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Background: Neonatal hypoxic-ischemic encephalopathy (HIE) is a condition causing brain injury in
newborns with unclear pathogenesis. Cyclic GMP-AMP synthase (¢GAS)/stimulator of interferon genes
(STING) signaling pathway and NOD-like receptor protein 3 (NLRP3) mediated pyroptosis are thought to
be involved in the pathological process of HIE, but whether these two mechanisms act independently is still
unknown. Therefore, we aim to clarify whether there is any interaction between these two pathways and thus
synergistically affects the progression of HIE.

Methods: The HIE model of neonatal rats was established using the Rice-Vannucci method. The potential
therapeutic effect of RU.521 targeting ¢cGAS on HIE was explored through rescue experiment. Twenty-
four hours after modeling was selected as observation point, sham + vehicle group, HIE + vehicle group
and HIE + RU.521 group were established. A complete medium of BV2 cells was adjusted to a glucose-free
medium, and the oxygen-glucose deprivation model was established after continuous hypoxia for 4 hours
and reoxygenation for 12 to 24 hours. 2,3,5-triphenyl tetrazolium chloride staining was employed to detect
ischemic cerebral infarction in rat brain tissue, and hematoxylin and eosin staining was used to observe
tissue injury. Immunofluorescence was applied to monitor the expression of cGAS. Real-time quantitative
polymerase chain reaction and western blot were utilized to detect the expression of messenger RNA and
protein.

Results: cGAS expression was increased in brain tissues of neonatal rats with HIE, and mainly localized
in microglia. RU.521 administration reduced infarct size and pathological damage in rat HIE. Moreover,
blocking ¢cGAS with RU.521 significantly reduced inflammatory conditions in the brain by down-regulating
STING expression, decreasing NLRP3 inflammasome activation and reducing microglial pyroptosis both
in vivo and in vitro. Besides, RU.521 promoted the switching of BV2 cells towards the M2 phenotype.
Conclusions: This study revealed a link between the ¢cGAS/STING pathway and the NLRP3/GSDMD/
pyroptosis pathway in neonatal HIE. Furthermore, the small molecule compound RU.521 can negatively
regulate cGAS/STING/NLRP3/pyroptosis axis and promote M2 polarization in microglia, which provides a

potential therapeutic strategy for the treatment of neuroinflammation in HIE.
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Introduction

Neonatal hypoxic-ischemic encephalopathy (HIE) is a
clinical syndrome characterized by neonatal brain injury
due to fetal asphyxia during the perinatal period (1,2).
The onset of this disease may also act as a trigger of
many complications such as neonatal nervous system
damage (3). Although the technologies in perinatal care
have been largely improved in recent decades, some
recent epidemiological investigations demonstrate that
the incidence of neonatal HIE in both underdeveloped
and developed countries is increasing (4), possibly due
to the lack of a specific treatment for this disease. The
reasonable diagnosis and treatment of neonatal HIE have
always been the focus of medical attention. In addition to
the conventional three-support and three-symptomatic
measures, mild hypothermia is also a safe neuroprotective
therapy for this disease and is now widely used in clinical
practice. However, such measures are subject to multiple
restrictions such as gestational age and time, and a small
number of children will still be at risk of death after
appropriate diagnosis and treatment (5,6). Therefore,
clarifying the pathogenesis of neonatal HIE caused by
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asphyxia is of very important clinical value for the early
prevention and treatment of neonatal HIE, as well as
improving the prognosis of children.

Microglia is an important target cell in the early
development of HIE (7,8). The increase of blood-brain
barrier permeability and the release of inflammatory
mediators modulated by microglia are important pathological
mechanisms of HIE (9,10). Cyclic GMP-AMP synthase
(cGAS)/stimulator of interferon genes (STING) signaling
pathway widely exists in a variety of cells. It plays an important
role in bacterial infection (11), viral infection (12), immune
diseases (13), and inflammatory diseases (14). This pathway
leads to the phosphorylation of nuclear factor kappa-B
(NF-kB) inhibitor kB (IxB) and degradation through the
ubiquitin-proteasome pathway. NF-kB enters the nucleus
and induces an inflammatory cascade (15). The NOD-like
receptor protein 3 (NLRP3) inflammasome is an innate
immune-inflammatory protein complex that mediates the
release of pro-inflammatory mediators, including IL-1f
and IL-18 (16), thereby participating in the regulation of
the inflammatory responses in many organs such as the
heart, the kidney, the liver, and the lung (17-20). It has
been reported that cGAS/STING and NLRP3-mediated
pyroptosis are involved in the pathogenesis of HIE (21,22).
However, the possible interaction between the cGAS/
STING pathway and the NLRP3 inflammasome in HIE
has not been clarified.

It is reported that after hypoxic-ischemic brain injury,
activated microglia can be divided into classical activated
M1 phenotype and selective activated M2 phenotype (23).
The former is an activated ameboid-like shape and secrete
excessive inflammatory factors and neurotoxic molecules,
leading to the death of normal cells, while the latter is
activated to secrete anti-inflammatory factors such as IL-10
and Arg-1, and has a stronger ability to engulf and clear
apoptotic cells. The activation, polarization and mediated
inflammatory response of microglia play an important role
in the occurrence, development, and outcome of brain injury
in HIE (24). A study has shown that RU.521 could promote
microglial transformation from the M1 phenotype to the M2
phenotype and mitigate subarachnoid hemorrhage-induced
brain injury (25). However, it is unknown how RU.521
affects microglia polarization in an HIE model.
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In this study, we tried to answer if the cGAS/STING
pathway has a synergistic effect with the NLRP3
inflammasome in the development of neonatal HIE.
Using a microglial cell line and a rat model of HIE, we
found that a ¢GAS inhibitor, RU.521, could significantly
suppress the expression of cGAS and STING; meanwhile,
it had an inhibitory role to NLPR3 mediated pyroptosis
and the production of pro-inflammatory cytokines. More
importantly, RU.521 significantly induced microglia M2
polarization. Our findings suggest that RU.521 could
be a promising candidate for treating neonatal HIE via
suppressing the cGAS/STING/NLRP3/pyroptosis axis
and regulating microglia polarization. To our knowledge,
this is the first study that links the cGAS/STING pathway
and the NLRP3 inflammasome-mediated pyroptosis in
an HIE model. We present this article in accordance with
the ARRIVE reporting checklist (available at https://
tp.amegroups.com/article/view/10.21037/tp-24-148/rc).

Methods
Animals

A total of 82 seven-day-old male and female Sprague-
Dawley (SD) rats weighing 11-15 g were provided by the
Center of Experimental Animals, Nantong University for
the experiment, 10 pups died during the hypoxia procedure.
These newborn animals were breast-fed and housed at
2422 °C with a 12-hour light/dark cycle. All animal
experiments were carried out under the approval of the
Animal Ethics Committee of Nantong University, China
(approval No. §20230610-099) and applied with the guide of
the Animal Care and Use Committee of Nantong University.

Establishment of neonatal HIE model and drug
administration

A protocol was prepared before the study without
registration. Seven-day-old newborn SD rats were used to
induce neonatal HIE model using the Rice-Vannucci method,
a model that combined unilateral carotid artery ligation with
an 8% oxygen concentration hypoxia model (26). In brief,
SD rats were anesthetized with 3% isoflurane, and then
fixed in the supine position, the left common carotid artery
was identified, exposed, ligated, and cut. After surgery, the
rats were returned to their mothers for 1 hour and then
placed in a closed hypoxia box (8% oxygen, 92% nitrogen,
flow rate 4 L/min) for 2.5 hours at 37 °C. To investigate

© Translational Pediatrics. All rights reserved.

Shen et al. RU.521 regulates MG polarization and pyroptosis in HIE

the effect of RU.521, pups were randomly divided into the
sham group, HIE group and RU.521 group. In the sham
operation group, only the carotid artery was exposed after
anesthesia without ligation or hypoxia (26,27). RU.521
(5 mg/kg, HY-114180, MedchemExpress, Shanghai, China)
was dissolved in 1% dimethyl sulfoxide (DMSO) + 10% corn
oil + 7% N,N-dimethylformamide (DMF) + 82% saline
at the concentration of 0.5 mg/mL and intraperitoneally
injected at 2 and 12 hours post-HIE (28). The sham and
HIE-only groups were intraperitoneally injected with an
equal volume of solvent. All procedures were in compliance
with EU Directive 2010/63/EU for animal experiments (29).

2,3,5-triphenyl tetrazolium chloride (TTC) staining

Twenty-four hours after the establishment of HIE, pups
were sacrificed. The bilateral brain tissues of the rats were
separated immediately and were taken in the coronal
position. The tissues were divided into uniform 2 mm slices
and incubated with 1% TTC solution for 20 minutes at
37 °C in the dark. The images were evaluated by Image-
Pro plus software (red: normal brain area, white: infarct
area). The percentage of infarct volume (%) = [contralateral
volume (mm”®) - ipsilateral non-infarct volume (mm’)]/[2x
contralateral volume (mm®)] x100% infarcted volume (30).
The experimenter was blind to the groups when reviewing
and analyzing the stained slides.

Hematoxylin and eosin (H&E) staining

Brain, heart, liver and kidney tissues were fixed in 4%
paraformaldehyde for 48 hours, then embedded in paraffin,
cut into 4-pm slices, and stained with H&E. The photos were
captured by a Nikon microscope (Nikon, Yokohama, Japan).

Immunobistofluorescence staining

Brain tissues were fixed in 4% paraformaldehyde for
48 hours and then dehydrated sequentially with 20% and
30% sucrose solutions. After being embedded in optimal
cutting temperature compound (OCT), the tissues were
cut into 12-pm slides. The brain sections were blocked
with 5% sheep, 5% fetal serum, and 0.3% Triton X-100 for
2 hours at room temperature. Sections were incubated with
the following primary antibodies at 4 °C: mouse-anti-Ibal
(1:100, ab283319, Abcam, Waltham, MA, USA), mouse
anti-glial fibrillary acidic protein (GFAP) (1:400, 3670, CST,
Danvers, MA, USA), mouse-anti-NeulN (1:100, 94403,
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CST) and rabbit-anti-cGAS (1:100, A8335, Abclonal,
Woburn, MA, USA). After washing with phosphate buffered
saline (PBS), the sections were incubated with fluorescent
secondary antibodies in the dark for 2 hours at room
temperature: goat anti-rabbit IgG H+L (Alexa Fluor™ 594)
(1:1,000, A-21207, Invitrogen, Waltham, MA, USA) and
goat anti-mouse IgG H+L (Alexa Fluor™ 488) (1:1,000,
A-11001, Invitrogen). After washing with PBS, the sections
were blocked in an antifade mounting medium with DAPI
(P0131, Beyotime, Nantong, China). Finally, the photos
were captured by a Nikon microscope.

TUNEL staining

Cell apoptosis was detected using the terminal
deoxynucleotidyl transferase deoxyuridine nick-end labeling
(TUNEL) kit (C1090, Beyotime). In summary, brain tissue
sections fixed in paraffin were dewaxed and then treated for
30 minutes at room temperature with proteinase K
(20 pg/mL, ST533, Beyotime). After washing with PBS,
the sections were incubated at 37 °C in the dark for
60 minutes for incubation with the TUNEL reaction
mixture. Finally, after the sections were washed in PBS, the
nuclei were counterstained with DAPI (BMU107, Abbkine,
Wouhan, China). The photos were captured by a Nikon
microscope. TUNEL-positive cells were quantified as a
percentage of the total number of nuclei.

Renal and bepatic function evaluation

Blood samples were collected at 24 hours after the
establishment of HIE and centrifuged at 2,500 rpm for 10
minutes. The upper serum was extracted and analyzed to
evaluate renal and hepatic functions. Serum creatinine (Scr)
levels were quantified using a Creatinine Assay Kit (C011-
2-1, Nanjing Jiancheng, Nanjing, China) while alanine
aminotransferase (ALT) levels were determined with an
ALT Assay Kit (C009-2-1, Nanjing Jiancheng) and aspartate
aminotransferase (AST) levels were assessed using an AST
Assay Kit (C010-2-1, Nanjing Jiancheng), all in accordance
with the manufacturer’s protocols.

Oxygen and glucose deprivation/reoxygenation model and
drug treatment

BV2 microglial cells were harvested in a humid environment
at 37 °C with 5% CO, in DMEM (Gibco, Waltham, MA,
USA) added with 10% fetal bovine serum (FBS), 100 U/mL
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penicillin, and 100 pg/mL streptomycin. The BV2 cells were
treated with glucose-free Earle’s balanced salt solution and
then incubated for 4 hours at 37 °C in a chamber with 95% N,
and 5% CO, to establish an oxygen and glucose deprivation/
reoxygenation (OGD/R) model. The same washing and
medium changes were applied to control cells, but they were
perpetually maintained in full culture media at a temperature
of 37 °C with 5% CO, and 95% air. Reperfusion was allowed
in normal conditions for 12 to 24 hours (31). Cells were
treated with different concentrations of RU.521 (0.5, 1 pM)
or vehicle (DMSO) from 2 hours before oxygen-glucose
deprivation to the time they were harvested (32).

Western blot analysis

The western blot was performed following conventional
procedures. In a nutshell, the cells or the ischemic cortex
were lysed with cold RIPA buffer (P0013B, P0013C,
Beyotime) containing 1 mM phenylmethylsulfonyl (ST506,
Beyotime). Protein concentrations were quantified using
bicinchoninic acid reagent (P0010S; Beyotime); subsequently,
equal amounts of protein samples were separated by 12.5%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore, Billerica, MA, USA) with
a pore size of 0.45 mm. After 1 hour of blocking with 5%
skimmed milk at room temperature, the membranes were
incubated within primary antibodies overnight at 4 °C.
Primary antibodies used for western blot were anti-cGAS
antibody (1:1,000, A8335, ABclonal), anti-STING antibody
(1:1,000, 19851-1-AP, Proteintech, Wuhan, China), anti-
NLRP3 antibody (1:1,000, YT5382, Immunoway, Plano,
TX, USA), anti-ASC antibody (1:1,000, ab175449, Abcam),
anti-caspasel antibody (1:1,000, 22915-1-AP, Proteintech),
anti-gasdermin D (GSDMD) antibody (1:1,000; 39754,
CST), anti-IL-18 antibody (1:2,000, 10663-1-AP,
Proteintech), anti-IL-1p antibody (1:1,000, AF-501-SP,
R&D, Minneapolis, MN, USA), anti-inducible nitric oxide
synthase (iNOS) antibody (1:1,000, 13210, CST), anti-
Argl antibody (1:3,000, 16001-1-AP, Proteintech) and
anti-B-actin antibody (1:1,000, 22915-1-AP, Proteintech).
After three rounds of washing with Tris-buffered saline
containing Tween 20, the membranes were transferred
to and incubated at room temperature for 2 hours with
horseradish peroxidase (HRP)-anti-rabbit/mouse IgG
(1:2,000, A0216/A0208, Beyotime). After enhanced
chemiluminescence (ECL) (PK10001, Proteintech)
development, the absorbance value of the bands was
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Table 1 The primers used in qRT-PCR
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Genes Forward sequence (5'-3') Reverse sequence (5'-3')

cGAS GCGTCTTCTTCAGTCATACTTC CTGGTCTACAGAGGGAGTTACA
STING CTGGCATCAAGAATCGGGTT GCTTTGGCATCCTGTGACAT
NLRP3 GACTGCGAGAGATTCTACAGC CCTCCTCTTCCAGCAAATAGT
Caspaset ACAAGGCACGGGACCTATG TCCCAGTCAGTCCTGGAAATG
GSDMD CTGTATGCTGAGGTGAAGGCT GGGCTGGTCCTGTAAAATCTT
ASC ACGGAGTGCTGGATGCTTTG TTGTCTTGGCTGGTGGTCTCT
IL-18 CTGGAATCAGACAACTTTGG GTCAACGAAGAGAACTTGGTC
IL-1p TACATCAGCACCTCACAAGC AGAAACAGTCCAGCCCATACT
p-actin CCTCTATGCCAACACAGT AGCCACCAATCCACACAG

gRT-PCR, quantitative real-time polymerase chain reaction; cGAS, cyclic GMP-AMP synthase; STING, stimulator of interferon genes;

GSDMD, gasdermin D.

analyzed with Image] software.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

"Total RNA of rat cortical tissues and cell lines was isolated
using TRIzol reagent (R401-01, Vazyme, Nanjing, China).
Complementary DNA (cDNA) was synthesized using
HiScript IIT RT SuperMix for gPCR kit (R323-01, Vazyme)
according to the manufacturer’s instruction. The cDNA was
used as the template for qRT-PCR, which was performed
using Cham(Q Universal SYBR qPCR Master Mix (Q711,
Vazyme) on ABI 7500 Real-Time PCR System (Thermo
Fisher, Waltham, MA, USA). Target gene expression was
analyzed using the 2**“ method, with B-actin mRNA as the
internal control. All the primer sequences are listed in Zible 1.

Statistical analysis

The experimental data were presented as mean = standard
error of the mean (SEM). One-way analysis of variance
(ANOVA), with Bonferroni’s test was used to compare
multiple independent groups. The histograms involved in
this study were drawn using GraphPad Prism 8.0 software.

Results

cGAS signaling is activated in microglia after HIE
modeling

To study the role of ¢cGAS signaling in HIE, we first
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established an animal model using neonatal SD rats
and determined the expression of ¢cGAS in brain tissues
(Figure 14). When compared with the sham group, the
protein expression level of cGAS were up-regulated in brain
infarct side of HIE pups, with peak level observed at 6 hours
after modeling, and we also noticed that cGAS seemed
falling down between 24 to 48 hours (Figure 1B).

To figure out the cell types that express cGAS in the
brain cortex, we next examined the location of cGAS.
Ibal, Neun, and GFAP were used to mark microglia,
neurons, and astrocytes, respectively (33-35). Double
immunofluorescence staining indicated that ¢cGAS primarily
colocalized with Ibal and sparingly with GFAP, but not
with Neun. Furthermore, compared to the contralateral
cortex, the microglia in the ipsilateral defined by Ibal were
amoeba-like and with a roundish body, indicating that they
were M1 microglia (Figure 2).

RU.521 inbibits cGAS signaling, NLRP3 inflammasome,
and pyroptosis after OGD/R

Since ¢cGAS was highly expressed in microglia in the
in vivo model, a microglia cell line BV2 was chosen to
build an OGD/R model to mimic HIE injury in vitro. We
next examined the effect of RU.521 on the transcription
of cGAS signaling-related molecules, including cGAS and
STING, in BV2 cells at various time points after OGD/R
insult. The results of real-time PCR demonstrated that the
transcriptions of cGAS and STING were significantly up-
regulated 12 and 24 hours after reoxygenation, while pre-
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Figure 1 Time course of ¢cGAS expression in brain tissues of neonatal rats with HIE. (A,B) Representative images and quantitative analysis

of western blot analysis of ¢cGAS in brain tissues of neonatal rats with HIE at different time points. Data are presented as mean + SEM; n=3.
*, P<0.05; **, P<0.01; ***, P<0.001. ns, no significance; cGAS, cyclic GMP-AMP synthase; HIE, hypoxic-ischemic encephalopathy; SEM,

standard error of the mean.
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Figure 2 ¢cGAS mainly localizes in the microglia after HIE. Double immunofluorescence staining indicated the cGAS colocalized mainly

with Ibal and to a lesser extent with Neun but not GFAP. Scale bar: 50 pm. Contra, contralateral; Ipsi, ipsilateral; cGAS, cyclic GMP-AMP

synthase; HIE, hypoxic-ischemic encephalopathy; GFAP, glial fibrillary acidic protein.
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Figure 3 RU.521 inhibits cGAS/STING signaling in BV2 cells after OGD/R. (A) Real-time PCR analysis of expression of ¢cGAS and
STING in BV2 treated with RU.521 (0.5, 1 pM) for 12 or 24 h. (B,C) Representative western blot images and quantitative analysis of cGAS
and STING in BV2 cells treated with RU.521 (0.5, 1 pM) for 12 or 24 h. Data are presented as mean + SEM; n=3-9. *, P<0.05; **, P<0.01;
*** P<0.001; ****, P<0.0001. ns, no significance; cGAS, cyclic GMP-AMP synthase; NC, negative control; STING, stimulator of interferon
genes; OGD/R, oxygen and glucose deprivation/reoxygenation; SEM, standard error of the mean.

treatment of RU.521 (0.5 pM) dramatically reduced the
expression of both molecules (Figure 3A4). In consistency
with the changes on the transcription level, western blot
analysis indicated that the protein expression of ¢GAS and
STING was also significantly enhanced by reoxygenation
and reduced by RU.521 treatment (Figure 3B,3C).

NLRP3 is another key player in HIE-associated
inflammatory response. However, it is currently unclear
whether RU.521 treatment could influence NLRP3-related
pyroptosis of microglia in the OGD/R model. To clarify
this issue, we first examined the effect of RU.521 on the
transcription of pyroptosis-related molecules, including
NLRP3, caspasel, ASC, GSDMD, IL-1B, and IL-18. The

results showed that reoxygenation significantly enhanced
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the transcription of all these genes in BV2 cells, which were
down-regulated by pre-treatment of RU.521 in BV2 cells
(Figure 4). Meanwhile, the impact of reoxygenation and
RU.521 on the protein levels of these genes in BV2 cells
were measured using western blot and the results were
consistent with the findings of mRNAs. More importantly,
we observed that the levels of cleaved form of caspasel
(p20) and GSDMD (GSDMD-N) were also suppressed by
treatment of RU.521 (Figure 5), indicating an inhibitory role
of RU.521 for reoxygenation induced pyroptosis. Moreover,
the significant down-regulation of the maturation of pro-
inflammatory cytokines, IL-1B (p17) and IL-18 (p17), after
treatment of RU.521 demonstrated that the drug had a
suppressive role in the production of NLRP3 inflammasome
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Figure 4 RU.521 inhibits mRNA expression of NLRP3 inflammasome and proinflammatory cytokines in BV2 cells after OGD/R. Real-
time PCR analysis of expression of NLRP3, caspasel, ASC, GSDMD, IL-18 and IL-1p in BV2 treated with RU.521 (0.5, 1 uM) for 12 or
24 h. Data are presented as mean + SEM; n=9. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. ns, no significance; NC, negative control;
NLRP3, NOD-like receptor protein 3; GSDMD, gasdermin D; OGD/R, oxygen and glucose deprivation/reoxygenation; PCR, polymerase

chain reaction; SEM, standard error of the mean.

mediated pro-inflammatory cytokines. These results
indicate that RU.521 can inhibit ¢GAS signaling and thus
attenuate NLRP3-mediated pyroptosis and the production
of pro-inflammatory cytokines i vitro.

We discovered that cGAS was more likely to be detected
in M1 microglia in our initial /7 vive experiment, thus we
investigated the effect of RU.521 on BV2 polarization.
iNOS is the marker of M1 macrophage and Argl
(Arginase 1) is the marker of M2 macrophage. The results
demonstrated that both iNOS and Argl increased after
the OGD/R insult, and they changed in the same direction

© Translational Pediatrics. All rights reserved.

following RU.521 intervention. While there was still a
discernible difference in the degree of increase, the latter
increased even more especially 12 hours after reoxygenation
(Figure 6). The results show that RU.521 can increase M2
polarization in vitro.

RU.521 alleviates bypoxic ischemic brain damage

The above findings prompted us to investigate the potential
in vivo effect of RU.521. We thus established a rat model
of HIE and administered RU.521 via peritoneal injection
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Figure 5 RU.521 inhibits NLRP3-mediated pyroptosis in BV2 cells after OGD/R. (A,B) Representative western blot images and
quantitative analysis of NLRP3, cleaved caspasel, ASC, GSDMD-N, cleaved IL-18 and cleaved IL-1f in BV2 treated with RU.521 (0.5,
1 uM) for 12 or 24 h. Data are presented as mean + SEM; n=3. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. ns, no significance; NC,
negative control; NLRP3, NOD-like receptor protein 3; GSDMD, gasdermin D; OGD/R, oxygen and glucose deprivation/reoxygenation;
DMSO, dimethyl sulfoxide; SEM, standard error of the mean.
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Figure 6 RU.521 promotes M2 phenotypic polarization of BV2 cells after OGD/R. (A,B) Representative western blot images and
quantitative analysis of iNOS and Argl in BV2 cells treated with RU.521 (0.5, 1 uM) for 12 or 24 h. Data are presented as mean = SEM;
n=3. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. ns, no significance; iNOS, inducible nitric oxide synthase; OGD/R, oxygen and
glucose deprivation/reoxygenation; DMSO, dimethyl sulfoxide; NC, negative control; SEM, standard error of the mean.

as shown in the schematic (Figure 74). HIE pups were
administered 2.5, 5 and 10 mg/kg RU.521 intraperitoneally.
TTC staining was performed to evaluate the infarct volume
in the sham, HIE, and HIE + RU.521 groups. The sham
group had normal brain tissue morphology. The results
showed that even in the low-dose drug group, the infarction
volume of the brain [22.37%, 95% confidence interval
(CI): 21.01-23.73%] was significantly lower than that in
the HIE group (30.03%, 95% CI: 28.09-31.97%), and
the infarct size was further reduced in the medium-dose
drug group (17.40%, 95% CI: 16.29-18.51%), but there
was no significant difference compared with the high-
dose group (17.50%, 95% CI: 16.46-18.54%) (Figure 7B).
This analysis also revealed that 5 mg/kg of RU.521 was
the most efficacious dose for reducing the volume of HIE-
induced cerebral infarction in rats (Figure 7C). As a result,
5 mg/kg RU.521 was chosen for further tests. In addition

© Translational Pediatrics. All rights reserved.

to brain damage, hypoxia also causes liver and kidney
damage. In this experiment, the Scr content and ALT and
AST activities of HIE model rats were significantly higher
than those of the sham operation group. After RU.521
treatment, although there was no statistical difference,
these indicators still showed a downward trend (Figure 7D).
Besides detecting blood biochemistry to assess RU.521
drug toxicity, kidney, liver, and heart tissues were collected
after pups were sacrificed, and organ damage was observed
by H&E staining. The results showed that there was no
significant difference in the heart and liver histology of
the rats in each group. However, necrosis and detachment
of tubular epithelial cells occurred at the junction of the
cortex and medulla of the kidneys of rats in the HIE
group, and the basement membrane was exposed, while no
similar situation was observed in the RU.521 intervention
group (Figure 7E). The number of TUNEL-positive cells
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Figure 7 RU.521 reduces brain infarct volume and improves pathological damage after HIE. (A) Schedule of i vivo experimental procedure.

(B) Representative images of T'TC staining of brain tissues at different doses of RU.521. (C) Percentage analysis of infarct volume in brain

tissues of each group. (D) Detection of Scr, ALT and AST in serum. (E) Representative H&E staining pictures of heart, kidney and liver

sections from each group. Arrowheads indicate tubular injury. Scale bar: heart and liver, 100 pm; kidney, 50 pm. (F) Representative pictures

of TUNEL staining. Scale bar: 100 pm. (G) Quantitative analysis of TUNEL-positive cells in diverse groups. (H) Representative images

of H&E staining of brain tissues 24 h after HIE modeling. Scale bar: top, 500 pm; bottom, 100 um. Data are presented as mean = SEM;
n=3-6. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. ns, no significance; HIE, hypoxic-ischemic encephalopathy; TTC, 2,3,5-triphenyl
tetrazolium chloride; H&E, hematoxylin and eosin; Scr, serum creatinine; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

in the ipsilateral cerebral cortex of the rescue group was also
significantly reduced (Figure 7FE7G). H&E staining showed
that the neurons and glial cells in the Sham group had normal
morphology, clear nucleoli, and no cell edema. There was no
hemorrhage, necrosis, or edema in the interstidum. While in
the HIE group, the cortical cells were swollen and prominent,
and some nuclei were pyknotic. The interstitial tissue was
loose and edematous, and the extracapillary space was widened.
RU.521 treatment significantly improved this injury after HIE,

© Translational Pediatrics. All rights reserved.

and the brain tissue morphology of the rescued group was
closer to that of the sham group (Figure 7H).

RU.521 attenuates HIE-induced neuroinflammation

We then examined the expression changes of ¢cGAS/
STING pathway molecules in HIE rats. Western blot
results showed that the protein levels of ¢cGAS and STING

were significantly enhanced in brain tissues of rat pups
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Figure 8 RU.521 inhibits HIE-induced expression of cGAS, and NLRP3 inflammasome- and pyroptosis-associated molecules. Rat pups
received intraperitoneal injection of RU.521 (5 mg/kg) or an equal volume of vehicle at 2 and 12 h post-HIE. (A,B) Representative western
blot images quantitative analysis of ¢cGAS and STING. (C,D) Representative western blot images quantitative analysis of NLRP3, caspasel,
cleaved caspasel, ASC, GSDMD, GSDMD-N, IL-18, cleaved IL-18, IL-1p, and cleaved IL-1f in the brain cortex of indicated groups.
Data are presented as mean + SEM; n=4. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. cGAS, cyclic GMP-AMP synthase; STING,
stimulator of interferon genes; HIE, hypoxic-ischemic encephalopathy; NLRP3, NOD-like receptor protein 3; GSDMD, gasdermin D;

SEM, standard error of the mean.

on day 1 post-HIE (Figure 84,8B), while intraperitoneal
injection of RU.521 into rat pups significantly suppressed
the expression of both molecules in the brain tissues
(Figure 84,8B). Similar to the results in BV2 cells, the levels
of pyroptosis-related genes and NLRP3 inflammasome
mediated pro-inflammatory cytokines in brain tissues of

© Translational Pediatrics. All rights reserved.

rat pups were up-regulated by ischemic hypoxia injury and
were down-regulated by intraperitoneal injection of RU.521
(Figure 8C,8D). Here, the results demonstrated that the
cGAS/STING/NLRP3 axis was highly activated after
modeling and RU.521 significantly reduced cGAS/STING
signaling and NLRP3 inflammasome mediated pyroptosis
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in brain cerebral cortex of HIE rats.

Discussion

In this study, we found that the cGAS/STING axis was
significantly elevated in an HIE rat model, which correlated
with increased neuroinflammation in the brain. Blocking
cGAS with a specific inhibitor, RU.521, significantly reduced
inflammatory conditions in the brain by inhibiting the level
of STING, the activation of NLRP3 inflammasome and
GSDMD mediated microglial pyroptosis. Besides, RU.521
promoted the switching of BV2 cells towards the M2
phenotype. Our findings revealed a link between the cGAS/
STING pathway and the NLRP3/GSDMD/pyroptosis
pathway in neonatal HIE.

Our study found that in the HIE model of 7-day-old
SD rats, cGAS protein expression increased significantly
after 6 hours and began to decrease at 24 to 48 hours. A
previous study has shown that the most serious brain injury
is induced 24 hours after HIE insult (36). Therefore, in
this part of the animal experimental study, we selected
this time point to detect the changes of cGAS/STING/
NLRP3 protein levels in the cerebral cortex of rats
after the establishment of HIE model. The results of
this study showed that cGAS/STING, NLRP3 related
pyroptosis genes including ASC, caspasel, GSDMD,
IL-18, and IL-1B were up-regulated after modeling.
Blocking ¢GAS with RU.521 not only down-regulated
the downstream STING expression, but also significantly
reduced the generation of NLRP3 inflammasome and
microglial pyroptosis. Both cGAS/STING and NLRP3
inflammasome have been shown to regulate inflammatory
responses in many diseases. This study did not interfere
with NLRP3 to observe the changes of cGAS/STING
pathway. However, it has been shown that the expression
levels of IL-1p and IL-18, the downstream inflammatory
cytokines of NLRP3 inflammasome, were significantly
decreased in human pulmonary microvascular endothelial
cells (HPMVECsS) treated with MCC950, while the
expression levels of cGAS and STING were not remarkably
decreased (37). Combining the results of the two
experiments, we hypothesize that the cGAS/STING
pathway may act as an upstream regulator of NLRP3
inflammasome, which in turn regulates inflammatory
responses in HIE. Activation of the NF-«B signaling
pathway is a key regulatory mechanism mediating the
NLRP3 inflammasome initiation process, and the NF-
kB signaling pathway is also one of the downstream

© Translational Pediatrics. All rights reserved.
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inflammatory signaling pathways after STING activation
(38,39). Therefore, NF-xB-mediated transcriptional
activation of NLRP3 inflammasome-related proteins
may be an important bridge between the cGAS-STING
axis and NLRP3 inflammasome-mediated microglial
pyroptosis. In addition, studies have found that STING
can bind to NLRP3 in the endoplasmic reticulum and
improve NLRP3 localization to promote the formation of
NLRP3 inflammasomes (40,41). Moreover, STING can
interact with NLRP3 and weaken the K48 and K63-linked
polyubiquitination of NLRP3 to induce the activation of
NLRP3 inflammasomes (41). While the specific interacting
mechanisms between the two immune response-related
pathways, the specific functions, and potential new
regulatory mechanisms of these two pathways in HIE still
need further research.

As key innate immune system receptors, Toll-like
receptors (TLRs) and ¢cGAS-STING both play a role in
the occurrence and development of neuroinflammation
(42,43). Numerous studies have shown that TLR4/
MyD88/NF-«kB signaling pathway plays a crucial role in
HIE disease, and some natural compounds can protect
HIE by inhibiting different nodes of this pathway (44-46).
In a human immunodeficiency virus (HIV)-related study,
researchers have found that the TLR with ¢GAS crosstalk
between signaling pathways, showing that cGAS-dependent
IFN-1 production requires the participation of a second
signal generated after TLR pathway activation, namely the
fusion of two different types of innate immune signaling
pathways can amplify the signal output (47). In addition, a
study has shown that TLR4/cGAS/STING axis also exists
in hepatocellular carcinoma iz vitro model (48). However,
no studies have shown the crosstalk between TLRs and
cGAS/STING pathways in HIE disease, and more in-depth
studies are needed to delineate the signal transduction
network.

Highly production of pro-inflammatory cytokines often
leads to poor clinical prognosis (49). However, excessive
neutralization or blockade of cytokines actually increases
adverse consequences and faces challenges in the actual
clinical translation process (50). For example, canakinumab
(an anti-IL-1p antibody) has already been approved for
treating autoimmune diseases. While due to the pleiotropic
effects of IL-1p on immunomodulatory processes, blindly
inhibiting its activity often leads to serious side effects such
as infection, allergy, and immunosuppression in actual
clinical application (51). Based on the fact that cGAS
senses specific double-stranded DNA and then causes
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related inflammatory responses, we believe that using the
specific inhibitor RU.521 by targeting cGAS to regulate
the inflammatory cascade and improve inflammatory injury
after HIE may have greater safety. Yet this speculation
needs to be further validated in further animal-based studies
and preclinical studies.

With the progress of hypoxic-ischemic brain injury,
microglia will dynamically change its phenotype and
function, and gradually change to the pro-inflammatory M1
phenotype. The increased polarization of pro-inflammatory
microglia can aggravate brain injury, hinder neuronal
regeneration, and interfere with the repair of neurological
function after injury. Our study shows that when HIE
occurs, microglia are activated in the cerebral cortex on
the infarcted side, mostly showing a pro-inflammatory
M1 phenotype. Although we did not examine the effect
of RU.521 on microglial polarization in vive, RU.521
treatment was significantly involved in the regulation of
microglial polarization in the iz vitro model of OGD/
R, and Argl expression was more significant than iNOS,
suggesting that the resting microglial cells tend to transition
to the anti-inflammatory M2 phenotype. Further research is
required to understand the detailed mechanisms.

The present study, however, has certain limitations
that necessitate further investigation. Our study found
that ¢cGAS was highly expressed in rat HIE and the use
of the small molecule inhibitor RU.521 could inhibit the
activation of downstream pathways. However, there has
been no study on the expression pattern of cGAS in clinical
human HIE, which is also the focus of our further study.
Cerebrospinal fluid (CSF) is the most valuable extracellular
fluid in the study of the central nervous system. In addition
to sugars, proteins, electrolytes and other components,
CSF also contains extracellular vesicles (EVs), which
carry bioactive substances such as lipids, nucleic acids and
proteins (52). CSF EVs may play a role in communication
of central nervous system. Although we have not been able
to study the expression of ¢cGAS in EVs, it is gratifying
that double-strand DNA (dsDNA) of the cGAS/STING
pathway and activated STING protein can be transported
to bystander cells through EVs (53,54). Despite the limited
research, EVs in CSF still provide us with inspiration to
detect whether there is activation of the cGAS/STING/
NLRP3 pathway in human HIE diseases. The purpose of
this study is to determine the cGAS for future medication
development goals. Although RU.521 was found to be a
good inhibitor of the cGAS/STING pathway in our study
and some other rodent studies, it is a poor human cGAS

© Translational Pediatrics. All rights reserved.
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inhibitor (55). Subsequent studies will evaluate different
cGAS inhibitors in animal models with particular emphasis
on VENT-03, a first-in-class cGAS inhibitor—to see if it
has a therapeutic effect on HIE (56).

Conclusions

This study demonstrates that the cGAS/STING pathway
is up-regulated in both animal and cellular models of
HIE and plays a role in neuroinflammation, possibly
through activation of the NLRP3 inflammasome and
associated microglial pyroptosis, as well as regulation of
M1/M2 polarization in microglia. Our results also show
that the changes induced by HIE insult can be alleviated
by treatment with RU.521, which provides that cGAS
is a promising therapeutic target for the treatment of
neuroinflammation in HIE.
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