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Abstract The cyclic GMP—AMP synthase (cGAS)—stimulator of interferon genes (STING) signaling
exert essential regulatory function in microbial-and onco-immunology through the induction of cyto-
kines, primarily type I interferons. Recently, the aberrant and deranged signaling of the cGAS
—STING axis is closely implicated in multiple sterile inflammatory diseases, including heart failure,
myocardial infarction, cardiac hypertrophy, nonalcoholic fatty liver diseases, aortic aneurysm and dissec-
tion, obesity, etc. This is because of the massive loads of damage-associated molecular patterns (mito-
chondrial DNA, DNA in extracellular vesicles) liberated from recurrent injury to metabolic cellular
organelles and tissues, which are sensed by the pathway. Also, the cGAS—STING pathway crosstalk with
essential intracellular homeostasis processes like apoptosis, autophagy, and regulate cellular metabolism.
Targeting derailed STING signaling has become necessary for chronic inflammatory diseases. Mean-
while, excessive type I interferons signaling impact on cardiovascular and metabolic health remain
entirely elusive. In this review, we summarize the intimate connection between the cGAS—STING
pathway and cardiovascular and metabolic disorders. We also discuss some potential small molecule in-
hibitors for the pathway. This review provides insight to stimulate interest in and support future research
into understanding this signaling axis in cardiovascular and metabolic tissues and diseases.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The prevalence and incidence of cardiovascular diseases (CVDs)
and metabolic disorders, such as obesity, fatty liver diseases, and
diabetes type two continue to accelerate exponentially in indus-
trialized countries with devastating medical and economic con-
sequences. Yearly, about 17.9 million mortalities from CVDs are
recorded globally'. Furthermore, the increase in CVDs and
metabolic disorders prevalence in developing countries has trig-
gered a global shift towards alternative and complementary stra-
tegies, such as the call for reduction/mitigation in host lifestyle
activities that impact metabolic dysfunction®. The global rise of
these diseases demands thorough cellular understanding of mo-
lecular mechanisms that govern pathophysiological conditions.
Centuries of research into the pathobiology of CVDs and meta-
bolic diseases have gracefully led to the discoveries of diverse
altered physiological processes, transports, and metabolic systems
essential to host health. Recurrent sterile inflammation (chronic
production of pro-inflammatory cytokines) triggered by metabolic
noxiae is a classic example of pathophysiological conditions
discovered to occur in patients with heart, vascular, and metabolic
diseases”.

The derail and excessive activation of the immune system is a
great instigator of chronic inflammation and human disease
severity. In view of this, recently, diverse biomedical research
findings have suggested varieties of immune cells (mast cells,
macrophages, neutrophils, regulatory T cells, etc.) and macro-
molecules as targets to ameliorate chronic inflammatory diseases,
including metabolic disorders and CVDs* ©. The stimulator of
interferon gene (STING) is an innate immune macromolecule that
was primarily discovered as a mediator of type I interferon (IFN-I)
immune signaling to infections. It is an adaptor resident protein of
the endoplasmic reticulum (ER), encoded by the TMEM173 gene
and expressed ubiquitously in human tissues, predominantly the
heart, spleen, peripheral leukocytes, lungs, and kidney’ °. Since
its discovery, characterization studies have closely linked its
baseline activation and hyperactivation to human diseases'’™'".
STING is classified as an inflammatory protein that drives chronic

systemic inflammation because STING’s strongest links between
immunity and human diseases sprung from chronic inflammation
studies, which has later been confirmed in both de novo and
mutational studies'* '°. Moreover, several associative studies
have linked the presence of circulating DNA (the precursor
macromolecule used in the production of secondary messenger
responsible for STING activation) to chronic vascular and meta-
bolic inflammatory diseases'’~'°. This emphasizes the importance
of STING as a potential chronic inflammatory protein that might
be driving recurrent inflammatory disorders, including CVDs and
metabolic diseases'>?".

The activation of STING signaling was initially thought to
be characterized by the release and the immediate sense of
pathogen-associated molecular patterns from microorganisms
only. However, as studies on STING expanded, it was identified
that nucleic acid pattern recognition receptor (cyclic
GMP—AMP synthase, cGAS)®' was the upstream protein partly
essential in STING activation. cGAS binds to double-stranded
DNA (dsDNA) obtained from exogenous sources (microbial
DNA, retroviruses DNA, DNA from dead cells, and extracel-
lular vesicles enclosing DNA from the diverse origin, including
but not limited to the tumor) and endogenous sources [chro-
matin fragments, defective DNA packaged into micronuclei and
mitochondrial DNA (mtDNA)]** 2°. After binding to dsDNA,
cGAS utilizes adenosine triphosphate (ATP) and guanosine
triphosphate (GTP) to catalyze the synthesis of a second
messenger cyclic dinucleotide (CDN)—2',3/-cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP). The
synthesized ¢cGAMP binds to STING active pocket site to
trigger the activation of its downstream signaling”>?’.
Bacterial-derived CDNs, DNA damage, ER stress, and inherited
gain-of-function mutations in the STING-encoding gene can
directly induce STING activation independently of
cGAMP** 3! Subsequently, stimulated STING traffics and ac-
tivates TANK-binding kinase 1 (TBK1) to induce the phos-
phorylation and nuclear trafficking of IFN regulatory factor 3
(IRF3) and nuclear factor-kappa B (NF-kB)** %, IRF3 and NF-
kB function to trigger the transcription of IFN-I and other pro-
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inflammatory cytokines, respectively. Fig. 1 illustrates the
above projected molecular pathway and the template of focus
for delineating the pathway’s role in CVDs and metabolic
diseases.

Growing evidence demonstrates that the cGAS—STING—TBK1
signaling pathway is closely linked to multiple CVDs and metabolic
diseases. Thus, this signaling pathway hyperactivation might be the
underlying factor responsible for the recurrent inflammation and
other pathologic features observed from CVDs and metabolic dis-
eases. In fact, evidence shows that cGAS is not only localized to the
plasma membrane but equally found in the nucleus and cytosol.
Studies have also challenged the simplistic notion of the efficient
recognition of non-self DNA over self-DNA by demonstrating that
the location of cGAS at cytoplasmic and nuclear compartmentali-
zation can efficiently recognize self-DNA if mechanisms keeping its
inactive are disrupted, or the quantity of endogenous self-DNA ex-
ceeds the tolerated physiological threshold™ *’. This shows that
damage-associated molecular patterns (DAMPs), including
mtDNA, can activate the cGAS—STING—TBKI1 pathway when
present abnormally in the cytosol. Indeed, in patients with heart and
metabolic diseases, high circulating DAMPs are usually observed
and often correlate with chronic inflammation and disease severity”"
Consistently, studies have also shown that in myocardial infarction
(MI) disease model, the massive ischemic cell death and the influx of
cell-death debris by macrophages result in the activation of the
cGAS—STING—IRF3 pathway and the subsequent expression of
IFN-I. The pathway activation was discovered to contribute to MI-
associated inflammation, thus, inflaming MI fatal responses®’
Similarly, in heart failure, the cGAS—STING signaling is progres-
sively activated, furthering pathological cardiac remodeling and left
ventricular dysfunction®’. Still and all, STING activation has been
implicated in the furtherance of aortic aneurysm and dissection®’,

% )

cardiac hypel'trophy’ obesity- induced insulin resistance and
inflammation™’ cellular senescence’ and senescence-associated
secretory phenotypes nonalcoholic ~ steatohepatitis*’**, and
vascular dysfunction®” through the direct and indirect recognition of
abnormal self-DNA.

Thus, in the present review, we describe the latest basic
molecular structure of cGAS and STING proteins and the mo-
lecular steps leading to the sensing of self-DNA, synthesis of
c¢GAMP, STING activation, and cytokines production for basic
cardiovascular researchers. Also, available evidence on the
cGAS—STING signaling in the pathobiology of CVDs and
metabolic diseases were highlighted, importantly focusing on
the critical areas of the signaling pathway that crosslink with the
cardiovascular and metabolic system. We also summarize recent
research progress on inhibitor development based on these
innate immune proteins. We aim that the review will spark in-
terest and shape the intimate connection between this pathway
and CVDs and metabolic diseases.

2. Basic structural features of cGAS and STING
2.1.  Structure and molecular regulation of cGAS
2.1.1.  Structure and localization

cGAS is a ~522 amino acid (AA) protein belonging to the
nucleotidyltransferase (NTase) family, which was identified as a
sensor of dSDNA/DNA hydrides to mediate STING signaling™".
Usually, it is an inactive protein consisting of a less-conserved
N-terminal domain (1—160 AA) and highly conserved (globular)
C-terminal NTase and Mab 21 domains (161—522 AA). The
globular domain shows structural and sequence homology to the
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Mechanism of activation of the cGAS—STING cytosolic DNA sensing pathway. Double-stranded DNA, RNA, and RNA—DNA

hybrids from exogenous and endogenous sources are sensed by cGAS. After dsSDNA/dsRNA binding on cGAS, cGAS utilizes ATP and GTP to
synthesize cGAMP. cGAMP binds to STING at the ER. Upon cGAMP binding, STING traffics from the ER to the Golgi apparatus and finally
interact with TBK1 and IRF3 and NF-«B, culminating in IFN-I and pro-inflammatory cytokines production. In addition, aside cGAMP, ER stress
can initiate STING activation, leading to IFN-I and pro-inflammatory cytokines production.
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dsRNA sensing enzyme’s catalytic domain, oligoadenylate syn-
thase 1%, The non-enzymatic N-terminal domain is believed to
play a role in the stabilization or autoinhibition of cGAS protein,
and in the nucleus, it determines functional prerogative associa-
tion with centromeric DNA and innate immune activation”. The
NTase domain also harbors the tethering surface of cGAS that
sustains its reposing state and averts autoreactivity’>. The Mab21
domain of cGAS comprises two lobes (C-lobe and N-lobe)
separated by a deep cleft. The C-lobe has a canonical NTase fold
with two-leaved, highly twisted core $-sheets, and some of the
B-sheets harbor catalytic site residues®. On the other hand, the
N-lobe is a bundle of four a-helices linked to the C-lobe by a long
"spine” «-helix. It also contains two linker a-helices in proximity
to the spine a-helix. Usually, these a-helices and the nucleotide-
binding loop form the slightly concave molecular surface
termed "platform”, which is opposite the active site. The deep
groove between the C-lobe and N-lobe denotes the active site of
cGAS”>. The intriguing protrusion (367—382 AA) slightly shifted
to the platform’s top-end, represent the "Zn-thumb” loop—a re-
gion stabilized by Zn>" ion. This protrusion has highly conserved
histidine and cysteine residues (H367, C373, C374, and C381),
responsible for coordinating the Zn?' ion’*. The Zn-thumb
dimerization loop augments the formation of liquid-phase con-
densates crucial for cGAS catalytic activity, sensitivity, and effi-
ciency. Besides Zn>", other divalent metals such as manganese are
believed to act similarly to promote cGAS optimal activation®® %,
cGAS is localized in the nucleus, cytoplasm, and plasma mem-
brane. First, the notion of its predominance in plasma membrane
through the interaction between the N-terminal phosphoinositide-
binding domain and phosphatidylinositol 4,5-bisphosphate protein
reaffirmed the idea of cGAS recognizing only non-self DNA under
physiological conditions. Nevertheless, present findings, suggest-
ing cGAS as predominantly nuclear protein, have argued that
quality control check mechanisms such as cGAS nuclear tethering
(controlled by intact chromatin) operate to allow nuclear cGAS to
differentiate self-DNA from foreign DNA within the same local-
ization™. However, the detailed molecular understanding of the
nuclear factors responsible for regulating the catalytic activity of
cGAS is limited. It shows that identifying these cell-intrinsic
mechanisms might pave the path to control cGAS activity. In
addition, it has also been clarified that cGAS translocation from
the nucleus to the cytoplasm or cGAS within the cytosol can
efficiently recognize self-DNA from mitochondrial stress’.

2.1.2.  Molecular mechanism of activation and catalytic
Sformation of cGAMP

c¢GAS has three DNA binding sites (A, B, and C) that interact with
the sugar-phosphate backbone of dSDNA/RNA—DNA hydrides in
a sequence-independent pattern. After DNA binding, the stabili-
zation of active cGAS—DNA complexes proceeds with higher-
order conformational changes (oligomerization, clustering, and
condensates) to trigger the catalytic activity of cGAS fully’®"’.
These higher-order conformational changes are distinct roles
mediated by the DNA binding sites”. For instance, DNA-binding
sittet. C was discovered to be likely involved in enhancing
multivalence-induced liquid-phase condensation of cGAS’®.
However, not all DNA lengths after binding to the DNA-binding
sites of cGAS can trigger cGAS conformational changes. This
suggests a DNA length-dependent mechanism for cGAS activa-
tion. Long DNA has been found to exhibit higher valence for
cGAS, thereby promoting cGAS—DNA complexes’ stabilization
better than short DNA, which readily binds to cGAS ®*.

Accordingly, mitochondrial transcription factor A (TFAM), bac-
terial protein HU and high-mobility group box I protein are bio-
logical macromolecules found to stimulate cGAS sensing to long
DNA species via introducing bends and turns in long DNA to
nucleate cGAS dimers. This nucleation-cooperativity-based
mechanism provides sensitive detection of pathogen DNA and
mtDNA®. Once c¢GAS is active, it stems the generation of
cGAMP through catalytically competent and accessible-binding
pocket for substrates (ATP and GTP) in a two-step synthesis
model: 1) production of linear heterodinucleoside phosphate
[pppGp (2'—5") A] intermediate; 2) Subsequent cyclization of the
intermediate for the formation of cGAMP®"? (Fig. 2).

2.1.3.  Non-catalytic function, regulation, and posttranslational
modifications of cGAS

Besides the catalytic function of cGAS for STING signaling,
mounting evidence reveals additional cGAS-dependent functions.
For instance, nuclear cGAS represses homologous recombination-
mediated repair and promotes tumor growth®. More so, cGAS
exhibited promising activity as a regulator of energy metabolism®*
and a promoter of mitotic cell death®. Interestingly, cGAS-
dependent sensing of cytoplasmic chromatin and micronuclei
surveillance have been closely linked to inflammation and cellular
senescence’™®’. Its correlation to senescence projects cGAS as a
prospective target for alleviating cellular senescence-associated
human diseases, including CVDs, but a complementary role for
antitumor immunity®®. Moreover, multiple studies have also
highlighted cellular posttranslational modifications mechanisms
(phosphorylation, acetylation, ubiquitination, etc.) that could
modulate cGAS activity and stability®~’'. For instance, protein
kinase B (AKT) phosphorylates Ser305 residue of the enzymatic
domain of cGAS to negate cGAS catalytic activity’*. Furthermore,
similarly, cGAS acetylation at either Lys414 or Lys394/384 im-
pedes cGAS activity””. In addition, transcription factor Spl and
cAMP response element-binding protein, CREB, positively
regulate and maintain cGAS transcription activity’*.

To the end, cGAS is a vital protein, and its DNA responder
role for STING signaling has recently attracted much attention.
The current understanding of the biology of cGAS shows that
c¢GAS could sense self-DNA that enters the cytosol from dying
cells and dysfunctional organelle, particularly mitochondria. The
excessive engagement of the DNA-sensing cGAS—STING
signaling can be deleterious. Notably, in relevance to CVDs
and metabolic disorders, chronic inflammation contributes to
disease progression, and mitochondrial stress due to disoriented
metabolic events promote the disorganization of mitochondrial
genome’”. This offers an avenue for targeting cGAS for thera-
peutic intervention in CVDs and metabolic diseases. However,
aside from the DNA-sensing pathway, additional nodes of bio-
logical actions have emerged for cGAS on the cardiovascular
and metabolic systems. For instance, recently, cGAS protected
hepatocytes from ischemia—reperfusion injury via activating
autophagy in STING-independent mechanism in vivo and
in vitro’®. This presents a platonic thought that several relevant
biological roles of cGAS remain untapped regarding cardiovas-
cular and metabolic health.

2.2.  Structure and molecular regulation of STING
2.2.1.  Structure and localization

STING is a 379 and 378 AA protein in human and murine cells,
respectively. Human and murine STING shares 69% of AA
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Figure 2  Basic features of cGAS structure and ligand binding dynamics. (A) Schematic diagram of human cGAS functional domains; (B) Left,

the crystal structure of ligand-free apo human-cGAS (“side view,” PDB ID: 4MKP). Right, the crystal structure of ligand-free human-cGAS dimer
(“upright view,” PDB ID: 4LEY); (C) Globular catalytic domain of human cGAS in complex with dsDNA, ATP, and GTP (PDB ID: 4KB6). PDB:

Protein data bank; aa: amino acids.

residues identity (about 70% homology). The human STING
(hSTING) comprises of C-terminal domain (CTD) and trans-
membrane domain (TM). The TM domain, also known as the
N-terminal region, consists of four putative transmembrane do-
mains, namely TM1—4. This N-terminal region is conserved
among species with an essential role as ER membrane support’”’.
On the other hand, the CTD comprises of the ligand-binding
domain (LBD) or C-binding domain (CBD) and the C-terminal
tail (CTT). ER-bound STING is a dimer whose CTD extends into
the cytosol and forms a V-shaped ligand-binding pocket for CDNs
binding. The CTT (constituting 40 AA) accommodates the most
conserved TBK1-binding motifs that adjacently interacts with the
pLxIS motif—a motif vital for IRF3 stimulation”®”?, Therefore,
STING’s CTD is generally responsible for binding, protein
interaction, and signal transduction®”®'. STING is localized
exclusively to the ER membrane, and it’s inactive when its TM
domain (mainly) and CTD (weakly) associates with Ca" sensor

stromal interaction molecule 1 (STIMI1). Also, Toll-interacting
protein has been found to be stabilizer of STING, and it retains
STING at the ER*’. But after CDN binding, the STING—CDN
complex traffics from ER via intermediate perinuclear compart-
ments to the Golgi apparatus, and lastly to perinuclear micro-
somes. Following this translocation is the crucial posttranslational
modification step (palmitoylation) necessary for STING down-
stream signaling activation.

2.2.2.  Molecular mechanism of activation of STING
downstream signaling

CDNs are the principal binding ligands of STING. Bacterial
CDNs were first identified as STING activators before the
mammalian endogenous synthesized cGAMP in response to DNA
from myriad sources, such as the mitochondria, dead cells, etc’”.
Besides CDNs, STING is activated non-canonically by DNA
damage™. Generally, after CDN binding to the LBD, STING’s
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Basic features of STING structure and molecular mechanism of STING activation. (A) Schematic diagram of human STING

functional domains; (B) Molecular mechanism model showing the binding and complex formation between cGAMP and human STING crystal
structure dimer (PDB ID: 4LOH) (blue and red colors-STING monomers); (C) Full-length apo human STING crystal structure (PDB ID: 6NT5)
(red-orange: TM1; golden yellow: TM2; lemon green: TM3; light green: TM4). PDB: protein data bank; CBD: C-binding domain; CTT: C-

terminal tail; TM: transmembrane; aa: amino acids.

LBD undergoes a rotational switch to promote STING oligo-
merization, and the subsequent ER exist. STING-triggered olig-
omerization  also  promotes  clustering and  trans-
autophosphorylation of TBK1 macromolecules within proximity.
TBK1 is an elongated dimer made up of the kinase domain,
ubiquitin-like domain, and scaffold and dimerization domain.
Interestingly, it is postulated that TBK1 promotes STING poly-
merization by phosphorylating STING at Ser358, while palmi-
toylation at cysteine 88/91 facilitates STING clustering formation
at the Golgi apparatus®*. Subsequently, active TBK1 dimer binds
two CTT (TBKI1-binding motif) to phosphorylate LxIS motif
residues of adjacent STING dimers®”. Phosphorylated ***LxI1S*®

motif in STING CTT harbors IRF3-binding motif vital for
recruiting IRF3 through its conserved positively charged phospho-
binding domain. This allows TBKI1 to phosphorylate IRF3. Sub-
sequently, IRF3 dissociates and dimerizes to acquire transcrip-
tional activity. IRF3 then traffics into the nucleus to trigger IRF3-
dependent IEN-I response’>**® (Fig. 3).

2.2.3.  Isoforms and STING mutants

Studies on STING isoforms and inherited gain-of-function STING
mutants have further confirmed the additional functional arm of
STING as a driver of systemic inflammation. STING over-
activation produces damaging inflammatory responses in
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patients'>'®. Currently, two isoforms (MITA-related protein and
STING-B) of hSTING have been identified with differences, and
to some extent, similarities in functional domains. These isoforms
exert a counteractive biological response to STING-innate
signaling®""*’. Also, about 20 non-synonymous single nucleotide
polymorphisms (SNPs) have been pointed out from the TMEM 173
coding sequence. R71H-G230A-R293Q (HAQ), R232H, G230A-
R293Q, and R293Q are the most significant hNSTING SNPs. The
haplotypes HAQ, R232H, G230A-R293Q, and R293Q occur in
20.4%, 13.7%, 5.2%, and 1.5%, respectively, in the humans’
population with differences in phylogenetic distribution®. HAQ is
a loss-of-function STING haplotype with reduced basal and
ligand-triggered STING signaling®’. Interestingly, all the above
hSTING SNPs show modest to dramatic induction of IFNG or NF-
«B promoters’ activation in response to bacterial CDN**, Besides,
various mutant STING variants have been identified and associ-
ated with STING gain-of-function. These variants include
V155 L/M, N154S, V147L, R284 S/G, C206Y, R281Q, G207E,
and G166E. These variants trigger uncontrolled STING activation
leading to a myriad of pathological disorders termed type one
interferonopathies (notably, STING-associated vasculopathy with
onset in infancy (SAVI), familial inflammatory diseases, and other
autoinflammatory diseases)'>*""'. However, how these gain-of-
function STING mutants trigger STING over-activation in the
absence of cGAMP remains controversial; researchers have pro-
posed that mutations might disrupt the localization of STING to
ER, or presumably due to defect in STING degradation”.
Recently, it has been shown that gain-of-function STING mutants
residing at CTT aftect CTT release, leading to STING polymeri-
zation to switch STING into the hyperactive state”. Also, STING
gain-of-function mutant N154S has been found to induce chronic
ER stress and misfolded protein response via disrupting Ca>"
homeostasis. The authors identified a new STING CTD motif
(unfolded protein response-motif) with R331 and R334 residues,
which was responsible for modulating the misfolded protein
response independently of IFN-I induction to mediate ER stress
and cell death”. This observation agrees with other reports that
suggest that STING’s over-activation-induced deleterious re-
sponses, including chronic inflammation, and are independent of
IFN-T induction®*"°.

2.2.4.  Regulation and posttranslational modifications of STING
activation

Numerous regulatory mechanisms, including posttranslational
modifications strategies, have been shown through various studies
as a means to modulate STING-dependent signaling. STING-
interacting fragment of STIM1 has been found to repress STING
gain-of-function dominant mutants (V147L, N154S, and V155M)
deleterious effects’® by restraining STING at ER. Also, inhibition
of ADP ribosylation factor GTPases aborts STING trafficking
while cytoplasmic coat protein complex II and inactive rhomboid
protein two promote STING trafficking after ligand binding”’.
Mechanistically, inactive rhomboid protein two recruits
translocon-associated protein and deubiquitination enzyme
EIF3S5 to facilitate the trafficking and stability of STING,
respectively’®. Moreover, mutation of S366A to alanine blunts
DNA-triggered IRF3 activation’®"?. STING TM and CTD contain
multiple cysteine residues (Cys64, 148, 309, 292, 88, and Cys91)
crucial to IFN-I induction. Cys148 stabilizes STING dimer for-
mation of disulfide bridge polymer”® while Cys88 and Cys91 are
essential to STING palmitoylation at the Golgi apparatus.

Mutation and alkylation of Cys88 and Cys91 render cells hand-
icap to the induction of IFN-I response’”. Glutathione peroxidase
four inactivation enhances STING carbonylation at Cys88 res-
idue leading to the suppression of STING trafficking to the Golgi
complex'”’. Reactive oxygen species (ROS) oxidation of Cys148
inhibited STING polymerization and activation of downstream
signaling, subsequently suppressing IFN-I response'®'. Also,
STING phosphorylation at Ser366 by serine/threonine UNC-51-
like kinase promotes STING degradation and negates IRF3
activation'”. Likewise, protein phosphatase Mg>*/Mn*"-depen-
dent-1A dephosphorylates STING and TBKI1 at Ser358 and
Ser172, respectively, to abolish STING aggregation and the
subsequent interaction between STING oligomerization and
TBK1%*. Though the molecular mechanism underlying STING
degradation has not been clearly explained, the likely mechanism
involves proteasomal and lysosomal processes, which negatively
regulate STING and its downstream signaling®>'%*'%4,

The role of STING as a driver of chronic systemic inflam-
mation has directly implicated STING as an innate macromole-
cule involved in common chronic low-grade inflammatory
diseases triggered by cytosolic DNA originating endogenously. In
most CVDs and metabolic disorders involving recurrent low-grade
inflammation and elevated levels of pro-inflammatory cytokines,
targeting STING paves the path for ameliorating these patholog-
ical features. Also, growing evidence suggests STING as a
signaling hub with a lot of intercellular crosslink functions. For
instance, STING crosstalk with ER stress, inflammasome induc-
tion, lytic cell death signaling, etc. (see next section), providing
additional molecular mechanisms by which aberrant STING
regulation can elicit unwanted effects to drive CVDs and meta-
bolic diseases progression.

3. STING serves as intracellular damage sensor and
regulator of cellular metabolism and inflammation

3.1.  Mitochondria DNA modulates the cGAS—STING signaling

Mitochondrion is a dynamic double-membrane organelle with
special metabolic functions that include ATP production, intra-
cellular Ca®" regulation, ROS production and scavenging,
metabolite production and metabolic flexibility, regulation of
apoptotic cell death, and activation of the caspase family pro-
teases, intracellular components communication, and mitophagy.
In cells, mitochondria are the only cellular organelles with their
genome (mtDNA). The genome of mitochondria is usually pack-
aged into protein structures called mitochondrial nucleoids, typi-
cally regulated by TFAM. Due to its proximity to complexes and
the insufficient robust safeguarding mechanisms, mtDNA is at risk
of damage caused by ROS generated during respiration and
pathological metabolic events. At physiologic level, damaged
mitochondria are removed by mitophagy. But interestingly, in
most metabolic disorders and CVDs, mitophagy is relatively
impaired, the levels of regulators of mtDNA are decreased, and
abnormal metabolic processes also impact mitochondria integrity
and structure, leading to mitochondrial stress. Therefore, in most
cases, for example, in obese, type two diabetic, and CVDs pa-
tients, plasma levels of mtDNA fragments and mtDNA damage
are profoundly high and positively correlate with disease
severity, chronic inflammation, oxidative stress, and insulin
resistance'*>'%°,
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The biochemical and molecular mechanistic insights on the
activation dynamics of cGAS and STING (see previous sections)
had promoted understanding of signals involved in the activation
of this pathway and how excessive stimulation of the pathway
might influence human diseases. This cGAS—STING innate
immune pathway is among several evolved pattern recognition
receptors (retinoic acid-inducible gene 1, nucleotide-binding
oligomerization domain-like receptor, TLR, etc.) vital in host
defense against pathogenic invasion by recognizing pathogen-
associated molecular patterns. However, the fascinating thing
about the cGAS—STING signaling pathway is based on the
ability of cGAS to sense cytosolic self-DNA under aberrant
pathological conditions'”’. Notably, mtDNA released into
cytosol can engage the cGAS—STING signaling and augments
ISGs expression via IFN-I signaling. Interestingly, TFAM, the
regulator of mtDNA replication and transcription machinery,
has also been found to support cGAS in responding to long DNA
by instituting U-turns and bends in DNA to nucleate cGAS
dimers.

Moreover, heterozygosity of TFAM disorganizes and enhances
mtDNA release into the cytosol, allowing mtDNA to activate the
cGAS—STING pathway®. From this, it can be deduced that in
CVDs and metabolic diseases, where TFAM levels are generally
depleted due to mitochondrial stress in cardiovascular and meta-
bolic cell-types, copious mtDNA release can excessively engage
the cGAS—STING™ pathway to aggravate pathophysiological
conditions. But the full understanding of how mtDNA leaks from
the mitochondria into the cytosol is not fully understood and may
differ under diverse pathophysiological conditions. However,
available information indicates that BCL-2 associated X protein-
induced permeability of the inner mitochondrial membrane and
pore formation on the outer mitochondrial membrane, or it’s
interaction with, and the increased opening of the mitochondrial
voltage-dependent anion channel, might be the mechanisms by
which mtDNA escape from the mitochondria into the
cytosol' 1% Nonetheless, emerging evidence points towards an
important role for mitochondria in the regulation of the
cGAS—STING pathway. Studies suggest that stimulation of
mitochondrial proapoptotic caspases by cytochrome ¢ release
negates or suppresses the pathway''®''". This shows that mito-
chondria is crucial in cGAS—STING signaling and have bidirec-
tional interplay role, but, likely, one will dominate to influence the
signaling outcome under different physiological and pathological
contexts.

3.2.  ER stress and misfolded protein response regulates STING
signaling

ER is a critical cellular organelle having essential cellular and
metabolic functions, including protein synthesis, secretion and
folding, lipid biosynthesis, and Ca®>" storage. ER stress occurs
when there is a disruption to protein folding or Ca>™ homeostasis
in the ER. This leads to the accumulation of unfolded proteins.
The accretion of these misfolded proteins stimulates ER unfolded
protein response through the activity of three primary ER-resident
protein sensors (protein kinase R-like ER kinase, inositol-
requiring enzyme la, and activating transcription factor 6). The
sustained stimulation of ER stress sensors by intracellular patho-
logic stimulus can alter lipid enzymes, promote inflammation,
apoptosis, etc. Thus, ER stress and unfolded protein response

often correlates with diabetes, fatty liver disease, and CVDs
progression. Interestingly, the attestation of STING as an ER-
resident protein adaptor establishes a plausible relational influ-
ence of ER stress on the activation mechanics of STING either
directly or indirectly. In fact, STIM1, the ER sensor responsible
for regulating STING signaling, plays an essential role in Ca*"
homeostasis in the ER via association with plasma membrane
sensor Orail”®.

In aortic banding-induced dilated and hypertrophic heart and
angiotensin II (Ang-1I)-induced cardiomyocytes, ER stress protein
sensors expression was sustained, and their activation led to
STING—TBK1—NF-«kB inflammatory pathway activation,
contributing to heart inflammation and fibrosis. It was also
observed that negation of STING restrains ER stress sensors and
ER stress deleterious effects on heart*”. Likewise, CDN-induced
STING activation mediated stressed ER membranes, leading to
ERphagy (degradation of ER via canonical autophagy
pathway)''?. In the study by Wu et al.”*, it was shown that N145S
STING mutant interferes with Ca®" homeostasis, thereby trig-
gering ER stress and cell death upon T cell receptor activation.
Moreover, in other fatty liver and infectious disease models, ER
stress induction was incredibly found to activate STING to
potentiate inflammatory responses and fibrosis. From these
studies, evidence suggests that STING might be sensitive to
changes in ER Ca®" homeostasis or becomes stimulated down-
stream of ER stress sensor, X-box binding protein-1'"3""",
However, the suppression of ER stress sensor (protein kinase R-
like ER kinase) has been found to disorient nuclear factor
erythroid 2-related factor 2-antioxidant signaling, subsequently
impairing mitochondrial homeostasis leading to cytosolic mtDNA
elevation and, consequently, STING activation''®. The above ev-
idence on ER stress—STING axis shows that ER stress—STING
axis is an essential cellular regulatory axis. Although in one
hand the activation of ER stress in some settings such as during
infections could protect host, in the other hand maintenance of ER
homeostasis is vital for cellular metabolic regulation. This shows
that in CVDs and metabolic disorders, where ER homeostasis is
important, ER stress—STING axis might offer many prospects on
providing insight into ER stress-mediated inflammation and
cellular metabolic dysregulation.

3.3.  STING modulates cellular events, metabolism, and chronic
inflammation

The widely known endpoint of STING signaling stimulation is the
induction of IFN-I. Besides this mechanism, additional functional
studies have reported crucial STING signaling outputs: autophagy,
NF-«kB pro-inflammatory activation, lytic cell death induction,
inflammasome activation, apoptosis, etc. Interestingly, these
signaling outputs are dependent or independent of its upstream
cGAS and the secondary messenger cGAMP*®. Below we discuss
evidence that points towards an essential role for cGAS—STING
in intracellular homeostasis events, metabolism and chronic
inflammation.

3.3.1. STING and inflammation

Chronic activation of STING drives inflammation and contributes
directly to common inflammatory diseases. The idea of STING as
an inflammatory molecule emerged from studies on STING’s
gain-of-function mutants and three prime repair exonuclease
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(TREX1), a gene that encodes DNA exonuclease 1, loss-of-
function mutant triggering autoinflammatory diseases. This
definitive evidence from these studies undoubtedly projected over-
activation of STING as a driver of systemic inflammation. For
instance, in TrexI ™~ animal models and autoinflammatory pa-
tients, it was reaffirmed that the knockout or mutation of Trex!
promotes the accumulation of cytoplasmic DNA. This switches
the cGAS—STING pathway into a hyperactive state to continually
release pro-inflammatory cytokines and increased expression of
IRF3-dependent interferon-stimulated genes (ISG)''”''®. Simi-
larly, mice lacking Trex! genes developed inflammatory myocar-
ditis progressing to circulatory failure''*. However, how excessive
IFN-I signaling promotes CVDs and metabolic disease progres-
sion is unclear (see next section). But the molecular understanding
of STING in inflammation aside IFN-I is gradually emerging.
STING has been found to induce canonical and non-canonical
activation of NF-kB inflammatory signaling. STING activation
via upstream cGAS has been shown to stimulate NF-«kB and
mitogen-activated protein kinase pathway via downstream kinase
TBKI1, but to a weaker extent than other pattern recognition re-
ceptors like TLR signaling'**'?'. Evidence unfolding also shows
that CTT is not involved in the activation of NF-xB, which rules
out the involvement of TBKI1'*?. DNA binding protein-IFN
inducible 16 plus DNA damage response factors-kinase ataxia
telangiectasia mutated and -poly (ADP-ribose) polymerase one
could assemble DNA damage-induced STING complex, resulting
in the non-canonical mode of STING activation independently of
c¢GAS. This STING activation mechanism predominantly leads to
the activation of NF-kB, rather than IRF3, and this was accom-
plished through tumor suppressor P53 and the E3 ubiquitin ligase
tumor necrosis factor receptor-associated factor 6 (TRAF6)83.
Furthermore, Balka et al.'*® emphatically observed in vitro and
in vivo that TBK1 is dispensable for STING downstream activa-
tion of NF-«kB, and STING downstream kinases [TBK1 and 1B
kinase ¢ (IKKe)] act redundantly to mediate STING-induced NF-
kB activation. Intriguingly, the team found transforming growth
factor (-activated kinase 1 (TAKI1) activated downstream of
STING-induced TBK1 and IKKe activity and upstream of 1xB
kinases (IKK«/IKK@) activity. TAK1 and IKK complexes, but not
TRAF6, are required for canonical NF-kB activation and the
production of pro-inflammatory cytokines.

3.3.2.  STING and inflammasomes and lytic cell death

NLRP3 (NOD-, LRR- and pyrin domain-containing protein 3)
inflammasome is another crucial arm of the innate immune system
whose activation mediates pro-inflammatory cytokines secretion
and caspase one activation. Evidence shows STING stimulates
NLRP3 inflammasome via the efflux of K" and membrane
perturbation. Mechanistically, active STING traffics to lysosomes
and induce a lytic form of lysosomal cell death by promoting K*
efflux. This subsequently leads to a decline in cytosolic KV,
thereby triggering the classical mode of NLRP3 inflammasome
activation, which mediates the release of IL-16 and IL-18 to
promote sterile inflammation and pyroptosis'**. Moreover, one of
the cellular events mediated by STING is the induction of lytic
forms of cell death (pyroptosis and necroptosis). Lytic forms of
cell death usually provoke inflammation through the uncontrolled
release of DAMPs, including extracellular vesicles containing
DNA'?%. At the physiologic level, some ISGs are known to be
regulators of lytic cell death, but the sustained expression of these
ISGs can also promote lytic cell death necroptosis. Mixed lineage
kinase domain-like protein (MLKL) is an ISG whose total levels

are crucial checkpoints for necroptosis. When MLKL oligo-
merizes, it promotes the plasma membrane’s rupture, leading to
the liberation of mitochondria, ATP, and other DAMPs. Interest-
ingly, it has been found that the inappropriate expression of ISGs
via STING signaling triggers MLKL above its critical threshold,
leading to MLKL oligomerization following MLKL
phosphorylation-induced necroptosis'*®. Consistently, in SAVI
mouse model, lytic forms of cell death contributed to the pro-
gression of the inflammatory disease, but surprisingly, it was in-
dependent of either IFNw&/8 receptor signaling or MLKL-
dependent necroptotic cell death pathway'>’. This finding sug-
gests that additional pathways might be involved in STNG-
mediated necroptosis.

3.3.3.  STING and mTOR

Mammalian target of rapamycin (mTOR) comprises of two
complexes, mTOR complex 1 and mTOR complex 2. Both com-
plexes have distinct functions essential to host metabolism, but
generally, mTOR network is an integrative rheostat that couples
intracellular nutritional status to inflammatory responses. Notably,
mTOR complex 1 is a nutrient sensor whose signaling promotes
cellular anabolic metabolism to regulate growth and survival, and
suppress lipolysis and autophagy. In skeletal muscles, fat, and
liver tissues of Trex!™~ background, chronic STING signaling
downregulated mTOR complex 1, leading to deregulation of
cellular metabolic phenotypes such as adiposity and energy bal-
ance'”®. This biological outcome was equated to STING-induced
TBKI1 activation independently of IRF3 since Irf3 "~ rescued only
inflammation but not altered metabolic phenotypes. Consistently,
other reports have found that TBK1 activation inhibits mTOR
complex 1 activation and signaling'**'*°. Furthermore, this has
been confirmed in vitro in response to pathogen-associated mol-
ecules, where TBK1-induced activation phosphorylated a vital
component of the mTOR complex 1, Raptor, at Ser877 to limit
mTOR complex 1 activity'®'. However, in another study by
Meade et al.'*?, it was observed that mTOR regulatory circuit
prevents STING signaling. The authors identified a poxviruses-
encoded protein that can sequester Raptor and Rictor (compo-
nents of mTOR complex 1 and complex 2, respectively), leading
to the disruption of STING activity and the facilitation of cGAS
degradation. These findings establish a link between cellular
metabolism regulator, mTOR, and STING—TBKI1 signaling;
however, STING—TBKI-induced activation or suppression of
mTOR activity is cell type and context-dependent'>'. Therefore,
future studies in metabolic tissues would be relevant for under-
standing STING—TBK1—mTOR signaling in CVDs and meta-
bolic disorders.

3.3.4. STING and autophagy and apoptosis

Autophagy/mitophagy are intracellular quality control processes
essential for the maintenance of metabolic homeostasis and tissue
rejuvenation. Autophagy stimulation destroys damaged organ-
elles, misfolded proteins, intracellular pathogens, etc., while
mitophagy (a selective form of autophagy) “clean out” damaged
mitochondria. In cardiometabolic disorders, dysregulation of
autophagy/mitophagy contributes to the initiation and exacerba-
tion of these disorders. Autophagy has been identified as a
conserved function in evolution for hSTING since CTT deletion
from hSTING, which -cancel-out downstream TBKI1/IRF3
involvement, still lead to autophagosome formation’’. Interest-
ingly however, this STING-induced autophagy was dependent on
Trp—Asp (W—D) repeat domain phosphoinositide-interacting
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protein two and autophagy-related gene 5, but not the traditional
autophagy initiators (UNC-51 like autophagy activating kinase 1,
beclin 1). Furthermore, STING-mediated autophagy was found to
be vital for the removal of cytosolic DNA after DNA damage. This
finding demonstrates autophagy as a distinct role of STING in
evolution alongside IFN-I induction. Nonetheless, aside STING-
mediated autophagy, STING signaling upstream and downstream
molecules and proteins (cGAMP, cGAS, and TBK1) can directly
or indirectly activate autophagy/mitophagy. Interestingly, their
autophagy/mitophagy mediation has been found to restrain
STING signaling and its excessive responses'*>'** '*®_ This in-
dicates negative-feedback control for STING signaling, but how
this cross-regulatory function is maintained in an on-going path-
ological context remains to be determined, particularly in car-
diometabolic diseases, where the arm of mitophagy/autophagy is
disrupted. In addition to autophagy/mitophagy, STING signaling
induces apoptosis (programmed cell death process vital to
organismal homeostasis)'*’~'*°. However, studies also suggest
that apoptosis induction silence dying cells from triggering im-
mune responses. By virtue of this, researchers suggest that STING
signaling is suppressed during apoptosis via proapoptotic caspases
stimulation''"*'*°. Yet, the specific understanding of how caspases
negatively regulate the cGAS—STING pathway is yet to be fully
comprehended, but researchers and available findings suggest that
cleavage and inactivation of component(s) of the pathway,
caspases-induced degradation of cytosolic DNA (mtDNA) and
suppression of gene expressions might be possible ways caspases
pull-down the activation of the cGAS—STING pathway''*'""-'4!,

4. STING—IFN-I signaling in cardiometabolic diseases

4.1.  Effects of IFN-I and IRF3 reprograming on
cardiometabolic diseases

IFN-I are polypeptides usually secreted by infected cells to boost
cell-autonomous defense mechanisms in autocrine and paracrine
patterns. IFN-I (IFN«, IFN@, etc.) signals via Janus kinase/signal
transducer and activator of transcription 1/2 signaling pathway
after stimulating the heterodimeric interferon receptor (IFNAR).
This typically leads to the induction of ISGs in both infected and
neighboring cells. With respect to this, IFN-I functions to promote
antigen presentation, immune cell functions, and chemokine and
cytokines production. They can also activate additional pathways
to promote effectors of T cell and adaptive immune responses'**.
Generally, optimal IFN-I induction by the cGAS—STING
signaling cascade promotes antiviral and anticancer immunity'**

However, evidence from King et al.*” revealed that aberrant
IFN-I production via cGAS—STING—IRF3 pathway and exces-
sive IFN-I signaling have deleterious effect on cardiac healing
following permanent MI in mice. The team observed that massive
cardiomyocyte death due to ischemic myocardial injury activates
the cGAS—STING signaling pathway through neighboring cells
regardless of their state, but this only occurred in non-myocytes
cell-types. Further single-cell analysis led to the identification of
F4/80" MHC II"CCR2"Ly6C™ macrophages population termed
interferon-inducible cells (IFNICs). This macrophage phenotype
showed enrichment expression of ISGs and was responsible for
the heightened cardiac inflammation and dysfunction upon
dsDNA sensing following MI. The induction of MI in Irf3~~ and
Ifnar™~ mice improved ventricular remodeling, contractile

function, mortality, and survival by 98% and 100%, respectively,
while in Cgas™ and Sting®”%' MI mice, less striking and no effect
on cardiac healing, respectively, were observed (Fig. 4). The au-
thors concluded that excessive IFN-I signaling is responsible for
post-MlI-associated inflammation and negatively affect cardiac
healing following ML

In similar fate to this observation, Ter Horst et al.'** supported
the finding that in rats the exogenous administration of IFN-I
worsens cardiac healing following MI by exaggerating left ven-
tricular dilatation and infarct size and promoting pro-
inflammatory and alternative macrophage phenotypes in periph-
eral and myocardium, respectively. In cancer patients, IFN-I
therapy was associated with subjects developing severe conges-
tive cardiomyopathy with transient hypotension episodes and
tachycardia'*>'*°. In the above cases, the causal—effect relation-
ship was unclear, but therapy discontinuation improved cardio-
vascular health despite the caveat. Also, for Trex/ ~~ mice model
(a model known to promote aberrant IFN-I signaling via the
cGAS—STING pathway), inflammatory myocarditis progressed,
leading to dilated cardiomyopathy and circulatory failure''’. In
patients with insufficient coronary collateral artery growth, IFN-I
signaling was enhanced, and suppression of IFN-I signaling pro-
moted arteriogenesis and vascular smooth muscle proliferation in
mice'*”"*®, In contrast, Ter Horst et al.'"** observed that in MI
patients, monocyte-specific upregulation of IFN-I signaling is
associated with beneficial cardiac healing post-MI. However, the
authors posit that the observed deleterious response from the
systemic administration of IFN-I in mice in their study cannot be
overlooked and compared with the beneficial effects of monocyte-
specific IFN-I signaling in MI patients. Because other contributing
responses from non-myeloid cells are likely to be involved in the
devastating effects of systemic IFN-I signaling.

Furthermore, IFN regulatory factors (IRF1-9) are family
transcription factors responsible for regulating the inducible ex-
pressions of IFN. Specifically, IRF3 and IRF7 are involved in the
generation of IFN-I through the upstream of DNA/RNA sensing
receptors such as cGAS. Several studies have provided informa-
tion on the individual roles of IRFs under diverse conditions such
as infection, genotoxic stress, metabolic stress, etc. For instance,
in relevance to cGAS—STING—IFN-I response signaling, IRF9 is
known for regulating ISGs expression through Janus kinase/signal
transducer and activator of transcription 1/2 pathway'*’. More-
over, multiple studies have elucidated the role of IRF family in
cardiometabolic diseases'>" '>*. Findings strongly reaffirm the
idea that the IRF family reprogram towards signaling pathways
that are different from the canonical essential immune regulatory
functions in response to hemodynamic overload, ischemia, me-
chanical injury, metabolic and shear stress'*’ '>* and this in-
fluences the initiation and progression of CVDs and metabolic
dysfunction'>*. In view of this, in 2014, Zhang et al.'> urgently
suggested IFN regulatory factors, including IRF3 (stimulated by
STING signaling), as therapeutic intervention target for the
management of CVDs. Although these studies demonstrating the
rewiring of IRF family, including IRF3, in cardiometabolic dis-
eases were investigated independently of the STING signaling, it
provides imminent information that excessive STING pathway
activation can lead to IRF3 partially departing from its canonical
immune signaling, thence impacting cardiovascular and metabolic
regulatory functions. Besides, studies discussed in the next section
have demonstrated IRF3 reprograming to STING-mediated IRF3
activation.
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Figure 4

STING signaling activation mediates heart diseases. In ischemic myocardial infarction, massive ischemic cardiomyocyte death leads

to the aberrant liberation of DNA. This DNA is sensed by ¢cGAS in macrophages, leading to the STING—TBKI1—IRF3 signaling activation.
Activated IRF3 translocates into the nucleus to induce the transcription expression of type one IFNs, causing recurrent expression of ISGs and
subsequent recruitment and differentiation of leukocytes. On the other hand, in cardiac hypertrophy, ER stress occurs in cardiomyocytes and
subsequently activates STING, leading to TBK1—IRF3 and -NF-«B downstream signaling pathways activation. Active IRF3 and NF-kB then
enter the nucleus, where IRF3 function to switch on the expression of type one IFNs, while NF-kB promotes pro-inflammatory cytokines
expression. Expressed pro-inflammatory cytokines act to enhance TGF-(1 levels leading to fibrosis.

4.2.  The role of the cGAS—STING pathway in cardiovascular
and metabolic diseases

4.2.1.

diseases
Hemodynamic overload and ischemia are crucial pathophysio-
logical causal factors for most heart diseases, including heart
failure and MI, in the elderly. Majority of studies have demon-
strated that ischemia and chronic pressure overload usually dam-
age heart tissues (cardiomyocytes, fibroblasts, and endothelial
cells) leading to the massive expulsion of DAMPs'*. In fact,
hemodynamic overload can cause mitochondrial injury'>’. The
extensive release of DAMPs or alarmins, which include self-DNA,

STING signaling in the pathophysiology of cardiac

mostly signals through pattern recognition receptors to contribute
to adverse functional outcomes, disease severity and high mor-
tality rates in individuals. In patients and mice with dilated hy-
pertrophic hearts, STING expression was upregulated and
correlated with profound macrophage infiltration, fibrosis, and
inflammatory responses. A follow-up experiment using Ang II-
treated cardiomyocytes and aortic banding-operated mice dis-
closed the activation of the STING—TBKI—IRF3 and -NF-«xB
signaling pathways, which were closely associated with ER stress
activation and misfolded protein response. An intriguing finding
was that the inhibition of ER stress or knocking out STING
remarkably alleviated cardiac hypertrophy by reducing car-
diomyocyte surface area, hypertrophic markers (ANP, BNP, and 3-
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MHC), and pro-inflammatory and fibrosis factors (IL-6, IL-18,
MCP-1, TNFq, and IFNa/B, a-SMA, collagen I/III)42 (Fig. 4).
The above mechanism of protection strongly links ER stress-
STING axis as an essential regulatory axis for cardiac hypertro-
phy. In addition, in pressure overload-induced cardiac hypertrophy
and heart failure, released self-DNA was found to engage the
cGAS—STING signaling, contributing to the disease progression.
Furthermore, the pathway’s inactivation attenuated cardiac hy-
pertrophy, fibrosis, apoptosis, immune inflammatory cells infil-
tration and cytokines production, and improved survival®’.

Moreover, in cardiomyocytes stimulated by lipopolysaccha-
rides (LPS), activated STING—IRF3 signaling was found to drive
LPS-induced cardiac dysfunction, inflammation, apoptosis, and
pyroptosis via increasing the expression of NLRP3'*®, In a similar
vein, AMP-activated protein kinase (AMPK) and AKT double
deletion provoked high-fat diet (HFD)-induced STING signaling
activation, culminating in pathological cardiac remodeling and
contractile anomalies. Interestingly, inhibition of cGAS or STING
rescued HFD-induced cardiomyocyte contractile dysfunction.
This suggests that AKT—AMPK signaling’s insufficiency accen-
tuates cardiac remodeling and contractile defects via chronic
activation of STING signaling'>’. Furthermore, in myocardial
ischemic injury, DNA sensing mediated by cGAS was involved in
governing macrophage function during repair of a damaged heart.
The pathway suppression safeguarded hearts by improving early
survival, promoting angiogenesis, repressing pathological
remodeling, and preserving cardiac function. Notably, it was
observed, together with emerging finding that inhibiting cGAS
accelerated repair by priming macrophages toward reparative
subsets and eliminated vital inflammatory mediators (such as
inducible nitric oxide synthase)''~’.

4.2.2.

diseases
Sporadic aortic aneurysm and dissection (AAD) is a lethal vascular
condition characterized by continuous aortic smooth muscle cell loss
and extracellular matrix degradation. Earlier established risk factors
include atherosclerosis, aortic coarctation, high-intensity weight lifting,
etc. Aside the progressive damage to the aortic structure, it’s also unclear
what pathobiological mechanisms are involved in driving aortic
degeneration. Induction of sporadic AAD in Sring®”*" mice showed
reduced aortic enlargement and elastic fiber fragmentation together
with alower incidence of AAD in comparison to sporadic AAD in wild-
type mice. This demonstrates that Stings”* protects aortic architecture
and preserves smooth muscle layer, confirming a positive involvement
role for STING in aortic degeneration and sporadic AAD formation.
Further, GO enrichment analysis, single-cell transcriptomic analysis of
aorta, and in vitro experiments confirmed that STING is involved in
multiple aortic smooth muscle cell stress responses (ROS, DNA-
damage, inflammation, and cell death). And ROS-mediated DNA
damage leads to the progressive release of DNA fragments, which
subsequently activates the cGAS—STING—TBKI1—IRF3 signaling
pathway to promote aortic smooth muscle cell death. Interestingly, the
team found that tissue monocytes are mainly responsible for sensing and
engulfing dsDNA from damaged aortic smooth muscle cells to activate
STING—IRF3 signaling, leading to increased matrix metallopeptidase
9 (a matrixin enzyme involved in extracellular matrix degradation)
expression. Indeed, the use of pharmacological inhibitor targeting the

STING signaling in the pathophysiology of vascular

blockage of TBK1 phosphorylation at STING’s Ser366 rescued spo-
radic AAD by preserving aortic architecture, improving survival rate,
reducing incidence and severity for AAD, etc.*'.

DNA damage and extracellular vesicles containing DNA at the
vascular site could contribute to the promotion of vascular dis-
orders, particularly atherosclerosis, through calcification, plaque
and thrombus formation progression. Indeed, DNA damage is a
hallmark feature of many vascular diseases and other genetic
vascular degenerative syndromes'®”. More so, earlier studies have
long suggested and described microbial DNA’s appearance in
human atherosclerotic plaque with unclarified pathophysiological
link to the vascular disease development'®""'°>. However, the
amount of bacterial DNA at the plaque site correlates with
monocyte recruitment and accumulation, supporting the conten-
tion that DNA-mediated monocyte recruitment drives both
vascular and systemic inflammation'®’. However, the pathobio-
logical mechanism by which DNA damage and bacterial DNA
contribute to atherosclerosis remains elusive. For instance, we do
not fully know whether bacterial DNA functions as paracrine
messengers to influence vascular dysfunction through stimulating
vascular and immune cells, thereby intensifying inflammatory and
oxidative responses during atherogenesis. But, if so, it is most
likely that the cGAS—STING pathway will be activated at the
injury site to expand immune-inflammatory responses. Besides,
studies have already reported that invading bacterial pathogens,
beneficial microbes harboring creatures, and microbial CDNs can
activate STING dependently or independently of cGAS to initiate
IRF3/NF-«B signaling'”'%'**'% But overall, to confirm the
involvement of DNA-sensing cGAS—STING pathway at the
vascular injury site and its role in human atherosclerotic CVDs
requires future research.

Vascular endothelial dysfunction correlates with the exacer-
bation and progression of vascular diseases. Studies from our
laboratory and others show that metabolic dysfunction-induced
impairment of vascular endothelial cell function is a driver of
microvascular and macrovascular complications in patients with
type two diabetes'®®. Vascular endothelial cells strongly express
STING, and when stimulated, initiate STING downstream
signaling. STING-induced endothelial dysfunction has been
observed in SAVI patients. And this led to vasculopathy, which is
characterized by chronic inflammation and vaso-occlusive pro-
cesses, as evidenced by elevated expression of markers of endo-
thelial inflammation (inducible nitric oxide synthase), coagulation
factor (tissue factor), endothelial-cell activation and-adhesion
molecules [E-selectin and intercellular adhesion molecule
(ICAM1)], IFN response genes, and increased endothelial cell
death'”. Equivalently, thrombotic coagulopathy in COVID-19
patients have been attributed to STING signaling over-
activation-induced endothelial dysfunction in these patients'®’.
Besides, prior studies also indicate that elevated IFN-I expression-
induces vascular damage and suppresses vascular tissue repair by
disrupting endothelial progenitor cells’ proliferation capacity.
Thus, contributing to atherosclerosis development in systemic
lupus erythematosus patients'°®.

Moreover, shreds of evidence show that elevated free fatty
acids are one essential link between obesity, type two diabetes,
and other metabolic disorders. In diabetic patients and obese in-
dividuals, the physiologic elevation of free fatty acids and
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persistent rise in blood sugar signals to impair vascular mito-
chondria function, consequently contributing to endothelial
dysfunction-induced vascular complications. Yuan and colleagues
realized that damage to the mitochondria by free fatty acids me-
diates mtDNA release, which engages the cGAS—STING—IRF3
pathway to repress angiogenesis. Mechanistically, phosphorylated
IRF3 binds directly to mammalian Ste20-like kinases 1 (MST1)
and ICAM-1 promoter regions, inducing MST1 and ICAMI1
expression, respectively. Increased ICAM-1 expression and
monocyte—endothelial cell adhesion led to endothelial inflam-
mation™’ while MST1 increased expression deregulated the Hippo
pathway by mainly inactivating yes-associated protein 1 (YAP1).
The cGAS—STING—IRF3-induced suppression of Hippo pathway
via MST1 led to inhibition of cell survival, proliferation, and
angiogenesis*’. Another team also demonstrated that aside free
fatty acids, active N-terminal Gasdermin D protein (a pore-
forming domain responsible for developing pores via oligomeri-
zation) impairs mitochondrial homeostasis by disrupting mtDNA
compartmentalization. This leads to mtDNA engaging the
cGAS—STING pathway, and the subsequent activation of the
pathway inhibits the dephosphorylation and nuclear translocation
of the transcriptional co-activators, YAP1 and WW domain-
containing transcription regulator 1 (TAZ), by promoting large
tumor suppressor kinase-mediated YAP1 phosphorylation and

Palmitic acid
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ubiquitin—proteasome mediated degradation, leading to the sup-
pression of cyclin-D-mediated endothelial cell proliferation and
vascular repair“’q (Fig. 5). In all, these studies have demonstrated
how STING signaling might contribute to vascular diseases-
mediated by metabolic stress and injury. Nonetheless, evidence
also indicates that optimal manipulation of the immune-vascular
crosstalk with STING agonists, normalizes tumor vascular
microenvironment, again supporting the positive immune role of
STING on vascular systems'’’. Nonetheless, these partial views
pave the way for detailed clinical-based studies on stimulation
dynamics on STING signaling in human vascular diseases.

4.2.3.  STING signaling in the pathophysiology of obesity
Obesity is a metabolic disorder that fosters the occurrence and
complication of diverse diseases. Patients with established
atherosclerotic cardiovascular events and heart failure often
benefit from interventions targeting weight reduction'’'. Adipose
tissue consists of specialized brown and white adipocytes. This
tissue is a critical regulator of whole-body energy metabolism'’?.
In obesity, adipocytes exponentially increase in size to expand
adipose tissue density. The abnormal expansion of adipose tissue
(mainly adipocyte hypertrophy) is the genesis of fibrosis and
inflammation observed in metabolic diseases and metabolic
dysfunction-induced cardiovascular disorders'”.
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upregulation of free fatty acids and the cytosolic accumulation of LPS triggers mitochondria damage. These actions destabilize mtDNA
compartmentalization and promote mtDNA release into endothelial cytosol. In turn, the mtDNA is sensed by cGAS, which subsequently activates
the STING—TBK-1 pathway, leading to the phosphorylation of IRF3 and LATS1/2. Active IRF3 translocate to the nucleus to promote tran-
scription expression of ICAM1, MST1, and cytokines, including IFN-I. Expressed MST1 together with activated STING—TBK-1 function to
suppress the Hippo pathway by stimulating phosphorylation of LATS1/2. This represses cyclin D-mediated endothelial cell proliferation and
vascular repair. In addition, mutations in the STING-encoding gene can directly induce endothelial dysfunction through the progressive stimu-
lation of endothelial activation and adhesion molecules, pro-inflammatory cytokines and factors, endothelial cell-death, etc., to drive pathological

vascular conditions in SAVI patients.
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Obesity-induced activation of DNA-sensing cGAS—STING signaling pathway mediates inflammation and metabolic abnormalities.

The metabolic disorder (obesity) destabilizes mtDNA localization by inhibiting DsbA-L. Decreased DsbA-L promotes mtDNA liberation, which
is sensed by cGAS and, in turn, activates the cGAS—STING—TBK-1 pathway. Besides active STING—TBK-1, LPS, and poly: I.C could activate
TLR4 and TLR3 receptors to stimulate the phosphorylation of IRF3. IRF3 and NF-«B activation induce the transcription expression of pro-
inflammatory cytokines (TNFa«, IFNa, MCP-1, IL-18) while the phosphorylation of PDE3B/4 by active TBK-1 inhibits cellular cAMP levels.
The increased expressions of pro-inflammatory cytokines contribute to inflammation-mediated metabolic dysfunction leading to insulin resis-
tance. The reduced cAMP levels suppress PKA signaling contributing to the abrogation of thermogenesis (heat production) in adipose tissues.

In HFD-fed obese murine and obese humans, Kumari et al.'”*

identified IRF3 as a critical early transcription factor whose level
is highly expressed in the adipocytes, and was responsible for
coordinating inflammation, macrophage infiltration, fat browning,
and insulin sensitivity. Consistently, downstream activation of
IRF3 via stimulation of TLR4 and TLR3 by LPS and polyinosinic-
polycytidylic acid, respectively, led to insulin resistance in adi-
pocytes, and the subsequent ablation of IRF3 reduced obesity-
induced inflammation and improves insulin sensitivity. This was
partly attributed to white fat’s browning, reduced macrophage
infiltration into fat pads, and the decreased expression of inflam-
matory genes.

Recently, Bai’s research team®**® has extensively studied
how obesity contributes to the activation of the cGAS—c-
GAMP—STING pathway to mediate obesity-induced resistance,
sterile inflammation, and energy dysregulation. The team found
that obesity suppresses adipose tissue-specific over-expression of
disulfide-bond A oxidoreductase-like protein (DsbA-L). DsbA-L
is a mitochondrial matrix derived protein initially classified as a
member of the glutathione transferase family. Later on, DsbA-L
has been identified to be localized to the ER with chaperone
function in adiponectin multimerization, and also partakes in the
folding of essential mitochondrial proteins crucial to mtDNA
replication'””. Interestingly, the team observed that obesity
suppression of DsbA-L destabilizes and promotes mtDNA’s

robust freeing, and as usual, mtDNA activated the cGAS—STING
pathway and promoted the corresponding increased expression of
TBK1, NF-kBP65, and IRF3. The elevated levels of TBK1, NF-
kBP65, and IRF3 acted to suppress insulin signaling and promote
inflammation. Also, phosphorylated TBK1 negatively regulated
thermogenesis and energy expenditure via activation of
phosphodiesterase-PDE3B/PDE4 to downregulate protein kinase
A (PKA) signaling in adipocytes and HFD-fed mice**%*.
Meanwhile, the over-expression of DsbA-L protected against
mtDNA-induced stimulation of the cGAS—STING signaling
pathway and subsequently repressed inflammatory factors
through adiponectin-and ER localization-independent mecha-
nism. Likewise, over-expression of DsbA-L restored the down-
regulated PKA signaling to increase energy expenditure**®*
(Fig. 6).

In HFD-induced obesity, STING downstream kinase TBK1
activation dysregulated energy homeostasis by directly inhibit-
ing the central energy homeostasis regulator AMPK at Thr142 of
the AMPK« subunit'’®. While inhibition of TBK1, IRF3, and
IKKe improved glucose tolerance, insulin sensitivity, energy
expenditure, and decreased body weight in type two diabetes
patients and adipocytes'’*'””. However, surprisingly, TBK1
shows to have bidirectional activity on inflammatory pathways
in adipocytes*”'’®. This was explained on one hand that
adipocyte-specific TBK1 knockout augments NF-«B activation,
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thereby exaggerating adipose tissue inflammation and insulin
resistance. On the other hand, TBKI1 activation suppresses
inflammation by reducing the activity of atypical NF-«kB via
TBK1-mediated phosphorylation-dependent degradation of IKK
kinase NF-«B-inducing kinase'’®. Notwithstanding, TBKI
activation could also prevent the cGAS—STING signaling via
promoting STING ubiquitination and degradation'*’. These
findings show that STING, importantly, its downstream kinase
TBKI1, has diverse and mayhap, conflicting roles depending on
the metabolic tissue type and its activation (acute or chronic) in
metabolic modulation.

Moreover, the STING 293Q allele (HAQ haplotype SNP)
impaired STING function to protect against obesity-associated
metabolic diseases and CVDs in aged subjects'’®'”. Likewise,
loss of STING or its downstream transcription factor IRF3 pre-
vented HFD-induced adipose inflammation, fibrosis, insulin
resistance, and glucose intolerance in mice*®! 74, Moreover,
Sting™~ or Irf3~’~ improves free fatty acid-induced inflammation
and apoptosis of pancreatic § cells, and even reverses impaired
insulin  synthesis, and upregulates the phosphoinositide
3—kinase—AKT signaling pathway, leading to insulin secretion in
islets of db/db mice'®’. In all, STING activation induces a
constellation of obesity-associated maladies, including insulin
resistance, fibrosis, oxidative stress, and energy deregulation,
fueling the development of obesity-dependent metabolic diseases
and CVDs.

4.2.4.  STING signaling in the pathophysiology of nonalcoholic
fatty liver and steatohepatitis

The liver plays an essential role in the metabolism of diverse
exogenous and endogenous biological substances, including fat,
glucose, drugs and dietary products, etc. On that account, in-
juries to the liver crucially alter metabolic pathways driving the
varied risk of developing liver metabolic diseases. Nonalcoholic
fatty liver disease (NAFLD) and nonalcoholic steatohepatitis
(NASH) are the most common metabolic disorders that affect
the liver. They are usually defined by progressive coexisting
pathologic hallmarks such as hepatic inflammation, dyslipide-
mia, oxidative stress, ballooning hepatocytes, steatosis, and
fibrosis'®!. Studies have revealed and associated STING
signaling as an essential intracellular pathway worsening
metabolic dysregulation in patients and mice with NASH and
NAFLD.

In hepatic tissues from NAFLD patients, STING signaling was
over-activated and was closely associated with severe
macrophage-mediated hepatic steatosis, inflammation, and
fibrosis. Notably, the team found that macrophages are the primary
cellular source of STING in the liver, and STING over-stimulation
regulates macrophages-mediated inflammatory responses and po-
larization, and hepatic steatosis and fibrosis. Interestingly, the
systemic deletion of STING or myeloid-cell specific deletion of
STING blunted liver fibrosis and inflammation, even in the pres-
ence of STING agonist. Also, transfer of bone marrow-derived
macrophages from wild-type mice to Sring®”*" mice caused severe
steatosis, inflammation and fibrosis. This confirms that the
enhanced metabolic phenotypes and inflammation are due to
STING absence in liver-resident macrophages rather than hepa-
tocytes’’. Consistently, Qiao et al.'® also concluded that the

recurrent activation of the STING—IRF3 signaling fosters NAFLD
development by promoting inflammation, apoptosis, and disrupt-
ing glucose and lipid metabolism. But, surprisingly, the team
observed STING—IRF3 signaling in free fatty acid-induced L-O2
normal human fetal hepatocytes. Also, remdesivir (a broad-
spectrum antiviral nucleotide prodrug with anti-inflammatory ac-
tivity) use demonstrated NAFLD protective activity via repressing
STING signaling'®*.

On the other hand, NASH is characterized by abnormal lipid
retention with evidence of inflammation, cellular damage, and
varying fibrosis degrees, usually leading to hepatocellular carci-
noma and cirrhosis. STING abrogation remarkably mitigated he-
patic steatosis, insulin resistance, scarring, and inflammation.
However, some studies on NASH have also shown that hepato-
cytes don’t express STING protein. But instead, mtDNA freed
from injured hepatocytes into the microenvironment are sensed by
kupffer cells, accounting for DNA-sensing and the subsequent
deleterious effects. Intriguingly, the team observed that both
STING and TLRY function synergistically to expand mtDNA-
induced sterile inflammation in the liver®. The formation and
accumulation of insoluble large protein inclusions and ubiquiti-
nated proteins in hepatocytes is a pathologic feature of damaged
liver and a marker for distinguishing NAFLD from NASH.
Interestingly, the cGAS—STING-induced activation of TBK1 and
the subsequent TBK1-mediated phosphorylation of P62/seques-
tosome one in hepatocytes has been identified as the mechanism
responsible for hyper nutrition- and obesity-induced development
of severe NASH through the facilitation formation of P62 insol-
uble inclusions'®*'®,  Also, STING—IRF3 innate immune
signaling modulates hepatocytes death in the liver to promote liver
fibrosis'"”.

Collectively, the majority of the studies discussed here have
established the pathophysiological implications and character-
istics of STING signaling activation in NASH/NAFLD devel-
opment. These findings suggest that targeting the pathway would
help alleviate inflammation, fibrosis, steatosis, insulin resis-
tance, and other impaired liver metabolic processes. Nonethe-
less, evidence shows that STING suppression is superior to
rescuing inflammation and altered metabolic events, whereas
Irf37¢ rescue inflammation from Trex/ ™~ background'*®.
Notwithstanding, most studies discussed here were mostly mu-
rine model-based studies; thus, human-based studies are ur-
gently needed to cement the understanding of STING
involvement in metabolic fatty liver diseases. Importantly, the
subject of hepatocytes expressing STING remains controversial
since some studies reported STING in hepatocytes''>'*% while
others said otherwise*”"’°. In part, some of the observation made
(lack of STING in human hepatocytes) can explain why hepatitis
virus escapes immune detection and often replicate in hepato-
cytes, usually resulting in liver diseases (cirrhosis and hepato-
cellular carcinoma) associated with chronic inflammation and
altered metabolic dysfunctions (hyperglycemia and insulin
resistance) *>'®’. Future studies employing single cell-
transcriptomic analyses and bioinformatics tools would be of
practical importance to simultaneously understand STING and
STING signaling implications in the capacity of association to
liver fatty diseases; thus, in the future, more robust studies
would be apt on the subject field.
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5. The developments on pharmacological small molecule
inhibitors of ¢cGAS and STING

The cGAS—STING pathway has emerged as an important thera-
peutic target for the induction of cytokines, including IFN-IL.
Several small-molecule agonists have been developed and are
currently  pursued in clinical trials (NCT03172936,
NCT04144140)'*®. Despite the optimal beneficial effects of the
cGAS—STING pathway in microbial control and tumor diseases,
outstanding efforts are underway to develop novel compounds that
will antagonize cGAS and STING to control the striking unwanted
inflammation and acute tissue damage observed from their chronic
stimulations. Currently, JAK inhibitor baricitinib and steroids are
used clinically to manage patients presenting with chronic STING
activation'®’. However, reports indicate that chronic STING
activation-induced pathological features persist to an extent'”’.
This suggests that novel pharmacological drugs targeting cGAS
and STING directly are warranted.

Here, studies discussed have demonstrated the role of exces-
sive cGAS—STING signaling in CVDs and metabolic diseases.

The one incredible observation is that suppressing the excessive
engagement of the cGAS—STING pathway, or IFN-I signaling,
could effectively prevent chronic cardiometabolic inflammation
and other pathological features contributing to the progression and
development of CVDs and metabolic diseases. Thus, any potential
pharmacological antagonist or anti-biologics against the pathway
could have prospects in cardiovascular and metabolic conditions.
Therefore, in the section, we highlight advances made so far on
small molecule inhibitors that target: 1) the catalytic activity of
cGAS; 2) competes for DNA-binding on cGAS; 3) directly inhibit
or displaces cGAMP from the STING activation pocket; 4)
STING palmitoylation (Table 1'7'72%%),

5.1.  Inhibitors of cGAS

cGAS serves as an alarm and an enzyme responsible for catalyzing
the generation of second messenger-cGAMP for STING signaling.
This makes it a favorable target to ameliorate cGAS-and STING-
dependent inflammatory diseases. An in silico-based screening of
chemical and drug libraries performed by An’s group'®!, which

Table 1  Overview of cGAS and STING inhibitors.
Compd. Molecular mechanism Ref.
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Target(s): Murine cGAS for RU. 521, and human and
murine cGAS for G108 and G150. Note, PF-06928215
displayed no cellular activity despite cGAS biochemical
potency.

Pharmacological action: Inhibit ATP and GTP catalytic
active sites on cGAS, interfering with cGAMP production.

Target(s): Human cGAS
Pharmacological action: Competitive inhibition of cGAS’s
DNA binding sites.
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Pharmacological action: Disrupt cGAS/DNA binding
complex interface via interacting with DNA binding sites A
and B.
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Table 1 (continued)

Compd. Molecular mechanism Ref.
4. Target(s): Human and murine cGAS 197
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3. Nitro-fatty acids (NO,-FAs) derivatives
[0

OH

NF NO,
NO,-conjugated linoleic acid
4. Tetradroisoquinolone acetic acid

OH
P o.
o :
O O Oj
F N
0 \©\’<tnj
cl CHEH‘
2-((35,4S5)-2-(4-(tert-Butyl)-3-chlorophenyl)-3-(2,3-dihydrobenzo[ b][ 1,4]
dioxin-6-yl)-7-fluoro-1-oxo-1,2,3,4-tetrahydroisoquinolin-4-yl)acetic

acid (compound 18)

Pharmacological action: Suppress palmitoylation-induce
clustering of STING by covalently modifying Cys88 and
Cys91 residues.

Target(s): human STING 201
Pharmacological action: Displaces cGAMP from its

binding site on STING

was focused on murine cGAS—dsDNA crystal structure, led to the
identification of antimalarial drugs (including quinacrine, hydrox-
ychloroquine, etc.) that had the potential to suppress cGAS activity.
The team found that the antimalarial drugs specifically bind to two
drug sites on the 2:2 ¢cGAS/dsDNA dimer, and in each site, the
antimalarial drugs fit in the minor furrow of dsDNA between the
cGAS/DNA interface (the interface linking dsDNA binding sites
A/B on two adjacent monomers). This leads to the antimalarial
drugs interacting with DNA binding sites (A and B) on two
adjoining cGAS monomers, causing changes in the stability of the
cGAS/dsDNA complex and subsequent suppression of activation
of cGAS by dsDNA and its enzymatic activity. Follow-up studies
show that IFNG expression, cGAMP production, and some

dsDNA-stimulated cytokines (IL-6 and TNFa) were all inhibited in
the presence of the antimalarial drugs that were studied. None-
theless, it is worth noting that different antimalarial drugs exhibited
different inhibitory potencies against the above parameters. For
instance, 9-amino-6-chloro-2-methoxyacridine was the most potent
inhibitor of cGAMP production, followed by primaquine, chloro-
quine, and hydroxychloroquine, which all exerted intermediate
inhibitory activities. Quinine exhibited the least inhibitory activity
against cGAMP production.

RU.521 affected cGAS activity by occupying the catalytic site
of cGAS and reducing its affinity for ATP and GTP without
directly interfering with dsDNA binding. Nonetheless, RU.521
had a vigorous mouse activity but a weak recombinant human
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cGAS inhibitory activity'?. This is probably because only 60% of
the amino acids of human and murine cGAS are identical. Thus,
treatments focused on human cGAS are indispensable. Corre-
spondingly, a study found that G108 and G150 small molecules
could co-crystallize with human cGAS and occupy the ATP- and
GTP-binding active site to suppress cGAS activity, similar to
RU.521. Moreover, their inhibitory potencies and specificity ac-
tivities were further confirmed in follow-up experiments in pri-
mary human macrophages'”>.

Furthermore, high-throughput biochemical screening of cGAS
inhibitors led to the identification of PF-06928215. Later on, it
was noted that PF-06928215 could also bind to cGAS active site
with a high-affinity value of 0.2 umol/L and suppress cGAS ac-
tivity with inhibitory potency of ICsy value of 4.9 pmol/L.
However, PF-06928215 failed to exhibit activity in cellular cGAS
assay'’!. Suramin, oligodeoxynucleotides A151, and X6 pre-
vented cGAS activation in a competitive pattern through dsDNA
displacement from cGAS'®>'%°. Recently, reports indicated and
demonstrated that CU-32 and CU-76 small molecules could
inhibit the protein—protein interface (PPI) of human cGAS in
human monocyte THP-1 cells. The PPI interface is required for
IRF3 activation and downstream IFN-I induction'®’. Lastly, the
role of posttranslational modification, such as acetylation, ubig-
uitination, and sumoylation of the cGAS protein, are equally
important potential regulatory targets to repress cGAS activation.
Thus, therapeutic agents targeting posttranslational modifications
of cGAS may be feasible in regulating cGAS activity. For
instance, aspirin could robustly enforce the acetylation of cGAS,
hence suppressing cGAS activity’”. Indeed, aspirin has been
suggested for use in COVID-19 (STING disorder) patients to
prevent thrombotic coagulopathy observed in these patients'®’. In
all, small molecules and posttranslational modifications aimed at
c¢GAS would be of great value in the modulation of cGAS activity
to control over-activation of STING signaling cascade events.

5.2.  Inhibitors of STING

STING is the critical signaling molecule for the DNA-sensing
cGAS—STING pathway. STING-dependent activation remains
crucial in diverse intracellular signaling pathways; therefore, ef-
forts to develop STING inhibitors have been undertaken based on
its crystal structure dynamics and regulatory factors, as discussed
previously. For example, astin C is a natural cyclopeptide derived
from Aster tataricus (a traditional Chinese medicinal plant). It was
identified by Li et al.'”® as a potent bioactive compound that
suppresses the cGAS—STING signaling to mitigate auto-
inflammatory response in TrexI '~ murine model and macrophage
cells. Although the specific mechanism of astin C remains to be
resolved, the team found that astin C binds specifically to the C-
terminal activation pocket of STING to prevent the recruitment
and activation of IRF3 onto the STING signalosome through the
displacement of CDN after CDN-induced STING conformational
rearrangements. Interestingly, astin C could dose-dependently
reduce DNA-induced type IFN-I expression and comparably
bind to STING H232 like cGAMP.

STING palmitoylation is one of the critical molecular pro-
cesses identified to induce STING activation by promoting STING
clustering at the Golgi apparatus and subsequent recruitment of
STING downstream signaling factors””. 2-Bromopalmitate, a non-
selective antagonist of palmitoylation, is the most commonly used
compound in experimental studies for in vitro palmitoylation
studies. However, Haag et al.'” identified that nitrofuran

derivatives (C-176, C-178, C-170, C-171, and H-151) could block
palmitoylation-induced clustering of STING by covalently modi-
fying Cys91 residue of STING. Notably, C-176 and C-178 show
murine STING activity but not hSTING. However, their de-
rivatives (C-170 and-C-171 and H-151) actively suppressed
hSTING palmitoylation, with H-151 being the most robust and
profound. Indeed, the abrogation of palmitoylation-induced as-
sembly of STING clusters by the nitrofuran derivatives markedly
blunted IFN-I responses, TBK1 phosphorylation, and pro-
inflammatory parameters both in Trex/ " murine model and
human cells. Nitro-fatty acids (NO,-FA) are fatty acids formed
endogenously, and previous reports classify them as anti-
inflammatory lipids mediators””. Similarly, NO,-FAs have been
identified to act in the same fate as nitrofuran derivatives to
suppress STING signaling. NO,-FAs block STING palmitoylation
via S-nitro-alkylation reaction. Specifically, they nitro-alkylate the
thiol groups of Cys88 and Cys99 located at the N-terminal region
of STING. NO,-FA exerted the above activity in both human and
murine cells. Also, NO,-FAs-induced suppression of STING
palmitoylation was observed in SAVI patient-derived fibroblasts.
Moreover, NO,-FA treatment in Trex/ ’~ model decreased in-
flammatory markers in heart tissues as well'*”°. Interestingly, a
point worth mentioning is that CXA-10 (a safe and well-tolerated
NO,-FAs) is currently being investigated in phase II clinical trials
for pulmonary arterial hypertension treatment (NCT04125745,
NCT04053543, and NCT03449524).

Tetradroisoquinolone acetic acid (compound 18) stabilizes
the open, inactive conformation of STING and binds to the
c¢GAMP binding site in a 2:1 ratio to displace cGAMP from its
binding site on STING. Compound 18 binds to Thr263 and
Thr267 residues, displays slow dissociation kinetics, good oral
bioavailability, and was potent with suppressing cGAMP-
dependent signaling in virro®®'. Besides, butenolide hetero-
dimer 13 has also been identified to exert a potent inhibitory
activity on STING pathway, but the exact target remains un-
clear’™. Nonetheless, posttranslational modifications of STNG
and downstream kinases are equally plausible and feasible ap-
proaches to repress STING activity. For instance, amlexanox is
an FDA-approved drug with anti-inflammatory properties and
used clinically to manage asthma and recurrent aphthous
ulcer”™. This drug blocks full activation of STING by inhibiting
TBK1-induced phosphorylation of STING at Ser366 because of
its high affinity and specificity for TBK1?°>?°. Interestingly,
treatment with amlexanox in sporadic AAD mice and human
sporadic ascending thoracic AAD tissues prevented aortic
degeneration and AAD development by improving elastic fiber
architecture, preserving aortic structure, mitigating rupture,
reducing extracellular matrix degradation, suppressing STING
and IRF3 phosphorylation, etc.*'. Indeed, amlexanox also
improved obesity-related metabolic dysfunction in mice*°. This
shows that other TBK1 inhibitors, such as aminopyrimidines>"’
and GSK8612%%, could suppress STING to improve STING-
associated diseases. For the detailed synthesis pathways and
the clinical status of cGAS—STING—TBKI1 small molecule

. . - 209
modulators, check this extensive review™ .

6. Discussion: Summary, caveats, outstanding questions, and
future directions

Hitherto, the discussed works have provided the first glimpse into
the role of the cGAS—STING pathway activation in the
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development and progression of CVDs and metabolic diseases.
The studies have shown that in patients with CVDs and metabolic
disorders, such as cardiac hypertrophy, sporadic AAD, NAFLD,
etc., STING expression levels are high, and its excessive signaling
might contribute to human CVDs and metabolic diseases pro-
gression. Under the discussed CVDs and metabolic disorders,
cGAS—STING activation principally promotes the following
defining characteristic endpoints: chronic sterile inflammation,
steatosis, fibrosis, insulin resistance, cardiac remodeling, aortic
degeneration, left ventricular dysfunction, coagulation, impaired
endothelial function, senescence, and lytic cell death. Since the
pathway discovery, STING is recognized as a vital sensor of
dsDNA and induces downstream inflammation response. In spite
of this, majority of the studies have revealed and affirmed the
notion of released DAMPs, including mtDNA, under pathophys-
iological conditions, such as obesity, fatty liver, pressure overload,
ischemia, etc., could switch the cGAS—STING—IRF3 signaling
pathway into a continual active state, leading to the above stated
pathologic endpoints and subsequently contributing to CVDs and
metabolic diseases development and progression*'-'*%21°,

Again, the multifaceted functions of STING have placed this
pathway at the epicenter between immunity and metabolism,
inflammation, cellular stress responses, and homeostasis pro-
cesses. Among the discussed mounted evidence, disruption of
STING signaling impacts cellular metabolism, ER stress, mis-
folded protein response, and intracellular homeostasis pro-
cesses'*'. The ER is a functionally disparate podium for nutrient
sensing and nutrient metabolism, which is critical component in
maintaining and restoring metabolic health. Because of this, ER
stress and unfolded protein responses usually dysregulate lipid and
carbohydrate metabolism, contributing to CVDs and metabolic
diseases. Notably, the crosstalk between STING signaling and ER
stress has been identified. Studies show that ER stress could
activate STING and its downstream signalings, and reciprocal.
This provides a critical axis for the appraisal of STING in cellular
stress responses. In addition to the ER stress-STING signaling axis,
STING signaling is at the crossroad with apoptosis'®''*!""!37,
autophagy/mitophagy””'**, and central metabolism regulator
mTOR complex 1'?%. These findings add to the growing body of
literature showing that STING signaling has evolved to be an
important regulator of cellular metabolism that connects inflam-
mation to nutrient metabolism. This provides a powerful scientific
breakthrough lens through which the role of STING signaling in
cardiometabolic diseases should be investigated.

Therefore, finding out whether the chronic activation of
downstream STING signaling, as seen in CVDs and metabolic
diseases, would dysregulate anabolic and catabolic metabolism
balance to suppress cellular survival in patients with CVDs and
metabolic diseases, would offer an additional avenue for un-
derstanding the pathological implication of STING signaling in
cardiovascular and metabolic health. But before clinical trials
commence, several steps need to be taken. First, it would be of
interest to evaluate self-DNA sensing via the cGAS—STING
pathway in other forms of cardiometabolic sterile tissue in-
juries and the pathophysiological relevance to the development
or progression of the diseases. Second, it would be useful to
study the step-by-step mechanisms and STING role in upre-
gulating ER stress, lytic cell death and misfolded protein
response pathways in metabolic tissues, samples and cultured
systems to assist in the generalizability of the findings.

Generally, autophagy and mitophagy are defective in most
CVDs and metabolic diseases’''. However, the detailed under-
standing of how STING signaling regulates autophagy and
mitophagy in cells of metabolic and cardiovascular origin (car-
diomyocytes, adipocytes, endothelial cells, arterial smooth muscle
cells, hepatocytes, etc.) remain unknown entirely. Answering the
following questions (What role does STING-induced autophagy or
mitophagy play in metabolic disorders and CVDs? To what extent,
and in what ways, does acute or chronic stimulation of STING
downstream signaling influence the induction of autophagy or
mitophagy to hijack STING signaling in metabolic tissues?) may
provide useful data sources for reasoning into how the pathway
affects these intracellular homeostasis processes to impact CVDs
and metabolic diseases.

Notwithstanding, the immune system is vital in cardiovascular
and metabolic health. Generally, immunostimulatory pathways’
normal functioning supports cardiovascular and metabolic health,
but the dysregulation or uncontrolled engagement of immunosti-
mulatory responses can be detrimental. IFN-I, the primary mole-
cules secreted by the activation of the cGAS—STING pathway,
role on CVDs and metabolic dysfunction are primarily under-
studied and unclear. However, studies show that systemic IFN-I
signaling and IFN-I transcriptional factors reprograming are
involved in CVDs and metabolic disease progression. In this
context, one can say that the chronic stimulation of the
c¢GAS—STING pathway could predict the role and effect of IFN-I
signaling on CVDs and metabolic diseases. However, this might
not be straightforward; therefore, answers to the following
outstanding questions (what relative proportions of IFN-I re-
sponses could be deleterious to cardiovascular and metabolic
health? What pathways does IFN-I mediate to affect cardiovas-
cular and metabolic health? How do IFN-I crosstalk with other
intracellular signaling pathways relevant to cardiovascular and
metabolic health? What additional cardiometabolic cell types are
involved in IFN-I signaling?) would provide a better understand-
ing of the role of the cardiometabolic—immune axis in car-
diometabolic health.

Away from the immunity—metabolic axis, STING proves to be
a significant chronic inflammatory molecule. The excessive
engagement of STING sparks devastating inflammatory response
popularly termed cytokine storm. This response is a life-
threatening condition with ravaging heart problems hypoten-
sion, and even organ failure consequences’'”. Moreover, it is
worth mentioning that the still ongoing COVID 19 global
pandemic is regarded as a STING disorder because of the
observed aberrant activation of STING, with pathological features
similar to SAVI. Intriguingly, despite the over-stimulation of
STING and its correlation with elevated cytokines signatures
(TNFa, IL-6, etc.), disease severity (mainly heart diseases), vaso-
occlusive process, and endothelial dysfunction in COVID-19 aged
patients, IFN-I responses are impaired, following excessive stim-
ulation of the immune system in end stages of the disease?'**'*.
Studies have also shown that loss-of-function in the enzyme
(TREXT1) drives the cGAS—STING into a hyperactive state to
promote chronic inflammation. Linking STING to autoimmune
inflammatory diseases, including systemic lupus erythematosus.
Furthermore, deficiency within metabolic quality control mecha-
nisms and mitochondrial stress promote chronic sterile low-grade
inflammation via cGAS—STING signaling. In all cases, STING
deletion attenuates the chronic inflammatory response'>*.



The cGAS—STING signaling in cardiometabolic diseases

69

However, some concerns, such as how does cardiometabolic-
derived dsDNA escape the phagosome or lysosome, and also some
cardiometabolic-origin cells expressing the integral protein
STING, remain contended. Specifically, STING and its signaling
activation in hepatocytes remain a bone of contention. As dis-
cussed, studies presented conflicting results, which could not be
explained by species variation because different findings report
STING in murine and human hepatocytes. The utilization of
modern tools such as single-cell RNA sequencing with highly
multiplexed genomic and proteomic data could help resolve the
discrepancies. It will also be of importance to examine how under
cardiometabolic pathophysiological conditions, liberated dsDNA
escape degradation. Furthermore, it will be crucial to investigate
other dsDNA sensors’ involvement in the heart and metabolic
tissues to determine whether specific self-DNA elements drive the
cGAS—STING pathway better than different dsDNA sensing
pathways. Reliable tools for measuring STING activation-
dependent biomarkers such as IFN-I and cGAMP in patients are
needed to provide further evidence of its pertinence to chronic
inflammatory CVDs and metabolic diseases.

In recent times the apprehending of microbes and their bio-
logical components DNA in CVDs and metabolic diseases have
rapidly surged again, particularly in the current era of microbiome
science’'”. Microbial DNA is overwhelmingly linked to crucial
metabolic phenotypes, particularly platelet reactivity, vascular/
metabolic inflammation, glucose and lipid metabolism, adiposity,
insulin sensitivity, etc. In reported cases of human atherosclerotic
CVDs, high microbial DNA levels are observed at the plaque site
without a well-defined pathological link to intracellular signaling
mechanism. Meanwhile, microbial DNA from both pathogenic
and beneficial microbes harboring within cavities activate STING
signaling'”~'?. Also, STING activation disrupts the gut intestinal
barrier, increases bacteria translocation, and promotes intestinal
inflammation”'®. Is STING signaling involved in the pathological
metabolic phenotypes mediated by microbial DNA at the vascu-
lature? One conceivable scenario is that STING disruption of gut
intestinal barrier will promote not only translocation of
commensal bacteria but also the trafficking of bacteria inflam-
matory metabolites such as LPS, which signals through TLR to
trigger systemic inflammation. In the future, comparing the rela-
tive contributions and the synergistic effects of other dsDNA-
sensing pathways with the STING signaling could provide thor-
ough insights into the role of dsDNA-sensing signaling cascades
in vascular biology and systemic inflammation.

On therapeutics, generally, the interventional role of cGAS
and STING on CVDs and metabolic diseases by pharmaco-
logical inhibition has not been carried out extensively except
by genetic modulation strategies. However, it is becoming
clear that targeting the cGAS—STING pathway would be of
importance in the fight against common sterile inflammatory
diseases such as CVDs and metabolic diseases. Therefore,
c¢cGAS and STING pharmacological antagonists might be
useful therapeutic tools against CVDs and metabolic diseases.
Hopefully, the “STING” in the tail of cardiovascular and
metabolic diseases will be solved in the end.

7. Concluding remarks
The cGAS—STING innate immune signaling is rapidly gaining

attention as a significant contributor to CVDs and metabolic dis-
eases that usually involve chronic low-grade sterile inflammation.

Moreover, the pathway provides the link between immunity and
metabolism. Nonetheless, while current findings seem promising,
several key issues remain to be determined, including the tissue-
specific crosstalk functions of this pathway with metabolic pro-
cesses, epigenetic effects of this pathway in CVDs and metabolic
diseases, STING- and cGAS-dependent functions on the cardio-
vascular and metabolic system, etc. And, evidence of the activa-
tion of STING-induced chronic inflammation in patients with
CVDs and metabolic diseases remains insufficient, but findings
discussed open an exciting new aisle for further translational
studies in CVDs and metabolic diseases.
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