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Abstract

Neuroinflammation in the cardiovascular center plays a critical role in the progression of hypertensive heart disease. And
microglial autophagy is involved in the regulation of neuroinflammation. Cyclic GMP-AMP synthase (cGAS), a cytosolic
DNA sensor, senses mitochondrial DNA (mtDNA) and regulates autophagy. The detailed mechanisms of central cGAS affects
neuroinflammatory response in hypertensive heart disease via regulating autophagy remain unknown. Angiotensin II (Ang II,
1.5 mgkg™'-12 h™!, 2 weeks) was intraperitoneally injected to induce hypertension in mice. The cGAS-STING pathway was
activated in the paraventricular nucleus (PVN) of Ang II-induced hypertensive mice. The contractile dysfunction of heart was
alleviated in Ang II-induced hypertensive cGAS™~ mice. To observe the central effects of cGAS on regulating hypertensive
heart disease, the RU.521 (a cGAS inhibitor) was intracisternally infused in hypertensive mice. Intracisternal infusion of
the RU.521-alleviated myocardial interstitial fibrosis, cardiomyocyte hypertrophy, and the contractile dysfunction in Ang
II-induced hypertensive mice. Intracisternal infusion of RU.521 attenuated the microglial activation, neuroinflammation,
sympathetic/parasympathetic activity ratio, and lowered blood pressure. The autophagic flux in the PVN cells was blocked,
while intracisternal infusion of RU.521 alleviated this effect in the Ang II-induced hypertensive mice. In vitro, it was found
that cGAS-STING activation-induced autophagic flux blockage, while when the impaired autophagic flux was facilitated
by rapamycin, an autophagy inducer, the microglial M1 polarization was decreased correspondingly. In conclusion, cGAS
induces the inflammatory phenotype of microglia via impairing autophagic flux, thereby participating in neuroinflammation,
which leads to sympathetic overactivation in hypertension and further caused hypertensive myocardial injury.
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ROS reactive oxygen species

ATP adenosine triphosphatase

GTP guanosine triphosphate

cGAMP 2'-3'-cyclic GMP-AMP

IL-6 interleukin-6

TNF-a tumor necrosis factor o

IRF3 interferon regulatory factor 3

TBK1 TANK-binding kinase 1

NF-xB nuclear factor-kappa B

RT-PCR quantitative real-time polymerase chain
reaction

PBS phosphate buffer saline

PB phosphate buffer

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

PVDF polyvinylidene fluoride

ECL electrochemiluminescence

SBP systolic blood pressure

DBP diastolic blood pressure

MBP mean blood pressure

IFN-B interferon f

LF low frequency

HF high frequency

ACE2 angiotensin-converting enzyme 2

AT1 angiotensin II receptor type 1

mTOR mammalian target of rapamycin

WIPI2 WD repeat domain, phosphoinositide inter-
acting 2

ATGS autophagy related 5

ULK Unc-51-like autophagy activating kinase

VPS34 PIK3C3, phosphatidylinositol 3-kinase
catalytic subunit type 3

Introduction

With social health problems accumulating in modern soci-
ety, the prevalence of hypertension continues to increase
[1, 2]. Hypertension is an independent risk factor for car-
diovascular events including myocardial ischemia, cerebral
stroke, and heart failure [3]. Long-term exposure to the
hemodynamic stress imposed by hypertension, along with
the combination of other factors, including comorbidities
(e.g., obesity, diabetes mellitus, and chronic kidney dis-
ease) eventually leads to left ventricular (LV) dysfunction
and heart failure [4—6]. Therefore, the updated pathophysi-
ological mechanisms of LV dysfunction and heart failure
are required to control hypertension-related heart diseases.

It has been demonstrated that the sympathetic overac-
tivity is an indispensable pathogenesis of hypertension and
hypertension-induced end target organ injury [7]. Overac-
tive local renin angiotensin system (RAS), oxidative stress,
and neuroinflammation in paraventricular nucleus (PVN)

and rostral ventrolateral medulla (RVLM) are implicated as
major factors in sympathetic overactivity driving, thereby
increased blood pressure (BP) and cardiac remodeling in
hypertension [8, 9]. Angiotensin II (Ang II), one of the main
components of RAS, is not only generated in the systemic
circulation but also synthesized locally in tissues like vessel,
heart, kidney and brain which increases the BP by multiple
mechanisms, such as constricting resistance vessels, stimu-
lating synthesis and release of aldosterone, and enhancing
sympathetic outflow from brain [10, 11].

It was reported that Ang II triggers the release of proin-
flammatory cytokines (PICs) and the production of reactive
oxygen species (ROS) in microglia and astrocytes [12]. Our
previous studies found that activated proinflammatory/clas-
sic (M1) immunophenotypes microglia were increased in the
RVLM of stress-induced hypertensive rats, which mediated
the secretion of TNF-a, IL-1p, and other PICs, and we have
confirmed that minocycline, a microglial M1 polarization
inhibitor, reduced sympathetic hyperactivation and systolic
BP in stress-induced hypertensive rats [13, 14].

Mitophagy is particularly important for cellular homeo-
stasis in health and disease, and it is the autophagic response
that specifically targets damaged mitochondria. Autophago-
some-lysosome fusion and autolysosome acidification con-
tribute to the late phase in the autophagic process which is
essential to maintain functional autophagic flux and cellular
homeostasis. Our recent study showed that stressed micro-
glia existed the mitophagic flux blockage resulted from the
lysosomal dysfunction [13, 15]. The increasing number of
injured mitochondria induced the activation of NLRP3 (NLR
family pyrin domain-containing 3) inflammasome, which
led to increased release of PICs including IL-1p and IL-18
from microglia [15, 16]. It is confirmed that the blockage
of mitophagic flux leads to increased ROS, which changes
the permeability of mitochondrial membrane potential and
promotes mitochondria decoupling to produce more ROS
[17]. Excessively increasing ROS leads to the increasing
number of injured mitochondria and promotes the release of
mitochondrial DNA (mtDNA) into cytoplasm [18].

Cyclic GMP-AMP synthase (cGAS) is considered as
one of the cytoplasmic DNA sensors [19-21]. It detects and
binds DNA from multiple sources including exogenous (e.g.,
DNA viruses, retroviruses, intracellular bacteria) and endog-
enous sources (e.g., damaged mitochondria). After binding
DNA, cGAS transforms ATP and GTP to the second mes-
senger 2'-3'-cyclic GMP-AMP (2'-3'-cGAMP), which in
turn activates the stimulator of interferon genes (STING)
to induce the expression of type I interferons (IFN-1) and
PICs via two main pathways. One is phosphorylating the
transcription factor interferon regulatory factor 3 (IRF3) by
TANK-binding kinase 1 (TBK1) [22, 23]; the other one is
activating transcription factors nuclear factor kB (NF-kB)
[20, 24]. In addition, it was reported cGAS induced the
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occurrence of mitophagy and degradation of injured mito-
chondria in the liver ischemia reperfusion mice [25]. Related
studies suggest that under the stimulation of double stranded
(ds) DNA, the direct interaction between cGAS and the Bec-
lin-1 autophagy protein not only enhances the autophagy-
mediated degradation of cytosolic DNAs but also suppresses
cGAMP synthesis to halt IFN production stimulation [26,
27]. Recent study found that STING, upon binding cGAMP,
activates autophagy through a mechanism that is independ-
ent of TBK1-IRF3 activation and interferon induction [28].

Series studies have suggested that cGAS, activated by
mtDNA, not only plays a key role in the release of PICs but
also mediates autophagy of injured mitochondria. However,
the specific mechanism of central cGAS regulating micro-
glial autophagy and neuroinflammation in hypertensive heart
disease remains unclear. The aim of our present study is
to explore the effects of cGAS on neuroinflammation and
sympathetic activation in hypertension mice via regulating
microglia autophagy.

Materials and Methods
Drugs and Reagents

Ang II (P1085), RU.521 (S6841), and SR-717 (S0853)
were purchased from Selleckchem (Houston, TX, USA);
rapamycin (S293790) was purchased from Aladdin (Shang-
hai, China); the flowing antibodies, LC3I/II (4108), p62/
SQSTMI1 (sequestosome 1) (23214), CD86 (91882S), and
B-actin (3700), were purchased from Cell Signaling Technol-
ogy (Boston, MA, USA); cGAS (sc-515777) was purchased
from Santa Cruz Biotechnology (Dallas, TX, USA); STING
(19851-1-AP) and cGAS (26416-1-AP) were purchased
from Proteintech (Chicago, IL, USA); Iba-1 (GB12105) was
purchased from Servicebio (Wuhan, Hubei, China); OX42
(ab216355), donkey anti-rabbit IgG H&L (Alexa Fluor 647)
(ab150075), donkey anti-rabbit IgG H&L (Alexa Fluor
488) (ab150073), and donkey anti-rabbit IgG H&L (HRP)
(ab6802) were purchased from Abcam (Cambridge, MA,
USA). AAV9-mCherry-eGFP-LC3 (HB-AP2100001) was
purchased from Hanbio Co. Ltd. (Shanghai, China); Mas-
son’s trichrome staining kit and wheat germ agglutinin were
provided by Serivebio (Wuhan, Hubei, China).

Experiment Design

Experiment 1

To explore the role of cGAS in hypertension in vivo, the
¢GAS knockout (cGAS™™) mice and C57BL/6 wild-type

(WT) mice weighing (20 + 5) g were divided into four
groups: (1) wild-type sham group (CTRL), (2) wild-type
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+ Ang II injection group (HTN), (3) cGAS™~ sham group
(cGAS™~ CTRL), and (4) ¢GAS™~ + Ang 1II injection
group (cGAS™~ HTN). In the HTN group, each mouse
was intraperitoneally injected with angiotensin II (Ang II)
(1.5 mgkg=!-12 h™!) for 14 days [29]. The sham group was
intraperitoneally injected with equivalent normal saline for
14 days. The BP was recorded and cardiac function was
assessed on the 14th day of the experiment. To evaluate the
pathological alterations, cardiac tissues were collected on
the 28th day when the mice were sacrificed.

Experiment 2

To investigate the effects of central cGAS on microglial
activation, RU.521 (a ¢cGAS inhibitor) was infused into the
cerebrellomedullary cistern of mice. The C57BL/6 wild-type
(WT) mice weighing (20 + 5) g were randomly divided into
three groups: (1) control group (CTRL), (2) Ang II injection
group (HTN), (3) Ang II injection + RU.521 intracisternal
infusion group (HTN+RU.521). Hypertension mice was
induced using the same method of experiment 1. RU.521
(0.4 mg/kg) was infused into cerebellomedullary cistern on
the 17th day of the experiment. At the same time, the mice
in HTN group were intracisternally infused with the vehi-
cle. The BP and heart rate variability (HRV) were recorded,
and cardiac function was assessed (the cardiac function was
measured every week, which was attached in Fig. S1). Car-
diac tissues were collected to evaluate the pathological alter-
ations, and brain tissues were collected to measure cGAS,
STING, LC3II/LCI, and p62 expressions in the PVN of mice
on the 28th day when the experiment was terminated.

Experiment 3

In vitro, the cultured BV2 cells were assigned to five groups:
(1) vehicle control group (CTRL), (2) Ang II group, (3) Ang
IT + rapamycin group, (4) Ang II 4+ SR-717 group, (5) Ang
IT + SR-717 + rapamycin group. For drug treatment, cells
were treated with 100 nmol/L Ang II for 12 h [12]. SR-717
(10 pmol/L, 12 h) was used to interfere cGAS pathway [30].
Furthermore, rapamycin (an autophagic inducer, 1 nmol/L,
12 h) [31] was used to activate autophagy pathway. Six indi-
vidual repeats were arranged for each experiment group.

For the abovementioned experiments, each cohort (n=6
per group) was used to perform immunofluorescent staining.
The mCherry-eGFP-LC3 adenovirus were transfected into
microglia in vitro to further evaluate autophagic flux. The
experiment design is shown in Fig. 1a.

Animal Preparation

The C57BL/6 wild-type male mice and ¢cGAS™~ mice
were used in our study and were obtained from Animal
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Laboratory Center of Fudan University. The genotyping
identification of ¢cGAS™~ mice was attached in supple-
mentary data (Fig. S2). The mice were exposed to a 12-h
light/dark cycle, with temperature controlled at standard
24 °C. Food and water were given ad libitum. The body
weight of mice was monitored in experiment 2 (Fig. S3).

Cerebellomedullary (CM) Cistern Infusion

The mice were anesthetized with 1.5% isoflurane in a
30% O, gas mixture delivered by a specially made face-
mask during the surgery. The mice were then placed in
the prone position. The nape of the neck was incised at
the midline to expose sagittal suture and midline of the
nape, which are two important anatomic landmarks dur-
ing the puncture. The needle then went through the mus-
cles and ligaments in the midline into the gap between
the occipital and the atlas vertebra, then 8 pl solution was
slowly infused into the CM cistern, and the needle was
withdrawn at the end of infusion. The incision was then
stitched. We used Evans Blue dye to verify the success-
fully infusion [32] (Fig. S4). DMSO was used to dissolve
the RU.521 to maximum solubility and then, artificial
cerebrospinal fluid was used to dilute the solution to the
final concentration.

Echocardiographic Assessment

To access the cardiac function, mice were anesthetized by
isoflurane (3% for induction and 1.5% for maintenance)
and maintained at a body temperature of 37 °C. M-mode
images were acquired with a Vevo 3100 high-frequency
ultrasound system (VisualSonics, Toronto, ON, Canada)
and a 30-MHz imaging transducer. The echocardiographic
parameters measured were left ventricular ejection frac-
tion, left ventricular fractional shortening, left ventricular
end-systolic volume, left ventricular end-diastolic volume,
left ventricular internal dimension-systole, and left ven-
tricular internal dimension-diastole [33, 34]. For the low
heart rate which was associated with low cardiac func-
tion during the anesthesia, when the heart rate of mice
was founded lower than 200 per minute during the anes-
thesia, the final monitoring of functional index would be
stopped and the mice would be sacrificed for subsequent
histological observation. One mouse of HTN (wild type +
Ang 11 injection group) and one mouse of cGAS™~ CTRL
(cGAS™~ sham group) in experiment 1 and three mice of
CTRL (wild-type sham group) and one mouse of HTN
(wild type + Ang II infusion group) in experiment 2 were
excluded from the measurement.

Blood Pressure (BP) Recording

The noninvasive tail-cuff method (CODA; Kent Scientific,
Torrington, Connecticut, USA) was used to record the BP of
mice without anesthesia as our previous study [15].

Heart Rate Variability (HRV) Recording

Mice were anesthetized by isoflurane (3% for induction and
1.5% for maintenance). The heart rate was monitored and
input into a PowerLab (AD Instruments, Australia) data-
acquisition system and was saved in a computer using the
LabChart 7 software. The 5-min electrocardiogram seg-
ments were recorded and analyzed by the HRV module of
LabChart 7 software [35].

Cell Culture

Mouse BV2 microglia cells were cultured in MEM medium
with 10% FBS and 1% penicillin/streptomycin at 37 °C in a
humidified atmosphere of 95% air CO, and 5%. The medium
was changed every 2 days. When the cells reached 80% con-
fluence, they were split with 0.25% trypsin and sub-cultured
for further passages as our previous study [36].

mCherry-eGFP-LC3 Adenovirus Transfection

To evaluate autophagic flux, the adeno-associated virus
(AAV9) (HB-AP2100001) delivered the reporter fusion pro-
tein, tandem fluorescent-tagged LC3, and mCherry-eGFP-
LC3 into the BV2 cells in the MOI of 10. The GFP signals
were quenched in the lysosomal acidic conditions, whereas
the mCherry signal was stable in acidic conditions. There-
fore, yellow dots only exhibited in autophagosomes, while
red puncta only exhibited in lysosomes [31]. These signals
were then recorded and analyzed using ImagelJ software.

Immunofluorescent Staining

The mouse was anesthetized and fixed in a supine position,
then its left ventricle was perfused with 200 mL of 0.01 M
PBS (PH 7.4), followed by 200 mL of 4% paraformaldehyde
in 0.1 mol/L PB. The brain was taken out and then fixed in
4% paraformaldehyde for 24 h; then, it was placed overnight
in 20% and 30% sucrose at 4 °C, respectively. The PVN is
located 0.58~1.22 mm caudal from bregma, 0.25 mm lateral
from sagittal suture, and 4.75 mm ventral from dura. The
30-pm coronal sections containing the PVN were cut using
a freezing microtome (Leica Biosystems, Germany). The
sections of the PVN were then washed in PBS and incubated
with 0.3% Triton X-100 for 15 min, followed by incubation
with staining blocking buffer for 15 min. The sections were
then incubated with mice polyclonal antibody to Iba-1 and/
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or rabbit polyclonal antibody to cGAS (26416-1-AP) and
STING (19851-1-AP) overnight at 4 °C. The goat anti-rabbit
IgG H&L and goat anti-mouse IgG H&L were used as sec-
ondary antibody. The fluorescent signal was observed under
a Fluorview FV300 laser scanning confocal microscope
(Olympus, Tokyo, Japan). The microscopic observation and
evaluation of slides were conducted by Yijun Huang in the
author list, who is blinded to the experimental group of the
slide and did not participate in tissue processing and stain-
ing. And the total number of Iba-1 co-staining with cGAS,
STING, LC3, and p62 was also counted by a pathologist
blinded to the treatment from the Department of Physiology
and Pathophysiology in Fudan University.

Microglial Skeleton Analysis

Skeleton analysis method was used to analyze the morphol-
ogy of microglia in immunofluorescent images of fixed
brain tissues[37]. For microglia morphology analysis,
the Iba-1 positive channel was enhanced to visualize all
microglia processes. To eliminate single-pixel background
fluorescence, noise de-speckling was applied. The image
was then converted to a binary and then skeletonized using
Imagel. To collect the data including the number of end-
points per frame and process length, the AnalyzeSkeleton
plugin was applied to skeletonized images. In addition, cell
number per frame was also demonstrated in the data. Micro-
glia morphology is often demonstrated by the number of
endpoints per cell and the length of cell processes. Based on
the data collected using the AnalyzeSkeleton, the number of
endpoints per cell, the length of cell processes, and the cell
body size could be calculated and then be analyzed using
GraphPad Prism 8§ software.

Western Blot Assay

The tissue homogenated from the PVN was subjected to
western blot analysis. Protein samples (20 pg each) were
subjected to SDS-PAGE in 8-12% gradient gel (Beyotime
Biotechnology, Shanghai, China) and were transferred to
PVDF membrane. cGAS (sc-515777) (1:500), STING
(19851-1-AP) (1:1000), LC3I/II (1:1000), and p62 (1:1000)

were measured, while B-actin (1:1000) was developed as a
loading control. This was followed by incubation with horse-
radish peroxidase-conjugated donkey anti-rabbit IgG. ECL
detection reagents (180-5001, Tanon Science & Technology,
Shanghai, China) was used to assess the amount of detected
protein, and the immunostaining band was revealed and
quantitated by a fully automatic chemiluminescence image
analysis system (Tanon-5200; Tanon Science & Technology,
Shanghai, China).

Quantitative Real-Time Polymerase Chain Reaction
(RT-PCR)

Total RNA was isolated from microglia using TRIzol rea-
gent (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer’s instructions. The mRNAs of IL-1,
TNF-a, IL-6, and IFN-f were analyzed by RT-PCR. cDNA
was transcribed from 1 mg of total RNA using reverse tran-
scription system (Promega, Madison, WI). SYBR-Green-
based real-time quantitative RT-PCR was performed using
the iCycler (Bio-Rad Laboratories Inc, Hercules, CA). The
quantification of gene expression was performed using an
ABI PRISM 7500 sequence detection system (Applied Bio-
systems Life Technologies, Foster City, CA) with SYBR
Green (TransGen Biotech Co., Ltd.). Primers used in this
study were provided by Sangon Biotech (Shanghai, China).
The sequences of primers were designed using Primer
Express 2.0 and are listed in Table 1.

Histological Staining

All mice were perfused as mentioned above, and 4% para-
formaldehyde was used to fix the heart tissues. The tissues
were cut into cross-sectional slices of 15 pm thick. The
Masson’s staining was used in heart sections in order to
reveal the degree of cardiac fibrosis. The degree of cardiac
hypertrophy was evaluated by wheat germ agglutinin (WGA)
staining. The microscopic observation and evaluation of
slides was conducted by by Yijun Huang in the author list,
who is blinded to the experimental group of the slide and did
not participate in tissue processing and staining.

Table 1 Sense and antisense

. . N Gene Primer sequence
primer sequences in quantitative
RT-PCR Name Forward
IL-1B

TNF-o

IFN-p

5" TGGACCTTCCAGGATGAGGACA-3'
5'-AGGTCCCTACAGGGAACAAA-3'

IL-6 5'-TACCACTTCACAAGTCGGAGGC-3'
5'-GCACTGGGTGGAATGAGACTATTG-3'

Reverse
5'-GTTCATCTCGGAGCCTGTAGTG-3'
5'“TCTCTCTTTCCTTAGACACACGA-3'
5'-CTGCAAGTGCATCATCGTTGTTC-3'
5" TTCTGAGGCATCAACTGACAGGTC-3'
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Statistical Analysis

Data were shown as mean =+ standard error of measure-
ment (SEM). For comparison between groups, one-way or
two-way ANOVA was used to determine differences. For
experiments that included two groups of samples, Student’s
unpaired #-test was used. Statistical significance was set at
P<0.05. Statistical analysis and graphing were performed
by using GraphPad Prism 8 software.

Results

Cardiac Contractile Dysfunction and Cardiac Injury
Were Alleviated in Ang ll-Induced Hypertensive
¢GAS™~ Mice

In this study, intraperitoneal injection with Ang II for 14 days
was used to induced hypertension in mice. The BP was moni-
tored using the noninvasive tail-cuff method. Ang II intra-
peritoneal injection induced an increase in systolic blood
pressure (SBP), diastolic blood pressure (DBP), and mean
blood pressure (MBP) compared with those of vehicle control
group (CTRL). However, cGAS™~ mice injected with Ang II
did not show an increase in the BP (Fig. 1b). Echocardiog-
raphy was used to assess cardiac function of the mice. Com-
pared with the vehicle control group (CTRL), Ang II-induced
hypertensive mice (HTN) showed decreased left ventricular
(LV) ejection fraction and LV fractional shortening, whereas
cGAS™~ mice injected with Ang II (¢cGAS™~ HTN) did not
show cardiac contractile dysfunction (Fig. 1c—e). The myo-
cardial tissue was collected on the 28th day when the experi-
ment was terminated, and the Masson’s trichrome staining
and the WGA staining were used to evaluate the pathological
alterations of cardiac fibrosis and cardiomyocyte hypertro-
phy, respectively. The images exhibited an increase in aver-
age collagen volume and cardiomyocyte cross section area in
HTN group compared with CTRL group, whereas the myo-
cardial interstitial fibrosis (Fig. 1g and i) and cardiomyocyte
hypertrophy were alleviated in mice of cGAS™'~ HTN group
(Fig.1f-h). These results indicated that cGAS knockout low-
ered BP, alleviated cardiac contractile dysfunction and cardiac
injury of Ang II-induced hypertensive mice. We have also
explored that knocking out of cGAS in wild-type sham mice
did not significantly affect the morphology of cardiomyocyte
and myocardial interstitial fibrosis (Fig. S5a—S5e).

Microglial Activation Increased in the PVN of Ang
ll-Induced Hypertensive Mice, Accompanied
by the Activation of cGAS-STING Pathway

The expression of OX42, a microglia marker, was increased
in the PVN of Ang II-induced hypertensive mice (HTN)

Fig. 1 Cardiac contractile dysfunction and cardiac injury were allevi-
ated in Ang Il-induced hypertensive cGAS™~ mice. a The experiment
design in vivo. b Average blood pressure of mice was measured using
the non-invasive tail-cuff method after 2-week Ang II infusion. CTRL
(wild type sham group, n = 6), HTN (wild type + Ang II injection
group, n = 5), ¢GAS™~ CTRL (cGAS"" sham group, n = 5), and
cGAS™ HTN (cGAS™~ + Ang II injection group, n = 6). SBP, sys-
tolic blood press; DBP, diastolic blood pressure; MBP, mean blood
pressure. ¢ The representative M-mode echocardiograms of left ven-
tricle for mice after 2-week Ang II intraperitoneal injection. d Left
ventricle ejection fraction. e Left ventricle fractional shortening. f
The representative photomicrographs of Masson’s trichrome-stained
heart sections in low-power field. Scale bar, 1 mm. g The representa-
tive photomicrographs of Masson’s trichrome-stained heart sections
in high-power field. Scale bar, 200 pm. h The representative photo-
micrographs of WGA-stained heart sections. Scale bar, 50 pm. i The
quantitative data of the cardiac fibrosis area (blue). j The quantitative
data of the cardiomyocyte cross sectional area. The data are presented
as mean + SEM. *p < 0.05; ns, no significant

compared with those of vehicle control group (CTRL) using
immunofluorescent staining examination (Fig. 2a—c). To
further evaluate the activation of microglia, the morphol-
ogy of the microglia was analyzed using skeleton analysis
method. Results showed that the endpoints and the process
length of microglia were significantly shorter in the PVN of
the HTN group compared with the CTRL group, indicating
microglia were activated in the HTN group (Fig. 2d and e).
The cell body size was significantly bigger in the HTN group
compared with the CTRL group, indicating microglia was
activated and appeared amoeba-like morphology in the HTN
group (Fig. 2f). It was reported that cGAS, a cytosolic DNA
sensor, can be activated by mtDNA and regulates autophagy
via STING pathway [28, 38]. The electron micrographs
showed swollen mitochondria and fragmented mitochondrial
crest in microglia of the PVN in the HTN group (Fig. S6).
The quantitative analysis of the densities of cGAS and STING
immunoblotting bands demonstrated that the expressions of
cGAS and STING were increased in the PVN of mice with
HTN group (Fig. 2g—i). The immunofluorescence analy-
sis for cGAS or STING co-staining with microglia marker
Iba-1 showed that immunofluorescence densities of cGAS
and STING were increased (Fig. 3a—c). The colocalization of
cGAS and Iba-1 and STING and Iba-1 of the PVN are shown
in z-stacks in Fig. S7a and S7b. These results suggested that
cGAS-STING pathway in the microglia was activated in the
PVN of Ang II-induced hypertensive mice.

Autophagic Flux Was Blocked in the PVN of Ang
ll-induced Hypertensive Mice, while This Effect Was
Reversed by RU.521 (a cGAS Inhibitor) Intracisternal
Infusion

Our previous studies showed that autophagic flux blockage

contributed to microglial activation in the RVLM of stress-
induced hypertensive mice [15]. Whether the activation of
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cGAS-STING pathway regulated the autophagic flux and
thus mediated the activation of central microglia remained
to be further studied. During the process of autophagy,
LC3I can be lipidated to LC3II which is then recruited
to autophagosomal membranes, and autophagic substrate
p62 is degraded within the mature autolysosome. LC3II
increment is taken as a marker of early-phase and p62

@ Springer

Fibrosis percentage (%)

Relative cardiomyocyte
cross sectional area
(Fold of Change)

decrement is taken as a marker of late-phase autophagy
[39, 40]. The immunofluorescent staining and immuno-
blotting were used to detect the expression of LC3 and
p62 in the microglia. The colocalization of LC3 and Iba-1
and p62 and Iba-1 of the PVN are shown in z-stacks in
Fig. S7c and S7d. The quantitative analysis showed
increased colocalization of LC3 and Iba-1, p62, and
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Fig.2 Activation of microglia, cGAS, and STING were increased in
the PVN of Ang Il-induced hypertensive mice. a The representative
images of immunostained microglia for OX42 (CD11b/c) in the PVN
of mice from CTRL (wild-type sham group) and HTN (wild type +
Ang II infusion group). Scale bar, 100 pm or 25 pm. b The number
of OX42 positive cells in the images of PVN. ¢ The quantitative data
on the mean densitometry of OX42 immuno-positivity. d The num-

Iba-1 in the PVN of the HTN group (Fig. 4g). The results
showed that the autophagic marker LC3II/I ratio and the
autophagic substrate p62 were increased (Fig.4a—c), which
suggested a blockage of late-phase autophagic flux in the
PVN of Ang II-induced hypertensive mice (HTN group).
In order to further explore whether the autophagic flux was
regulated by central cGAS, RU.521 (a cGAS inhibitor)
was intracisternally infused to inhibit the cGAS-STING
pathway in central nerve system of mice in HTN group.
The immunoblotting bands showed that intracisternal
infusion of RU.521 in hypertensive mice decreased the
expression of cGAS and STING in the PVN (Fig.3d-f).
At the same time, we found that intracisternal infusion

ber of endpoints per microglia in the images of PVN stained with
0X42. e The average length of microglia processes in the images of
PVN stained with OX42. f The body size of microglia in the images
of PVN stained with OX42. g, h, and i The representative immuno-
blotting bands and densitometry quantitation of cGAS and STING
expression in the PVN of CTRL and HTN group mice were shown.
Data are presented as mean + SEM. n=6, *P < 0.05.

of RU.521 overtly decreased LC3II/I ratio and the level
of p62 expression (Fig.4a—f), which indicated that the
inhibition of cGAS in the PVN facilitated resumption of
autophagic flux in Ang II-induced hypertensive mice.

Intracisternal Infusion of RU.521 (a cGAS
Inhibitor)-Attenuated Microglial Activation

and Neuroinflammation, Lowered Sympathetic/
Parasympathetic Activity Ratio and BP in Ang
ll-induced Hypertensive Mice

The immunofluorescence staining showed that intra-
cisternal infusion of RU.521 attenuated microglial

@ Springer
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Fig. 3 Intracisternal infusion of RU.521 alleviated the PVN cGAS
and STING upregulation of Ang II-induced hypertensive mice. a and
b The double immunofluorescent staining showed colocalization of
c¢GAS and Iba-1, STING, and Iba-1 in the PVN of CTRL (wild-type
sham group), HTN (wild-type + Ang II infusion group), and HTN +
RU.521 (wild-type + Ang II infusion + RU.521 intracisternal infu-
sion group), which were analyzed by confocal fluorescence micros-
copy. The colocalization dots of cGAS and Iba-1 and STING and
Iba-1 were pointed with yellow arrows. Scale bar, 100 pm or 20 pm.
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¢ The quantitative analysis of fluorescence intensity of cGAS, STING
staining, and levels of colocalization of cGAS and Iba-1, STING, and
Iba-1 in microglia of PVN from different groups. The total number of
Iba-1 co-staining with cGAS or STING was counted unilaterally in
squares measuring 0.2 X 0.2 mm in size. Counting was performed by
a pathologist blinded to the treatment.d, e, and f The representative
immunoblotting bands and densitometry quantitation of cGAS and
STING expression in the PVN. Data are presented as mean + SEM.
n=6, *P < 0.05
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«Fig. 4 Intracisternal infusion of RU.521 alleviated the PVN
autophagic flux blockage in of Ang Il-induced hypertensive mice.
a, b, and ¢ The representative immunoblotting bands and densitom-
etry quantitation of LC3 and p62 expression in the PVN of different
groups. d and e The immunofluorescent staining showed expression
of Iba-1, LC3, and p62, which were analyzed by confocal fluores-
cence microscopy. The colocalization dots of LC3 and Iba-1 and p62
and Iba-1 were pointed with yellow arrows. Scale bar, 100 pm or 20
pm. f Quantitative analysis of fluorescence intensity of LC3 and p62
from different groups. g The quantitative analysis the of the levels of
colocalization of LC3 and Iba-1, p62, and Iba-1 in microglia of PVN
from different groups. h The number of endpoints per microglia, the
average length of microglia processes and the body size of microglia
in the images of PVN stained with Iba-1. Data are presented as mean
+ SEM. n=6, *P < 0.05

activation (Fig. 4h). The quantitative real-time PCR
assay was performed to test the mRNA levels of pro-
inflammatory cytokines. The results showed that the
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Fig.5 Intracisternal infusion of RU.521 alleviated neuroinflamma-
tion, and lowered sympathetic/parasympathetic activity ratio and
blood pressure. a The mRNA expression of IFN-f, IL-1p, IL-6, and
TNF-a in the PVN of mice from CTRL, HTN, and HTN + RU.521
group. b The heart rate variability was analyzed by the LabChart 7
software. LF, low frequency; HF, the high frequency. ¢ Average
blood pressure of mice was measured using the non-invasive tail-cuff
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IFN-B, IL-1p, IL-6, and TNF-a expressions were upregu-
lated in the PVN of Ang II-induced hypertensive mice
(HTN group), which was decreased by intracisternal infu-
sion of RU.521 (HTN + RU.521 group) (Fig. 5a). In gen-
eral, short recordings of HRV (i.e., less than 1 h) show
two primary patterns of oscillation which are separated
into frequency bands from ~7 to 25 s (0.04-0.15 Hz; low
frequency, or LF) and 2.5 to ~7 s (0.15-0.4 Hz; high fre-
quency, or HF). LF and HF frequency bands are widely
used to quantify sympathetic and parasympathetic modu-
lations, respectively [41, 42]. To evaluate the imbalance
of sympathetic tone versus parasympathetic tone, we
conducted the experiment to record the heart rate vari-
ability. The results showed an upregulation of the ratio of
LF versus HF (LF/HF) in mice of HTN group, which sug-
gested sympathetic overactivation. Intracisternal infusion

IFN-B TNF-a
T 7, — 3 %] —
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14 14
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. = . B HTN+RU.521
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method 11 days after RU.521 intracisternal infusion. SBP, systolic
blood press; DBP, diastolic blood pressure; MBP, mean blood pres-
sure. CTRL (wild type sham group, n = 3), HTN (wild type + Ang II
infusion group, n = 5), HTN + RU.521 (wild type + Ang II infusion
+ RU.521 intracisternal infusion group, n = 6). Data are presented as
mean + SEM, *p < 0.05
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«Fig.6 Impaired autophagic flux induced by cGAS-STING activa-
tion contributed to microglial M1 polarization. a The representative
images showing the co-staining of M1 polarization marker (CD86)
and microglial marker (OX42). Scale bar, 20 pm. b The ratio of
CD86 immuno-positivity cells versus OX42 immuno-positivity cells.
The ratio was analyzed by Image]. ¢ and d LC3 dots were visualized
under fluorescent confocal microscope and quantified after mCherry-
eGFP-LC3 adeno-associated virus transfected to the BV2 cells. The
number of mCherry + GFP + dots per cell was counted by a patholo-
gist blinded to the treatment. Scale bar, 10 pm. Data are presented as
mean + SEM, n=6, *p < 0.05

of RU.521 lowered the sympathetic activity and BP in
hypertensive mice (Fig. 5b and c).

¢GAS-STING Pathway Activation-Mediated
Impairment of Autophagic Flux, which Contributed
to M1 Polarization of Microglia In Vitro

BV2 murine microglial cells were used to explore the
effects of activated cGAS pathway on autophagic flux
blockage and microglial activation in vitro. The double
immunofluorescent staining was used to observe the
activation of cGAS pathway, the autophagic flux block-
age, and microglial activation. The expression of micro-
glial M1 phenotype marker (CD86) was upregulated in
Ang Il-treated microglia. The expression of CD86 was
decreased in microglia co-treated Ang II and autophagy
inducer (1 nmol/L rapamycin, 12 h), which suggested
that the impairment of autophagic flux contributed to
the M1 polarization. We next investigated the effects
of exogenous cGAS agonist (10 pmol/L SR-717, 12
h) on autophagic flux blockage and microglial activa-
tion in vitro. The results showed SR-717 exacerbated
M1 polarization of Ang II-activated microglia, while
the cotreatment with rapamycin decreased M1 polari-
zation (Fig. 6a and b). The mCherry-eGFP-LC3 adeno-
virus was transfected into microglia in vitro to further
evaluate autophagic flux. It is well established that GFP
fluorescence is quenched in autolysosomes due to the
presence of acidic autolysosomes. Therefore, yellow
dots only exhibited in autophagosomes, while red puncta
only exhibited in lysosomes. The increase of mCherry
+ GFP+ (yellow dots) indicated the failed fusion of
autophagosomes and lysosomes, which are taken as a
marker of autophagic flux blockage. The mCherry +
GFP+ (yellow) dots were increased in Ang II-activated
cells, while rapamycin alleviated this effect. An exces-
sive increase of mCherry + GFP+ dots was observed
in Ang II-activated microglia treated with SR-717,
which was reversed by the cotreatment of rapamycin
(Fig. 6¢ and d). These results indicated that the activa-
tion of cGAS-STING pathway contributed to impaired

@ Springer

autophagic flux in microglia, which triggered M1 polari-
zation of microglia in vitro.

Intracisternal Infusion of RU.521 (a cGAS Inhibitor)
Alleviated the Myocardial Interstitial Fibrosis

and Cardiomyocyte Hypertrophy in Ang llI-Induced
Hypertensive Mice

The present study had shown that intracisternal infusion of
RU.521 had ameliorative effects on PVN microglial activa-
tion, neuroinflammation, and upregulation of sympathetic
modulation. We then investigated whether these effects
could ameliorate the cardiac pathological injury of hyper-
tensive mice. The heart weight/body weight was increased
in Ang II-treated hypertensive mice, while RU.521 intracis-
ternal infusion alleviated these effects (Fig. 7a and b). The
Masson’s trichrome staining and the WGA staining indi-
cated that intracisternal infusion of RU.521 reduced average
collagen volume and cardiomyocyte cross section area of
hypertensive mice (Fig. 7c—g). These results indicated that
intracisternal infusion of RU.521 alleviated the myocardial
interstitial fibrosis and cardiomyocyte hypertrophy of Ang
II-induced hypertensive mice.

Intracisternal Infusion of RU.521 (a cGAS
Inhibitor)-Alleviated Cardiac Contractile
Dysfunction in Ang llI-Induced Hypertensive Mice

Echocardiography was performed after intracisternal infu-
sion of RU.521 to assess cardiac functions of mice. Com-
pared with control group (CTRL group), left ventricular
(LV) ejection fraction (Fig. 8a and b) and LV fractional
shortening (Fig.8a and c) were decreased in Ang II-induced
hypertensive mice (HTN group). Furthermore, LV end-sys-
tolic volume (Fig. 8d), LV end-diastolic volume (Fig. 8e),
LV internal dimension-systole (Fig. 8f), and LV internal
dimension-diastole (Fig. 8g) were increased in mice of HTN
group. These data indicated cardiac contractile dysfunction
in Ang II-treated mice. In contrast, we did not observe car-
diac contractile dysfunction in Ang II-induced hypertensive
mice intracisternally infused of RU.521 (HTN + RU.521
group) (Fig. 8a—g). These results indicated that intracisternal
infusion of RU.521 played a protective role in cardiac con-
tractile dysfunction of Ang II-induced hypertensive mice.

Discussion

It is hard to prevent the pathological progress of hyperten-
sion and hypertension-induced cardiac remodeling [43].
Evidence indicates that sympathetic nervous system plays
essential roles in the development of hypertension and
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hypertensive cardiac contractile dysfunction [44]. In our
present study, we found that centrally inhibited the cGAS-
STING pathway alleviated the contractile dysfunction, car-
diomyocyte hypertrophy, and myocardial interstitial fibrosis
in Ang II-induced hypertensive mice. Moreover, in vitro,
cGAS-STING pathway activation mediated the impairment
of autophagic flux, which contributed to the M1 polariza-
tion of microglia. However, when the impaired autophagic
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Fig. 7 Intracisternal infusion of RU.521-alleviated cardiac injury in
Ang Il-induced hypertensive mice. aThe representative images of
whole hearts of mice from CTRL, HTN, and HTN + RU.521 group.
b The ratio of heart weight/body weight. cThe representative photo-
micrographs of the Masson’s trichrome-stained heart sections in low-
power field. Scale bar, 1 mm. d The representative photomicrographs

d
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flux was facilitated by rapamycin, an autophagy inducer, the
microglial M1 polarization was decreased correspondingly,
in vitro. This study implied that inhibition of cGAS-STING
pathway alleviated microglial activation, neuroinflammation,
and sympathetic activation via regulating autophagy.

The renin-angiotensin system (RAS) is one of the major
systems affecting cardiac output and peripheral resistance
[45]. Ang II, one of the main components of RAS, increases
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of the Masson’s trichrome-stained heart sections in high-power field.
Scale bar, 200 pm. e The quantitative data of the cardiac fibrosis area
(blue). f Representative photomicrographs of the WGA-stained heart
sections. Scale bar, 50 pm. g The quantitative data of the cardiomyo-
cyte cross sectional area. Data are presented as mean + SEM, n=6,
*p < 0.05
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BP by multiple mechanisms, such as constricting resistance
vessels, stimulating synthesis and release of aldosterone,
and enhancing sympathetic outflow from brain [11]. Besides
generated in the circulation, Ang II can also be synthesized
locally in tissues like the vessel, heart, and brain [10]. Gao
et al. intraperitoneally injected adult C57 mice with Ang II
for 2 weeks in order to explore the potential mechanism of
hypertension-associated cognitive decline and anxiety-like
behavior [29]. Using the same method, our results showed that
the SBP was increased in this animal model. Moreover, myo-
cardial interstitial fibrosis, cardiomyocyte hypertrophy, and
cardiac contractile dysfunction were observed in those mice.
In animal models and patients with heart failure, the cardiac
RAS is activated and local Ang II generation is enhanced,
which contributes cardiomyocyte hypertrophy [46].

Under hypertension settings, it is reported that prolonged
Ang II release results in increased permeability of the
blood-brain barrier (BBB), giving circulating Ang II access
to important sympathoexcitatory brain centers such as the
PVN and RVLM [16]. In addition, central RAS can also
affect sympathoexcitatory brain centers during hypertension
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Fig. 8 Intracisternal infusion of RU.521-alleviated cardiac contractile
dysfunction in Ang II-induced hypertensive mice. a The representa-
tive M-mode echocardiograms of left ventricle for mice 11 days after
intracisternal infusion of RU.521. b Left ventricle ejection fraction.
¢ Left ventricle fractional shortening. d Left ventricle end-systolic
volume. e Left ventricle end-diastolic volume. f Left ventricle inter-
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[44]. Tt is reported that Ang II stimulates Toll-like receptor
4 (TLR4) via Ang II type 1 receptor (AT1R) and induces
the activation of microglia [47]. Ang II activates NADPH-
oxidase complex via binding to AT1R and results in ROS
generation, which contributes to shifting the microglia from
MO/resting to M 1/proinflammatory microglial phenotypes
[48]. Our previous study showed that the local prorenin,
one of the components of the brain RAS, also activated the
microglia, thereby participated in the development of hyper-
tension via regulating mitophagy [16].

Our present results showed that cGAS-STING path-
way participated in microglial activation via regulating
autophagy. To further investigate its detail mechanisms, the
Ang II-stimulated BV2 cells were co-treated with SR-717 (a
cGAS agonist) and rapamycin (an autophagic inducer). We
found that when facilitated the autophagic flux, the micro-
glial activation mediated by cGAS-STING was attenuated.
It is reported that cGAMP, produced by cGAS, binds to
STING and translocates to ER-Golgi intermediate compart-
ment (ERGIC) to serve as a membrane source for LC3, an
autophagic protein lipidation [49]. Chen et al. reported that
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nal dimension-systole. g Left ventricle internal dimension-diastole.
CTRL (wild-type sham group, n = 3), HTN (wild type + Ang II infu-
sion group, n = 5), HTN + RU.521 (wild type + Ang II infusion +
RU.521 intracisternal infusion group, n = 6). Data are presented as
mean + SEM. *p < 0.05
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Fig.9 Schematic illustrating cGAS mediating Ang II-induced PVN
neuroinflammation via impairing autophagic flux in microglia. cGAS
induces the M1 polarization of microglia via impairing autophagic

cGAMP induced LC3 lipidation, a key step in autophago-
some biogenesis, via a pathway dependent on WIPI2 and
ATGS but independent of the ULK and VPS34-beclin kinase
complexes [28]. Similar to what Chen et al. reported, our
results showed that when cGAS was activated in the HTN
group, the LCII/I ratio increased. Whereas, instead of
autophagosome formation, we mainly focus on how cGAS
affects autophagic flux. Our results showed increased expres-
sion of p62 in the PVN and increased mCherry + GFP+
dots in microglia when cGAS was activated. These results
were unable to prove cGAS effects on regulating autophago-
some biogenesis but were adequate to confirm the block-
age of autophagic flux. The mechanistic target of rapamy-
cin (mTOR) plays a crucial role in regulating autophagy
and can be inhibited by rapamycin [50]. The activation of
mTORCI1 inhibited autophagy via phosphorylating multiple
autophagy-related proteins [51]. mTORCI can phosphoryl-
ate the transcription factor EB (TFEB), a main regulator
of lysosomal and autophagic gene expression, and inhibit
its nuclear localization [52]. Proper lysosome function is
essential for autophagy completion, especially for the late
phase. Therefore, rapamycin was used to activate late-phase

flux, thereby participating in neuroinflammation, which leads to sym-
pathetic overactivation in hypertension and hypertensive heart injury

autophagy. Our results showed that cGAS blocked p62 deg-
radation and can be reversed by rapamycin, which indicated
that cGAS blocked the late-phase autophagic flux. The
detailed mechanisms need to be further investigated.

Our previous study showed that the accumulation of
injured mitochondria induced activation of NLRP3 inflam-
masome in microglia and resulted in increased microglia
release of PICs including IL-1p and IL-18 [15, 16]. Our
updated study further confirmed that impaired autophagic
flux induced the accumulation of injured mitochondria,
which led to proinflammatory state in microglia of stress-
induced hypertensive mice [15]. Our present study showed
autophagic flux blockage in the PVN of Ang II-induced
hypertensive mice, accompanied by microglial activation.
The relationship between autophagic flux blockage and
microglial activation remains unclear. It was noted that
impaired Beclinl-driven autophagy induces microglial acti-
vation and neuroinflammation via regulating NLRP3 degra-
dation [53]. Moreover, TNF-a inhibits autophagic flux and
promotes microglial M1 polarization via activating AKT/
mTOR signaling [54].
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It has been demonstrated that sympathetic overactivity
participates in the development of the essential hyperten-
sion and pathophysiology of the complex cardiometabolic
alterations called “end-organ damage” [7]. Prolonged
sympathetic activation contributes to the development of
myocardial cell injury, cardiac fibrosis, and left ventricular
dysfunction. Neuroinflammation in cardiovascular regula-
tory centers is implicated as main factors in augmenting
sympathetic activity in hypertension and other cardiovas-
cular abnormalities [8]. Overactive local RAS and neuroin-
flammation in PVN and RVLM are key factors in regulating
sympathetic activity [55].

HRYV has been of great value in the attempt to develop
noninvasive sensors that apply to clinical use [56]. There-
fore, HRV measurement was used to assess the imbalance of
sympathetic tone versus parasympathetic tone. Frequency-
domain analysis of HRV includes LF, HF, and LF/HF. It is
commonly accepted that the HF peak and power can always
be recognized as a valid index of vagal activity, while LF
component of HRV is mediated by both cardiac vagal and
sympathetic activity [57]. It is reported that the ratio of LF/
HF can be considered as an index of sympathovagal imbal-
ance [52]. The recording of renal sympathetic nerve activity
(RSNA) is demonstrated to be a more reliable way to reflect
sympathetic nerve activation. Due to the technical difficulty
and limitations of recording RSNA in mice reported by
other researches, we choose the HRV analysis to reflex the
sympathetic activity indirectly. We found that intracisternal
infusion of RU.521 attenuated the microglial activation, neu-
roinflammation, sympathetic/parasympathetic activity ratio,
and lowered the BP in Ang II-induced hypertensive mice.

Limitations

First, intracisternal infusion of RU.521 was used instead
of PVN microinjection because intracisternal infusion has
much more possibility of potential clinical application. After
intracisternal infusion, significant molecular changes were
observed in the PVN of different groups mice, which sup-
ported our conclusion. Second, we have not specifically
interfered microglia in vivo; thus, we cannot exclude func-
tions of other cells and the interactions between microglia
and the rest types of cells.

Conclusions
Collectively, we demonstrated that inhibition of cGAS in

the PVN attenuates hypertensive heart injury via facilitat-
ing microglia autophagic flux (Fig. 9). Antagonizing the

@ Springer

activation of central cGAS-STING signaling pathway might
be a new strategy against hypertension and its target organ
injury.
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