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Aims: Long-term salt diet induces the oxidative stress in the paraventricular nucleus (PVN)
and increases the blood pressure. Extracellular superoxide dismutase (Ec-SOD) is a
unique antioxidant enzyme that exists in extracellular space and plays an essential role in
scavenging excessive reactive oxygen species (ROS). However, the underlying
mechanism of Ec-SOD in the PVN remains unclear.

Methods: Sprague–Dawley rats (150–200 g) were fed either a high salt diet (8%NaCl, HS)
or normal salt diet (0.9% NaCl, NS) for 6 weeks. Each group of rats was administered with
bilateral PVN microinjection of AAV-Ec-SOD (Ec-SOD overexpression) or AAV-Ctrl for the
next 6 weeks.

Results: High salt intake not only increased mean arterial blood pressure (MAP) and the
plasma noradrenaline (NE) but also elevated the NAD(P)H oxidase activity, the NAD(P)H
oxidase components (NOX2 and NOX4) expression, and ROS production in the PVN.
Meanwhile, the NOD-like receptor protein 3 (NLRP3)–dependent inflammatory proteins
(ASC, pro-cas-1, IL-β, CXCR, CCL2) expression and the tyrosine hydroxylase (TH)
expression in the PVN with high salt diet were higher, but the GSH level, Ec-SOD
activity, GAD67 expression, and GABA level were lower than the NS group. Bilateral
PVN microinjection of AAV-Ec-SOD decreased MAP and the plasma NE, reduced NAD(P)
H oxidase activity, the NOX2 and NOX4 expression, and ROS production, attenuated
NLRP3-dependent inflammatory expression and TH, but increased GSH level, Ec-SOD
activity, GAD67 expression, and GABA level in the PVN compared with the high salt group.

Conclusion: Excessive salt intake not only activates oxidative stress but also induces the
NLRP3-depensent inflammation and breaks the balance between inhibitory and
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excitability neurotransmitters in the PVN. Ec-SOD, as an essential anti-oxidative enzyme,
eliminates the ROS in the PVN and decreases the blood pressure, probably through
inhibiting the NLRP3-dependent inflammation and improving the excitatory
neurotransmitter release in the PVN in the salt-induced hypertension.

Keywords: salt-induced hypertension, Ec-SOD, NLRP3, neurotransmitters, paraventricular nucleus

INTRODUCTION

Long-term excessive salt intake is one of the high-risk
environmental factors responsible for the blood pressure
regulation and the major dietary determinant for
cardiovascular diseases especially the salt-induced
hypertension. Numerous studies have reported that excessive
amounts of sodium (NaCl) intake elevated the reactive oxygen
species (ROS) production and restrained the antioxidant capacity
at once, which would cause the target organ damages such as
vascular endothelial cell, renal tubules, myocardial performance,
and central nervous system (Nurkiewicz and Boegehold, 2007; Gu
et al., 2008; Gu et al., 2009; Boegehold et al., 2015). As we know,
high salt intake increases the delivery of sodium to renal tubules,
activates the renin-angiotensin system (RAS), and promotes
sodium and water re-absorption from renal tubules, which
brings about oxidative stress and proinflammatory cytokines
in endothelial cells and then develops to cardiorenal syndrome
and hypertension (Weinstock et al., 1996; Selektor and Weber,
2008; Fujita et al., 2012). In addition, excessive sodium intake
raises the endothelial NAD(P)H oxidase-dependent oxidative
stress, resulting in the excessive amount of superoxide anion
production that is mainly injurious to the vasculature (Matsui
et al., 2006; Fujita et al., 2007; Kido et al., 2008). Also, all of those
disturb the signaling pathways for endothelial nitric oxide
synthase (NOS) activity so far as to make a reduction of the
vascular NO bioavailability and protective function for the
cardiovascular system (Channon, 2004; Boegehold, 2013).
Therefore, WHO recommends that the suggested daily salt
intake of the general population is 6–8 g, which is suitable for
our body health. Patel and Joseph (2020) and other studies
pointed out that high sodium intake can decrease α/β myosin
heavy chain ratio by increasing the β expression, which causes the
decrease of myocardial mechanical performance (Patel and
Joseph, 2020). Meanwhile, high sodium diet has a negative
effect on the Ca2+ and Na+ exchange, which is vital to main
excitation–contraction coupling and cardiac mechanical
performance. In the brain, excess dietary salt increases the
concentration of sodium in the brain that leads to endogenous
ouabain (EO) release while the EO inhibits the Na+/K+-ATP
pump and increases angiotensin II (ANG II) in the central
system, which significantly elevates the sympathetic excitation
and the blood pressure (Blaustein et al., 2012). Therefore, high
salt intake is closely associated with hypertension and
cardiovascular diseases.

Numerous studies have reached an agreement that high salt
diet leads to oxidative stress including the peripheral organs and
central system (Huang and Leenen, 1996; 1999). In the brain,
excessive sodium elevates the NAD(P)H-oxidase activity so as to

generate excessive amounts of ROS. Our previous studies have
indicated that high salt diet triggered oxidative stress in the
paraventricular nucleus of hypothalamus (PVN) and increased
the sympathetic activity, but blood pressure was decreased after
bilateral paraventricular nucleus infusion of oxygen radical
scavenger (temple), which means oxidative stress in the PVN
contributes to sympathetic excitation and blood pressure (Su
et al., 2014). Superoxide dismutase (SOD) is a broadly known
essential antioxidant enzyme, which can catalyze two superoxide
ions and two hydrogen ions to form one oxygenmolecule and one
hydrogen peroxide molecule. The generated hydrogen peroxide is
further decomposed into water molecule and oxygen molecule
under catalase (CAT) catalysis. There are three members of the
SOD family including cytosolic SOD (Cu/Zn-SOD, SOD1),
mitochondrial SOD (Mn-SOD, SOD2), and extracellular SOD
(Ec-SOD, SOD3). As for the Ec-SOD, it plays a primary anti-
oxidative defense for the oxidative stress and takes part in the
cellular signal transduction, and it is also a unique antioxidant
enzyme that exists in extracellular space (Marklund et al., 1982;
Sasaki et al., 2021). However, there are no abundant evidences for
this newcomer antioxidant enzyme. Therefore, we intend to
explore the mechanism of Ec-SOD on excessive salt
intake–induced hypertension.

As for the inflammation, there are numerous evidences
showing that oxidative stress induced the inflammation in the
PVN (Su et al., 2016) and inflammasome is mainly a step to act on
the chronic inflammation responses. Schroder and Tschopp
(2010) showed that NOD-like receptor protein 3 (NLRP3)
inflammasome is a molecular platform activated upon signs of
cellular “danger” to trigger innate immune defenses through the
maturation of pro-inflammatory cytokines such as interleukin
(IL)-1β (Schroder and Tschopp, 2010; Jo et al., 2016).
NLRP3 inflammasome-mediated inflammation takes part in
neurologic diseases and can be activated by damaged
mitochondria releasing ROS (Zhou et al., 2011; Alsaadi et al.,
2021). Therefore, we wonder whether the ROS in the PVN
activated the NLRP3 inflammasome-mediated inflammation
and finally induced the inflammatory cytokine expression in
the PVN.

In addition, paraventricular nucleus of the hypothalamus
exists in the presympathetic neurons and is a primitive action
for modulating the downstream sympathetic nerve activity,
which is tightly linked to blood pressure (Thorsdottir et al.,
2021). Numerous evidences demonstrated that salt diet
elevated the noradrenaline (NE) level and tyrosine hydroxylase
(TH) expression in the PVN during the process of hypertension
(Wang et al., 2018; Yu et al., 2019). TH, which can catalyze the
conversion of L-tyrosine to L-3,4-dihydroxyphenylalanine
(L-DOPA), is the initial and rate-limiting step in the
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biosynthetic pathway of catecholamines including dopamine, NE,
and adrenaline. NE is released predominantly from the ends of
sympathetic nerve fibers and acts to increase the force of skeletal
muscle contraction and the rate and force of contraction of the
heart so as to increase the blood pressure. Therefore, the high
level of TH can increase catecholamine production, especially NE,
which elevates the sympathetic activity and blood pressure. As we
know, glutamic acid decarboxylase (GAD) is the crucial enzyme
involved in the synthesis of gamma-aminobutyric acid (GABA), a
major inhibitory neurotransmitter of the central nervous system.
Therefore, once the neurons were stimulated by acute or chronic
factors like ROS, the resting potential of neurons were triggered to
conduct the action potentials and transmits the
neurotransmitters between prominences increasing the
excitatory (including NE and epinephrine, Glu) release and
suppressing the inhibitory neurotransmitter secretion such as
GABA. Also, those excitatory neurotransmitters are released
predominantly from the ends of sympathetic nerve fibers and
then augmented the sympathetic nerve activity. All of those made
us to explore whether the ROS in the PVN can regulate the
neurotransmitters and finally decrease the sympathetic nerve
activity and blood pressure in salt-induced hypertension.

In summary, high salt diet induced the oxidative stress in the
PVN, but how Ec-SOD regulates the sympathetic nerve activity
and blood pressure remains unclear. Some researchers have
indicated that ROS is closely related to inflammatory cytokines
and neurotransmitters and probably takes part in the
development of hypertension. Therefore, the aim of this study
is to determine whether the overexpression of Ec-SOD in the
PVN decreases the blood pressure via regulation of the NLRP3
pathway and neurotransmitters in salt-induced hypertension.

MATERIALS AND METHODS

Animals
Sprague–Dawley rats weighing 150–200 g were purchased from
the experimental animal center of Xi’an Jiaotong University. All
animals were housed in temperature-controlled (23 ± 2°C) and
light-controlled (12 h light/dark cycle) animal quarters and were
provided with rat chow ad libitum. The study was approved by
the Animal Care and Use Committee of Xi’an Jiaotong University
(No. 2018-404). The design conformed to the Guide for the Care
and Use of Laboratory Animals published by the United States
National Institutes of Health (the US National Institutes of
Health Publication No. 85-23, revised 1996).

Adenovirus-Associated Virus Preparation
The Ec-SOD plasmid vector (HBAAV2/9-CMV-MCS-Zsgreen)
containing the gene of Rattus norvegicus Ec-SOD targeting
sequence (Gene ID: 25352; Transcript: NM_012880.2, 731 bp)
and green fluorescent protein was provided by Hanbio
Biotechnology Co. Ltd (Shanghai, China, contract number:
HH20210317ZY-AAV01). The related information is in
Supplementary Figure S1. The titer of the adenovirus-
associated virus (AAV) is 1 × 1012 μg/ml and the serotype is
AAV 9. After we obtained the adenovirus-associated virus, the

AAV would be subpackaged (200 μl/tube) and store at −80°C.
Before bilateral paraventricular nucleus injection of AAV-Ec-
SOD or AAV-Ctrl, the vectors should be dissolved on ice.

Surgery and Stereotaxic Injection
For vector injection, rats were anesthetized with a ketamine
(80 mg/kg) and xylazine (10 mg/kg) mixture
(intraperitoneally), and the head was placed into a stereotaxic
apparatus. The microinjector (5 μl) with vectors (either AAV-Ec-
SOD or AAV-Ctrl) was installed in the microinjection pump.
Vectors were bilaterally injected into the PVN (coordinates:
±0.4 mm from midline, −1.8 mm posterior to bregma, and
−7.9 mm ventral to dura according to the Paxinos and Watson
rat brain atlas) using 2 μl volume each side at the rate of 0.2 μl/
min (He et al., 2017; Zhu et al., 2018; Zheng et al., 2020). After
finishing injection, the needle was kept in the site for 10 min and
then moved away. Then the holes were covered with dental tray
powder. Also, the wounds were treated with antibiotics and
finally stitched. After surgery, animals recovered from the
anesthetic and cefotaxime sodium (80 mg/kg) was applied
through intraperitoneal injection twice a day in the following
7 days (Bai et al., 2017a; Huo et al., 2020).

General Experimental Protocol
Sprague–Dawley rats (150–200 g) were fed with 8% high salt diet
(8% NaCl, HS) and 0.9% normal salt diet (0.9%, NaCl, NS) for
6 weeks. Then those two groups were respectively separated into
AAV-Ec-SOD and AAV-Ctrl (empty vector) groups. Each group
of rats was administered with bilateral PVNmicroinjection of the
overexpression of AAV-Ec-SOD or AAV-Ctrl once at the
beginning of the seventh week. High salt diet or normal salt
diet was continued for a total of 12 weeks (Figure 1A) and the
available number of each group rat is 6. All groups are as follows:
normal salt + PVNAAV-Ctrl (NS + PVNAAV-Ctrl); normal salt
+ PVN AAV-Ec-SOD (NS + PVN AAV-Ec-SOD); high salt +
PVN AAV-Ctrl (HS + PVN AAV-Ctrl); high salt + PVN AAV-
Ec-SOD (OH + PVN AAV-Ec-SOD). At the end of the study,
after rats were anesthetized, blood was collected from the
abdominal aortic vein and centrifuged at 3,000 r/min to obtain
the plasma. One part of fresh brain tissues was put into 4%
paraformaldehyde for 3 days and then moved into 30% sucrose
for dehydration. The plasma, OTC embedding brains, and the
rest of the fresh brain were stored at −80°C for the next molecular
experiments.

Blood Pressure Measurement
The method for the measurement of blood pressure was
noninvasive via tail-cuff instrument, and their recording
system has been described previously (Elks et al., 2011; Li
et al., 2020; Xia et al., 2021). All animals were habituated to
the blood pressure system and to the holders daily for 1 week
prior to the initiation of experimental measurements.
Unanesthetized rats were warmed to an ambient temperature
of 30°C by placing them in a holding device mounted on a
thermostatically controlled warming plate. Rat tail was allowed
to accommodate the cuff for 10 min before blood pressure
measurement. After that, the tail was threaded through the
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VPR sensor cuff and placed within 2 cm of the occlusion cuff. The
temperature of the animals should be between 32 and 35°C.When
the software displays a stable jagged wave, blood pressure could
be measured. Appropriate training for software operation and
animal handling is required prior to performing this method for
BP measurement. The rats’ arterial pressure was measured every
week during 12 weeks. Mean arterial pressure data were recorded
20 times, which were collected for 30 min between the same time
(8:00 and 11:00), and those data were then averaged until the end
of this study.

Immunofluorescence and
Immunohistochemistry
Immunofluorescence and immunofluorescence double staining
were conducted according to the antibody instruction and it has
been described previously (Xie et al., 2013). OTC embedding
brains were sectioned into several 14-μm transverse sections from
bregma −0.92 to −2.12 mm at −25°C by freezing microtome

(Leica, CM1860). Sections were then washed in PBS
containing 0.1% Tween 20 three times for 5 min,
permeabilized in 0.3% Triton in Tris-buffered saline for 1 h at
37°C, blocked using 5% goat serum with 0.2% Triton in Tris-
buffered saline for 1 h, and incubated with primary antibody in
blocking buffer at 4°C overnight. The following primary
antibodies were used in this section: NLRP3 (1:300, ab214185;
Abcam), NOX2 (dilution 1:200, ab280952; Abcam), TH (1:400,
ab6211; Abcam), and DAPI (1:500, ab254259; Abcam). After
washing three times for 5 min, the sections were incubated with
secondary antibodies (Alexa Fluor-conjugated donkey anti-
mouse or anti-rabbit IgG (1:200; Molecular Probes)), washed
in PBS three times for 5 min, and incubated in DAPI (4′,6-
diamidino-2-phenylindole, Invitrogen) for 30 min. For double-
label immunofluorescence staining, sections were stained with
the two primary antibodies listed previously and two different
sources of secondary antibodies were also added. After adding the
antifade solution, immunofluorescence staining sections were
imaged using a fluorescence microscope (Nikon Eclipse, 80i,

FIGURE 1 | Effect of AAV-Ec-SOD on mean arterial blood pressure, plasma noradrenaline and PVN level of superoxide anion (A) Schematic diagram for the
experimental protocol; (B) Line chart comparing the effect of AAV-Ec-SOD on mean arterial blood pressure (MAP) during the 12 weeks; (C) Column diagram analysis of
the plasma noradrenaline (NE) in different groups; (D–E) Immunofluorescence for dihydroethidium (DHE) and Column diagram showing the immunofluorescent intensity
of DHE in the PVN in different groups. 3V represents the third ventricle in brain. Values are expressed as mean ± SEM (n � 6). *p < 0.05 vs. NS groups (NS + PVN
AAV-Ctrl or NS + AAV-Ec-SOD); #p < 0.05 vs. HS + PVN AAV-Ctrl.
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Japan) and double staining sections were observed on a laser
scanning confocal microscope (Nikon C2, Japan).

For diaminobenzidine (DAB) staining, sections stained with
primary antibody c-fos (1:300, ab222699; Abcam) were
washed in PBS containing 0.1% Tween 20 for 1 h, then
incubated with anti-rabbit IgG (HRP) secondary antibody
(1:200, AB7090; Abcam) in blocking buffer for 1 h. The
horseradish peroxidase reaction was detected using 3,3-
diaminobenzidine (DAB) kit (P0203, Beyotime, China)
according to the manufacturer’s instructions. Processing
was stopped with H2O and sections were imaged using a
microscope (Nikon Eclipse, 80i, Japan).

Measurement of Superoxide Anion in PVN
The level of superoxide anion in the PVN was detected by
dihydroethidium (DHE; Molecular Probes). Brain sections
(frozen section, 14 μm) were incubated for 10 min with
dihydroethidium (1 μmol/L; Sigma) at 37°C in the dark, as
previously described. The oxidative fluorescence intensity was
detected at 585 nm wavelength by fluorescence microscope
imaging system (Nikon).

Western Blotting
As for the western blotting procedures, many references have
been described (Lupia et al., 2010). Microdissection procedures
were used to isolate the PVN tissue. The tissues were collected
from both sides of the PVN of individual rats. Protein extracted
from PVN tissues were prepared as described previously (Lupia
et al., 2010). Western blotting was used for measurement of
protein expression. The tissues were then homogenized in 100 μl
of RIPA lysis buffer containing protease inhibitor cocktail. The
protein was extracted from the homogenates, and the protein
concentration in the lysate was measured using a BCA assay.
Protein extracts (30 μg) were combined with an equal volume of
loading buffer, boiled for 5 min, and electrophoresed on 10–15%
SDS-polyacrylamide gels. The proteins were electroblotted onto
polyvinylidene PVDF membranes. Non-specific binding was
blocked by incubating the membranes in 1% casein in
PBS–Tween for 1 h at room temperature. Blots were then
incubated overnight at 4°C with the primary antibodies. The
primary antibodies used in this study are as follows: Ec-SOD (1:
400, sc-271170; Santa Cruz), NOX2 (1:300, ab129068; Abcam),
NOX4 (1:400, ab133303; Abcam), NLRP3 (1:300, ab263899;

FIGURE 2 | Effect of AAV-Ec-SOD on oxidative stress–related indicators in the PVN. (A) Representative immunoblot and (B) densitometric analysis of PVN
expression levels of Ec-SOD, NOX2, and NOX4 in different groups. (C) Column diagrams for Ec-SOD activity, (D) NAD(P)H oxidase activity, (E)MAD level, (F) GSH level
in the PVN of different groups. Values are expressed asmean ± SEM (n � 4–6). &p < 0.05 AAV-Ctrl vs. AAV-Ec-SOD; *p < 0.05 NS + PVN AAV-Ctrl vs.HS + PVN AAV-Ec-
SOD; #p < 0.05 HS + PVN AAV-Ctrl vs. HS + PVN AAV-Ec-SOD.
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Abcam), ASC (1:300, ab180799; Abcam), VCAM-1 (1:400,
ab115135; Abcam), pro-casp-1 (1:500, ab238972; Abcam),
CXCR3 (1:200, ab71864; Abcam), IL-1β (1:400, ab283818;
Abcam), CCL2 (1:300, ab186421; Abcam), TH (1:300,
ab75875; Abcam), and GAD67 (1:200, ab213508; Abcam).
After washing with wash buffer four times for 10 min each
time, blots were then incubated for 1 h with secondary
antibody (1:10,000 dilution; Santa Cruz Biotechnology) labeled
with horseradish peroxidase. Immunoreactive bands were
visualized using enhanced chemiluminescence (ECL Plus;
Amersham). The β-actin antibody was used as an internal
standard. Band densities were analyzed using ImageJ software.

Quantitative Real-Time PCR Assays
Analysis of relative change in gene transcripts was performed by
qPCR assay. The hypothalamic tissues were dissected as described
previously. Briefly, rat brains were isolated and cut into a coronal
segment (−0.92 to −2.13 mm posterior to bregma). A block of the
hypothalamus containing PVN was excised from the coronal
section. Total RNA was extracted from microdissected PVN

using Tri-Zol reagent (Invitrogen, product #15596026) and
reverse transcribed using oligo (dT) with conditions at 23°C
for 10 min, 37°C for 60 min, and 95°C for 5 min. The cDNA
was used for real-time PCR with specific primers for Ec-SOD
(forward primer: 5′-ATGGTGGCCTTCTTG TTCTGC-3′,
reverse primer: 5′-GTGCTGTGG GTG CGG CACACC-3′)
and GAPDH (forward primer: 5′-AGACAGCCGCATCTTCTT
GT-3′, reverse primer: 5′-CTTGCCGTGGGTAGAGTCAT-3′).
The quantitative fold changes in mRNA expression were
determined relative to glyceraldehyde-phosphate
dehydrogenase (GAPDH) mRNA levels in each corresponding
group.

Enzyme-Linked Immunosorbent Assay
We used ELISA kits to measure plasma level of noradrenaline
(NE, Abnova, KA3768) (Li et al., 2016; Bai et al., 2017b; McKie
et al., 2019). Oxidative stress relevant indicators, including
superoxide dismutase activity (Ec-SOD, ab277415; Abcam),
NAD(P)H oxidase (ab186031; Abcam), malondialdehyde (MDA,
S0131; Beyotime, China), and glutathione (GSH, A006-2-1;

FIGURE 3 | Effect of AAV-Ec-SOD on NLRP3 and c-fos-positive neurons in the PVN. (A) Immunofluorescence for NLRP3 and immunohistochemistry for c-fos
positive neurons in the PVN in different groups. (B–C) Column diagram showing the NLRP3 and c-fos on positive neurons in the PVN in different groups. Values are
expressed as mean ± SEM (n � 6). *p < 0.05 NS + PVN AAV-Ctrl vs. HS + PVN AAV-Ec-SOD; #p < 0.05 HS + PVN AAV-Ctrl vs. HS + PVN AAV-Ec-SOD.
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Nanjing Jiancheng Bioengineering, China) in PVN, were also
measured with ELISA kits. The method has been described
previously (Alsaadi et al., 2021).

High-Performance Liquid Chromatography
We used the HPLC-EC system to measure the level of GABA in
the PVN, and the specific procedures had been described
previously (MohanKumar et al., 1998). Briefly, it consists of
an UltiMate 3000 RS chromatograph (Thermo Fisher
Scientific), Thermo TSQ Quantum Access MAX mass
spectrometer (Thermo Fisher Scientific), a glassy carbon
working electrode, and a 3-μm ODS reverse phase 150 ×
4.6 mm C-18 column (Welch Ultimate XB-C18). The
aqueous phase is 0.1% ethanoic acid/10 mM ammonium
acetate and organic phase is acetonitrile. Automatic sampler
volume was 1.0 μl and the sampler temperature stayed at 10°C.
Also, the washing needle volume needs 200 μl methanol with
3.00 ms elapsed soak. The flow rate of the pump was 0.8 ml/min.
The column and the working electrode were kept at a
temperature of 40°C. Each reserve solution was diluted with
0.2% formic acid/methanol to the concentration ladder
standards (GABA standards: 5,000, 1000, 100, 10, 5 ng/ml)
and to get the standard curve. At the time of HPLC-EC
analysis, 1 ml 0.2% formic acid/methanol was added to each
sample and grinded for 3 min. After that, they were
homogenized and centrifuged at 12,000 rpm for 10 min. Then
800 μl of supernatant was bent-dried with nitrogen, and the
residue was re-dissolved with 100 μl 0.2% formic acid/methanol,
centrifuged at 1200 rpm for 10 min, and finally 10 μl of
supernatant was taken for sample analysis.

Statistical Analysis
Data are presented as the mean ± SEM. Statistical analyses were
performed using Prism version 8.0. MAP was analyzed by
repeated measures ANOVA. One-way ANOVA followed by
Tukey’s post hoc test was used to determine statistical
differences in the number of positive neurons, fluorescent
intensities, western blotting data, HPLC-EC, and ELISA tests.

RESULTS

Effect of AAV-Ec-SOD on Mean Arterial
Blood Pressure and Plasma Noradrenaline
To investigate the effect of Ec-SOD in the PVN on mean arterial
blood pressure (MAP) and sympathetic activity, we measured the
MAP via tail-cuff instrument and plasma noradrenaline (NE) by
ELISA. The results showed that excessive salt intake increased
MAP from the second week. Until the sixth week, the MAP was
higher in salt-induced group than in normal salt group (99.83 ±
6.42 mmHg vs. 136.51 ± 5.67 mmHg, p < 0.05). Overexpression of
Ec-SOD in the PVN significantly decreased the MAP of salt diet
group at the end of the 12th week (153.17 ± 4.74 mmHg vs.
135.68 ± 5.10 mmHg, p < 0.05) (Figure 1B). As for the
sympathetic activity indicator NE, high salt intake increased
the level of NE in the plasma compared with the normal salt
group (p < 0.05). Overexpression of Ec-SOD in the PVN

decreased the plasma NE level in hypertensive group (p <
0.05) (Figure 1C).

Effect of AAV-Ec-SOD on Oxidative
Stress-Related Indicators in the PVN
To explore the effect of AAV-Ec-SOD on oxidative stress, we
measured the PVN level of superoxide anion by DHE among the
four groups. Excessive salt intake increased the level of superoxide
anion in the PVN than the normal salt group (p < 0.05). After
bilateral PVN microinjection of AAV-Ec-SOD, the PVN level of
superoxide anion was lower than the high salt intake group (p <
0.05) (Figures 1D,E).

Western blotting results showed that the PVN expressions of
NOX2 and NOX4 were higher in the excessive salt intake group
than in the normal salt group (p < 0.05). After bilateral PVN
microinjection of AAV-Ec-SOD, overexpression of Ec-SOD
significantly decreased the PVN expression of NOX2 and
NOX4 in the salt-induced hypertensive group (p < 0.05). As
for the Ec-SOD expression in the PVN, bilateral PVN
microinjection of AAV-Ec-SOD is significantly higher than
AAV-Ctrl (p < 0.05) (Figures 2A,B).

We also measured the oxidative stress–related indicators
including NAD(P)H oxidase activity, MDA level, and GSH
level in the PVN by ELISA. Results indicated that NAD(P)H
oxidase activity and MDA level in the PVN were higher in the
excessive salt intake group than in the normal salt group (p <
0.05). Overexpression of Ec-SOD significantly decreased the
NAD(P)H oxidase activity and MDA in the salt-induced
hypertensive group (p < 0.05). As for the GSH level in the
PVN, bilateral PVN microinjection of AAV-Ec-SOD in the
salt-induced hypertensive group increased the GSH level
compared with AAV-Ctrl (p < 0.05) (Figures 2D–F). In
addition, the PVN of Ec-SOD activity in AAV-Ec-SOD group
is higher than the AAV-Ec-SOD group. However, there is no
significant change between the normal salt groups (p > 0.05)
(Figure 2C).

Effect of AAV-Ec-SOD on NLRP3 and c-fos-
Positive Neurons in the PVN
We measured the PVN-positive neurons of NLRP3 and c-fos by
fluorescence and immunohistochemistry staining. Excessive salt
diet intake enhanced the number of NLRP3-positive neurons and
c-fos-positive neurons in the PVN. However, bilateral PVN
microinjection of AAV-Ec-SOD decreased the number of
NLRP3-positive neurons and c-fos-positive neurons in the
PVN of the salt-induced hypertensive group (p < 0.05)
(Figures 3A–C).

Effect of AAV-Ec-SOD on NOX2 and
ASC-Positive neurons in the PVN
According to the aforementioned results, we measured PVN-
positive neurons of NOX2 and ASC by double fluorescence
staining. Excessive salt intake enhanced the number of NOX2-
positive neurons and ASC-positive neurons in the PVN.
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However, bilateral PVN microinjection of AAV-Ec-SOD
decreased the number of NOX2-positive neurons and ASC-
positive neurons in the PVN in the salt-induced hypertensive
group (p < 0.05) (Figures 4A–C). Meanwhile, the double
fluorescence staining results also indicated that NOX2 and
ASC mainly expressed in the same cells. So we guessed that
there probably exists an interaction between each other in
the PVN.

Effect of AAV-Ec-SOD on the
Inflammation-Related Proteins in the PVN
Western blotting results showed that inflammation-related
proteins including ASC, VCAM-1, pro-casp-1, CXCR3, IL-1β,
and CCL2 expression in the PVN were higher in the salt diet
hypertensive groups than in the normal salt group (p < 0.05).

Overexpression of Ec-SOD in the PVN significantly decreased the
expression of ASC, VCAM-1, pro-casp-1, CXCR3, IL-1β, and
CCL2 in the salt-induced hypertensive group (p < 0.05)
(Figures 5A–I).

Effect of AAV-Ec-SOD on the NOX2 and TH-
Positive Neurons in the PVN
Wemeasured PVN-positive neurons of NOX2 and TH by double
fluorescence staining. The results showed that high-salt diet
intake enhanced the number of NOX2-positive neurons and
TH-positive neurons in the PVN. However, bilateral PVN
microinjection of AAV-Ec-SOD decreased the number of
NOX2-positive neurons and TH-positive neurons in the PVN
in the excessive salt-induced hypertensive group (p < 0.05)
(Figures 6A,B). It also similarly showed that NOX2 and TH

FIGURE 4 | Effect of AAV-Ec-SOD on NOX2 and ASC-positive neurons in the PVN. (A) Double fluorescence staining for NOX2- and ASC-positive neurons in the
PVN in different groups. (B–C) Column diagram showing the NOX2 and ASC-positive neurons in the PVN in different groups. Values are expressed as mean ± SEM (n �
6). *p < 0.05 NS + PVN AAV-Ctrl vs. HS + PVN AAV-Ec-SOD; #p < 0.05 HS + PVN AAV-Ctrl vs. HS + PVN AAV-Ec-SOD.
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mainly expressed in the same cell and probably have an effect on
each other.

Effect of AAV-Ec-SOD on the
Neurotransmitter in the PVN
Wemeasured the GABA in the PVN byHPLC-EC. It showed that
excessive salt intake suppressed the GABA release in the PVN.
However, overexpression of Ec-SOD in the PVN increased the
level of GABA in the hypertensive group (p < 0.05)
(Figures 7A,B).

Western blotting results showed that the TH expression in the
PVNwas higher in the excessive salt group than in the normal salt
group (p < 0.05). Overexpression of Ec-SOD in the PVN
significantly decreased the TH expression in the PVN in the

hypertensive group (p < 0.05). As for the GAD67 expression in
the PVN, excessive salt intake decreased the PVN level of GAD67,
but bilateral PVN injection of AAV-Ec-SOD significantly
elevated the GAD67 expression in the PVN in salt-induced
hypertensive group (p < 0.05) (Figures 7C–E).

DISCUSSION

Long-term high salt augmented the NADP(H) oxidase-
dependent ROS in the PVN and increased the blood pressure.
Meanwhile, excessive sodium intake elevated the NLRP3-
dependent inflammatory and broke the balance of
neurotransmitters in the PVN. Ec-SOD, as an essential anti-
oxidative enzyme, eliminated oxygen free radicals and decreased

FIGURE 5 | Effect of AAV-Ec-SOD on the inflammation proteins in the PVN. (A–G) Representative immunoblot and (H–I) densitometric analysis of PVN expression
levels of ASC, pro-casp-1, IL-1β, VCAM-1, CXCR3, CCL2, and β-actin in different groups. Values are expressed asmean ± SEM (n � 4). *p < 0.05 NS + PVN AAV-Ctrl vs.
HS + PVN AAV-Ec-SOD; #p < 0.05 HS + PVN AAV-Ctrl vs. HS + PVN AAV-Ec-SOD.
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the blood pressure, probably through inhibition of the NLRP3-
dependent inflammation and reduction of the excitatory
neurotransmitter release in the PVN in salt-induced hypertension.

High salt intake not only induces oxidative stress in the
peripheral tissues but also elevates the overproduction of ROS
in the central system. There are numerous studies showing that
excessive salt intake increases the level of sodium in the
cerebrospinal fluid, which disturbs the Na+/K+ exchange
mechanism on the cell membrane, and probably activates the
downstream ROS signaling pathway (Nishimura et al., 1998;
Wang and Leenen, 2002; Wang et al., 2003). In addition,
Blaustein reviewed that elevated CSF [Na+] increases central
sympathoexcitatory pathways, which is probably through the
endogenous ouabain (endogenous digitalis-like factor)–ANG II
neuromodulatory pathway in the central system (Blaustein et al.,
2012). Our previous studies have proved that activated
renin–angiotensin system (RAS) triggers the overproduction of

ROS and increases the NAD(P)H oxidase activity and its subunits
(NOX2 and NOX4) in the PVN, which produced the excessive
ROS during the development of hypertension (Su et al., 2017).
However, as for physiological responses, the essential role of
antioxidant such as the SOD is to eliminate the excessive ROS
so that it can protect the target cell and DNA from the ROS
damage. As for the Ec-SOD, it is a unique SOD that exists in the
extracellular matrix and cell surfaces that is primarily a protective
barrier for the cell. There are two regions that expressed
prominently Ec-SOD including tuberal hypothalamus and the
blood–brain-barrier absence (Oury et al., 1999). This study also
confirmed that Ec-SOD expressed in the PVN, which enhanced
antioxidant capacity, reduced the ROS production, and finally
contributed to the blood pressure decrease.

In this study, after injection of overexpression Ec-SOD, we also
found that the expression of NLRP3 in the PVN is lower than in the
hypertensive group. NLRP3 is one of (LRR)-containing (NLR)

FIGURE 6 | Effect of AAV-Ec-SOD on the NOX2 and TH-positive neurons in the PVN. (A) Double fluorescence staining for NOX2 and TH-positive neurons in the
PVN in different groups. (B)Column diagram showing the TH-positive neurons in the PVN in different groups. Values are expressed as mean ± SEM (n � 6). *p < 0.05 NS
+ PVN AAV-Ctrl vs. HS + PVN AAV-Ec-SOD; #p < 0.05 HS + PVN AAV-Ctrl vs. HS + PVN AAV-Ec-SOD.
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family members and is also the classic pathway that activates the
inflammatory responses and inflammasome. There are many
pathways or molecules such as TLR4/NF-κB pathway, ATP,
poretoxin, and mitofusin2 (Mfn2), which can trigger the
NLRP3-dependent inflammation (He et al., 2016). Activated
NLRP3 oligomerizes the adaptor apoptosis-associated speck-like
protein containing a CARD (ASC) to form ASC speck, which
recruits pro-caspase-1 tomature caspase-1. And then the caspase-1
mediated the pro-IL-1β to the mature IL-1β so as to induce the
inflammatory responses. Martinon (2010) reviewed that NAD(P)
H oxidases (NOX) plays an important role in the activation of
NLRP3 (Martinon, 2010). NOX is a family that includes NOX1,
NOX2, NOX4, NOX5, and so on. However, the NOX2 regulates
the ATP-mediated ROS production to activate NLRP3/NALP3.
Therefore, the present study showed that excessive sodium intake
increased the expression of NOX2 andNOX4 in the PVNwhile the
expressions of NLRP3, ASC, pro-cas-1, and IL-1β are elevated.
After inhibition of ROS by Ec-SOD antioxidant, the low activity of
NAD(P)H oxidase in the PVN suppressed the NLRP3 andNLRP3-
dependent downstream inflammatory responses, which indicated

that oxidative stress activated the NLRP3-dependent inflammation
via the NAD(P)H-oxidase components.

In addition, the PVN of the hypothalamus is reciprocally
connected to other areas of the central nervous system that are
involved in cardiovascular function (Swanson and Sawchenko, 1983)
and is a significant central site for integration of sympathetic nerve
activity (Swanson and Sawchenko, 1980) so as to adjust the
cardiovascular responses. There are numerous evidences showing
that PVN exists in the presympathetic neurons and delivers the
signals to the downstream sympathetic nerve. Basgut et al. (2017)
suggested that high salt diet on age-related hypertension increased
NADPH oxidase activity in the hypothalamus and elevated the
mRNA level of tyrosine hydroxylase (TH), an indicator for
sympathoexcitation (Basgut et al., 2017). C-fos is currently used as
a marker of neuronal activity/excitability and is closely associated
with neural and behavioral responses to stimulation like
inflammation, renin–angiotensin system (RAS) activation, injuries,
infectious and some chemical stimulation, and so on1 (Krukoff et al.,
1994; Herdegen et al., 1995; Lin et al., 1999; Remick et al., 2000; Lin
and Wan, 2008; Ye et al., 2020). In this study, long-term salt diet

FIGURE 7 | Effect of AAV-Ec-SOD on the neurotransmitter-related proteins in the PVN (A) High-performance liquid chromatography chromatograms of GABA in
the PVN in different groups. (B) Column diagram for the PVN level of GABA in different groups. (C–D) Representative immunoblot and (E) densitometric analysis of PVN
expression levels of TH and GAD67 in the different groups. Values are expressed asmean ± SEM (n � 4–6). *p < 0.05 NS + PVN AAV-Ctrl vs.HS + PVN AAV-Ec-SOD; #p
< 0.05 HS + PVN AAV-Ctrl vs. HS + PVN AAV-Ec-SOD.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 75667111

Su et al. Ec-SOD Inhibits NLRP3 and NT

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


evoked the oxidative stress through the overproduction of ROS,
which activated the neurons evidenced by the increased number of
c-fos-positive neurons in the PVN. Then, the excitability neurons
induced the imbalance between excitatory (including NE and
epinephrine, Glu) and inhibitory neurotransmitters such as
GABA. Meanwhile, those excitatory neurotransmitters in the
PVN, through the sympathetic nerve fibers, were transmitted to
either RVLM (rostral ventrolateral medulla) then to IML
(intermediolateral cell column) or to IML to augment the
sympathetic nerve activity and elevate the blood pressure. It has
been reported that bilateral PVN infusion of antioxidant decreased
the TH expression and the plasma level of NE (Yi et al., 2016). In this
study, we also observed that Ec-SOD decreased the TH expression
but increased the GABA level and GAD67 expression in the PVN,
which demonstrated the inhibition of oxidative stress by Ec-SOD
restoring the imbalance of neurotransmitters.

However, the exact signaling pathway of the ROS acting with the
neurotransmitters in the PVN is still unclear. Some researches
pointed out that excessive superoxide anion (O2·−) can combine
with nitric oxide (NO) to form the peroxynitrite anion (ONOO−),
which has an irreversible effect on their transportation and
physiological functions (Picon-Pages et al., 2019). However, the
decreased nitric oxide synthase (NOS) activity leads to the
neurotransmitter change. This may be the connecting point for
the oxidative stress and neurotransmitters. We are also interested in
exploring the related signaling pathway in the future.

In conclusion, high salt intake augments NAD(P)H
oxidase–dependent ROS in the PVN, activates the NLRP3-
dependent inflammatory reaction, and increases excitatory but

suppresses inhibitory neurotransmitters in the PVN. The
overexpression of Ec-SOD in the PVN has a positive effect on
the decrease of sympathetic activity and blood pressure probably
through inhibition of the NLRP3-dependent inflammation and
elevation of the inhibitory neurotransmitter release in the PVN in
salt-induced hypertension (Figure 8).
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FIGURE 8 | Schematic presentation of the proposed mechanisms of Ec-
SOD in salt-induced hypertension. High salt diet increased the blood pressure
and sympathetic activity, which contributed to hypertension. Bilateral PVN
microinjection of the overexpression of AAV-Ec-SOD inhibits the oxidative
stress in the PVN and decreases the blood pressure, probably through reducing
the NLRP3-dependent inflammatory responses and restoring the imbalance of
the neurotransmitters in the PVN during salt-induced hypertension.
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