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Abstract Toll-like receptor 4 (TLR4) and cellular Src (c-

Src) are closely associated with inflammatory cytokines

and oxidative stress in hypertension, so we designed this

study to explore the exact role of c-Src in the mechanism of

action of the TLR4 signaling pathway in salt-induced

hypertension. Salt-sensitive rats were given a high salt diet

for 10 weeks to induce hypertension. This resulted in

higher levels of TLR4, activated c-Src, pro-inflammatory

cytokines, oxidative stress, and arterial pressure. Infusion

of a TLR4 blocker into the hypothalamic paraventricular

nucleus (PVN) decreased the activated c-Src, while

microinjection of a c-Src inhibitor attenuated the PVN

levels of nuclear factor-kappa B, pro-inflammatory cytoki-

nes, and oxidative stress. Our findings suggest that a long-

term high-salt diet increases TLR4 expression in the PVN

and this promotes the activation of c-Src, which upregu-

lates the expression of pro-inflammatory cytokines and

results in the overproduction of reactive oxygen species.

Therefore, inhibiting central c-Src activity may be a new

target for treating hypertension.

Keywords Toll-like receptor 4 � Cellular Src � Inflamma-

tory cytokines � Oxidative stress � Hypothalamic paraven-

tricular nucleus � Salt-induced hypertension

Introduction

Hypertension is a common cardiovascular disease which is

controlled by hereditary and environmental factors. It is

also a disease with high rates of morbidity, disability, and

mortality. According to epidemiological studies, long-term

high-salt intake as an important environmental factor can

raise blood pressure and lead to hypertension. In high salt-

induced hypertensive rats, there are not only organizational

and functional changes in the heart, but the central and

peripheral rennin-angiotensin system is also activated.

Meanwhile, a long-term high-salt diet is closely associated

with inflammatory cytokines and oxidative stress. Hyper-

tension is accompanied by chronic low-grade inflamma-

tion, and inflammatory cytokines such as interleukin (IL)-

1b, IL-6, and IL-10 are considered to be important factors

in the occurrence and development of hypertension. The

hypothalamic paraventricular nucleus (PVN) plays impor-

tant roles in sympathetic nerve activity, blood pressure

stability, and neurohumoral regulation [1, 2]. Previous

studies in our laboratory have shown that a high-salt intake

upsets the balance of inflammatory cytokines peripherally

and centrally. Neurons positive for IL-1b and IL-6 show

higher expression, but the IL-10 is lower in the PVN of
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hypertensive rats [3, 4]. This indicates that an imbalance of

central pro-inflammatory cytokines (PICs) and anti-inflam-

matory cytokines contributes to the pathogenesis of

hypertension.

In addition, a high salt intake can also induce central

oxidative stress. In hypertensive rats, neurons positive for

NAD(P)H oxidase isoforms, such as NOX2 and NOX4, in

the PVN show higher expression [5, 6]. The fluorescence

intensity of dihydroethidium (DHE) in the PVN showed an

increasing trend in the high-salt diet group, which means

that oxidative stress is activated in the PVN. In addition,

other indicators of oxidative stress such as NAD(P)H

oxidase and malondialdehyde (MDA) are increased, but

glutathione (GSH) and superoxide dismutase (SOD) are

decreased after high-salt stimulation [7]. Combined with

previous research, the inflammatory cytokines and oxida-

tive stress in the PVN in hypertension play an important

role in the pathogenesis of salt-induced hypertension.

Toll-like receptor 4 (TLR4), a member of the TLR

family, is a pattern-recognition receptor mainly expressed

by immune cells. TLR4 is involved in sterile inflammatory

responses and plays an important role in the innate immune

system and the subsequent development of adaptive

immunity. In a number of recent studies, TLR4 has been

shown to have a close relationship with inflammatory

cytokines and oxidative stress and is considered to be a

modulator of the inflammatory responses in various

cardiovascular diseases such as coronary arterial disease,

heart failure, and hypertension [8, 9]. Activation of the

TLR4 signaling pathway increases the expression of PICs

in order to induce hypertension [10]. In previous studies,

chronic bilateral PVN infusion of the TLR4 inhibitor

telmisartan reduces the inflammatory reaction via inhibit-

ing the TLR4 pathway, which decreases blood pressure

[11]. In addition, previous studies found that after stimu-

lating several NAD(P)H oxidase isoforms, oxidative stress

is involved in the TLR-dependent signaling pathway in

cells from immune and non-immune origins [12]. Mean-

while, the result from our laboratory showed that the

central inflammatory cytokines and oxidative stress are

decreased by blocking the TLR4 pathway in the PVN, and

finally decrease the peripheral renal sympathetic activation

[9]. Therefore, TLR4 in the PVN plays an important role in

the development of hypertension by promoting the expres-

sion of inflammatory cytokines and the production of

oxidative stress. However, whether TLR4 regulates inflam-

matory cytokines and oxidative stress by direct action or by

some intermediate is unknown.

Cellular Src (c-Src) is a typical non-receptor membrane-

combining tyrosine kinase. Studies have shown that c-Src

is involved in cell proliferation, motility, and even

apoptosis. And c-Src is also considered to play an

important role in a variety of cellular signal transduction

pathways [13–15]. Studies have shown that c-Src activated

in vascular smooth muscle cells (VSMCs) is involved in

the angiotensin II-induced oxidative stress responses,

which lead to the overproduction of reactive oxygen

species (ROS) [16–18]. And the NAD(P)H oxidase subunit

may also be a downstream target of c-Src in human

VSMCs [14]. In addition, c-Src is also closely associated

with the inflammatory response. Activated c-Src is

involved in mediating inflammatory responses in synovial

fibroblasts in osteoarthritis and the airway smooth muscle

cells of asthmatic patients, leading to up-regulation of IL-6

expression [19, 20]. Recently, c-Src has been found in the

brain, and may participate in the central regulation of

oxidative stress [15]. However, in high salt-induced

hypertensive responses, whether c-Src in the PVN is

involved in the pathogenesis of hypertension by regulating

inflammatory cytokines and oxidative stress, and whether

TLR4 in the PVN regulates peripheral sympathetic activity

via c-Src is not clear. And no studies have investigated the

relationship between c-Src and TLR4 in salt-induced

hypertension. Therefore, we proposed the following

hypothesis: in high salt-induced hypertension, TLR4 in

the PVN is activated, and this activates c-Src to regulate

ROS and PICs, then leading to regulation of peripheral

sympathetic excitation, elevation of blood pressure, and

participation in the occurrence and development of

hypertension.

Materials and Methods

Animals

Male Dahl salt-sensitive (S) rats (150 g–200 g body

weight) were fed and operated with approval by Xi’an

Jiaotong University Animal Care and Use Committee in

accordance with the Guidelines for the Care and Use of

Experimental Animals of the National Institutes of Health

(NIH Publication No. 85-23, revised 1996).

General Experimental Protocol

The rats were randomly divided into two diet intervention

groups (0.3% NaCl, NS and 8% NaCl, HS) for 10 weeks

and their blood pressure was monitored. After 10 weeks on

a diet, the bilateral PVN was infused via minipump with

the selective TLR4 blocker TAK-242 (10 lg/h) or artificial
cerebrospinal fluid (aCSF) for two weeks or microinjected

with the selective c-Src inhibitor 4-amino-5-(4-chlorophe-

nyl)-7-(t-butyl) pyrazolo [3,4-d] pyrimidine (PP2,

0.1 nmol) or vehicle. The rats were randomly assigned to

eight groups (n = 7 per group): HS ? TAK-242; HS ?

aCSF; NS ? TAK-242; NS ? aCSF; HS ? PP2;

123

386 Neurosci. Bull. April, 2020, 36(4):385–395



HS ? vehicle; NS ? PP2; and NS ? vehicle. All the

procedures were carried out under anesthesia with a

ketamine (90 mg/kg) and xylazine (10 mg/kg) mixture

via intraperitoneal injection, using a stereotaxic apparatus.

Bilateral PVN Osmotic Minipump for Chronic Drug

Intervention

After anesthesia, the rat’s head was fixed in the stereotaxic

apparatus for sterile surgery. The skull was then exposed

through a midline incision, and a stainless steel double

cannula was implanted into the PVN according to the

Paxinos and Watson [21] rat atlas (1.8 mm posterior to

bregma, 0.4 mm from midline, and 7.9 mm below the skull

surface). The cannula was fixed to the cranium with dental

acrylic and two stainless-steel screws [2]. A minipump

(Alzet Osmotic Pumps, Model 2004, 0.25 lL/h) was

implanted subcutaneously at the back of the neck and

connected to the cannula for two weeks of continuous

infusion of TAK-242 or aCSF into the PVN as described

previously [9, 22]. Rats received subcutaneous buprenor-

phine (0.03 mg/kg) immediately after surgery and 12 h

later.

Microinjection Through Bilateral PVN Cannulae

for Chronic Drug Intervention

Due to the storage conditions (- 20�C), a minipump could

not be used to infuse PP2 into the PVN. So we microin-

jected through bilateral PVN cannulae for chronic PP2

intervention. After anesthesia, the stereotaxic procedure

was carried out as described previously [2]. A stainless-

steel double cannula (Plastics One, Inc.) with a center-to-

center distance of 0.5 mm was implanted into the PVN

using an introducer, at the stereotaxic coordinates 1.8 mm

caudal to the bregma, 0.4 mm lateral to midline, and

7.9 mm below the skull surface [7], and the cannulae were

fixed to the cranium with dental acrylic and two stainless

steel screws. PP2 (0.1 nmol) or vehicle was microinjected

into each side in a volume of 50 nL completed in 1 min

[23]. This microinjection was carried out once per day for

14 days. Rats received buprenorphine (0.03 mg/kg, subcu-

taneous) immediately after surgery and 12 h later.

Mean Arterial Pressure Measurement

Arterial pressure was measured non-invasively via a tail-

cuff instrument and its recording system (BP100A, 113

Chengdu Techman Software Co., Ltd, China) throughout

the study. The tail artery blood pressure was measured in

conscious rats. The method for mean arterial pressure

(MAP) has been previously described [11, 24]. The rats

were trained in the daily blood pressure measure for at least

7 days to minimize stress-induced blood pressure fluctua-

tions, and were warmed to an ambient temperature of 32�C
by placing them in a holding device mounted on a

thermostatically-controlled warming plate to achieve the

steady pulse. Animals were allowed to acclimate to the tail

cuffs for 10 min prior to each pressure recording session.

The data collected by the tail-cuff instrument system were

the mean value from each group rats each day.

Electrophysiological Recordings

Under anesthesia and after a retroperitoneal laparotomy,

the left renal sympathetic nerve was isolated under a

stereomicroscope, placed on a platinum electrode, and

covered by paraffin oil tampons to record the renal

sympathetic nerve activity (RSNA) as described previously

[25]. The maximum RSNA was induced by sodium

nitroprusside (SNP, 10 lg, intravenous). At the end of

the experiment, the background noise, defined as the signal

recorded postmortem, was subtracted from the actual

RSNA and subsequently expressed as a percentage of

maximum (in response to SNP).

Collection of Blood and Tissue Samples

At the end of two weeks of drug intervention and blood

pressure measurements, one group of rats was perfused

through the left ventricle under anesthesia to collect the

brain. The brains were embedded in OCT and cut into

18-lm transverse sections at * 1.8 mm from bregma (the

PVN) for immunofluorescence staining. Each of the

remaining rats was decapitated under anesthesia to collect

PVN tissue and blood samples. The PVN tissue was

isolated according to microdissection procedures and

immediately stored in liquid nitrogen for western blotting

and real-time PCR (RT-PCR). The blood samples were

centrifuged at 3000 rpm for 15 min and stored at -80�C.

Immunofluorescence Staining

Under anesthesia and after thoracotomy, rats were tran-

scardially perfused through the left ventricle with 200 mL

of 1% phosphate-buffered saline (PBS), followed by

400 mL of 4% buffered paraformaldehyde (pH 7.4). The

brain was removed and immersed in 4% buffered

paraformaldehyde for 48 h, and then immersed in 30%

sucrose for at least 2 days. The brain was embedded in

OCT and cut into 18-lm transverse sections * 1.8 mm

from bregma (the PVN). The free-floating sections were

incubated with 0.3% Triton-X for 20 min and with 5% goat

serum for 30 min. The sections were then incubated with

primary antibody diluted in 0.01 mol/L PBS at 4�C
overnight followed by incubation with secondary antibody
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(1:200, green or red fluorescence; Invitrogen, Carlsbad,

CA) for 60 min at 37�C. The primary antibodies TLR4 (sc-

293072, 1:200), nuclear factor-kappa B (NF-jB) p65

(ab16502, 1:500), NOX2 (sc-130549, 1:200), and NOX4

(ab133303, 1:500) were from Santa Cruz Biotechnology

and Abcam. Positive immunofluorescence-stained cells in

the PVN were observed under a fluorescence microscope

(Nikon, Tokyo, Japan). Superoxide anion levels in the PVN

were determined by fluorescence-labeled dihydroethidium

staining (DHE, Molecular Probes). All the procedures were

performed as previously described [26].

Western Blotting

After measurement of RSNA, the rats were euthanized to

collect PVN tissue. The tissue homogenates were subjected

to Western blotting for measurement of IL-1b, IL-10,

NOX2, NOX4, SOD1, c-Src, and phosphorylated Src

(Tyr416) (p-Src) expression in the PVN. The tissue

samples were lysed in a RIPA buffer with protease

inhibitor and phosphatase inhibitor cocktail. After sonica-

tion, the protein content of the resulting samples was

determined by a modified BCA protein assay. The samples

were then subjected to sodium dodecyl sulfate-polyacry-

lamide gel electrophoresis using Electrophoresis and

Blotting Apparatus (Bio-Rad). Protein products were

separated by SDS-PAGE electrophoresis and transferred

to nitrocellulose membranes. Then the membranes were

blocked with 3.0% BSA in TBST buffer (TBS plus 0.1%

Tween-20) for 1.5 h at room temperature and incubated

with primary antibodies overnight at 4�C [7]. The primary

antibodies against IL-1b (sc12742, 17 kDa, 1:500), IL-10

(sc-365858, 20 kDa, 1:500), NOX2 (sc-130549, 91 kDa,

1:500), NOX4 (ab133303, 67 kDa, 1:2000), and SOD1 (sc-

8637, 23 kDa, 1:500) were from Santa Cruz Biotechnology

and Abcam. Protein loading was controlled by probing all

western blots with b-actin antibody and normalizing the

IL-1b, IL-10, NOX2, NOX4, and SOD1 protein intensities

to that of b-actin. The p-Src (Tyr416) has activity and the

ratio of p-Src (Tyr416) to c-Src represents the activation of

c-Src. The c-Src antibody (2109s, 60 kDa, 1:1000) and

p-Src (Tyr416) antibody (6943s, 60 kDa, 1:1000) were

from Gene Company Ltd. The protein intensity of p-Src

(Tyr416) was normalized to that of c-Src. Band densities

were analyzed using NIH ImageJ software [27].

Real-Time PCR

The rat brains were isolated and cut into a coronal segment

from - 0.92 mm to - 2.13 mm posterior to bregma, and a

block of the hypothalamus containing the PVN was excised

from the coronal segment. The details of PVN microdis-

section were as described previously [2]. Total RNA

isolation, cDNA synthesis, and RT-PCR were performed as

previously described [8]. Total RNA was isolated using

RNeasy kits (Qiagen) according to the manufacturer’s

instructions, and 1 lg of purified RNA was reverse-

transcribed with a high-capacity cDNA reverse transcrip-

tion kit (Bio-Rad). Specific primers for NOX2, NOX4, and

SOD1 are shown in Table 1. The fold-changes in mRNA

expression were determined relative to glyceraldehyde

3-phosphate dehydrogenase (GAPDH) mRNA levels in

each corresponding group [28].

ELISA Studies

The MDA, SOD, GSH, and NAD(P)H oxidase activity in

the PVN was quantified using rat ELISA kits (Invitrogen

Corp., Carlsbad, CA). The norepinephrine (NE) in plasma

was quantified using rat ELISA kits (Invitrogen) [29]. All

the protocols were according to the manufacturer’s instruc-

tions. The standards or sample diluents were added and

incubated in the appropriate well of a microtiter plate pre-

coated with a specific antibody. Conjugate was added and

incubated for 1 h at 37�C and then washed. The reactions

were stopped with stop solution and read using a microtiter

plate reader (MK3, Thermo Fisher Scientific, Waltham,

MA).

Statistical Analysis

Data are expressed as the mean ± SEM and P\ 0.05 was

considered statistically significant. Statistical analyses were

performed using Prism (GraphPad Software, Inc.; version

5.0). For the tail blood pressures, the MAP was analyzed by

repeated measures ANOVA. One-way ANOVA with

Tukey’s post hoc test was applied to the statistical analyses

for RSNA, protein levels in the PVN, plasma NE, numbers

of positive neurons, fluorescence intensity, and western

blotting data.

Results

Effect of Infusion of TAK-242 into the PVN on Mean

Arterial Pressure

The high-salt diet induced a significant increase in MAP

compared with control rats (at day 14, 168 ± 7 mmHg vs

103 ± 5 mmHg, P\ 0.05). Bilateral PVN infusion of

TAK-242 significantly decreased the MAP compared with

the salt-induced hypertensive rats (146 ± 5 mmHg vs

168 ± 7 mmHg, P\ 0.05; Fig. 1A).
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Effect of Infusion of TAK-242 into the PVN

on Sympathetic Nerve Activity

The RSNA (% of max) and plasma NE induced by HS diet

were 395% and 315% of control rats (P\ 0.05). Bilateral

PVN infusion of TAK-242 resulted in a 55.3% decrease in

RSNA and a 40.5% decrease in plasma NE in salt-induced

hypertensive rats (P\ 0.05). NS ? PVN TAK-242 did not

attenuate RSNA when compared with NS ? PVN aCSF

(Fig. 1B1–B3).

Table 1 Primers used for real-

time PCR.
Rat genes Forward (50–30) Reverse (50–30)

NOX2 CTGCCAGTGTGTCGGAATCT TGTGAATGGCCGTGTGAAGT

NOX4 GGATCACAGAAGGTCCCTAGC AGAAGTTCAGGGCGTTCACC

SOD1 GGTGGGCCAAAGGATGAAGAG CCACAAGCCAAACGACTTCC

GAPDH AGACAGCCGCATCTTCTTGT CTTGCCGTGGGTAGAGTCAT

NOX2, NADPH oxidase subunit 2; NOX4, NADPH oxidase subunit 4; SOD1, superoxide dismutase 1;

GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Fig. 1 Bilateral PVN infusion of TAK-242 or aCSF on mean arterial

pressure, sympathetic nerve activity, TLR4 expression, and c-Src

activation in salt-induced hypertensive rats. A Mean arterial pressure

(MAP) increased in the high-salt (HS) group. Bilateral PVN infusion

of TAK-242 attenuated the HS-induced increase in blood pressure

compared with the HS ? PVN aCSF group. B1 Representative renal

sympathetic nerve activity (RSNA) in different groups. B2 Bar graph

comparing the RSNA in different groups. RSNA was increased in the

HS groups, and bilateral PVN infusion of TAK-242 made the RSNA

lower than in the control group. B3 Bar graph comparing

norepinephrine (NE) in the plasma of different groups. The plasma

NE in the HS ? PVN TAK-242 group was lower than in the control

group. C1 Immunofluorescence for TLR4 (red) in the PVN in

different groups. C2 Numbers of TLR4-positive neurons in the PVN

in different groups. D1 Representative immunoblots of p-Src(Tyr416)

and c-Src. D2 Densitometric analysis of protein expression of

p-Src(Tyr416)/c-Src in the PVN in different groups. Values are

expressed as the mean ± SEM. *P\ 0.05 vs NS groups (NS ? PVN

TAK-242 or NS ? PVN aCSF); �P\ 0.05 HS ? PVN TAK-242 vs
HS ? PVN aCSF.
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Effect of Infusion of TAK-242 into the PVN

on TLR4 and c-Src Activation

The HS groups had a high level of expression of TLR4 and

p-Src(Tyr416)/c-Src, and they were lower in the HS ?

PVN TAK-242 group. The immunofluorescence results

revealed that the number of TLR4-positive neurons

induced by HS diet was 263% of control rats (P\ 0.05;

Fig. 1C1, C2). Bilateral PVN infusion of TAK-242 caused

a 30% decrease in the number of TLR4-positive neurons in

hypertensive rats (P\ 0.05). Western blotting indicated

that the protein expression level of activated c-Src (p-

Src(Tyr416)/c-Src) in the PVN of the hypertensive rats was

343% of that in the control group (P\ 0.05; Fig. 1D1,

D2). Bilateral PVN infusion of TAK-242 resulted in a

47.9% decrease in the protein expression of activated c-Src

compared with salt-induced rats (P\ 0.05).

Effect of Microinjection of PP2 into the PVN

on Mean Arterial Pressure

The MAP in the HS ? PVN Vehicle group was higher than

that in control animals (at day 14, 167 ± 5 mmHg vs

101 ± 3 mmHg, P\ 0.05). Bilateral PVN microinjection

of PP2 decreased the MAP compared with the HS ? PVN

Vehicle group (at day 14, 144 ± 6 mmHg vs

167 ± 5 mmHg, P\ 0.05) (Fig. 2A).

Effect of Microinjection of PP2 into the PVN

on Sympathetic Nerve Activity

The RSNA and plasma NE induced by HS diet were 518%

and 294% of the control (P\ 0.05). Bilateral PVN

microinjection of PP2 resulted in a 48.7% decrease in

RSNA and a 36.2% decrease in plasma NE in salt-induced

hypertensive rats (P\ 0.05). NS ? PVN PP2 did not show

any significant change in RSNA and plasma NE compared

with NS ? PVN Vehicle at the end of the experiment

(Fig. 2B1–B3).

Effect of Microinjection of PP2 into the PVN on NF-

jB p65, IL-1b, IL-10, and c-Src Activation

The HS groups had high levels of NF-jB p65, IL-1b, and
p-Src(Tyr416)/c-Src expression, but lower level of IL-10

expression. And the p-Src(Tyr416)/c-Src of HS ? PVN

PP2 was lower than that of the HS ? PVN Vehicle. The

immunofluorescence results (Fig. 2C1, C2) revealed that

the number of NF-jB p65-positive neurons induced by the

HS diet was 480% of the control (P\ 0.05). Bilateral PVN

microinjection of PP2 caused a 45.8% decrease in the

number of NF-jB p65-positive neurons in the PVN in

hypertensive rats at the end of the experiment. The Western

blotting results (Fig. 2D1–D4) indicated that the protein

level of IL-1b and the activated c-Src (p-Src (Tyr416)/c-

Src) of salt-induced hypertensive rats were 667% and

544% in the PVN compared with that in the control rats

(P\ 0.05), but the IL-10 in the PVN was lower than that in

control rats. Bilateral microinjection of PP2 into the PVN

caused a 41.7% decrease in IL-1b and a 56.1% decrease in

activated c-Src, but increased the IL-10 protein level

compared with salt-induced hypertensive rats (P\ 0.05).

Effect of Microinjection of PP2 into the PVN

on NOX2 and SOD1

The immunofluorescence results revealed that the number

of NOX2-positive neurons induced by the HS diet was

525% of the control (P\ 0.05). However, bilateral PVN

microinjection of PP2 caused a 49.2% decrease in NOX2-

positive neurons in the PVN in hypertensive rats at the end

of the experiment (Fig. 3A1, A2). The western blotting

results indicated that the protein level of NOX2 in salt-

induced hypertensive rats was 945% of the control, but

SOD1 was decreased in the PVN compared with control

rats (P\ 0.05). Bilateral PVN microinjection of PP2 into

the PVN caused a 48.1% decrease in NOX2 but increased

the SOD1 protein level compared with salt-induced

hypertensive rats (P\ 0.05) (Fig. 3B1–B3).

Effect of Microinjection of PP2 into the PVN

on NOX4

The immunofluorescence results (Fig. 3C1, C2) revealed

that the number of NOX4-positive neurons induced by the

HS diet was 722% compared with control rats (P\ 0.05).

However, bilateral PVN microinjection of PP2 resulted in a

55.4% decrease in NOX4 in the PVN in hypertensive rats

at the end of the experiment. The western blotting results

(Fig. 3D1, D2) indicated that the protein level of NOX4 in

salt-induced hypertensive rats was 115% in the PVN

compared with control rats (P\ 0.05). Bilateral microin-

jection of PP2 into the PVN resulted in a 47.8% decrease in

the NOX4 protein level compared with salt-induced

hypertensive rats (P\ 0.05).

Effect of Microinjection of PP2 into the PVN

on the Superoxide Level and the mRNA Levels

of NOX2, NOX4, and SOD1

The HS groups had higher ROS activity as measured by

DHE (Fig. 3E1, E2). Bilateral PVN microinjection of PP2

reduced the levels of superoxide in the PVN of HS rats.

The superoxide level in the HS diet group was 410% of the

control (P\ 0.05). Bilateral PVN microinjection of PP2

caused a 25.6% decrease in superoxide in the PVN of
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hypertensive rats at the end of the experiment (P\ 0.05).

The RT-PCR results (Fig. 3F) indicated that the protein

levels of NOX2 and NOX4 induced by the HS diet were

288% and 365% in the PVN compared with control rats,

but SOD1 was decrased (P\ 0.05). Bilateral PVN

microinjection of PP2 resulted in a 56.7% decrease in the

mRNA level of NOX2 and a 59.7% decrease in NOX4, but

SOD1 was increased compared with the salt-induced

hypertensive rats (P\ 0.05).

Effect of TAK-242 and PP2 on Oxidative Stress

in the PVN

Compared with the NS rats, the hypertensive rats had

higher levels of MDA and NAD(P)H oxidase activity, but

lower levels of SOD and GSH in the PVN. Infusion of

TAK-242 or microinjection of PP2 into the PVN attenuated

the levels of the MDA and NAD(P)H oxidase activity, and

also augmented the levels of the SOD activity and GSH in

the PVN of the HS groups (Table 2).

Discussion

In this study, we mainly investigated how activated c-Src

acts in the PVN during the hypertensive responses by an

induced high-salt diet. The novel findings of this study are:

(1) the HS diet increased the expression of TLR4 and PICs,

increased ROS production, and enhanced the activation of

c-Src in the PVN; (2) TLR4 regulated blood pressure by

Fig. 2 Effects of bilateral PVN microinjection of PP2 or vehicle on

mean arterial pressure, sympathetic nerve activity, NF-jB p65

activation, inflammatory cytokines, and c-Src activation in salt-

induced hypertensive rats. A The MAP in the HS groups was higher

than that in the NS groups. Bilateral PVN microinjections of PP2 for

14 days attenuated the HS-induced increase in blood pressure

compared with HS ? PVN vehicle. B1 Representative renal sympa-

thetic nerve activity (RSNA) in the different groups. B2 Bar graph

comparing RSNA in the different groups. The RSNA was higher in

the HS groups, and bilateral PVN microinjection of PP2 reduced it to

lower than the control group. B3 Bar graph comparing plasma NE in

the different groups. The plasma NE in the HS ? PVN PP2 group

was lower than in the control group. C1 Immunofluorescence for NF-

jB p65 (green) in the PVN in the different groups. C2 Numbers of

NF-jB p65-positive neurons in the PVN in the different groups. D1
Representative immunoblots of IL-1b, IL-10, p-Src(Tyr416), and

c-Src. D2–D4 Densitometric analysis of protein expression of IL-1b,
IL-10, and p-Src(Tyr416)/c-Src in the PVN in the different groups.

Values are expressed as the mean ± SEM. *P\ 0.05 vs NS groups

(NS ? PVN PP2 or NS ? PVN Vehicle); �P\ 0.05 HS ? PVN PP2

vs HS ? PVN Vehicle.
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increasing the activation of c-Src in the PVN; (3) activation

of c-Src in the PVN increased the expression of PICs by

regulating the activation of NF-jB; and (4) in the PVN, the

activated c-Src increased the production of the ROS in salt-

induced hypertension. Thereby, c-Src participates in the

development of salt-induced hypertension through regulat-

ing the PICs and ROS. We conclude that in salt-induced

hypertension, TLR4 in the PVN increases the c-Src

activity, and then the activated c-Src increases the PICs

and ROS, which lead to increased sympathetic nerve

activity and blood pressure. Therefore, inhibition of c-Src

activity in the PVN may be a new target for the treatment

of salt-induced hypertension.

It is well known that a long-term salt diet increases BP.

Previous research focused on peripheral regulation of

hypertension, but in recent studies, the central regulation of

blood pressure has received more attention, and the PVN as

a cardiovascular regulatory center plays a very important

role in sympathetic nervous activity, BP control, and

neurohumoral regulation. Our previous studies showed that

oxidative stress and inflammatory cytokines in the PVN are

involved in the regulation of sympathetic activity and

blood pressure [2–4]. Chronic inflammatory responses have

been noted as a factor in hypertension. The inflammatory

cytokines, such as TNF-a, IL-1b, IL-6, and IL-10, are also

considered to be important factors in the development of

hypertension [30, 31]. Blocking TNF-a in the PVN reduces

MAP and improves cardiac hypertrophy [32]. Chronic

bilateral PVN intervention with an IL-1b inhibitor reduces

the expression of NLRP3 (NOD-like receptor family pyrin

domain-containing 3) protein on sympathetic neurons and

thus affects the occurrence and development of hyperten-

sion [3]. In this study, we found that, in the high salt-

induced hypertension, the expression of IL-1b and acti-

vated NF-jB in the PVN were increased and the expression

of the anti-inflammatory cytokine IL-10 was decreased. So

inflammatory cytokines in the PVN are involved in the

process of hypertension. In addition, oxidative stress is an

important link in the pathogenesis and development of

hypertension, and an HS diet induces ROS production in

central and peripheral tissues. Our results also indicated

that the levels of NAD(P)H oxidase isoforms in the PVN

were increased, and the excessive ROS production stim-

ulated hypertensive responses and increased sympathetic

outflow in high salt-induced hypertensive rats. The above

results are consistent with the studies from our laboratory

and other laboratories [4, 33].

TLR4, an important innate immune system receptor, is

closely associated with inflammation [34, 35]. Studies have

shown that TLR4 regulates the expression of PICs by

increasing the activity of NF-jB [10], and TLR4 plays an

important role in the progression of hypertension [32].

Other studies have shown that TLR-dependent signaling

pathways in some immune or non-immune cells induce

oxidative stress by stimulating several NAD(P)H oxidase

isoforms [12, 36]. In this study, the HS diet increased the

levels of TLR4 in the PVN, and blocking the expression of

TLR4 suppressed the effect of HS on the hypertensive

responses. Previous experiments in our laboratory also

demonstrated that inhibiting TLR4 expression down-

bFig. 3 Effects of bilateral PVN microinjection of PP2 or vehicle on

oxidative stress in salt-induced hypertensive rats. A1 Immunofluo-

rescence for NOX2 (red) in the PVN in the different groups. A2
Numbers of NOX2-positive neurons in the PVN in the different

groups. B1 Representative immunoblots of NOX2 and SOD1. B2, B3
Densitometric analysis of protein expression of NOX2 and SOD1 in

the PVN in the different groups. C1 Immunofluorescence for NOX4

(green) in the PVN in the different groups. C2 Numbers of NOX4-

positive neurons in the PVN in the different groups. D1 Represen-

tative immunoblots of NOX4. D2 Densitometric analysis of protein

expression of NOX4 in the PVN in the different groups. E1
Immunofluorescence for superoxide in the PVN in the different

groups. E2 Immunofluorescence intensity of DHE in the PVN in the

different groups. F mRNA expression of NOX2, NOX4, and SOD1 in

the PVN in the different groups. Values are expressed as the

mean ± SEM. *P\ 0.05 vs NS groups (NS ? PVN PP2 or NS ?

PVN Vehicle); �P\ 0.05 HS ? PVN PP2 vs HS ? PVN Vehicle.

Table 2 Effects of TAK-242 and PP2 on MDA, SOD, and GSH levels, and NAD(P)H oxidase activity.

Parameters MDA (mmol/mgp) SOD (U/mgp) GSH (lmol/mgp) NAD(P)H oxidase (RLU/mg/s)

HS ? PVN TAK-242 4.4 ± 0.5*� 7.03 ± 0.34*� 3.27 ± 0.23*� 2.21 ± 1.24*�

HS ? PVN aCSF 6.03 ± 0.37* 3.79 ± 0.11* 0.853 ± 0.20* 4.14 ± 1.17*

NS ? PVN TAK-242 2.11 ± 0.76 9.18 ± 0.39 4.27 ± 0.25 1.13 ± 0.43

NS ? PVN aCSF 1.94 ± 0.4 9.16 ± 1.27 4.736 ± 0.27 1.15 ± 0.15

HS ? PVN PP2 3.97 ± 0.47*� 4.91 ± 0.28*� 1.84 ± 0.26*� 3.10 ± 1.1*�

HS ? PVN vehicle 5.7 ± 0.38* 3.5 ± 0.22* 1.00 ± 0.15* 4.93 ± 1.73*

NS ? PVN PP2 2.65 ± 0.7 7.83 ± 0.47 3.4 ± 0.18 1.435 ± 0.52

NS ? PVN vehicle 2.6 ± 0.36 7.79 ± 0.59 3.00 ± 0.21 1.56 ± 0.22

n = 7/group; NS, normal salt diet; HS, high salt diet; mgp, mg protein; *P\ 0.05 vs NS groups, �P\ 0.05 HS ? PVN TAK-242 or HS ? PVN

PP2 vs HS control groups.
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regulates PICs and ROS, and regenerates neurotransmitter

balance in the PVN [9]. Thus, combined with this study

and previous studies from our laboratory, it has been

demonstrated that TLR4 regulates PICs and ROS in salt-

induced hypertension. However, we do not know the

specific mechanism by which TLR4 acts on PICs and ROS,

so we suggest the following experiments and speculations.

c-Src is a non-receptor membrane-bound tyrosine kinase

that plays an important role in various cell signaling

pathways [13–15]. c-Src is closely associated with both

inflammatory cytokines [19, 20] and oxidative stress

[16–18, 37]. In this study, we found that the expression

of activated c-Src in the PVN was higher in the high salt-

induced hypertensive rats than in the control group, and the

RSNA and BP were higher in the salt-induced hypertension

group. After chronic bilateral PVN intervention with a

TLR4 blocker, the activation of c-Src in the PVN was

decreased, along with the sympathetic excitability and BP.

These results indicated that TLR4 regulates the activity of

c-Src in the PVN in salt-induced hypertension. After

bilateral PVN administration of a c-Src blocker, the

activation of NF-jB, the expression of PICs, and the level

of ROS were decreased in the PVN. At the same time, the

RSNA, NE, and BP were decreased. The results of these

experiments indicated that the activated c-Src regulates

NF-jB, PICs, and ROS in the PVN in salt-induced

hypertension. Therefore, combining the results of the two

sets of experiments, we can infer that TLR4 augments the

activation of c-Src, and the activated c-Src increases the

NF-jB, PICs, and ROS to regulate the RSNA and BP in

salt-induced hypertension. Previous research in our labo-

ratory found that PICs and ROS in the PVN are down-

regulated after blocking TLR4 [9] and that TLR4 regulates

PICs and ROS via regulating the activation of NF-jB, and
then regulates hypertensive responses [9, 11]. Meanwhile,

some studies have suggested that c-Src has an effect on the

ROS and PICs in cells by regulating the activation of NF-

jB [19] and the levels of NAD(P)H oxidase [38].

Therefore, we conclude that in salt-induced hypertension,

the activated c-Src in the PVN is augmented by TLR4, and

then the activated c-Src regulates PICs and ROS via

enhancing the activation of NF-jB and NAD(P)H oxidase,

so as to regulate sympathetic activity and BP (Fig. 4).

Conclusion

We found that a long-term high-salt diet increases TLR4

expression in the PVN and activates the TLR4 signal

pathway. And the high expression of TLR4 promotes the

activation of c-Src. Blocking the activation of c-Src

attenuates the effectiveness of the TLR4 pathway. This

result suggests that c-Src may be a modulator in the TLR4

signaling pathway which regulates inflammatory cytokines

and oxidative stress to increase the sympathetic activity

and blood pressure in salt-induced hypertension. Therefore,

inhibiting central c-Src activity may become a new target

for treating salt-induced hypertension.
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