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Abstract
Carbon monoxide (CO) presents anti-inflammatory and antioxidant activities as a new gaseous neuromessenger produced by 
heme oxygenase-1 (HO-1) in the body. High salt-induced hypertension is relevant to the levels of pro-inflammatory cytokines 
(PICs) and oxidative stress in the hypothalamic paraventricular nucleus (PVN). We explored whether CO in PVN can attenu-
ate high salt-induced hypertension by regulating PICs or oxidative stress. Male Dahl Salt-Sensitive rats were fed high-salt 
(8% NaCl) or normal-salt (0.3% NaCl) diet for 4 weeks. CORM-2, ZnPP IX, or vehicle was microinjected into bilateral PVN 
for 6 weeks. High-salt diet increased the levels of MAP, plasma norepinephrine (NE), reactive oxygen species (ROS), and 
the expressions of COX2, IL-1β, IL-6, NOX2, and NOX4 significantly in PVN (p < 0.05), but decreased the expressions of 
HO-1 and Cu/Zn-SOD in PVN (p < 0.05). Salt increased sympathetic activity as measured by circulating norepinephrine, 
and increased the ratio of basal RSNA to max RSNA, in part by decreasing max RSNA. PVN microinjection of CORM-2 
decreased the levels of MAP, NE, RSNA, ROS and the expressions of COX2, IL-1β, IL-6, NOX2, NOX4 significantly in 
PVN of hypertensive rat (p < 0.05), but increased the expressions of HO-1 and Cu/Zn-SOD significantly (p < 0.05), which 
were all opposite to the effects of ZnPP IX microinjected in PVN (p < 0.05). We concluded that exogenous or endogenous 
CO attenuates high salt-induced hypertension by regulating PICs and oxidative stress in PVN.

Keywords  Carbon monoxide · High salt-induced hypertension · Hypothalamic paraventricular nucleus (PVN) · Pro-
inflammatory cytokines (PICs) · Oxidative stress

Introduction

As a complex genetic disease, hypertension was affected 
by many environmental factors including high-salt diet 
[1, 2]. Although the molecular mechanisms of high salt-
induced hypertension were unclear in the central nervous 
system (CNS), a growing body of evidence suggests that 
it is associated with inflammation and oxidative stress 
in the hypothalamic paraventricular nucleus (PVN) [3, 
4]. In the brain, the PVN is reciprocally connected to 
other areas of the CNS, which is involved in modulating 
the mean arterial pressure (MAP) [5, 6] and sympathetic 
nerve activity [7] as a principal cardiovascular center.

Carbon monoxide (CO), a byproduct of heme oxyge-
nase (HO), is now being considered a new gaseous neural 
messenger in the brain [8], which is previously thought 
to be a toxic gas and biological waste product. The pre-
dominant source of CO in animals is heme degradation, 
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which is catalyzed by the rate-limiting enzyme HO. Three 
forms of HO have been identified including HO-1, HO-2, 
and HO-3. As the only inducible enzyme among the three, 
HO-1 showed high expression in some tissues when it 
was induced by heme or numerous oxidative stressors 
[9]. Previous studies have reported that HO-1 has been 
found in specific groups of CNS neurons, particularly 
within the paraventricular nucleus (PVN), supraoptic 
nucleus (SON), ventromedial nuclei, and preoptic nuclei 
[10, 11]. There has been a speculation that endogenous 
CO of peripheral circulation decreased blood pressure 
(BP), which is mediated by autonomic nervous function 
[9, 12]. But the effects and mechanisms of CO on sym-
pathetic nerve activity (SNA) and BP in the PVN are not 
very clear.

It has been considered that the pro-inflammatory 
cytokines (PICs), such as interleukin-1beta (IL-1β) and 
interleukin-6 (IL-6), contribute to the hypertensive effects 
[13]. And oxidative stress has been considered as critical 
factors in hypertensive responses [14–16]. Furthermore, 
our previous study has shown that the levels of PICs and 
reactive oxygen species (ROS), the key mediators of oxi-
dative stress, within the PVN were also responsible for 
the hypertensive responses [6, 17, 18]. CO has been iden-
tified to present antioxidant, anti-inflammatory, and anti-
tumor properties [19–26]. However, HO-1 is a widely dis-
tributed enzyme that catabolizes heme to bilirubin, CO, 
and free iron. And it has been reported that biliverdin was 
an antioxidant and may potentially decrease BP [27, 28]. 
Thus, Carbon monoxide-releasing molecule-2 (CORM-
2) was used as the donor of exogenous CO released from 
tricarbonyldichlororuthenium (II) dimer to confirm 
the effects of CO in this study. Zinc protoporphyrin IX 
(ZnPP IX) inhibits heme oxygenase and then permits the 
assessment of the endogenous CO synthesis. We explored 
whether exogenous and endogenous CO in the PVN regu-
lates the levels of PICs or oxidative stress in PVN during 
the pathogenesis of hypertension to further elaborate the 
molecular mechanisms of high salt-induced hypertension.

Materials and Methods

Animals

Experiments were carried out on healthy adult male Dahl 
Salt-Sensitive rats (Charles River Laboratories International, 
Inc., Wilmington, MA, USA) weighing from 250 to 275 g. 
The rats were kept in temperature (23 ± 2 °C) and light-con-
trolled (12 h–12 h light–dark cycle) with standard rat chow 
and tap water ad libitum. All experimental procedures were 
approved by the Institutional Animal Care and Use Com-
mittees of Xi’an Jiaotong University. The procedures were 

complied with the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health 
(NIH Publication No. 85-23, revised 1996).

General Experimental Protocol

The male Dahl Salt-Sensitive rats were randomized to 
one of the following six groups: NS + PVN vehicle group, 
NS + PVN CORM-2 group, NS + PVN Zinc protoporphyrin 
IX (ZnPP IX) group, HS + PVN vehicle group, HS + PVN 
CORM-2 group, and HS + PVN ZnPP IX group. The rats 
in NS groups were fed normal-salt diet (NS, 0.3% NaCl), 
while the rats in HS groups were fed high-salt diet (HS, 
8% NaCl). CORM-2(2 nmol/h; dissolved in 0.5% dimethyl 
sulfoxide in artificial cerebrospinal fluid (aCSF); Sigma-
Aldrich, USA), the CO donor, was microinjected in the 
bilateral PVN of rats at the end of the 4th week after anes-
thetized with a ketamine (80 mg/kg) and xylazine (10 mg/
kg) mixture via intraperitoneal injection (ip) for 6 weeks 
by the cannula connected with the osmotic minipumps 
(ALZET, model 2006) for chronic infusion, while ZnPP IX 
(2 nmol/h; Sigma-Aldrich, USA), an inhibitor of HO-1, was 
microinjected in PVN of rats according to the same prin-
ciples. The dosages were based on the other two effective 
studies [29, 30]. At the end of 10 weeks, the blood and the 
brain tissue of the rats were collected for immunofluores-
cence, immunohistochemical analysis, ELISA, and molecu-
lar studies after anesthesia and euthanasia. The tissues were 
collected from both sides of the PVN of individual rat and 
stored at − 80 °C until assayed.

Bilateral PVN Microinjection

The method for implantation of bilateral PVN cannulae has 
been described previously [31, 32]. The head of the rat was 
placed into a stereotaxic apparatus after the rat was anes-
thetized with a ketamine (80 mg/kg) and xylazine (10 mg/
kg) mixture (ip). The skull was opened, and a stainless steel 
cannula connected with an osmotic minipump was micro-
injected into the PVN according to stereotaxic coordinates, 
which was approximately 1.8 mm posterior to the bregma, 
0.4 mm lateral to the central line, and 7.9 mm ventral to the 
zero level. The osmotic minipumps were filled with CORM-
2, ZnPP IX, or vehicle and implanted subcutaneously in the 
back of the neck, which would maintain the infusion to the 
PVN for 6 weeks continuously. The cannula was fixed to the 
cranium using dental acrylic. After the surgery was finished, 
all rats received buprenorphine (0.01 mg/kg, sc) immedi-
ately and 12 h postoperatively. Only animals with verifiable 
bilateral PVN injection sites were used in the final analysis. 
The success rate of bilateral PVN microinjection was 75%.
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Mean Arterial Pressure (MAP) Measurement

Mean arterial pressure measurement (MAP) of the rats 
has been described previously [4]. MAP was collected for 
30 min between 8 and 11 a.m. and averaged. MAP of the rat 
was determined noninvasively weekly by a tail-cuff occlu-
sion method via an automatic sphygmomanometer. Blood 
pressure values were averaged from six consecutive cycles 
per week obtained from each rat. The tail artery systolic 
blood pressure was measured daily for at least 7 days so 
that the stress-induced blood pressure fluctuations were 
minimized. Unanesthetized rats were placed in a holding 
device mounted on a thermostatically controlled warming 
plate (38 °C), which achieved the steady pulse. At the end 
of 10 weeks the femoral artery cannula was connected to a 
pressure transducer (MLT0380, ADInstruments, Australia) 
and flushed with 0.1 ml heparinized saline (50 U/ml). The 
cannula was catheterized in the femoral artery to meas-
ure the BP after the rat was anesthetized with a ketamine 
(80 mg/kg) and xylazine (10 mg/kg) mixture (ip).

Renal Sympathetic Nerve Activity (RSNA) 
Recordings

The general methods of recording and analyzing renal 
sympathetic nerve activity (RSNA) have been described 
previously [33]. The left renal nerve of rat was isolated 
using a glass microelectrode under an inversion micro-
scope after anesthesia and laparotomy. The renal nerve 
was cut distally to eliminate its afferent activity and hung 
by a platinum electrode that is connected with the record-
ing system. The nerve was then covered by paraffin oil 
tampons to isolate electrical disturbance and moisturize 
the nerve. The sodium nitroprusside (SNP) (KELUN, 
Hunan, China) was administered as a 10-μg intravenous 
bolus via the common jugular vein to detect maximum 
RSNA. At the end of the experiment, the background noise 
was defined after section of the central end of the nerve 
RSNA was subtracted from actual RSNA. The result of 
RSNA was subsequently expressed as percent of maxi-
mum, which was used in the experimental analysis. The 
data recording and analysis of RSNA were detected by 
BL-420 Biological Function Experiment System (BL-
420E+, Chengdu Techman, China).

ELISA Analysis

The circulating plasma levels of norepinephrine (NE) are 
detected by commercially available rat ELISA kits (Invit-
rogen, USA) as described previously [34]. Plasma samples 
were collected and stored at − 80 °C. The standard and 

samples were transferred to a 96-well assay microplate 
coated with NE-specific antibody according to the manu-
facturer’s instructions. And then the microplate was incu-
bated at 37 °C and washed. Then horseradish peroxidase 
(HRP)-conjugated reagent was added. The microplate was 
incubated and washed again. And the chromogenic solu-
tion, stop solution was added sequentially in the micro-
plate to stop the reaction. The optical density (OD) at 
450 nm was then read using an ELISA microplate reader 
(MK3, Thermo Scientific, USA).

Immunofluorescence and Immunohistochemistry 
Analysis

The method of immunofluorescence and immunohis-
tochemistry has been described previously [18]. Rats 
received a thoracotomy under general anesthesia. A can-
nula was inserted into the left ventricle of the rat that con-
nected to a transfusion device added sequentially 0.1 M 
phosphate-buffered solution (PBS) and 4% paraformalde-
hyde at pH 7.4 under anesthesia. The brains were removed 
and immersed immediately in 4% paraformaldehyde for 
1 h and then in 30% sucrose for 2 days. Remaining samples 
were used for Cryostat sections (10 μm) which were put 
on slides, and stored at −80 °C for future use for immuno-
fluorescence. For each animal, labeled neurons within the 
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Fig. 1   Effects of PVN infusion of CORM-2, ZnPP IX, or vehicle on 
mean arterial pressure (MAP) in high-salt diet (HS, 8% NaCl) or a 
normal-salt diet (NS, 0.3% NaCl) rats. MAP was increased signifi-
cantly after 4 weeks in HS rats compared to NS rats (p < 0.05, each 
group n = 7). MAP was decreased significantly in the HS + PVN 
CORM-2 group, but increased in the HS + PVN ZnPP IX group, 
as compared to the HS + PVN vehicle group (p < 0.05, each group 
n = 7). Values are expressed as mean ± SEM. *p < 0.05 versus con-
trol (NS groups); †p < 0.05 HS + PVN CORM-2 or ZnPP IX versus 
HS + PVN vehicle
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borders of PVN bilaterally were counted manually in two 
representative transverse sections at about −1.80 mm from 
bregma, and an average value was reported. The primary 
antibody of heme oxygenase-1 (HO-1, bs-0827R-FITC) 
was from Bioss antibodies. The primary antibody of COX2 
(No. ab15191) was from Abcam. The other primary anti-
bodies were all from Santa Cruz Biotechnology including 
IL-1β (sc-1251), IL-6 (sc-1265), NOX2 (sc-5827), NOX4 

(sc-21860), Cu/Zn-SOD (sc-11407). Reactive oxygen spe-
cies (ROS) in the PVN was detected by fluorescent-labeled 
dihydroethidium (DHE; molecular probes) staining. Immu-
nohistochemistry stained sections were photographed with 
a conventional light microscopy (DP70, Olympus, Tokyo, 
Japan). Immunofluorescent staining was visualized with a 
confocal laser-scanning microscope (Zeiss LSM 710, Carl 
Zeiss, Inc).
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Fig. 2   Effects of PVN infusion of CORM-2, ZnPP IX, or vehicle on 
the RSNA and plasma NE. a The results of renal sympathetic nervous 
activity (RSNA) were detected by BL-420E+. b The RSNA in high-
salt diet rats were higher than in normal-salt diet rats, but decreased 
significantly in the HS + CORM-2 group and increased significantly 
in the HS + ZnPP IX group (p < 0.05, each group n = 7). c The lev-

els of plasma NE were higher in high-salt diet rats than in normal-
salt diet rats, but decreased significantly in the HS + CORM-2 group 
and increased significantly in the HS + ZnPP IX group (p < 0.05, 
each group n = 7). *p < 0.05 versus control (NS groups); †p < 0.05 
HS + PVN CORM-2 or ZnPP IX versus HS + PVN vehicle

Table 1   Effects of PVN infusion of CORM-2, ZnPP IX, or vehicle on the max RSNA response to SNP

Values are expressed as mean ± SEM
*p < 0.05 versus control (NS groups)

Group
N

NS + PVN vehicle
7

NS + PVN CORM-2
7

NS + PVN ZnPP IX
7

HS + PVN vehicle
7

HS + PVN CORM-2
7

HS + PVN ZnPP IX
7

Spikes/s 278 ± 10 275 ± 6 286 ± 13 227 ± 7* 243 ± 8* 236 ± 8*
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Western Blot Analysis

The rats were euthanized. The PVN tissues were quickly 
collected and submerged in liquid nitrogen and followed 
by storing at − 80 °C. The frozen brain of rat was cut with 
a cryostat until the third ventricle(3 V) was exposed. The 
brain was sectioned serially in 300 µm increments from the 
bregma to lambda. The sections were transferred to glass 
slides and placed on a cold stage maintained at − 10 °C. 
According to the atlas of “the rat brain in stereotaxic coordi-
nates,” the PVN sites were easy to detect and to be collected 
and submerged in liquid nitrogen, followed by storing at 
− 80 °C. Proteins extracted from PVN tissue were used for 
western blot analysis after the concentrations were modified 
by BCA protein assay. As described previously [4, 34], pro-
tein samples were separated by SDS-PAGE and transferred 
to a polyvinylidene fluoride (PVDF) membrane. Membranes 
were blocked with TBST buffer (TBS plus 0.1% Tween-20) 
containing 5.0% dried skim milk for 2 h followed by washing 

with TBST at room temperature. The primary antibodies, 
referring to the antibodies in the IHC section, were then 
added on the membranes and incubated overnight at 4 °C. 
The appropriate horseradish peroxidase-conjugated second-
ary antibodies were added after washing. Bands were visual-
ized by enhanced chemiluminescence using ChemiDoc XRS 
System (Bio-rad, USA). Band densities were analyzed using 
ImageJ Image Analysis Software (NIH). Protein levels were 
presented after normalization to β-actin (Santa Cruz Bio-
technology, Santa Cruz, CA).

Statistical Analysis

All data were expressed as mean ± SEM. MAP data were 
analyzed by repeated measures ANOVA. The significance of 
differences between mean values was analyzed by ANOVA 
followed by a post hoc Tukey’s test. A probability value of 
p < 0.05 was considered as statistically significant.
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Fig. 3   Effects of PVN infusion of CORM-2, ZnPP IX, or vehicle 
on the expressions of HO-1 in PVN. The expressions of PVN HO-1 
in high-salt diet rats were lower than in normal-salt diet rats, but 
increased significantly in the HS + CORM-2 group and decreased 
significantly in the HS + ZnPP IX group (p < 0.05, each group n = 7). 
a Representative immunofluorescence staining of HO-1. b Densito-

metric analysis of immunofluorescent intensity of HO-1 in the PVN. 
c A representative immunoblot of HO-1 in the PVN. d Densitomet-
ric analysis of protein expression of HO-1 in the PVN. Values are 
expressed as mean ± SEM. *p < 0.05 versus control (NS groups); 
†p < 0.05 HS + PVN CORM-2 or ZnPP IX versus HS + PVN vehicle
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Results

Mean Arterial Pressure (MAP)

MAP was elevated for 10  weeks, which was measured 
weekly by the tail-cuff method and the last time by the femo-
ral artery cannula. Evaluation showed that MAP increased 
with time of high-salt diet in HS groups. It was changed at 
the 3rd week after high-salt diet. And MAP increased sig-
nificantly at the 4th week in HS groups compared to the NS 
groups (p<0.05). Treatment with PVN infusion of CORM-2 
reduced MAP significantly in high salt-induced hypertensive 
rats, compared to the high-salt diet rats treated by vehicle 
(p<0.05). But treatment with PVN infusion of ZnPP IX 
increased MAP compared with the HS + PVN vehicle group 
(p<0.05) (Fig. 1).

Renal Sympathetic Nerve Activity (RSNA)

High-salt diet increased the ratio of basal RSNA to max 
RSNA (p < 0.05) (Fig.  2), but decreased max RSNA 
(p < 0.05)(Table  1). Treatment with PVN infusion of 
CORM-2 weakened RSNA significantly in high salt-induced 
hypertensive rats, compared to the high-salt diet rats treated 
by vehicle(p < 0.05). But treatment with PVN infusion of 
ZnPP IX increased RSNA compared to the HS + PVN vehi-
cle group (p < 0.05) (Fig. 2).

The Levels of Plasma NE

Plasma NE was measured by ELISA. The levels of plasma 
NE increased significantly in the groups of high-salt diet, 
compared to the groups of normal-salt diet (p < 0.05). The 
levels of plasma NE was decreased significantly in the 
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Fig. 4   Effects of PVN infusion of CORM-2, ZnPP IX, or vehicle on 
the expressions of COX2 in PVN. The expressions of PVN COX2 
in high-salt diet rats were higher than in normal-salt diet rats, but 
decreased significantly in the HS + CORM-2 group and increased 
significantly in the HS + ZnPP IX group (p < 0.05, each group n = 7). 
(a) Representative immunofluorescence staining of COX2. (b) Den-

sitometric analysis of immunofluorescent intensity of COX2 in the 
PVN. (c) Representative immunoblot of COX2 in the PVN. (d) Den-
sitometric analysis of protein expression of COX2 in the PVN. Values 
are expressed as mean ± SEM. *p < 0.05 versus control (NS groups); 
†p < 0.05 HS + PVN CORM-2 or ZnPP IX versus HS + PVN vehicle
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HS + PVN CORM-2 group, but increased significantly in 
the HS + PVN ZnPP IX group, compared to the HS + PVN 
vehicle group (p < 0.05) (Fig. 2).

HO‑1 Expression in the PVN

Immunofluorescence staining and western blot were per-
formed to study the expression of HO-1. HO-1 expres-
sion in PVN was decreased significantly in the HS groups, 
which was compared to the NS groups (p < 0.05). Bilateral 
microinjection of CORM-2 into the PVN increased the 
HO-1 expression significantly in this region, while bilat-
eral microinjection of ZnPP IX aggravated the decreased 
HO-1 expression, compared to the HS + PVN vehicle 
group (p < 0.05) (Fig. 3).

Cyclooxygenase‑2 (COX‑2) Expression in the PVN

From the results of immunofluorescence staining and 
western blot, COX-2 expression in PVN was increased 

significantly in the HS groups, which is compared to the 
NS groups (p < 0.05). Bilateral microinjection of CORM-2 
into the PVN decreased the COX-2 expression significantly, 
while bilateral microinjection of ZnPP IX increased COX-2 
expression, compared to the HS + PVN vehicle group 
(p < 0.05) (Fig. 4).

Pro‑inflammatory Cytokines (PICs) Expression 
in the PVN

High-salt diet induced significant increase of IL-1β, IL-6 
in the PVN (p < 0.05). Bilateral microinjection of CORM-2 
into the PVN reduced the expressions of IL-1β and IL-6 
significantly induced by high-salt diet, while PVN infusion 
of ZnPP IX exacerbated the expressions of these cytokines 
in the PVN, compared to the HS + PVN vehicle group 
(p < 0.05) (Figs. 5 and 6).
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Fig. 5   Effects of PVN infusion of CORM-2, ZnPP IX, or vehicle 
on the expressions of IL-1β in PVN. The expressions of PVN IL-1β 
in high-salt diet rats were higher than in normal-salt diet rats, but 
decreased significantly in the HS + CORM-2 group and increased 
significantly in the HS + ZnPP IX group (p < 0.05, each group n = 7). 
a Representative immunofluorescence staining of IL-1β. b Densi-

tometric analysis of immunofluorescent intensity of IL-1β in the 
PVN. c Representative immunoblot of IL-1β in the PVN. d Densi-
tometric analysis of protein expression of IL-1β in the PVN. Values 
are expressed as mean ± SEM. *p < 0.05 versus control (NS groups); 
†p < 0.05 HS + PVN CORM-2 or ZnPP IX versus HS + PVN vehicle
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Oxidative Stress Parameters in the PVN

The expressions of NOX2 and NOX4, the NAD(P)H oxidase 
subunits, in the PVN were increased significantly in high-salt 
diet groups compared to control groups (p < 0.05) (Figs. 7 and 
8). High-salt diet induced an increase of ROS level as deter-
mined by fluorescent-labeled dihydroethidium (DHE) staining 
(p < 0.05) (Fig. 9). Bilateral microinjection of CORM-2 into 
the PVN decreased the expressions of NOX2, NOX4, and the 
level of ROS significantly, while PVN infusion of ZnPP IX 
promoted the expressions of these parameters, compared to 
the HS + PVN vehicle group (p < 0.05) (Figs. 7, 8, and 9). The 
expression of Cu/Zn-SOD in the PVN decreased significantly 
in the HS groups, compared to the NS groups (p < 0.05). Bilat-
eral microinjection of CORM-2 into the PVN increased the 
expression of Cu/Zn-SOD significantly, while PVN infusion of 
ZnPP IX decreased the expression of Cu/Zn-SOD, compared 
to the HS + PVN vehicle group (p < 0.05) (Fig. 9).

Discussions

The novel finding in this study is that CO in the PVN attenu-
ates hypertensive responses and RSNA by decreasing the 
expressions of PICs and the oxidative stress responses.

In this study, we demonstrated that high-salt diet 
increased the levels of MAP in Dahl Salt-Sensitive rats, and 
decreased the levels of HO-1 in the PVN of rats. Then we 
detected the sympathetic nerve activity by RSNA, which 
is expressed as a percentage of maximum (in response to 
SNP). It has been reported that salt diet would limit the 
SNP-induced endothelium-independent relaxations [35], 
and the trend of SNP-stimulated max RSNA was signifi-
cantly decreased by high-salt diet in our study. So the levels 
of plasma NE were detected in order to corroborate sym-
pathetic nerve activity. Our results showed that high-salt 
diet increased the levels of plasma NE. It suggested that salt 
increased sympathetic activity as measured by circulating 
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Fig. 6   Effects of PVN infusion of CORM-2, ZnPP IX, or vehicle 
on the expressions of IL-6 in PVN. The expressions of PVN IL-6 
in high-salt diet rats were higher than in normal-salt diet rats, but 
decreased significantly in the HS + CORM-2 group and increased 
significantly in the HS + ZnPP IX group (p < 0.05, each group n = 7). 
a Representative immunofluorescence staining of IL-6. b Densito-

metric analysis of immunofluorescent intensity of IL-6 in the PVN. 
c Representative immunoblot of IL-6 in the PVN. d Densitomet-
ric analysis of protein expression of IL-6 in the PVN. Values are 
expressed as mean ± SEM. *p < 0.05 versus control (NS groups); 
†p < 0.05 HS + PVN CORM-2 or ZnPP IX versus HS + PVN vehicle
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norepinephrine, and increased the ratio of basal RSNA to 
max RSNA, in part by decreasing max RSNA. The results 
above suggested that the changes of PVN HO-1 and the 
peripheral sympathetic activity played an important role in 
high-salt diet induced hypertension. Results also showed that 
PVN infusion of CORM-2, an agent that releases CO from 
tricarbonyldichlororuthenium (II) dimer, made a hypotensive 
response, decreased RSNA and the levels of plasma NE, 
whereas microinjection into the PVN of ZnPP IX, the inhibi-
tor of HO-1, was opposite to the effects of CORM-2. HO-1 
catabolizes heme to bilirubin, CO, and free iron. And it has 
been reported that biliverdin was biologically an important 
antioxidant and potentially lowers BP [21, 27, 28]. So we 
focused on CORM-2 as the exogenous CO donor to confirm 
the effects of CO and ZnPP IX to assess the endogenous CO. 
These results implied that the exogenous or endogenous CO 
in the PVN reduced the sympathetic activity, resulting in a 
fall in blood pressure. Consistent with our results, several 
other recent studies showed that CO by the presence of HO 

in nucleus tractus solitarius (NTS) produced hypotensive 
activity [36–39]. Furthermore, it has been shown that a 
significantly decreased BP was observed by intraperitoneal 
injection of HO inducer in spontaneously hypertensive rats 
(SHR), presumably via heme oxygenase-mediated formation 
of carbon monoxide [40]. This is an indication that CO can 
decrease blood pressure in hypertensive rats in both the cen-
tral and peripheral nervous systems. Studies had documented 
that hypotensive response of CO in peripheral circulation 
was related to vasodepressive response [41, 42]. However, 
the hypotensive mechanism of CO in PVN is obscure. Our 
previous studies showed that increased PICs and ROS in 
the PVN or RVLM led to enhanced sympathetic activation 
and blood pressure in high salt- or Ang II-induced hyperten-
sion [43, 44], which was consistent with some other studies 
[45, 46]. Furthermore, CO has been identified to present 
antioxidation and anti-inflammatory properties [19–26]. We 
then investigated that whether the level of CO in the PVN 
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Fig. 7   Effects of PVN infusion of CORM-2, ZnPP IX, or vehicle on 
the expressions of NOX2 in PVN. The expressions of PVN NOX2 
in high-salt diet rats were higher than in normal-salt diet rats, but 
decreased significantly in the HS + CORM-2 group and increased sig-
nificantly in the HS + ZnPP IX group (p < 0.05, each group n = 7). a 
Representative immunohistochemical staining of NOX2 in the PVN. 

b Densitometric analysis of immunohistochemical intensity of NOX2 
in the PVN. c Representative immunoblot of NOX2 in the PVN. d 
Densitometric analysis of protein expression of NOX2 in the PVN. 
Values are expressed as mean ± SEM. *p < 0.05 versus control (NS 
groups); †p < 0.05 HS + PVN CORM-2 or ZnPP IX versus HS + PVN 
vehicle
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affected the inflammatory cytokines and oxidative stress or 
not.

The results showed that the expressions of COX-2, 
IL-1β, and IL-6 increased significantly in the PVN of 
high salt diet-included hypertension in rats. It was fur-
ther indicated that PICs in the PVN were closely related 
to hypertension induced by high-salt diet. Furthermore, 
our previous study showed that PVN microinjection of 
gevokizumab, an IL-1β inhibitor, attenuated hyperten-
sive responses by downregulating the pro-inflammatory 
cytokines [47]. Cyclooxygenase-2 (COX-2) is an enzyme, 
which is responsible for the formation of prostanoids. Ho 
et al. [48] documented that the peripheral LPS-induced 
increases in IL-1β and IL-6 production in the hippocampus 
were appreciably blunted by infusion into the lateral ven-
tricle of NS398, a COX-2 inhibitor. Another study showed 
that pretreatment with subfornical organ (SFO) microin-
jection of COX-2 inhibitor NS398 attenuated the expres-
sion of IL-1β in SFO and downstream in PVN and the 
IL-1β-induced pressor responses [49]. These findings and 

our results suggested that high salt diet-induced hyperten-
sion was closely related to the increased PICs mediated by 
COX-2 in the PVN. Furthermore, our results also showed 
that CORM-2 microinjecting into PVN could increase the 
levels of HO-1 and downregulate the levels of COX-2, 
IL-1β, and IL-6 in the PVN of the high salt diet-induced 
hypertension in rats. And microinjection into the PVN of 
ZnPP IX could reverse these parameters. It suggests that 
exogenous and endogenous CO in the PVN may produce 
hypotension by reducing the expression of PVN COX-2, 
leading to the decrease of IL-1β and IL-6.

Our previous studies documented that oxidative stress 
in the PVN had been emerged as a critical role in regu-
lating sympathoexcitation of salt-sensitive hypertension 
[50]. NAD(P)H oxidase (NOX) transfers electrons from 
Nicotinamide adenine dinucleotide phosphate, which is 
abbreviated as NAD(P)H, to molecular oxygen to gener-
ate ROS such as superoxide. It has been shown that the 
level of ROS was augmented following increased NOX 
in SHR, high salt-induced hypertension and angiotensin 
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Fig. 8   Effects of PVN infusion of CORM-2, ZnPP IX, or vehicle on 
the expressions of NOX4 in PVN. The expressions of PVN NOX4 
in high-salt diet rats were higher than in normal-salt diet rats, but 
decreased significantly in the HS + CORM-2 group and increased 
significantly in the HS + ZnPP IX group (p < 0.05, each group n = 7). 
a Representative immunofluorescence staining of NOX4. Neuronal 

nuclei are shown in blue. b Densitometric analysis of immunofluores-
cent intensity of NOX4 in the PVN. c A representative immunoblot 
of NOX4 in the PVN. d Densitometric analysis of protein expression 
of NOX4 in the PVN. Values are expressed as mean ± SEM. *p < 0.05 
versus control (NS groups); †p < 0.05 HS + PVN CORM-2 or ZnPP 
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II-induced hypertension [33, 51, 52]. In this study, we found 
that high-salt diet increased the expressions of NOX2 and 
NOX4 in the PVN, as compared with normal-salt diet. But 
the expression of PVN Cu/Zn superoxide dismutase (Cu/
Zn-SOD) was decreased by high salt diet. And the level of 
ROS in the PVN was significantly increased in HS groups. 
NOX transfers electrons to molecular oxygen to generate 
ROS, an important mediator of oxidative stress [16]. Cu/Zn-
SOD, a primary cytoplasmic antioxidant enzyme, scavenges 
oxygen radicals. The changes of PVN NOX2, NOX4, Cu/
Zn-SOD, and ROS in this study provided further evidence 
that sympathoexcitation promoted salt-sensitive hyperten-
sion via oxidative stress in the PVN. Additionally, data from 
this study showed that bilateral microinjection of CORM-2 
into PVN ameliorated the increased expressions of NOX2, 
NOX4, and ROS and the decreased expression of Cu/Zn-
SOD in the PVN in high-salt diet groups. But ZnPP IX 

microinjecting into PVN increased expressions of NOX2, 
NOX4, and ROS and the decreased expression of Cu/Zn-
SOD in the PVN in high-salt diet groups. It indicated that 
exogenous and endogenous CO in the PVN reduced the 
peripheral sympathetic activation and blood pressure via 
antioxidant function.

In conclusion, the major finding of this study is that exog-
enous or endogenous CO within the PVN might have poten-
tial antihypertensive treatment by downregulating COX2 and 
PICs in the PVN and by reducing PVN oxidative stress-
mediated sympathetic activity in high salt-induced hyper-
tension. Our findings provide the rationale for the preven-
tion and treatment of high salt diet-induced hypertension 
by increasing the level of CO in the PVN. However, further 
research is needed to clarify the pathway for the changes 
of PICs and oxidative stress response influenced by CO in 
the PVN.
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Conclusions

These findings suggest that exogenous or endogenous CO 
in the PVN may produce hypotensive response, which are 
partly due to decreased PICs and oxidative stress within the 
PVN in high salt-induced hypertension.
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