C-terminal TANK-binding kinase 1 (TBK1) binding sequence. The
activation of TBK1 leads to the subsequent phosphorylation of a conserved consensus motif (pLxIS) situated at the C-terminal region of
the neighbouring STING protein. Following this, interferon regulatory factor 3 (IRF3) binding to the phosphorylated pLxIS sequence
occurs near TBK1, facilitating the phosphorylation of IRF3 and ultimately encouraging the dimerization of IRF3 within the nucleus.

Consequently, the upregulation of type I interferon expression can be observed (Fig. 2a).®> ®” A crucial immune defence mechanism
is the cGAS-STING pathway. Multiple studies, including those looking at the generation of type I interferon reaction in response to DNA
virus infections such as Kaposi sarcoma-associated herpes virus and herpes simplex virus type I, support a pivotal role for the
¢GAS-STING pathway in the immune response to viral infections.®**°

cGAS-STING-NF-kB pathways mediates inflammatory response

In addition to the conventional Cgas-Sting-TBK1-IRF3 route, recent research has revealed that the cGAS-STING signalling pathway
can exert additional activities via alternative pathways that are not reliant on IRF3. Studies have demonstrated that the cGAS-STING
signalling pathways aid in activating NF-kappa B and mitogen-triggered protein kinases, two essential players in the stimulation of the
inflammatory response. Although the cGAS-STING regulating pathway is known to activate NF-B and MAPK, the mechanism by which
this occurs remains poorly understood. Mitochondrial DNA (mtDNA) release into the cytoplasm has been linked to the nucleoprotein
TAR DNA/RNA bind protein 43 (TDP-43).°>°! The opening of mitochondrial permeation conversion pores is responsible for this
release.

The scientists also noted that this process upregulates NF-B and activates the cGAS-STING pathway. In animals with amyotrophic
lateral sclerosis (ALS), generated pluripotent stem cells significantly reduced NF-B expression in the brain and spinal cord. In addition,
STING inhibitors markedly reduced neurodegeneration in ALS models and mice with motor neurons generated from induced
pluripotent stem cells. Furthermore, another research group have reported that the stimulating energy of TBK1 is responsible for the
up-regulation of NF-kB expression.”**” Nevertheless, the Other study demonstrated that the observed decrease in NF-kB expression
was not statistically significant following the deletion mutation of the STING C-terminal in both human and mouse cells.”® °° In
addition, it has been demonstrated that STING can induce the upregulation of NF-kB expression in Drosophila melanogaster via an
immunological deficiency pathway that is not reliant on TBK1, as depicted in Fig. 2b.”® While the exact involvement of TBK1 in
STING-mediated NF-kB activation has yet to be investigated, researchers widely acknowledge that the activation of NF-kB is a crucial
prerequisite for the full induction of the type I interferon response.””?® In cells with non-activated or inhibited NF-kB expression,
transfection of dsDNA or viral infection only leads to a limited production of type I interferon.””!

cGAS-STING-LC3 pathways mediates autophagosome formation

The cGAS-STING signalling pathway can have anti-pathogen effects in some pathogen infections, including those caused by
mycobacterium tuberculosis, herpes simplex virus, and some gram-positive bacteria, by inducing autophagy in addition to its anti-
pathogen effects through the activation of IRF3 and NF-B.?>'°1:192As soon as cGAMP activates it, STING transits through the endo-
plasmic reticulum-Golgi intermediate compartment (ERGIC) to the Golgi apparatus.'’° The presence of ERGIC, which includes STING,
can act as a provider of LC3 lipidization, an essential process in the production of autophagosomes.'**'% Additionally, cGAMP may
also facilitate LC3 lipidization through the utilisation of WIPI2 and ATG5 pathways (Fig. 2¢). The stimulation of autophagy may still
occur in anemones even in the absence of the C-terminal region of STING. This finding suggests that the ability to induce autophagy
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might be STING’s ancient and fundamental function. Hence, the mechanism by which type I interferon expression is regulated, namely
through the involvement of TBK1 and IRF3 in the cGAS-STING signalling pathway, is distinct from the pathway responsible for
autophagy induction.'°®!%” However, it is noteworthy that these two pathways can synergistically contribute to several biological
functions, including combating viral infections and eliciting inflammatory responses.

Comparison of cGAS-STING with other key biological activities
Inflammation

The cGAS-STING pathway’s capacity to support innate immunity has been emphasized in numerous studies. For example, strep-
tavidin, a protein released by bacteria, enhances the interaction involving cGAS and DNA, enhance the activation of cGAS and the
consequent release of IFN-p.'%° It has also been found that streptavidin nanoparticles and proteins can promote cGAS activation,
leading to IRF3 phosphorylation, in research involving cells contaminated with HSV-1 and mice models. The additional investigation
unveiled that streptavidin had a role in eliminating herpes simplex virus (HSV) via activating the cGAS-STING-mediated innate im-
mune response. Researchers have created several STING agonists for potential application in cancer immunotherapies, acknowledging
the crucial role of STING in immunological defence.'”!!” Additionally, by using this specific pathway, the manufacturing of
numerous cytokines and other substances expressed by Interferon-Stimulated Genes, hence boosting the inflammatory response. ' >!12

Activation of the cGAS-STING-IRF3 signalling pathway was associated with an increase in IL-18 and IL-1 levels in mice with
obesity-related diabetic cardiomyopathy (DCM). The inflammatory response was made much worse due to this cytokine level increase
compared to the control groups. However, the removal of STING reduced the inflammatory response.''® It was found that TNF-, IL-18,
and IL-1 levels were increased in the transverse aortic constriction (TAC) mouse model used to simulate pressure overload-induced
heart failure.''* Furthermore, the study observed that at 1 and 6 weeks following the surgical procedure, the inhibition of cGAS
led to a reduction in the levels of these factors and the total recruitment of macrophages, resulting in a similarity to the control
group.*”>''® In an experimental animal model simulating myocardial infarction, the M2 macrophages underwent a phenotypic
transformation into M1 macrophages by activating the cytosolic DNA-cGAS pathway. The conversion occurred within macrophages
that had undergone prior treatment with interferon-stimulatory DNA. This conversion was accompanied by an upregulation in the
expression of specific inflammatory mediators, including inducible nitric oxide synthase (iNOS) and C-X-C motif cytokine
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Fig. 3. The interplay of the cGAS-STING pathway with different cellular functions results in myocardial injury. Ultimately, it causes cardiac
dysfunction and hypertrophy by inhibiting inflammatory responses, autophagy, ferroptosis, pyroptosis, senescence, NET formation, and apoptosis.
[Source: Figure modified from Wan (2023)48, available at CC BY 4.0].
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Neutrophil extracellular traps

The initiation of neutrophil extracellular traps (NETs), which serve as a defensive barrier against microbial invasion, is believed to
be prompted by the release of mitochondrial DNA (mtDNA). The liberation of mitochondrial DNA (mtDNA) has the potential to induce
a distinct degree of sterile inflammation. The absence of the STING gene regulator in mice resulted in a notable decrease in the
activation of neutrophil extracellular traps (NETSs) triggered by mitochondrial DNA (mtDNA).''® Furthermore, neutrophils obtained
from the bone marrow of mice that lacked the STING protein exhibited a decrease in neutrophil extracellular traps, even in the
presence of mitochondrial DNA stimulation. The findings of this study demonstrate that mitochondrial DNA (mtDNA) can activate
neutrophil extracellular traps (NETs) and further elucidate the significant involvement of the stimulator of interferon genes (STING) in
this biological process.''® P38, the mitogen-activated protein kinase, and a kinase regulated by extracellular signal 1/2 are essential in
producing this impact.*?°

Cell death

The cGAS-STING pathway is known to initiate the synthesis of INF-I and subsequently induce the expression of inflammation-
related proteins, exerting a discernible impact on inflammatory processes and immunity.'?" Recent findings have also shown its
crucial involvement in other essential biological processes that impact cellular viability, ageing, or cellular demise at the cellular level
(Fig. 3).

Pathogenic effects of cGAS-STING pathway on cardiovascular system
Myocardial infarction

Myocardial ischemia and necrosis, brought on by a lack of oxygen supply or an excess of demand, are the hallmarks of acute
myocardial infarction (AMI). After cardiac cell injury and death, damage-associated molecular patterns (DAMPs) are released, acti-
vating the innate immune response. Several studies have indicated that the elevation of peripheral blood monocytes following
myocardial infarction significantly predicts left ventricular remodelling in patients with this condition. This finding suggests that
monocytes may be crucial in the onset and progression of myocardial infarction.'®” In their study, they employed single-cell RNA
sequencing analysis to identify and isolate a subset of interferon-inducible cells (IFNICs).** These cells were derived from monocytes
and found within mice’s myocardial infarction area.

Furthermore, immune cell-derived nucleotide-binding oligomerisation domain-like receptors with caspase recruitment domain
(NLRP3) inflammasomes (IFNICs) can initiate the cGAS-STING signalling pathway through the process of engulfing foreign DNA. This
activation promotes type I interferon production and involvement in ventricular remodelling following myocardial infarction.
Conversely, the knockout of cGAS, interferon regulatory factor 3 (IRF3), interferon alpha/beta receptor (IFNAR) genes, or the use of
neutralising antibodies against the type I interferon receptor has been shown to alleviate ventricular remodelling in mice effectively.
Macrophages can be classified into two distinct phenotypes, M1 and M2, each assuming distinct functional responsibilities. M1
macrophages predominantly exhibit pro-inflammatory and anti-microbial functions, whereas M2 phenotypes primarily assume anti-
inflammatory and repair-promoting roles. A study discovered that the suppression of cGAS expression during acute myocardial
infarction can induce the conversion of macrophages into the M2 phenotype.''® After a myocardial infarction, this transformation
lessens myocardial damage and speeds up myocardial repair. Therefore, it may be concluded that inhibiting the cGAS-STING signalling
pathway’s activation in myocardial infarction has therapeutic promise.

Myocardial infarction causes multiple forms of cell harm, including necrosis, apoptosis, and autophagy.'?® The development of
holes in the outer membrane of mitochondria occurs during apoptosis due to the activation of Bax (Bcl-2 associated X protein) and BAK
(Bcl-2) homologous antagonist/killer). This releases mitochondrial DNA (mtDNA) into the cell’s cytoplasm.u“’125 This observation
implies that, apart from external DNA, intracellular mitochondrial DNA (mtDNA) might also trigger the cGAS-STING signalling
pathway during myocardial infarction. Nevertheless, on the fourth day following the closure of the left coronary artery in mice, it was
seen that the red-labelled cells in the infarction area, which were non-responsive to interferon, had the characteristic morphology of
cardiomyocytes with myotome. In contrast, the green fluorescent-labeled cells that were responsive to interferon were found to be
non-cardiomyocytes.'?° Hence, it is imperative to conduct experimental investigations to ascertain the potential activation of the
cGAS-STING signalling pathway and its involvement in the progression of cardiomyocyte injury, specifically in the release of mtDNA
into cells.

Heart failure

Heart failure is a syndrome characterised by dyspnea, oedema, and weakness in the lower limbs, as well as symptoms including
elevated jugular vein strain, pulmonary oedema, and peripheral oedema.'?” It is brought on by faulty heart structure or function. This
factor has been identified as a significant contributor to the rising global mortality rates.'?® The triggering of inflammatory pathways
has been linked to the development of left ventricular remodelling and dysfunction in patients with heart failure, supporting the
growing body of evidence suggesting heart failure is a persistent inflammatory disease. However, how exactly inflammation plays a
role in the development of heart failure is still poorly understood.

Furthermore, it has been seen in clinical trials such as RENEWAL'??, EXACT-HF '°° and OPT-CHF '°' that there needs to be more
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discernible impact when employing anti-inflammatory medicine in the treatment of heart failure patients. As a result, studies have
been performed to understand better how other inflammatory pathways contribute to heart failure. With any luck, the results of this
investigation will add to the growing body of research aimed at identifying novel targets for the treatment and prevention of heart
failure.'*>'*® Previous research has demonstrated that the use of a left ventricular assist device (LVAD) in patients with heart failure
caused by ischemic heart disease results in a decrease in the production of the chemokine CXCL10 and the enzyme responsible for its
production, cyclic GMP-AMP synthase (cGAS). This finding is in keeping with previous reports that heart failure is associated with a
strong engagement of the CGAS-STING signalling pathway. In a mouse model of heart failure caused by pressure overload, It was found
that inhibiting the cGAS-STING signalling pathway reduced inflammation-related variables and inflammatory cell infiltration.*® This
inhibition also reduced apoptosis in cardiomyocytes, which benefited myocardial remodelling and safeguarded heart function. Heart
failure and the cGAS-STING signalling pathway have recently begun to be the subject of scientific investigation. Targeting the
cGAS-STING signalling pathway may be beneficial for treating heart failure, but further research is needed to determine its exact
involvement in the disease’s progression.

Myocarditis

Myocarditis has many potential origins, including infectious agents, viruses, bacteria, fungi, parasites, and non-infectious factors
such as autoimmune myocarditis and drug side effects.'®* Viral infection plays a role in both the development and progression of
myocarditis by causing inflammation, ultimately leading to the necrosis or apoptosis of cardiac cells. Many are riding on this correct
pathophysiological process.'*>'*® cGAS-STING signalling has been shown to have a double role in viral myocarditis in recent research.
In the aftermath of a virus infection, the presence of viral DNA in the cytoplasm has been related to two divergent consequences. It
helps the body fight against viruses by stimulating the production of type I interferon via the cGAS-STING signalling pathway.
Myocardial damage is exacerbated by inflammation, which can be triggered by activating the cGAS-STING signalling pathway.*”>!%®

Furthermore, aside from its involvement in viral myocarditis, cGAS has significant relevance in microbial infections and non-
infectious myocarditis. Lipopolysaccharide-induced myocardial injury with sepsis was investigated in an experimental study utilis-
ing a mouse model. The study observed a noteworthy elevation in the expression levels of STING and p-IRF3. Furthermore, it was found
that the knockout of the STING gene effectively suppressed the inflammatory response, apoptosis, and scarring of cardiomyocytes
induced by lipopolysaccharide. This intervention also led to an improvement in cardiac function and an extension of the survival time
in mice.*® Myocarditis can occur after a Trypanosoma cruzi infection because the polyADP ribose polymerase 1-cGAS-NF-B pathway is
activated, allowing inflammatory macrophages to be more easily converted. However, this inflammatory response can be dampened
by blocking ¢GAS activation.'*’

It’s also important to note that cGAS plays a significant role in determining whether or not autoimmune myocarditis develops.
Interferon-beta (IFN-), interferon boosting genes, and cyclic GMP-AMP (cGAMP) levels were successfully reduced in the cardiac tissue
of experimental mice with autoimmune myocarditis produced by the knockout of the TREX1 gene by administering medicines that
target the blocking of cyclic GMP-AMP synthase. In addition, this therapy has been shown to reduce endocardial fibrosis and
inflammation.'“° The pathogenesis, development, and prognosis of myocarditis include the cGAS-STING signalling system. Additional
research is required to investigate strategies for mitigating the excessive inflammatory response and subsequent myocardial damage
associated with the cGAS-STING signalling pathway while still assuring its anti-pathogenic efficacy.

Cardiovascular disease-related risk factors mediate the cGAS-STING signaling pathway

Through modulating the cGAS-STING signalling pathway, cardiovascular risk factors like ageing, smoking, and obesity also
encourage the recurrence and progression of cardiovascular illnesses. Cellular senescence is a condition in which cells halt their normal
cell cycle progression due to many circumstances. Senescent cells can secrete diverse inflammatory factors, commonly known as the
senescence-associated secretory phenotype (SASP). SASP cells are responsible for the secretion of several autocrine and paracrine
substances, which contribute to developing atherosclerosis, intima thickening, endothelial dysfunction, cardiovascular remodelling,
arrhythmia, heart failure, and other cardiovascular disorders.*' The synthesis of the senescence-associated secretory phenotype
(SASP) factor can be regulated by oxidative stress, radiation, oncogene activation, and medicines through the cGAS-STING signalling
pathway.'*>1“® These factors can also induce cell senescence and further regulate the production of the SASP factor. One of the
primary forms of free fatty acids, palmitic acid, has the potential to induce mitochondrial damage, release mitochondrial DNA
(mtDNA), and then trigger the MTDNa-CgasSting-IRF3 pathway, leading to endothelial cell inflammation and insulin resistance.
However, this reaction is notably attenuated in STINGgt/gt mice.'** Through the genotyping of participants in PolSenior, a
comprehensive project conducted across multiple centres and disciplines to evaluate the health and socio-economic conditions of
individuals aged 65 years or older in Poland, it was determined that individuals who were obese or smokers and possessed the STING
293Q allele mutation exhibited a reduced likelihood of developing cardiovascular diseases. This finding provides evidence of a sig-
nificant association between STING and age-related ailments, particularly cardiovascular diseases.'*>!*°

Additional evidence is that mitochondrial DNA is released into the cytoplasm upon introducing bacterial endotoxin lipopolysac-
charide.'*” This release then phosphorylates YES-related protein 1, which inhibits vascular endothelial cell proliferation via the
CGAS-STING signalling pathway. Additionally, the researchers observed that mice’s vascular endothelial regeneration capacity with a
cGAS gene knockout was notably enhanced. Numerous clinical studies have demonstrated a notable elevation in the likelihood of
cardiovascular events among individuals diagnosed with Alzheimer’s. In mice carrying the APPswe/PS1dE9 mutation, it has been
observed that melatonin can effectively modulate mitochondrial autophagy through the cGAS-STING-TBK1 pathway, facilitated
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through ALDH2. This regulatory mechanism contributes to the amelioration of mitochondrial damage and enhancement of cardiac
function.?? The studies above collectively indicate that cGAS assumes a significant role in cardiovascular disease, potentially influ-
encing the onset and progression of such conditions through several pathways.

Supportive data for cGAS-STING’s role in cardiovascular disease

The present discourse elucidates how self-DNA activates the cGAS-STING pathway, impacting immune-related ailments and non-
immune disorders such as cardiovascular disease (CVD). Upon thorough analysis of the existing body of information, we have iden-
tified noteworthy correlations between risk factors associated with cardiovascular disease (CVD) and the cGAS-STING pathway.

To begin with, a correlation exists between the activation of cGAS-STING and smoking, encompassing both direct inhalation and
indirect exposure to tobacco smoke.'*® According to existing research, it has been found that exposure to side-stream smoke might
result in negative cardiac consequences in mice models.'*® These consequences include decreased fractional shortening (FS) and
increased left ventricular (LV) mass. Moreover, the impact of this phenomenon is intensified when there is a hindrance in the process of
autophagy, indicating a potential association between the activation of the cGAS-STING pathway and the occurrence of inflammation
resulting from smoking. Second, activating the cGAS-STING pathway has also been associated with obesity, a major CVD risk factor.'*°
In vitro investigations have demonstrated that heightened concentrations of palmitic acid (PA) in the circulatory system, frequently
observed in patients with obesity, can elicit mitochondrial impairment and the liberation of mitochondrial DNA (mtDNA) into the
cytosol.!*»'5! Consequently, the cGAS-STING pathway is triggered, leading to the synthesis of interferons (IFNs).

The process of DNA degradation throughout the ageing process has the potential to contribute to the inflammatory response,
potentially through the activation of cGAS-STING.'°*'* In addition to traditional risk factors, cardiovascular diseases (CVDs) such as
heart failure*®'°°, stroke'°®, myocardial infarction®, infections'®’, and radiation injury '°® have been found to exhibit participation in
the cGAS-STING pathway. The complex interrelationship highlighted here emphasizes the potential importance of the cGAS-STING
pathway in comprehending and mitigating cardiovascular well-being and pathology as shown in Fig. 4.

Conclusions and perspectives
This review investigates the connection between cardiac dysfunction and the cGAS-STING pathway, which is implicated in cell

death through multiple physiological functions. The cGAS-STING signalling pathway can impact the onset and progression of car-
diovascular disorders, including myocardial infarction, heart failure, and myocarditis, through diverse mechanisms such as
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Fig. 4. Cardiovascular diseases (CVDs) and the risk factors linked to the detection of cytosolic DNA. [Source: Figure modified from (2021)7,
available at CC BY 4.0].
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inflammation mediation, immune regulation, autophagy promotion, and ageing promotion. Animal experimental studies have
confirmed that inhibiting the cGAS-STING signalling pathway yields notable improvements in cardiac function across various car-
diovascular diseases, including myocardial infarction, heart failure, myocarditis, and related conditions. Additionally, this inhibition
has been observed to extend the survival of experimental animals. As a result of these results, the cGAS-STING signalling pathway has
been proposed as a promising therapeutic target for cardiovascular disorders. However, there are numerous cardiovascular diseases,
each with its unique causes. We need to expand and clarify our knowledge of the CGAS-STING signalling pathway and its role in
various cardiovascular diseases. An instance of promoting angiogenesis can be observed by suppressing cGAS expression after
myocardial infarction.

Recent years have seen a renaissance in microbiome science, specifically in studying bacteria and their DNA concerning cardio-
vascular diseases (CVDs) and metabolic disorders. Significant relationships have been found between microbial DNA and important
metabolic traits such as platelet activation, vascular and metabolic inflammatory processes, glucose and lipid metabolism, obesity, and
insulin sensitivity.Increased quantities of microbial DNA have been detected in plaque locations inpatient cases of atherosclerotic CVD.
It has been challenging to show a causal relationship between abnormal pathology and intracellular signalling processes. It is also
important to note that microbial DNA from dangerous and helpful bacteria living in body cavities can activate the STING signalling
pathway.

In addition, it has been discovered that STING pathway activation disrupts the intestinal barrier in the gut, leading to increased
bacterial translocation and inflammation in the intestines. This begs the question of whether or not STING signalling contributes to the
pathogenic metabolic alterations in the vasculature caused by microbial DNA. STING’s intestinal barrier breakdown also increases the
translocation of pathogenic bacteria byproducts like LPS and the escape of commensal bacteria. In turn, these waste products trigger
TLR to eliminate inflammation. Future studies should investigate the respective contributions and potential synergistic interactions of
other double-stranded DNA-sensing pathways and STING signalling to understand the function of dsDNA-sensing signalling cascades
in vascular biological processes and systemic inflammation. Pharmacological inhibitors engaging cGAS and STING in the setting of
CVDs and metabolic illnesses are primarily unexplored, with genetic modification techniques being the primary treatment modality.
However, it is becoming increasingly apparent that focusing on the cGAS-STING pathway has excellent potential for treating prevalent
sterile inflammatory ailments like cardiovascular diseases and metabolic disorders. Therefore, cGAS and STING pharmacological
antagonists are practical treatment methods in the ongoing fight against cardiovascular disease and metabolic disorders. The mystery
of STING’s function in cardiovascular and metabolic disorders will be solved as continuing research efforts progress.

Concluding remarks

In conclusion, persistent low-grade sterile inflammation, associated with metabolic problems and cardiovascular illnesses, is
strongly linked to the cGAS-STING innate immune signalling system. Most notably, it is a pivotal link between the immune and
metabolic systems. The current research findings are encouraging, but many unanswered questions remain. These include the need to
understand the tissue-specific interactions between this pathway and metabolic processes, investigate the epigenetic effects of the
cGAS-STING pathway in the context of CVDs and metabolic diseases, outline the functions of STING and cGAS about the cardiovascular
and metabolic mechanisms, and gather more proof that STING-induced chronic inflammation occurs in people with CVDs and
metabolic disorders.

The findings highlighted in this review provide interesting new directions for future translational research projects focusing on
CVDs and metabolic diseases despite the limits of the existing database. These studies will help us better understand the complex role of
the cGAS-STING pathway in various diseases.

Author contributions

MSK, SK, MS and MUK writing original paper. MSK collecting data of articles. RA,IK and MIK drawing diagrams. SK supervision,
project administration and funding acquisition. All authors contributed to the article and approved the submitted version.

Declaration of Competing Interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Acknowledgments
The authors would like to Health @ InnoHK (Hong Kong Centre for Cerebro-Cardiovascular Health Engineering (COCHE), Shatin,
Hong Kong, SAR, Chinafor lab facilities.We acknowledge the financial support from the National Science Foundation of China (Grant

No. 51973190) and the Zhejiang Provincial Department of Science and Technology (2020R52006) and Shanxi-Zheda Institute of
Advanced Materials and Chemical Engineering.

11



M.S. Khan et al. Current Problems in Cardiology 49 (2024) 102189

References

11.
12.

13.
. Wu NN, Zhang Y. Mitophagy, mitochondrial dynamics, and homeostasis in cardiovascular aging. Oxid Med Cell Long. 2019;2019.
15.
16.
17.
18.
19.

20.
21.

22.

23.
24,

25.
26.
27.
28.
29.
30.
31.
32.
33.

34.

35.
36.

37.
38.
39.
40.

41.
42.

43.

44,
45.

46.
47.

48.

. Saeed S, Khan SU, Khan WU, et al. Genome editing technology: a new frontier for the treatment and prevention of cardiovascular diseases. Curr Probl Cardiol.

2023, 101692.

. Saeed S, Khan SU, Gul R. Nanoparticle: a promising player in nanomedicine and its theranostic applications for the treatment of cardiovascular diseases. Curr

Probl Cardiol. 2023, 101599.

. Abbas A, Raza A, Ullah M, et al. A comprehensive review: epidemiological strategies, catheterization and biomarkers used as a bioweapon in diagnosis and

management of cardio vascular diseases. Curr Probl Cardiol. 2023;48, 101661.

. Khan SU, Khan SU, Suleman M, et al. Natural allies for heart health: Nrf2 activation and cardiovascular disease management. Curr Probl Cardiol. 2023, 102084.
. Din SRU, Saeed S, Khan SU, Kiani FA, Alsuhaibani AM, Zhong M. Bioactive compounds (BACs): a novel approach to treat and prevent cardiovascular diseases.

Curr Probl Cardiol. 2023;48, 101664.

. Khan SU, Saeed S, Sheikh AN, Arbi FM, Shahzad A, Lu K. Crafting a blueprint for MicroRNA in cardiovascular diseases (CVDs). Curr Probl Cardiol. 2023, 102010.
. Rech L, Rainer PP. The innate immune cGAS-STING-pathway in cardiovascular diseases—A mini review. Front Cardiovasc Med. 2021;8, 715903.
. Khalifa AA, El Sokkary NH, Elblehi SS, Diab MA, Ali MA. Potential cardioprotective effect of octreotide via NOXs mitigation, mitochondrial biogenesis and

MAPK/Erk1/2/STAT3/NF-kp pathway attenuation in isoproterenol-induced myocardial infarction in rats. Eur J Pharmacol. 2022;925, 174978.

. Li D, Pi W, Sun Z, Liu X, Jiang J. Ferroptosis and its role in cardiomyopathy. Biomed Pharmacother. 2022;153, 113279.
. Zhang K, Yang Y, Ge H, et al. Neurogenesis and Proliferation of neural stem/progenitor cells conferred by artesunate via FOXO3a/p27Kip1 Axis in mouse stroke

model. Mol Neurobiol. 2022;59:4718-4729.

Wu X, Li Y, Zhang S, Zhou X. Ferroptosis as a novel therapeutic target for cardiovascular disease. Theranostics. 2021;11:3052.

Yan M, Li Y, Luo Q, et al. Mitochondrial damage and activation of the cytosolic DNA sensor cGAS-STING pathway lead to cardiac pyroptosis and hypertrophy in
diabetic cardiomyopathy mice. Cell Death Discov. 2022;8:258.

Fang X, Wang H, Han D, et al. Ferroptosis as a target for protection against cardiomyopathy. Proc Natl Acad Sci. 2019;116:2672-2680.

Tocchi A, Quarles EK, Basisty N, Gitari L, Rabinovitch PS. Mitochondrial dysfunction in cardiac aging. Biochim Biophys Acta BBA Bioenerg. 2015;1847:
1424-1433.

Li C, Lin L, Zhang L, et al. Long noncoding RNA p21 enhances autophagy to alleviate endothelial progenitor cells damage and promote endothelial repair in
hypertension through SESN2/AMPK/TSC2 pathway. Pharmacol Res. 2021;173, 105920.

Shen X, Du SC, Sun YN, Sun PZ, Law R, Wu EQ. Advance scheduling for chronic care under online or offline revisit uncertainty. IEEE Trans Autom Sci Eng. 2023:
1- 14.

Zhou L, Liu Y, Sun H, Li H, Zhang Z, Hao P. Usefulness of enzyme-free and enzyme-resistant detection of complement component 5 to evaluate acute myocardial
infarction. Sens Actuators B. 2022;369, 132315.

Pham PT, Fukuda D, Nishimoto S, et al. STING, a cytosolic DNA sensor, plays a critical role in atherogenesis: a link between innate immunity and chronic
inflammation caused by lifestyle-related diseases. Eur Heart J. 2021;42:4336-4348.

Li T, Chen ZJ. The cGAS-cGAMP-STING pathway connects DNA damage to inflammation, senescence, and cancer. J Exp Med. 2018;215:1287-1299.

Quan Y, Xin Y, Tian G, Zhou J, Liu X. Mitochondrial ROS-modulated mtDNA: a potential target for cardiac aging. Oxid Med Cell Long. 2020;2020:9423593.
https://doi.org/10.1155/2020/9423593.

Wang S, Wang L, Qin X, et al. ALDH2 contributes to melatonin-induced protection against APP/PS1 mutation-prompted cardiac anomalies through cGAS-
STING-TBK1-mediated regulation of mitophagy. Signal Transduct Target Ther. 2020;5:119.

Gui X, Yang H, Li T, et al. Autophagy induction via STING trafficking is a primordial function of the cGAS pathway. Nature. 2019;567:262-266.

Ding R, Li H, Liu Y, et al. Activating cGAS-STING axis contributes to neuroinflammation in CVST mouse model and induces inflammasome activation and
microglia pyroptosis. J Neuroinflam. 2022;19:137.

Hu H, Chen Y, Jing L, Zhai C, Shen L. The link between ferroptosis and cardiovascular diseases: A novel target for treatment. Front Cardiovasc Med. 2021;8,
710963.

Hou Y, Wei Y, Lautrup S, et al. NAD+ supplementation reduces neuroinflammation and cell senescence in a transgenic mouse model of Alzheimer’s disease via
c¢GAS-STING. In: Proceedings of the National Academy of Sciences. 118. 2021, €2011226118.

Oduro PK, Zheng X, Wei J, et al. The cGAS-STING signaling in cardiovascular and metabolic diseases: future novel target option for pharmacotherapy. Acta
Pharma Sin B. 2022;12:50-75.

Hu S, Gao Y, Gao R, et al. The selective STING inhibitor H-151 preserves myocardial function and ameliorates cardiac fibrosis in murine myocardial infarction.
Int Immunopharmacol. 2022;107, 108658.

Cinat D, Coppes RP, Barazzuol L. DNA damage-induced inflammatory microenvironment and adult stem cell response. Front Cell Dev Biol. 2021:2497.
Decout A, Katz JD, Venkatraman S, Ablasser A. The cGAS-STING pathway as a therapeutic target in inflammatory diseases. Nat Rev Immunol. 2021;21:548-569.
Loo TM, Miyata K, Tanaka Y, Takahashi A. Cellular senescence and senescence-associated secretory phenotype via the cGAS-STING signaling pathway in cancer.
Cancer Sci. 2020;111:304-311.

Guo WQ, Li L. Angiotensin converting enzyme inhibitors for heart failure with reduced ejection fraction or left ventricular dysfunction: a complementary
network meta-analyses. Int J Cardiol. 2016;214:10-12.

Konstam MA, Neaton JD, Dickstein K, et al. Effects of high-dose versus low-dose losartan on clinical outcomes in patients with heart failure (HEAAL study): a
randomised, double-blind trial. Lancet North Am Ed. 2009;374:1840-1848.

Hernandez AF, Mi X, Hammill BG, et al. Associations between aldosterone antagonist therapy and risks of mortality and readmission among patients with heart
failure and reduced ejection fraction. JAMA. 2012;308:2097-2107.

Packer M, Coats AJ, Fowler MB, et al. Effect of carvedilol on survival in severe chronic heart failure. N Engl J Med. 2001;344:1651-1658.

Drazner MH. Angiotensin receptor-neprilysin inhibition (ARNI) therapy and reverse remodeling in heart failure with reduced ejection fraction. JAMA. 2019;
322:1051-1053.

Goff Jr DC, Khan SS, Lloyd-Jones D, et al. Bending the curve in cardiovascular disease mortality: Bethesda+ 40 and beyond. Circulation. 2021;143:837-851.
Hopfner KP, Hornung V. Molecular mechanisms and cellular functions of cGAS-STING signalling. Nat Rev Mol Cell Biol. 2020;21:501-521.

Ablasser A, Chen ZJ. cGAS in action: expanding roles in immunity and inflammation. Science. 2019;363:eaat8657.

Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a cytosolic DNA sensor that activates the type I interferon pathway. Science. 2013;339:
786-791.

Mann DL. Innate immunity and the failing heart: the cytokine hypothesis revisited. Circ Res. 2015;116:1254-1268.

Mezzaroma E, Toldo S, Farkas D, et al. The inflammasome promotes adverse cardiac remodeling following acute myocardial infarction in the mouse. Proc Natl
Acad Sci. 2011;108:19725-19730.

Li N, Zhou H, Wu H, et al. STING-IRF3 contributes to lipopolysaccharide-induced cardiac dysfunction, inflammation, apoptosis and pyroptosis by activating
NLRP3. Redox Biol. 2019;24, 101215.

King KR, Aguirre AD, Ye YX, et al. IRF3 and type I interferons fuel a fatal response to myocardial infarction. Nat Med. 2017;23:1481-1487.

Zheng W, Liu A, Xia N, Chen N, Meurens F, Zhu J. How the innate immune DNA sensing cGAS-STING pathway is involved in apoptosis. Int J Mol Sci. 2023;24:
3029.

Rech L, Abdellatif M, Péttler M, et al. Small molecule STING inhibition improves myocardial infarction remodeling. Life Sci. 2022;291, 120263.

YuH, Liu Q, Guo Y, Xia Y, Luo S. Palmitic acid suppresses autophagy in neonatal rat cardiomyocytes via the cGAS-STING-IRF3 pathway. Nan Fang yi ke da xue
xue bao J South Med Univ. 2022;42:36-44.

Wan X, Tian J, Hao P, et al. The cGAS-STING Pathway: A Ubiquitous Checkpoint Perturbing Myocardial Attributes. Curr Vasc Pharmacol. 2023.

12


http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0001
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0001
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0002
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0002
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0003
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0003
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0004
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0005
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0005
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0006
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0007
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0008
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0008
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0009
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0010
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0010
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0011
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0012
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0012
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0013
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0014
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0015
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0015
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0016
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0016
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0017
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0017
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0018
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0018
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0019
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0019
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0020
https://doi.org/10.1155/2020/9423593
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0022
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0022
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0023
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0024
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0024
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0025
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0025
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0026
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0026
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0027
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0027
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0028
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0028
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0029
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0030
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0031
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0031
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0032
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0032
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0033
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0033
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0034
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0034
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0035
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0036
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0036
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0037
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0038
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0039
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0040
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0040
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0041
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0042
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0042
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0043
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0043
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0044
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0045
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0045
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0046
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0047
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0047
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0048

M.S. Khan et al. Current Problems in Cardiology 49 (2024) 102189

49.

50.

51.

52.
53.

54.
55.

56.

57.
58.

59.
60.
61.

62.

63.
64.
65.

66.

67.

68.
69.

70.
71.

72.

73.
74.
75.
76.

77.

78.
79.

80.
81.

82.

83.
84.
85.
86.
87.
88.

89.
90.
91.

92.
93.

94.

95.
96.

97.
98.

99.
100.

Hu D, Cui YX, Wu MY, et al. Cytosolic DNA sensor cGAS plays an essential pathogenetic role in pressure overload-induced heart failure. Am J Physiol Heart Circ
Physiol. 2020;318:H1525-H1537.

Tian Z, Zhang Y, Zheng Z, et al. Gut microbiome dysbiosis contributes to abdominal aortic aneurysm by promoting neutrophil extracellular trap formation. Cell
Host Microbe. 2022;30:1450-1463. e1458.

Lu GF, Chen SC, Xia YP, Ye ZM, Cao F, Hu B. Synergistic inflammatory signaling by cGAS may be involved in the development of atherosclerosis. Aging. 2021;13:
5650 (albany NY).

Civril F, Deimling T, de Oliveira Mann CC, et al. Structural mechanism of cytosolic DNA sensing by cGAS. Nature. 2013;498:332-337.

Gao P, Ascano M, Wu Y, et al. Cyclic [G (2, 5') pA (3, 5) p] is the metazoan second messenger produced by DNA-activated cyclic GMP-AMP synthase. Cell. 2013;
153:1094-1107.

Li X, Shu C, Yi G, et al. Cyclic GMP-AMP synthase is activated by double-stranded DNA-induced oligomerization. Immunity. 2013;39:1019-1031.

Zhang X, Wu J, Du F, et al. The cytosolic DNA sensor ¢cGAS forms an oligomeric complex with DNA and undergoes switch-like conformational changes in the
activation loop. Cell Rep. 2014;6:421-430.

Xie W, Lama L, Adura C, et al. Human cGAS catalytic domain has an additional DNA-binding interface that enhances enzymatic activity and liquid-phase
condensation. Proc Natl Acad Sci. 2019;116:11946-11955.

Barber GN. STING: infection, inflammation and cancer. Nat Rev Immunol. 2015;15:760-770.

Shu C, Yi G, Watts T, Kao CC, Li P. Structure of STING bound to cyclic di-GMP reveals the mechanism of cyclic dinucleotide recognition by the immune system.
Nat Struct Mol Biol. 2012;19:722-724.

Wu J, Yan N. STIM1 moonlights as an anchor for STING. Nat Immunol. 2019;20:112-114.

Stetson DB, Medzhitov R. Recognition of cytosolic DNA activates an IRF3-dependent innate immune response. Immunity. 2006;24:93-103.

Jiang H, Xue X, Panda S, et al. Chromatin-bound cGAS is an inhibitor of DNA repair and hence accelerates genome destabilization and cell death. EMBO J. 2019;
38, e102718.

Ma Z, Jacobs SR, West JA, et al. Modulation of the cGAS-STING DNA sensing pathway by gammaherpesviruses. In: Proceedings of the National Academy of
Sciences. 112. 2015:E4306-E4315.

Wu JJ, Li W, Shao Y, et al. Inhibition of cGAS DNA sensing by a herpesvirus virion protein. Cell Host Microbe. 2015;18:333-344.

Kujirai T, Zierhut C, Takizawa Y, et al. Structural basis for the inhibition of cGAS by nucleosomes. Science. 2020;370:455-458.

Barnett KC, Coronas-Serna JM, Zhou W, et al. Phosphoinositide interactions position cGAS at the plasma membrane to ensure efficient distinction between self-
and viral DNA. Cell. 2019;176:1432-1446. e1411.

Li L, Xu H, Qu L, et al. Water extracts of Polygonum Multiflorum Thunb. and its active component emodin relieves osteoarthritis by regulating cholesterol
metabolism and suppressing chondrocyte inflammation. Acupunct Herb Med. 2023;3:96-106.

Song B, Greco TM, Lum KK, Taber CE, Cristea IM. The DNA sensor cGAS is decorated by acetylation and phosphorylation modifications in the context of immune
signaling. Mol Cell Proteom. 2020;19:1193-1208.

Dai J, Huang YJ, He X, et al. Acetylation blocks ¢GAS activity and inhibits self-DNA-induced autoimmunity. Cell. 2019;176:1447-1460. e1414.

Wang Y, Ning X, Gao P, et al. Inflammasome activation triggers caspase-1-mediated cleavage of cGAS to regulate responses to DNA virus infection. Immunity.
2017;46:393-404.

Ma D, Yang M, Wang Q, et al. Arginine methyltransferase PRMT5 negatively regulates cGAS-mediated antiviral immune response. Sci Adv. 2021;7:eabc1834.
Abe T, Barber GN. Cytosolic-DNA-mediated, STING-dependent proinflammatory gene induction necessitates canonical NF-kB activation through TBK1. J Virol.
2014;88:5328-5341.

Lippai D, Bala S, Petrasek J, et al. Alcohol-induced IL-1p in the brain is mediated by NLRP3/ASC inflammasome activation that amplifies neuroinflammation.
J Leukocyte Biol. 2013;94:171-182.

Wan D, Jiang W, Hao J. Research advances in how the cGAS-STING pathway controls the cellular inflammatory response. Front Immunol. 2020;11:615.

Li Y, Wilson HL, Kiss-Toth E. Regulating STING in health and disease. J Inflamm. 2017;14:1-21.

Muskardin TLW, Niewold TB. Type I interferon in rheumatic di Nat Rev Rh ol. 2018;14:214-228.

Thim-Uam A, Prabakaran T, Tansakul M, et al. STING mediates lupus via the activation of conventional dendritic cell maturation and plasmacytoid dendritic
cell differentiation. iScience. 2020;23(9):101530. https://doi.org/10.1016/].is¢i.2020.101530.

Wang L, Yu 'Y, Ni S, et al. Therapeutic aptamer targeting sclerostin loop3 for promoting bone formation without increasing cardiovascular risk in osteogenesis
imperfecta mice. Theranostics. 2022;12:5645.

Luecke S, Holleufer A, Christensen MH, et al. cGAS is activated by DNA in a length-dependent manner. EMBO Rep. 2017;18:1707-1715.

Lu L, Dong J, Liu Y, et al. New insights into natural products that target the gut microbiota: Effects on the prevention and treatment of colorectal cancer. Front
Pharmacol. 2022;13, 964793.

Ishikawa H, Barber GN. STING is an endoplasmic reticulum adaptor that facilitates innate immune signalling. Nature. 2008;455:674-678.

Ergun SL, Fernandez D, Weiss TM, Li L. STING polymer structure reveals mechanisms for activation, hyperactivation, and inhibition. Cell. 2019;178:290-301.
€210.

Dobbs N, Burnaevskiy N, Chen D, Gonugunta VK, Alto NM, Yan N. STING activation by translocation from the ER is associated with infection and
autoinflammatory disease. Cell Host Microbe. 2015;18:157-168.

Saitoh M. Involvement of partial EMT in cancer progression. J Biochem. 2018;164:257-264.

Mukai K, Konno H, Akiba T, et al. Activation of STING requires palmitoylation at the Golgi. Nat Commun. 2016;7:11932.

Liu S, Cai X, Wu J, et al. Phosphorylation of innate immune adaptor proteins MAVS, STING, and TRIF induces IRF3 activation. Science. 2015;347:aaa2630.
Zhao B, Du F, Xu P, et al. A conserved PLPLRT/SD motif of STING mediates the recruitment and activation of TBK1. Nature. 2019;569:718-722.

Shang G, Zhang C, Chen ZJ, Bai XC, Zhang X. Cryo-EM structures of STING reveal its mechanism of activation by cyclic GMP-AMP. Nature. 2019;567:389-393.
West JA, Gregory SM, Sivaraman V, Su L, Damania B. Activation of plasmacytoid dendritic cells by Kaposi’s sarcoma-associated herpesvirus. J Virol. 2011;85:
895-904.

West P. Mitochondrial DNA stress primes the antiviral innate immune response. Biophys J. 2015;108:3a.

Yu CH, Davidson S, Harapas CR, et al. TDP-43 triggers mitochondrial DNA release via mPTP to activate cGAS/STING in ALS. Cell. 2020;183:636-649. e618.
Hao P, Li H, Zhou L, Sun H, Han J, Zhang Z. Serum metal ion-induced cross-linking of photoelectrochemical peptides and circulating proteins for evaluating
cardiac ischemia/reperfusion. ACS Sens. 2022;7:775-783.

Fang R, Wang C, Jiang Q, et al. NEMO-IKK} are essential for IRF3 and NF-kB activation in the cGAS-STING pathway. J Immunol. 2017;199:3222-3233.

de Oliveira Mann CC, Orzalli MH, King DS, Kagan JC, Lee AS, Kranzusch PJ. Modular architecture of the STING C-terminal tail allows interferon and NF-xB
signaling adaptation. Cell Rep. 2019;27:1165-1175. e1165.

Wang Y, Zhai W, Cheng S, Li J, Zhang H. Surface-functionalized design of blood-contacting biomaterials for preventing coagulation and promoting hemostasis.
Friction. 2023:1-24.

Wang Y, Zhai W, Zhang H, Cheng S, Li J. Injectable polyzwitterionic lubricant for complete prevention of cardiac adhesion. Macromol Biosci. 2023;23, 2200554.
Martin M, Hiroyasu A, Guzman RM, Roberts SA, Goodman AG. Analysis of drosophila STING reveals an evolutionarily conserved antimicrobial function. Cell
Rep. 2018;23:3537-3550. e3536.

Wang Z, Zhou H, Cheng F, Zhang Z, Long S. miR-21 negatively regulates the PTEN-PI3K-Akt-mTOR signaling pathway in Crohn’s disease by altering immune
tolerance and epithelial-mesenchymal transition. Discov Med. 2022;33:153-166.

Zhu Y, Huang R, Wu Z, Song S, Cheng L, Zhu R. Deep learning-based predictive identification of neural stem cell differentiation. Nat Commun. 2021;12:2614.
Balka KR, Louis C, Saunders TL, et al. TBK1 and IKKe act redundantly to mediate STING-induced NF-kB responses in myeloid cells. Cell Rep. 2020:31.
Menzel M, Kosinski J, Uller L, Akbarshahi H. Rhinovirus-induced IFNp expression is NFkB-dependent and regulated by the macrophage microenvironment. Sci
Rep. 2019;9:13394.

13


http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0049
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0049
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0050
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0050
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0051
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0051
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0052
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0053
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0053
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0054
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0055
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0055
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0056
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0056
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0057
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0058
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0058
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0059
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0060
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0061
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0061
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0062
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0062
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0063
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0064
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0065
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0065
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0066
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0066
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0067
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0067
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0068
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0069
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0069
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0070
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0071
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0071
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0072
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0072
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0073
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0074
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0075
https://doi.org/10.1016/j.isci.2020.101530
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0077
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0077
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0078
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0079
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0079
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0080
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0081
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0081
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0082
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0082
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0083
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0084
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0085
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0086
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0087
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0088
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0088
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0089
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0090
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0091
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0091
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0092
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0093
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0093
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0094
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0094
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0095
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0096
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0096
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0097
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0097
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0098
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0099
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0100
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0100

M.S. Khan et al. Current Problems in Cardiology 49 (2024) 102189

101.
102.
103.
104.
105.
106.

107.
108.

109.
110.

111.
112.

113.
114.
115.
116.
117.
118.

119.
120.

121.
122.

129.
130.
131.
132.
133.
. Feldman AM. McND myocarditis. N Engl J Med. 2000;343:1388-1398.
135.
136.
137.

138.
139.

140.

141.
142.

143.
144.

145.

146.
147.

148.
149.

150.

Watson RO, Manzanillo PS, Cox JS. Extracellular M. tuberculosis DNA targets bacteria for autophagy by activating the host DNA-sensing pathway. Cell. 2012;
150:803-815.

Moretti J, Roy S, Bozec D, et al. STING senses microbial viability to orchestrate stress-mediated autophagy of the endoplasmic reticulum. Cell. 2017;171:
809-823. 813.

Paludan SR, Reinert LS, Hornung V. DNA-stimulated cell death: implications for host defence, inflammatory diseases and cancer. Nat Rev Immunol. 2019;19:
141-153.

Gonugunta VK, Sakai T, Pokatayev V, et al. Trafficking-mediated STING degradation requires sorting to acidified endolysosomes and can be targeted to enhance
anti-tumor response. Cell Rep. 2017;21:3234-3242.

Ji Z, Zheng J, Ma Y, et al. Emergency treatment and photoacoustic assessment of spinal cord injury using reversible dual-signal transform-based selenium
antioxidant. Small. 2023, 2207888.

Gaidt MM, Ebert TS, Chauhan D, et al. The DNA inflammasome in human myeloid cells is initiated by a STING-cell death program upstream of NLRP3. Cell.
2017;171:1110-1124. e1118.

YuY, Wang L, Ni S, et al. Targeting loop3 of sclerostin preserves its cardiovascular protective action and promotes bone formation. Nat Commun. 2022;13:4241.
Zhang Y, Ma Z, Wang Y, et al. Streptavidin promotes DNA binding and activation of cGAS to enhance innate immunity. iScience. 2020;23(9):101463. https://
doi.org/10.1016/j.is¢i.2020.101463.

Pease JE, Sharma R, Pinato DJ. Challenges and opportunities in the clinical development of STING agonists for cancer immunotherapy. J Clin Med. 2020;9:3323.
Shan Y, Wang H, Yang Y, et al. Evidence of a large current of transcranial alternating current stimulation directly to deep brain regions. Mol Psychiatry. 2023:
1-9. https://doi.org/10.1038/541380-023-02150-8.

Zhang X, Bai XC, Chen ZJ. Structures and mechanisms in the cGAS-STING innate immunity pathway. Immunity. 2020;53:43-53.

Xu H, Van der Jeught K, Zhou Z, et al. Atractylenolide I enhances responsiveness to immune checkpoint blockade therapy by activating tumor antigen
presentation. J Clin Invest. 2021;131(10), e146832. https://doi.org/10.1172/JCI146832.

Ma XM, Geng K, Law BYK, et al. Lipotoxicity-induced mtDNA release promotes diabetic cardiomyopathy by activating the cGAS-STING pathway in obesity-
related diabetes. Cell Biol Toxicol. 2023;39:277-299.

Wang Y, Zhai W, Yang L, Cheng S, Cui W, Li J. Establishments and evaluations of post-operative adhesion animal models. Adv. Ther. 2023, 2200297.

Hu F, Shi X, Wang H, et al. Is health contagious?—Based on empirical evidence from China family panel studies’ data. Front Public Health. 2021;9, 691746.
Cao DJ, Schiattarella GG, Villalobos E, et al. Cytosolic DNA sensing promotes macrophage transformation and governs myocardial ischemic injury. Circulation.
2018;137:2613-2634.

Li W, Huang Y, Gao C, Zhu Z, Dai G. Mesenchymal stem cell (MSC) transplantation accompanied by activation of invariant natural killer T cells further
ameliorates post-infarct cardiac remodeling in mice. Discov Med. 2021;32:51-63.

Mallavia B, Liu F, Lefrancais E, et al. Mitochondrial DNA stimulates TLR9-dependent neutrophil extracellular trap formation in primary graft dysfunction. Am J
Respir Cell Mol Biol. 2020;62:364-372.

Liu ML, Lyu X, Werth VP. Recent progress in the mechanistic understanding of NET formation in neutrophils. FEBS J. 2022;289:3954-3966.

Liu L, Mao Y, Xu B, et al. Induction of neutrophil extracellular traps during tissue injury: Involvement of STING and Toll-like receptor 9 pathways. Cell Prolif.
2019;52:€12579.

Murthy AM, Robinson N, Kumar S. Crosstalk between ¢cGAS-STING signaling and cell death. Cell Death Differ. 2020;27:2989-3003.

Aoki S, Nakagomi A, Asai K, et al. Elevated peripheral blood mononuclear cell count is an independent predictor of left ventricular remodeling in patients with
acute myocardial infarction. J Cardiol. 2011;57:202-207.

. Liu Z, Fan Y, Zhang Z, et al. mTOR in the Mechanisms of Atherosclerosis and Cardiovascular Disease. Discov Med. 2021;31:129-140.

. Heusch G. Myocardial ischaemia-reperfusion injury and cardioprotection in perspective. Nat Rev Cardiol. 2020;17:773-789.

. Riley JS, Quarato G, Cloix C, et al. Mitochondrial inner membrane permeabilisation enables mt DNA release during apoptosis. EMBO J. 2018;37:e99238.

. Zhang Z, Wang L, Zheng W, Yin L, Hu R, Yang B. Endoscope image mosaic based on pyramid ORB. Biomed Signal Process Control. 2022;71, 103261.

. Tang Y, Liu S, Deng Y, Zhang Y, Yin L, Zheng W. An improved method for soft tissue modeling. Biomed Signal Process Control. 2021;65, 102367.

. Benjamin EJ, Muntner P, Alonso A, et al. Heart disease and stroke statistics—2019 update: a report from the American Heart Association. Circulation. 2019;139:

e56-e528.

Mann DL, McMurray JJ, Packer M, et al. Targeted anticytokine therapy in patients with chronic heart failure: results of the randomized etanercept worldwide
evaluation (RENEWAL). Circulation. 2004;109:1594-1602.

Givertz MM, Anstrom KJ, Redfield MM, et al. Effects of xanthine oxidase inhibition in hyperuricemic heart failure patients: the xanthine oxidase inhibition for
hyperuricemic heart failure patients (EXACT-HF) study. Circulation. 2015;131:1763-1771.

Hare JM, Mangal B, Brown J, et al. Impact of oxypurinol in patients with symptomatic heart failure: results of the OPT-CHF study. J Am Coll Cardiol. 2008;51:
2301-2309.

Dick SA, Epelman S. Chronic heart failure and inflammation: what do we really know? Circ Res. 2016;119:159-176.

Frieler RA, Mortensen RM. Immune cell and other noncardiomyocyte regulation of cardiac hypertrophy and remodeling. Circulation. 2015;131:1019-1030.

Trachtenberg BH, Hare JM. Inflammatory cardiomyopathic syndromes. Circ Res. 2017;121:803-818.

Fung G, Luo H, Qiu Y, Yang D. McMB. myocarditis. Circ Res. 2016;118:496-514.

Song JH, Ahn JH, Kim SR, et al. Manassantin B shows antiviral activity against coxsackievirus B3 infection by activation of the STING/TBK-1/IRF3 signalling
pathway. Sci Rep. 2019;9:9413.

Ma Z, Damania B. The cGAS-STING defense pathway and its counteraction by viruses. Cell Host Microbe. 2016;19:150-158.

Choudhuri S, Garg NJ. PARP1-cGAS-NF-kB pathway of proinflammatory macrophage activation by extracellular vesicles released during Trypanosoma cruzi
infection and Chagas disease. PLoS Pathog. 2020;16, e1008474.

An J, Woodward JJ, Lai W, et al. Inhibition of cyclic GMP-AMP synthase using a novel antimalarial drug derivative in Trex1-deficient mice. Arthritis Rheumatol.
2018;70:1807-1819.

Fyhrquist F, Saijonmaa O, Strandberg T. The roles of senescence and telomere shortening in cardiovascular disease. Nat Rev Cardiol. 2013;10:274-283.
Gliick S, Guey B, Gulen MF, et al. Innate immune sensing of cytosolic chromatin fragments through cGAS promotes senescence. Nat Cell Biol. 2017;19:
1061-1070.

Yang H, Wang H, Ren J, Chen Q, Chen ZJ. cGAS is essential for cellular senescence. Proc Natl Acad Sci. 2017;114:E4612-E4620.

Mao Y, Luo W, Zhang L, et al. STING-IRF3 triggers endothelial inflammation in response to free fatty acid-induced mitochondrial damage in diet-induced
obesity. Arterioscler Thromb Vasc Biol. 2017;37:920-929.

Hamann L, Szwed M, Mossakowska M, Chudek J, Puzianowska-Kuznicka M. First evidence for STING SNP R293Q being protective regarding obesity-associated
cardiovascular disease in age-advanced subjects-a cohort study. Immunity Ageing. 2020;17:1-6.

Hamann L, Ruiz-Moreno JS, Szwed M, et al. STING SNP R293Q is associated with a decreased risk of aging-related diseases. Gerontology. 2019;65:145-154.
Huang LS, Hong Z, Wu W, et al. mtDNA activates cGAS signaling and suppresses the YAP-mediated endothelial cell proliferation program to promote
inflammatory injury. Immunity. 2020;52:475-486. e475.

Liu F, Liu Y, Zhuang Z, et al. Beclinl haploinsufficiency accentuates second-hand smoke exposure-induced myocardial remodeling and contractile dysfunction
through a STING-mediated mechanism. J Mol Cell Cardiol. 2020;148:78-88.

Wiegman CH, Li F, Ryffel B, Togbe D, Chung KF. Oxidative stress in ozone-induced chronic lung inflammation and emphysema: a facet of chronic obstructive
pulmonary disease. Front Immunol. 2020;11:1957.

Villaret A, Galitzky J, Decaunes P, et al. Adipose tissue endothelial cells from obese human subjects: differences among depots in angiogenic, metabolic, and
inflammatory gene expression and cellular senescence. Diabetes. 2010;59:2755-2763.

14


http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0101
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0101
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0102
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0102
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0103
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0103
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0104
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0104
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0105
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0105
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0106
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0106
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0107
https://doi.org/10.1016/j.isci.2020.101463
https://doi.org/10.1016/j.isci.2020.101463
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0109
https://doi.org/10.1038/s41380-023-02150-8
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0111
https://doi.org/10.1172/JCI146832
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0113
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0113
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0114
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0115
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0116
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0116
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0117
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0117
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0118
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0118
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0119
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0120
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0120
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0121
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0122
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0122
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0123
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0124
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0125
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0126
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0127
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0128
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0128
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0129
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0129
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0130
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0130
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0131
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0131
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0132
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0133
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0134
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0135
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0136
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0137
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0137
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0138
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0139
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0139
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0140
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0140
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0141
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0142
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0142
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0143
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0144
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0144
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0145
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0145
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0146
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0147
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0147
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0148
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0148
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0149
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0149
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0150
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0150

M.S. Khan et al. Current Problems in Cardiology 49 (2024) 102189

151.
152.

153.
154.
155.

156.
. DuY, Hu Z, Luo Y, Wang HY, Yu X, Wang RF. Function and regulation of cGAS-STING signaling in infectious diseases. Front Immunol. 2023;14, 1130423.
158.

Korbecki J, Bajdak-Rusinek K. The effect of palmitic acid on inflammatory response in macrophages: an overview of molecular mechanisms. Inflamm Res. 2019;
68:915-932.

Waller AP, George M, Kalyanasundaram A, et al. GLUT12 functions as a basal and insulin-independent glucose transporter in the heart. Biochim Biophys Acta
BBA Mol Basis Dis. 2013;1832:121-127.

Russell RC, Tian Y, Yuan H, et al. ULK1 induces autophagy by phosphorylating Beclin-1 and activating VPS34 lipid kinase. Nat Cell Biol. 2013;15:741-750.
Paul BD, Snyder SH, Bohr VA. Signaling by cGAS-STING in neurodegeneration, neuroinflammation, and aging. Trends Neurosci. 2021;44:83-96.

Zhang Y, Chen W, Wang Y. STING is an essential regulator of heart inflammation and fibrosis in mice with pathological cardiac hypertrophy via endoplasmic
reticulum (ER) stress. Biomed Pharmacother. 2020;125, 110022.

Li Q, Cao Y, Dang C, et al. Inhibition of double-strand DNA-sensing cGAS ameliorates brain injury after ischemic stroke. EMBO Mol Med. 2020;12:e11002.

Yang C, Liang Y, Liu N, Sun M. Role of the cGAS-STING pathway in radiotherapy for non-small cell lung cancer. Radiat Oncol. 2023;18:1-7.

15


http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0151
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0151
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0152
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0152
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0153
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0154
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0155
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0155
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0156
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0157
http://refhub.elsevier.com/S0146-2806(23)00606-0/sbref0158

	Cardiovascular diseases crossroads: cGAS-STING signaling and disease progression
	Introduction
	The biochemical and structural features of cGAS
	Overview of cGAS
	cGAS Structure
	Overview of STING
	Localization of cGAS cells
	cGAS post-translational modification
	Innate Immune Pathway Induced by cGAS-STING
	cGAS-STING-TBK1-IRF3 classical pathways mediates type I
	cGAS-STING-NF-κB pathways mediates inflammatory response
	cGAS-STING-LC3 pathways mediates autophagosome formation

	Comparison of cGAS-STING with other key biological activities
	Inflammation
	Neutrophil extracellular traps
	Cell death

	Pathogenic effects of cGAS-STING pathway on cardiovascular system
	Myocardial infarction
	Heart failure
	Myocarditis
	Cardiovascular disease-related risk factors mediate the cGAS-STING signaling pathway

	Supportive data for cGAS-STING’s role in cardiovascular disease
	Conclusions and perspectives
	Concluding remarks
	Author contributions
	Declaration of Competing Interest
	Acknowledgments
	References


