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ARTICLE INFO ABSTRACT

Keywords: Rostral ventrolateral medulla (RVLM) is thought to serve as a major vasomotor center that participates in
CircRNA Galntlé controlling the progression of stress-induced hypertension (SIH). Circular RNAs (circRNAs) perform important
Lig3

functions in the regulation of diverse physiological and pathological processes. However, information concerning
the functions of RVLM circRNAs on SIH remains limited. RNA sequencing was performed to profile circRNA
expression in RVLMs from SIH rats, which were induced by electric foot shocks and noises. The functions of
circRNA Galntl6 in reducing blood pressure (BP) and its potential molecular mechanisms on SIH were investi-
gated via various experiments, such as Western blot and intra-RVLM microinjection. A total of 12,242 circRNA
transcripts were identified, among which circRNA Galntl6 was dramatically downregulated in SIH rats. The
upregulation of circRNA Galntl6é in RVLM effectively decreased the BP, sympathetic outflow, and neuronal
excitability in SIH rats. Mechanistically, circRNA Galntl6 directly sponged microRNA-335 (miR-335) and
restrained it to reduce oxidative stress. Reintroduction of miR-335 observably reversed the circRNA Galntl6-
induced attenuation of oxidative stress. Furthermore, Lig3 can be a direct target of miR-335. MiR-335 inhibi-
tion substantially increased the expression of Lig3 and suppressed oxidative stress, and these favorable effects
were blocked by Lig3 knockdown. CircRNA Galntl6 is a novel factor that impedes SIH development, and the
circRNA Galntl6/miR-335/Lig3 axis represents one of the possible mechanisms. These findings demonstrated
circRNA Galntl6 as a possibly useful target for the prevention of SIH.

miR-335
Rostral ventrolateral medulla
Stress-induced hypertension

Cardiovascular centers, which regulate sympathetic outflow and BP

. and include the nucleus tractus solitarius (NTS), rostral ventrolateral

1. Introduction medulla (RVLM), and caudal ventrolateral medulla (CVLM), are present
in the medulla oblongata [10]. RVLM is the major source of raised

Hypertension, defined as blood pressure (BP) > 140/90 mmHg, has sympathetic outflow in hypertensive states [11]. Ooi et al. revealed that

been associated with numerous health problems, such as kidney damage the activation of sigma-1 receptor in RVLM can restrain neuro-
and stroke [1,2]. Estimates suggest that 1.39 billion people globally had inflammation and sympathetic hyperactivity, which ameliorates SIH
hypertension in 2010, and by 2025, the number of adults with hyper- [12]. Chronic stress activates the angiotensin II/Toll-like receptor
tension will reach 1.56 billion [3,4]. Hypertension is attributed to 4/MyD88/nuclear factor-kappa B axis in RVLM, which can enhance
several causes, such as high salt intake [5]. Excessive stress is also sympathetic activity, leading to SIH progression [13]. NaV1.6 dysre-
related to a high BP [6,7], a condition known as stress-induced hyper- gulation in RVLM excites the sympathetic nerve and promotes SIH
tension (SIH). Hyperactivation of the autonomic nervous system and its development [14]. Abnormal expressions of numerous genes induced by
sympathetic arm has been demonstrated in hypertension [8]. Stressors stress in the RVLM participate in the genesis of SIH. Thus, the molecular
activate the sympathetic nervous system, and this response is thought to regulatory mechanisms underlying the gene expression in RVLM must

be the primary cause of SIH [9].
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Abbreviations

BP blood pressure

CAT catalase

ceRNA  competing endogenous RNA

CircRNA circular RNA

CVLM caudal ventrolateral medulla
DCF dichlorofluorescein

DHE dihydroethidium

ELISA  enzyme-linked immunosorbent assay
FISH fluorescence in-situ hybridization
HR heart rate

HRP horseradish peroxidase

MAP mean arterial pressure

MiR-335 microRNA-335

MMP mitochondrial membrane potential
MUT mutant
NC negative control

ncRNA  Noncoding RNA

NE norepinephrine

NTS nucleus tractus solitarius

PBS phosphate buffered saline

PVN paraventricular nucleus

RAS renin-angiotensin-aldosterone system

RSNA renal sympathetic nerve activity

ROS reactive oxygen species

RT-qPCR reverse transcription quantitative polymerase chain
reaction

RVLM  rostral ventrolateral medulla

SEM standard error of the mean

SFO subfornical organ

SIH stress-induced hypertension

SNA sympathetic nerve activity

SOD superoxide dismutase

WT wild-type

8-OH-dG 8-hydroxydeoxyguanosine

be clarified to improve SIH.

Noncoding RNAs (ncRNAs) are a large segment of the transcriptome
that lacks protein coding capacity; however, they have been confirmed
to regulate gene expression at the transcriptional, post-transcriptional,
and translational levels [15]. Circular RNAs (circRNAs) are a subset of
ncRNAs without a 5’ cap and a 3’ tail, and they are implicated as key
regulatory molecules in diverse pathological and physiological pro-
cesses [16]. Numerous peripheral circRNAs, such as circRNA 0016070,
circRNA sirtuin 1, and circRNA 0014243, are crucial in hypertension
development [17-19]. However, studies on the characterization of
circRNA profiles in cardiovascular centers and their functions in sym-
pathetic outflow and BP have not been reported. To date, no research
has identified the expression patterns of circRNAs in RVLM and deter-
mined their regulatory roles.

In this study, thousands of distinct circRNAs were identified by
analyzing the RVLM tissue isolated from SIH and control rats via RNA
sequencing, and the results demonstrated the significantly down-
regulated expression of circRNA Galntl6 in SIH rats. The effects of
circRNA Galntl6 overexpression on oxidative stress, neuronal excit-
ability, sympathetic discharges, and BP were revealed. Whether circRNA
Galntl6 is a sponge of miR-335-targeted Lig3 was determined. Moreover,
the effects caused by miR-335 and circRNA Galntl6 or Lig3 on oxidative
stress and SIH progression were illustrated. To the author’s knowledge,
this work is the first to reveal a comprehensive data framework for the
exploration of RVLM circRNA changes accompanying abnormal BP in
SIH pathogenesis. The findings shed a novel light on the pathophysio-
logic mechanism of SIH and provide a new therapeutic target for the
treatment of SIH.

2. Materials and methods
2.1. Animals

A total of 150 male Sprague-Dawley rats (7 weeks old, pathogen and
virus free), with an average weight of 230-260 g and obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd., were used
in this study. The animals were maintained at an ambient temperature of
23 °C + 1 °C, a relative humidity of 50%-60%, and a 12-h light-dark
period in the laboratory animal center of Shanghai University. One rat
was housed per cage and given chow food and water ad libitum. The
animals were arbitrarily allocated to different experimental groups. All
animal studies were approved by the Animal Care Ethics Committee of
Shanghai University (APPROVAL ID: SYXK (HU) 2019-0020) and per-
formed in accordance with the international guidelines on the ethical

use of animals [20,21]. A SIH rat model was established based on pre-
vious publications [14,22]. In brief, the rats in the stressed groups were
placed in a cage (with length, width, and height of 22, 22, and 28 cm,
respectively) with a grid floor and exposed to electric foot shock (35-80
V for a duration of 50-100 ms, with an interval of 2-30 s duration
controlled by a computer) combined with buzzer noise stress adminis-
tered for 2 h twice a day (9-11 a.m. and 3-5 p.m.) with a 4 h interval
between sessions for 15 consecutive days. The rats in the control group
were placed in cages for the same period, but they were neither sub-
jected to electric foot shocks nor buzzer noises.

2.2. Cell culture

The rat neuroblastoma B104 cell line used in this research was
purchased from Shanghai Xuanya Biotechnology Co., Ltd. and authen-
ticated by the supplier. The cells were maintained in high-glucose Dul-
becco’s Modified Eagle’s Medium (Thermo Scientific, USA)
supplemented with 10% fetal bovine serum (Thermo Scientific, USA) at
37 °C in 5% CO,.

2.3. Measurement of BP and heart rate (HR)

The radiotelemetry system (Kaha Sciences, New Zealand) was
employed to measure the BP and HR of conscious rats. In brief, the
telemeter catheter was inserted into the abdominal aorta of rats and
fixed with a tissue adhesive and a mesh patch under inhalational anes-
thesia with isoflurane (oxygen flowmeter turned to 0.8-1.5 L/min; iso-
flurane vaporizer turned to 3%-5%). We then secured the body of the
telemeter to the peritoneum. Afterward, the rats were given 1 week to
recover from the surgery before recording began. The signals of BP and
HR were received by SmartPad (Kaha Sciences, New Zealand), and data
were collected in a fixed period of 3 h (8-11pm) every day using the
PowerLab system (AD Instruments, Australia) for 6 days before (base-
line) and 15 days after stress.

2.4. Recording of renal sympathetic nerve activity (RSNA)

The RSNA was recorded as previously described [14,22]. In brief, the
left renal sympathetic nerve was carefully isolated through incision
surgery under isoflurane anesthesia as above and placed on a pair of
platinum-iridium electrodes. Next, the nerve-electrode complex was
covered by Kwik-Sil gel (World Precision Instruments, USA). A grass
P55C preamplifier was then used to amplify and filter the nerve activity.
The signal was acquired and integrated using the PowerLab system (AD
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Instruments, Australia) for 1 h. The maximum nerve activity was
detected 1-2 min after the rats were overdosed with >150 mg/kg
intra-peritoneal (i.p.) pentobarbital sodium. At 20-30 min after the rats
were sacrificed, the background noise level of the nerve activity was
calculated. Baseline RSNA was considered a percentage of maximum
after subtracting the background noise.

2.5. Plasma norepinephrine (NE) determination

Blood was collected from isoflurane-anaesthetized rats by cardiac
puncture into collection tubes (added with ethylenediaminetetraacetic
acid) and immediately centrifuged at 1000xg for 15 min at 4 °C, and the
supernatant was used for detection. An enzyme-linked immunosorbent
assay (ELISA) kit (FineTest, China) was utilized to measure the level of
plasma NE in accordance with the manufacturer’s instructions.

2.6. Immunofluorescence

Rats were perfused transcardially with 200 mL heparinized saline
and 200 mL freshly prepared 4% paraformaldehyde through the
ascending aorta under pentobarbital sodium anesthesia (50 mg/kg, i.p.).
The brains were carefully removed, post-fixed for 12 h in 4% para-
formaldehyde at room temperature, and dehydrated with 20% sucrose
overnight at 4 °C. Afterward, they were placed in 30% sucrose for
further dehydration overnight at 4 °C. Next, 30 pm-thick frozen coronal
sections containing RVLM were cut using a cryostat (Thermo Scientific,
USA). The sections were permeabilized with 0.3% Triton X-100 for
10-15 min, blocked with QuickBlock blocking buffer (Beyotime, China)
for 30 min, and incubated with rabbit monoclonal c-Fos (9F6, 1:1000,
Cell Signaling Technology, USA) and mouse monoclonal tyrosine hy-
droxylase (TH, F-11, 1:100, Santa Cruz) primary antibodies overnight at
4 °C. The next day, the sections were washed with phosphate buffered
saline (PBS) and incubated with Alexa Fluor 594-conjugated AffiniPure
Goat Anti-Rabbit IgG (H + L; 1:400, Jackson ImmunoResearch, USA)
and fluorescein isothiocyanate-conjugated AffiniPure Goat Anti-Mouse
IgG (H + L; 1:200, Jackson ImmunoResearch, USA) secondary anti-
bodies for 2 h at room temperature. A confocal laser scanning micro-
scope (Zeiss, Germany) was used to monitor the fluorescent signals.

2.7. Library preparation and sequencing

Following the standard rat atlas, the RVLM tissues were extracted by
punching coronal sections [23]. cDNA libraries were generated as pre-
viously described [24]. In brief, TRIzol reagent (Invitrogen, USA) was
utilized for the extraction of total RNA from RVLM tissues following the
manufacturer’s instructions. The purity and integrity of the RNA were
evaluated using the NanoDrop ND-1000 (Thermo Scientific, USA) and
2100 Bioanalyzer System (Agilent, USA), respectively. Six high-quality
cDNA libraries, which were designated as SIH (SIH_1, SIH 2, and
SIH_3) and control (control_1, control_2, and control_3) groups, were
constructed using the TruSeq Stranded Total RNA Human/Mouse/Rat
kit (Illumina, USA) after the removal of ribosomal RNA by the Ribo-Zero
rRNA Removal Kit (Illumina, USA). The libraries were tested for quality
using the 2100 Bioanalyzer System (Agilent, USA). The resulting li-
braries were sequenced on an Illumina HiSeq 4000 instrument at Lian-
chuan Bio, generating 150 bp paired-end reads.

2.8. Analysis of differentially expressed circRNAs

Clean reads were obtained from raw data after filtering out reads
with adaptors and low-quality and undetermined reads through Cuta-
dapt [25]. The clean reads were then aligned to the rat genome (ftp://f
tp.ensembl.org/pub/release-109/gtf/rattus norvegicus/) using Bowtie2
and Hisat2 [26,27]. Tophat-fusion was used to further align the un-
mapped reads to the genome [28]. Back splicing reads were identified in
the unmapped reads by CIRCExplorer2 [29]. All samples generated

Redox Biology 64 (2023) 102782

unique circRNAs. Differential expression analyses of circRNAs in the SIH
and control groups were performed using edgeR [30]. p values < 0.05
were set as the filter criteria for significant differential expression of
circRNAs.

2.9. Reverse transcription quantitative polymerase chain reaction (RT-
qPCR)

The total RNAs were isolated from RVLM tissues or B104 cells as
described above. The RNAs were reverse transcribed using Hifair IT 1st
Strand ¢cDNA Synthesis Kit (Yeasen, China) in accordance with the
manufacturer’s specifications. A stem-loop RT primer (5'-GTCGTATC-
CAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACATTT-3') was
used for RT of miR-335. RT-qPCR was performed with 2 x Hieff qPCR
SYBR Green Master Mix (Yeasen, China) on a CFX96 Touch Real-Time
PCR Detection system (Bio-Rad, USA). Each 20 pL reaction volume
contained 10 pL 2 x Hieff qPCR SYBR Green Master Mix (Yeasen,
China), 7.2 pL PCR-grade H30, 2 pL cDNA template, and 0.4 pL of each
10 pM primer. The specific primers are shown in Table S1. GAPDH was
used as the internal control for circRNA and mRNA normalization, and
U6 was used for miR-335 normalization. Relative expression levels were
calculated using the 2722 method.

2.10. RT-PCR

The total RNAs were extracted from RVLM tissues and reverse
transcribed to cDNA in accordance with the above procedure. RT-PCR
was performed with 2 x Hieff PCR Master Mix (Yeasen, China) on a
MyCycler Thermal Cycler system (Bio-Rad, USA). Each 25 pL reaction
volume contained 12.5 pL 2 x Hieff PCR Master Mix (Yeasen, China),
8.5 pL PCR-grade H30, 2 pL cDNA template, and 1 pL of each 10 pM
primer. The divergent and convergent primers of circRNA Galntl6 and
the convergent primer of GAPDH used for RT-PCR are listed in Table S2.
PCR products were detected by electrophoresis with 2% agarose gel or
sequenced using Sanger sequencing.

2.11. RNase R treatment assay

The total RNAs were extracted from RVLM tissues as above and
incubated with RNase R (Yeasen, China) at 37 °C for 30 min. The re-
action volume contained 1 pg RNA, 0.2 pL RNase R (20 U/pL), and 2 pL
10 x RNase R Reaction Buffer. PCR-grade HoO was then added to obtain
a total volume of 20 pL. The RNAs treated with RNase R were purified
using the RNeasy Mini Kit (QIAGEN, Germany) in accordance with the
provided assay procedure. The purified RNAs were reverse transcribed
to cDNA and then analyzed by RT-qPCR.

2.12. Fluorescence in-situ hybridization (FISH)

Cy3-labeled circRNA Galntl6 and negative control (NC) probes were
synthesized by RiboBio (China). FISH was performed with a Fluorescent
in Situ Hybridization Kit (RiboBio, China) in accordance with the
manufacturer’s manual. In brief, B104 cells were fixed at room tem-
perature for 15 min with 4% paraformaldehyde. Then, the cells were
permeabilized with 0.5% Triton X-100 at 4 °C for 5 min, blocked with
prehybridization solution at 37 °C for 30 min, and incubated with a
hybridization solution (circRNA Galntl6 probes or NC probes added) at
37 °C overnight in the dark. Afterward, the cells were stained with 4’,6-
diamidino-2-phenylindole solution for 10 min in the dark. Finally, FISH
images were analyzed by a confocal laser scanning microscope (Zeiss,
Germany).

2.13. Nuclear and cytoplasmic fractionation

In accordance with the manufacturer’s protocol, the RNAs from the
nucleus and cytoplasm of B104 cells were separated and purified with a
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Cytoplasmic & Nuclear RNA Purification Kit (Norgen Biotek, USA). The
abundance of circRNA Galntl6 in cytoplasmic fraction or nuclear frac-
tion was detected using RT-qPCR.

2.14. Intra-RVLM microinjection

The method of intra-RVLM microinjection has been described in the
authors’ previous studies [22,24]. In brief, the rats were anaesthetized
with isoflurane as described above and placed in prone position, and
their heads were fixed in a stereotaxic apparatus (RWD Life Science,
China). A midline incision was made to expose the skull. The bregma
and lambda points were aligned to the same horizontal plane. LV5
(EF-1a/GFP/Puro) > circRNA Galntl6 (pLV-circRNA Galntl6, lentiviral
vector-mediated circRNA Galntl6 overexpression, > 10° TU/mL) and
control LV5 (EF-1a/GFP/Puro) > NC (pLV-NC, > 10° TU/mL) plasmids
were synthesized by GenePharma (China). A lentivirus containing
shRNA targeting Lig3 (pLV-Lig3-shRNA) was constructed by Hanbio
(China). As shown in Table S3, miR-335 agomir (1 nmol/pL), miR-335
antagomir (1 nmol/pL), and miR-335 antagomir NC (1 nmol/pL) were
synthesized by GenePharma (China). In accordance with the rat brain
atlas [23], they were microinjected into the bilateral RVLM (located
3.7-4.0 mm caudal to lambdoid suture, 2 mm lateral to the midline, and
8.0 mm ventral to the surface of the dura) of rats at 0.1 pL/side by a glass
micropipette. The diagram used to demonstrate the process of con-
firming the correct positioning of RVLM was drawn and described in the
authors’ previous study [24]. The surgical incision was sutured after
microinjection.

2.15. Cell transfection

The B104 cells were inoculated on culture plates and allowed to grow
to 80% confluence. pLV-circRNA Galntl6 (GenePharma, China), pLV-NC
(GenePharma, China), circRNA Galntl6 siRNA (si-circRNA Galntl6,
Hanbio, China, Table S3), siRNA NC (si-NC, Hanbio, China, Table S3),
miR-335 agomir (GenePharma, China, Table S3), agomir NC (Gene-
Pharma, China, Table S3), miR-335 antagomir (GenePharma, China,
Table S3) and antagomir NC (GenePharma, China, Table S3) were
transfected into B104 cells using Lipofectamine 8000 (Beyotime, China)
following the manufacturer’s instructions. After 48 h of transfection, the
cells were utilized for subsequent analyses.

2.16. Detection of reactive oxygen species (ROS)

The ROS levels in RVLM were examined by the ROS-sensitive fluo-
rescent dye dihydroethidium (DHE, Beyotime, China). RVLM sections
were incubated with DHE (5 pM) for 30 min at 37 °C and washed thrice
with PBS. Fluorescence was detected using a confocal laser scanning
microscope (Zeiss, Germany).

2.17. Detection of 8-hydroxydeoxyguanosine (8-OH-dG)

A universal 8-OH-dG assay kit (FineTest, China) was used to measure
8-OH-dG following the manufacturer’s instructions. In brief, the DNAs
from RVLM tissues were isolated using a commercial extraction kit
(Yeasen, China). Then, 50 pL DNA samples were added to the detection
wells and incubated with 50 pL biotin-labeled antibody for 45 min at
37 °C, followed by incubation with 100 pL SABC working solution for 30
min at 37 °C. Subsequently, 90 pL. TMB substrate was added to each well
and incubated at 37 °C for 15 min. Finally, a stop solution was added,
and the plate was read by the LabServ K3 microplate reader (Thermo
Scientific, USA) at a wavelength of 450 nm.

2.18. Detection of superoxide dismutase (SOD) and catalase (CAT)

The enzymatic activities of SOD and CAT in RVLM were detected
using commercially available assay kits (Beyotime, China) in accordance
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with the manufacturer’s instructions. The absorbance was assessed at
450 and 520 nm by the LabServ K3 microplate reader (Thermo Scien-
tific, USA). The SOD and CAT levels were normalized to the total
protein.

2.19. Biotinylated RNA pull-down assay

Biotinylated miR-335 agomir (GenePharma, China) or biotinylated
agomir NC (GenePharma, China) was transfected into the circRNA
Galntl6-overexpressing B104 cells. The biotin-coupled RNA complex
was pulled down by streptavidin magnetic beads (Thermo Scientific,
USA). The amount of circRNA Galntl6é in the bound fraction was
determined using RT-qPCR.

2.20. Dual-luciferase reporter assay

The potential wild-type (WT) and mutant (MUT) binding sites of
miR-335 in circRNA Galntl6 sequence or Lig3 3’ UTR were synthesized
and inserted into the pmirGLO dual-luciferase miRNA target expression
vector to construct circRNA Galntl6-WT/MUT or Lig3-WT-3' UTR/MUT-
3’ UTR. The recombinant reporter plasmids and the miR-335 agomir
(GenePharma, China) or agomir NC (GenePharma, China) were co-
transfected into the B104 cells. A dual-luciferase reporter assay kit
(Yeasen, China) was used to monitor the relative luciferase activity after
48 h following the manufacturer’s protocol.

2.21. Western blot

The protein samples extracted from RVLM tissues or B104 cells were
separated by 10% sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis and transferred onto polyvinylidene difluoride membranes
(Bio-Rad, USA). The membranes containing proteins were blocked with
QuickBlock buffer (Beyotime, China) for 1 h at room temperature. Af-
terward, the membranes were blotted with rabbit polyclonal Lig3
(1:1000, ABclonal, China) and mouse monoclonal horseradish peroxi-
dase (HRP)-conjugated GAPDH (1:5000, Proteintech, USA) primary
antibodies at 4 °C overnight. After washing the membranes three times
with PBST, they were hybridized with goat anti-rabbit IgG-HRP (1:3000,
Cell Signaling Technology, USA) and horse anti-mouse IgG-HRP
(1:3000, Cell Signaling Technology, USA) secondary antibodies for 1 h
at room temperature. The signals of proteins were visualized using super
ECL detection reagent (Yeasen, China) with the Tanon-5200 automatic
chemiluminescence image analysis system (Tanon Science & Technol-
ogy, China). GAPDH acted as a reference.

2.22. Statistical analysis

All values were shown as the mean + standard error of the mean
(SEM) and analyzed on GraphPad Prism software. The sample sizes used
in this study were similar to those used in the authors’ previous publi-
cations [24,31]. Unpaired two-tailed Student’s t-test was employed to
assess significant differences between two groups, and one-way ANOVA
was used to analyze comparisons among three groups or more. The re-
sults were considered significant when P < 0.05.

3. Results

3.1. CircRNA Galntl6 was significantly lowly expressed in RVLM of SIH
rats

After stress was stimulated for 15 successive days, the levels of BP,
HR, sympathetic discharge, and RVLM neuronal excitability were
investigated in SIH and control rats. A significant increase was found in
the mean arterial pressure (MAP), HR, RSNA, plasma NE, and the
number of c-Fos-positive TH + neurons of SIH rats compared with those
of the control rats (Figs. SIA-D). These observations supported the
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reliability of the SIH model. Next, the circRNA expression profiles in
RVLM between the two groups were compared using RNA sequencing.
501,346,052 clean reads were obtained after sequencing and quality
control, of which, 254,254,380 were from SIH group and 247,091,672
were from control group. A total of 12,242 circRNA transcripts were
assembled and subjected to further analysis. The results showed that 32
circRNAs were differentially expressed at p value < 0.05. The top five
differentially expressed circRNAs were marked by a heatmap (Fig. 1A).
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Further, RT-qPCR results demonstrated the excellent agreement of the
expression patterns of three circRNAs (circRNA Galntl6, circRNA Acaca,
and circRNA Sorbsl) with the RNA sequencing findings (Fig. 1B).
CircRNA Adgrl3 and circRNA Pik3r1 did not show differential expres-
sion, which was inconsistent with the RNA sequencing data (Fig. S2).
This finding was probably caused by biological differences between
samples. The expression of circRNA Galntl6 in SIH rats dramatically
decreased compared with that in the control rats (Fig. 1B), and it was
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abundantly expressed in the RVLM tissue (Fig. 1C). Therefore, this study
focused on the role of circRNA Galntl6 in SIH progression. When
divergent and convergent primers were applied, circRNA Galntl6 was
only amplified by divergent primers in ¢cDNA, and no amplification
product was detected in gDNA (Fig. S3). RNase R was used to confirm
the stability of circRNA Galntl6. The results showed that circRNA
Galntl6 was unaffected by RNase R, whereas Galntl6 mRNA was diges-
ted by it (Fig. 1D). Moreover, the head-to-tail splicing in the RT-PCR
product of circRNA Galntl6 was verified through Sanger sequencing
(Fig. 1E). The results of FISH and RT-qPCR revealed that circRNA
Galntl6 was predominately located in the cytoplasm (Fig. 1F and
Fig. §4); thus, it may perform its functions by acting as a competing
endogenous RNA (ceRNA) to sponge its target miRNAs [32].

3.2. CircRNA Galntl6 overexpression in RVLM inhibited SIH progression

A gain-of-function system was established using pLV-circRNA
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Galntl6 to explore the biological functions of circRNA Galntl6 in SIH.
The pLV-circRNA Galntl6 plasmid was bilaterally microinjected twice
into the RVLM of rats in the SIH group 3 and 2 weeks before stress
stimulation, respectively. The overexpression efficiency of circRNA
Galntl6 in RVLM was verified using RT-qPCR (Fig. S5A). Radio telem-
etry demonstrated that the overexpression of circRNA Galntl6 signifi-
cantly decreased the MAP and HR levels of SIH rats (Fig. 2A).
Sympathetic outflow was then detected by RSNA recording test and
plasma NE ELISA assay, and the results demonstrated that the RSNA and
plasma NE values reduced dramatically after circRNA Galntl6 upregu-
lation (Fig. 2B and C). The effect of circRNA Galntl6 on neuronal
excitability was further revealed by immunofluorescence assay. The
results displayed that circRNA Galntl6é overexpression markedly
decreased the proportion of c-Fos-positive TH + neurons in the RVLM of
SIH rats (Fig. 2D). The above results showed that circRNA Galntl6 can
alleviate neuronal excitability, suppress sympathetic tone, and partici-
pate in the neurogenic regulation of SIH.

A 1302 Control 500~ ©® Control Fig. 2. Overexpression of circRNA Galntl6 in RVLM

u SIH u S|H improved SIH. (A) Radio telemetry was used to

120 4 SIH+pLV-NC 4 SIH+pLV-NC measure the MAP and HR in rats after circRNA

IB p— v SIH+pLV-circRNA Galntlé 450- v SIH+pLV-circRNA Galntl6 Galntl6 overexpression. (B and C) Effects of circRNA

€ Galntl6 overexpression on the sympathetic outflow

£ 100+ * i ||| il were unveiled using RSNA recording test and plasma
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3.3. Upregulation of circRNA Galntl6 attenuated oxidative stress

Impaired oxidative stress in RVLM augments sympathetic vasomotor
tone and contributes to hypertension [33-35]. The level of 8-OH-dG in
RVLM was evaluated after pLV-circRNA Galntl6 plasmid was micro-
injected into the RVLM of SIH rats. The circRNA Galntl6 overexpression
group exhibited a significant decrease in the level of 8-OH-dG (Fig. 3A).
Fig. 3B and C showed that the upregulation of circRNA Galntl6 in RVLM
observably increased the activities of SOD and CAT. Compared with that
in the SIH and SIH + pLV-NC rats, ROS production in the RVLM of SIH +
pLV-circRNA Galntl6 rat was markedly attenuated (Fig. 3D). These
findings indicate that circRNA Galntl6 suppresses oxidative stress in
RVLM to inhibit sympathetic hyperactivity against SIH.

3.4. CircRNA Galntl6 served as a sponge of miR-335

The underlying mechanism by which circRNA Galntl6 mediated
oxidative stress was disclosed. Growing evidence has shown that
circRNA-associated-ceRNA networks may have various functions in the
regulation of numerous types of diseases [36,37]. We speculated that
circRNA Galntl6 can bind to miRNAs to modulate downstream gene
expressions because of its cytoplasmic localization. Our previous studies
revealed that knockdown of miR-335 in RVLM significantly reduced
sympathetic outflow and effectively improved SIH [24,31]. In the pre-
sent study, the results of RT-qPCR showed that miR-335 expression was
upregulated in the RVLM of SIH rats (Fig. S6). Bioinformatics prediction
by RNAhybrid showed the binding sites of miR-335 in circRNA Galntl6

A B
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(Fig. 4A). Biotinylated miR-335 agomir or biotinylated agomir NC was
utilized to pull down circRNA Galntl6 in B104 cells with circRNA
Galntl6 overexpression, and the results revealed that circRNA Galntl6
was mainly abundant in the biotinylated miR-335 agomir group
(Fig. 4B). Next, reporter assay was conducted with a luciferase plasmid
harboring the circRNA Galntl6 sequence containing the predicted sites
of miR-335. As shown in Fig. 4C, the luciferase activity of circRNA
Galntl6-WT was dramatically decreased by miR-335 overexpression.
However, the luciferase activity of circRNA Galntl6-MUT had no evident
change. In addition, the circRNA Galntl6 expression was overexpressed
or inhibited efficiently in the B104 cells (Figs. S5B-C), and the results
showed that overexpression or knockdown of circRNA Galntl6 could
negatively regulate the expression of miR-335 (Fig. 4D and E). This
regulatory relationship was further verified in-vivo, and the results
indicated that the circRNA Galntl6 overexpression in RVLM markedly
decreased the miR-335 expression (Fig. 4F). The above results proved
that circRNA Galntl6 can directly sponge miR-335.

3.5. CircRNA Galntl6 restrained oxidative stress by absorbing miR-335

Whether circRNA Galntl6 regulates oxidative stress through
sponging miR-335 was further revealed. The pLV-circRNA Galntl6
plasmid was bilaterally microinjected twice into the RVLM of rats in the
SIH group 3 and 2 weeks before stress stimulation, respectively. Then,
the rats were administered with two bilateral RVLM microinjections of
miR-335 agomir on days 8 and 12 of stress. The levels of oxidative stress
in the groups were detected on day 15 of stress. MiR-335 agomir

C

T 5o kkk = 20—
259 % 5 ° %% -% 207 ux
= ° oo ° poes L
T 20- ns 8 4- ns ¥ = um ns
£ = = |l 2 . ™
£ 454 A £ 3 £
o *k%k =) 510_
3 10 e 2 27 Z
o) *kk v = S
1 3 l":'; 5
= 5 s g 1 ®
=
(] <
0 »n 0 O 0

oo““ ‘5\\'\\}1‘“ ¢ c‘?’*“h

Control SIH

SIH+pLV-NC

- “\‘o s\‘(\ _‘,\G G?‘“P
e \l 6 \'\""
\,\*9 5

'd°\ s\\‘\ .\~\° R“P‘

\-C "" NG
\'\“'9\(", “\‘\6 \'\ \'\‘\, \
3_
SIH+pLV-circRNA 5 R
Galntl6 3 2
'§ ko *kk
o v
n 11 3‘3' vV
o
14
0

1
00““0 5\\'\ \‘“0 \ GVS\P‘

X0 \1 N

Fig. 3. CircRNA Galntl6 restricted RVLM oxidative stress in SIH rats. (A-D) After microinjection of pLV-circRNA Galntl6 plasmid in the RVLM of SIH rats, the level of
8-OH-dG and the activities of SOD and CAT were determined by commercial kits, and ROS production was detected by DHE staining. Data were expressed as mean +
SEM. Statistical significance was determined by one-way ANOVA, followed by post-hoc Bonferroni test (A-D). n = 6 rats per group (A-D). *p < 0.05, ***p < 0.001,

and ns means nonsignificant versus SIH group.



S. Zhang et al.

A

Redox Biology 64 (2023) 102782

Fig. 4. CircRNA Galntl6 bound to miR-335 and
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attenuated the suppressive effects of circRNA Galntl6 overexpression on
the level of 8-OH-dG in the RVLM of SIH rats (Fig. 5A). The promotive
influence of circRNA Galntl6 overexpression on the activities of SOD and
CAT was reversed after microinjection of miR-335 agomir into RVLM
(Fig. 5B and C). Moreover, miR-335 agomir impaired the inhibitory
effects of circRNA Galntl6 overexpression on the ROS production in the
RVLM of SIH rats (Fig. 5D). Overall, these results indicate that circRNA
Galntl6 regulates miR-335 to affect oxidative stress in RVLM, which
participates in SIH pathogenesis.

3.6. Lig3 was a direct target of miR-335

The mechanism underlying miR-335 modulating oxidative stress was
unveiled. Lig3 is critical for mitochondrial DNA integrity, and it strongly
affects oxidative stress [38-40]. In the present study, the expression of
Lig3 in RVLM was examined by RT-qPCR and Western blot in SIH and
control rats, and the results showed that the mRNA and protein
expression levels of Lig3 in SIH rats greatly decreased (Fig. S7). MiR-335
may target Lig3 directly, as predicted by the TargetScan and miRanda
tools (Fig. 6A). The results of dual-luciferase reporter assay confirmed
that the upregulation of miR-335 by agomir in B104 cells observably
decreased the luciferase activity of Lig3-WT-3’ UTR reporter, whereas it
had no remarkable effect on the Lig3-MUT-3' UTR reporter (Fig. 6B).
Then, miR-335 overexpression and knockdown systems were

circRNA Galntlé

established successfully in B104 cells using miR-335 agomir and
miR-335 antagomir, and the overexpression and knockdown efficiencies
were detected by RT-qPCR (Figs. S5D-E). As shown in Fig. 6C, the
mRNA and protein levels of Lig3 dramatically decreased when miR-335
was overexpressed. By contrast, miR-335 knockdown led to a significant
increase in Lig3 expression (Fig. 6D). For in-vivo assay, the miR-335
antagomir was bilaterally microinjected into the RVLM of rats in the
SIH group on days 8 and 12 of stress. This regulatory relationship was
measured on day 15 of stress. RT-qPCR was used to evaluate the
knockdown efficiency of miR-335 antagomir in RVLM (Fig. S5F). The
results revealed that miR-335 downregulation in RVLM observably
increased the Lig3 expression (Fig. 6E). Altogether, these observations
prove that miR-335 targets Lig3.

3.7. MiR-335 promoted oxidative stress by targeting Lig3

Given the binding relationship between miR-335 and Lig3, the effect
of miR-335/Lig3 on oxidative stress was clarified. The pLV-Lig3-shRNA
plasmid was bilaterally microinjected twice into the RVLM of rats in the
SIH group 3 and 2 weeks before stress stimulation, respectively. The rats
were then administered with two bilateral RVLM microinjections of
miR-335 antagomir on days 8 and 12 of stress. The oxidative stress levels
in the groups were examined on day 15 of stress. As shown in Fig. 7A,
miR-335 knockdown reduced the level of 8-OH-dG in the RVLM of SIH
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Fig. 5. CircRNA Galntl6 repressed oxidative stress in RVLM of SIH rats by binding to miR-335. (A-C) Effects of circRNA Galntl6 overexpression and miR-335 agomir
on the level of 8-OH-dG and activities of SOD and CAT in RVLM were measured using commercial kits. (D) Influences of circRNA Galntl6 upregulation and miR-335
agomir on ROS production in RVLM were detected by DHE staining. Data were expressed as mean + SEM. Statistical significance was determined by one-way
ANOVA, followed by post-hoc Bonferroni test (A-D). n = 6 rats per group (A-D). *p < 0.05, **p < 0.01, ***p < 0.001, and ns means nonsignificant versus SIH group.

rats, whereas enforced Lig3 inhibition attenuated this influence. MiR-
335 downregulation increased the activities of SOD and CAT in the
RVLM of SIH rats, which were restored after Lig3 suppression (Fig. 7B
and C). ROS production in the RVLM of SIH rats was decreased by miR-
335 antagomir. However, Lig3 knockdown hindered this effect
(Fig. 7D). Collectively, these findings suggest that miR-335 regulates
oxidative stress in RVLM by targeting Lig3 and plays a key role in SIH
progression.

3.8. CircRNA Galntl6 modulated Lig3 expression by targeting miR-335

MiR-335 was confirmed to be sponged by circRNA Galntl6, and Lig3
was a target of miR-335. Thus, whether circRNA Galntl6 regulates Lig3
expression by targeting miR-335 was further uncovered. RT-qPCR and
Western blot analyses revealed that the mRNA and protein levels of Lig3
were observably upregulated or downregulated by circRNA Galntl6
overexpression or silencing in B104 cells, whereas miR-335 agomir or
antagomir reversed these effects (Fig. 8A-D). In-vivo assay showed the
significantly increased expression of Lig3 in the RVLM of SIH + pLV-
circRNA Galntl6 rats. However, miR-335 agomir administration notably
prevented this increase (Fig. 8E and F). To sum up, these data prove that
circRNA Galntl6 can modulate the expression of Lig3 through sponging
miR-335.

4. Discussion

CircRNAs were first described in 1976 in plant viroids [41]. After-
ward, research has increasingly uncovered their generation and
expression in humans, animals, and plants. Given the widespread exis-
tence of circRNAs, they have been well evaluated and were abnormal
under disease conditions [42]. However, no relevant studies have
identified the association between circRNAs and the neurogenic path-
ogenesis of hypertension. RVLM is a unique and important brain region
involved in the control of sympathetic discharge and hypertension [11,
43]. Here, the first comprehensive and dynamic genome-wide RVLM
circRNA catalog in SIH rats and controls was successfully built, which
revealed their functional roles in modulating SIH progression and great
potential as therapeutic targets.

In general, altered expression can help in verifying the different
biological processes between healthy and abnormal states. In-silico
analysis of the circRNAs in RVLM showed that showed that 19 circR-
NAs were upregulated, and 13 were downregulated in response to stress.
CircRNA Galntl6, a RVLM-enriched circRNA, was poorly expressed in
SIH rats, as further recognized by RT-qPCR. CircRNA Galntl6 is an
exonic circRNA that originates from exons 3, 4, and 6 of the Galntl6 gene
and is then back spliced into a circular structure. In-vivo comes from the
Latin (within the living), meaning a study is performed on a living or-
ganism. In-vivo studies display high accuracy in the validation of targets
and are important in novel therapy development. Lentivirus-mediated
overexpression of circRNA Galntl6é in-vivo markedly reduced the
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levels of MAP, HR, RSNA, and plasma NE and the percentage of RVLM
TH + neurons expressing c-Fos. Therefore, the data establish circRNA
Galntl6 as an essential ncRNA in the regulation of BP, sympathetic
outflow, and RVLM neuronal excitability during the progression of SIH.

Reportedly, oxidative stress in the cardiovascular center plays an
important part in the regulation of sympathetic outflow in hypertension
[44]. Mounting evidence showed that oxidative stress in RVLM can in-
crease sympathetic nerve activity, which leads to hypertension [33-35].
In the present study, upregulated circRNA Galntl6 can reduce the
8-OH-dG level, MMP depolarization, and ROS production and enhance
SOD and CAT activities in-vivo, which suggest that circRNA Galntl6
inhibited RVLM oxidative stress to hinder the course of SIH. The bio-
logical functions of circRNAs heavily rely upon their subcellular local-
ization [16]. Cytoplasmic circRNAs can modulate mRNA stability via
acting as miRNA sponges [32]. FISH and cytoplasmic and nuclear
RT-qPCR assays revealed that circRNA Galntl6 was mainly located in the
cytoplasm. Given that circRNA Galntl6 may serve as a sponge of miRNAs
to regulate RVLM oxidative stress and SIH progression, miRNAs asso-
ciated with circRNA Galntl6 were further sought.

10

antagomir

MiR-335, an evolutionarily conserved miRNA in humans, mice, rats,
and other species, is involved in the regulation of various pathological
processes. Li et al. uncovered that miR-335 exacerbated type 2 diabetes
through inhibiting the expression of SLC2A4 [45]. MiR-335 targeted
HMG-box transcription factor 1 to promote chondrocyte apoptosis in
osteoarthritis [46]. Moreover, miR-335 has been implicated in various
aspects of tumor progression [47]. Importantly, miR-335 was positively
associated with oxidative stress [48,49]. The authors’ previous studies
revealed that miR-335 silencing in RVLM repressed SIH progression via
regulating sympathetic vasoconstriction [24,31]. Herein, miR-335 was
dramatically upregulated in the RVLM of SIH rats compared with the
controls. Using RNA  pulldown, dual-luciferase reporter,
gain-of-function, and loss-of-function analyses, circRNA Galntl6 was
demonstrated to directly target and suppress miR-335 expression.
Furthermore, miR-335 agomir attenuated the circRNA Galntl6-mediated
effects on oxidative stress in-vivo. These findings prove that circRNA
Galntl6 regulates RVLM oxidative stress by sponging miR-335, which
participates in SIH pathogenesis.

Next, the downstream gene of miR-335 and the molecular
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Fig. 7. MiR-335 caused oxidative stress in RVLM of SIH rats via targeting Lig3. (A-C) Effects of miR-335 downregulation on the level of 8-OH-dG and activities of
SOD and CAT in RVLM of SIH rats were reversed by Lig3 depletion. (D) Lig3 knockdown weakened the suppressive influence of miR-335 silencing on ROS production
in RVLM of SIH rats. Data were expressed as mean + SEM. Statistical significance was determined by one-way ANOVA, followed by post-hoc Bonferroni test (A-D). n
= 6 rats per group (A-D). *p < 0.05, **p < 0.01, ***p < 0.001, and ns means nonsignificant versus SIH group.

mechanism of how miR-335 perform its role in SIH progression were
explored. Mature miRNA was loaded onto AGO to assemble RNA-
induced silencing complex, which then mediates gene silencing activ-
ities [50]. DNA ligase 3, which is encoded by Lig3, is the only DNA ligase
detected in mitochondria, and it exerts an antioxidative stress effect
[38-40]. In the current study, Lig3 was down-expressed in the RVLM of
SIH rats and negatively correlated with miR-335 expression.
Dual-luciferase reporter, gain-of-function, and loss-of-function assays
revealed that Lig3 is a direct target of miR-335. In addition, Lig3 sup-
pression reversed the effects of miR-335 antagomir on oxidative stress
in-vivo. The above data proved that miR-335 modulates RVLM oxidative
stress via targeting Lig3, which further affects SIH progression.

In addition, in-vivo and in-vitro experiments were employed to
disclose the relationship between circRNA Galntl6 and Lig3. The over-
expression of circRNA Galntl6 enhanced Lig3 expression, whereas
knockdown of circRNA Galntl6 reduced it. However, these effects were
restrained by miR-335 agomir or antagomir. All these findings suggest
that circRNA Galntl6 can sponge miR-335 to regulate Lig3 expression.
CircRNA Galntl6 inhibits SIH progression by controlling RVLM oxidative
stress, and the underlying molecular mechanism is that circRNA Galntl6
promotes Lig3 expression by targeting miR-335. However, this research
has some limitations. First, BP is profoundly affected by sex difference
[51], and in the present study, only male rat samples were used. Second,
more experiments are needed to detect other target genes and signals in
the RVLM involved in circRNA Galntl6-mediated SIH progression.
Lastly, the expression of circRNA Galntl6 in other cardiovascular centers
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(NTS and CVLM) and the associated mechanisms should be explored
intensively. Moreover, the renin-angiotensin-aldosterone system (RAS)
plays a crucial role in the physiologic regulation of pressor response
[52]. Enhanced excitability of RVLM neurons causes elevated sympa-
thetic nerve activity (SNA) and increases plasma renin and angiotensin II
levels [53]. Circulating angiotensin II increases neuronal activity in the
subfornical organ (SFO), and this increased activity is relayed to the
paraventricular nucleus (PVN) and subsequently to the RVLM, contrib-
uting to the maintenance of RVLM neuron activities, which accentuates
SNA and hypertension [53,54]. In the present study, circRNA Galntl6
overexpression in RVLM dramatically reduced the sympathetic tone.
Thus, we speculated that circRNA Galnt6 can also modulate the RAS to
fight against SIH.

Chronic stress has an effect on the neuronal excitability of cardio-
vascular centers, which can place people at serious risk of SIH. It aug-
ments the excitation of RVLM neurons and sympathetic nerve activity to
induce SIH. Rat models of SIH established by long-term electric foot-
shock stimulation and buzzer noise exposure are considered reliable
models for studying the pathological changes in SIH [12-14,22,24,31].
The present study depicted a comprehensive view of RVLM circRNA
transcriptome in SIH rats and the discovery of a novel regulatory
mechanism of circRNA Galntl6 that controls RVLM oxidative stress and
neuronal excitability, sympathetic outflow, and BP. Mechanistically,
circRNA Galntl6 can effectively sponge miR-335 to promote Lig3
expression in RVLM. These findings suggest targeting the circRNA
Galntl6/miR-335/Lig3 axis as an effective treatment strategy for
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combatting SIH.
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Fig. 8. CircRNA Galntl6 regulated Lig3 expression
via targeting miR-335. (A and B) Effects of circRNA
Galntl6 overexpression and miR-335 agomir on the
expression of Lig3 were revealed using RT-qPCR and
Western blot analyses in B104 cells. (C and D) RT-
qPCR and Western blot assays were used to illus-
trate the effects of circRNA Galntl6 knockdown and
miR-335 antagomir on Lig3 expression in B104 cells.
(E and F) After microinjection of pLV-circRNA
Galntl6 plasmid and miR-335 agomir into RVLM of
SIH rats, the expression of Lig3 was measured by RT-
qPCR and Western blot analyses. Data were expressed
as mean + SEM. Statistical significance was deter-
mined by one-way ANOVA, followed by post-hoc
Bonferroni test (A-F). n = 6 of independent cell cul-
ture preparations (A and C). n = 3 of independent cell
culture preparations (B and D). n = 6 rats per group
(E). n = 3 rats per group (F). “p < 0.05, **p < 0.001,
and ns means nonsignificant versus pLV-NC group.
4p< 0.05, **4p< 0.001, and ns means nonsignificant
versus si-NC group. *p < 0.05, ***p < 0.001, and ns
means nonsignificant versus SIH + pLV-NC group.
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