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Aims Nuclear factor-kappa B (NF-kB) is a potent inducer of pro-inflammatory cytokines (PIC) and
oxidative stress in cardiovascular disease. In this study, we determined whether upregulation of NF-
kB in the hypothalamic paraventricular nucleus (PVN) contributed to neurohumoral excitation either
directly, or via interaction with the renin–angiotensin system (RAS), in heart failure (HF).
Methods and results Rats were implanted with intracerebroventricular (ICV) cannulae and subjected to
coronary artery ligation, or sham surgery (SHAM). Subsequently, animals were ICV treated with the
angiotensin type 1 receptor (AT1-R) antagonist losartan (LOS, 20 mg/h), or SN50 (2 mg/h), which inhibits
nuclear translocation of NF-kB, or tempol (TEMP, 80 mg/h), a membrane-permeable superoxide scaven-
ger, or vehicle for 4 weeks. HF induced a significant increase in the expression of AT1-R, PIC, and
NAD(P)H oxidase genes and NF-kB p50 in the PVN and in plasma norepinephrine (NE) levels when com-
pared with SHAM rats. In contrast, ICV LOS, SN50, or TEMP attenuated PIC, NF-kB p50, AT1-R and
NAD(P)H oxidase genes in the PVN compared with vehicle-treated HF rats. Treatment with LOS,
SN50, or TEMP also reduced plasma levels of NE, angiotensin II, and PIC, and decreased left ventricular
end diastolic pressure.
Conclusion These findings indicate that NF-kB mediates the cross-talk between RAS and PIC in the PVN
in HF, and that superoxide stimulates more NF-kB in the PVN and contributes to neurohumoral
excitation.
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1. Introduction

Neurohumoral mechanisms play important roles in the
pathophysiology of congestive heart failure (HF). Among
the neurohormones, those of the renin–angiotensin system
(RAS) play an important role in regulating body fluid homo-
eostasis and sympathetic activity.1 An increase in the com-
ponents of RAS is not only found in peripheral tissues but
also in the brain cardiovascular centres of HF rats, including
the paraventricular nucleus (PVN) of the hypothalamus.2

Previous findings indicate that blocking components of
brain RAS attenuated sympathetic drive, decreased reten-
tion of sodium and water, and ameliorated cardiac remodel-
ling in HF rats.3–5 These findings indicate a role of brain RAS
in inducing neurohumoral excitation in HF.

In recent years, immune-mediated mechanisms have also
been shown to play important roles in the pathophysiology

of cardiovascular diseases. Circulating levels of pro-
inflammatory cytokines (PIC) such as tumour necrosis
factor-a (TNF-a), interleukin (IL)-1b, and IL-6 are increased
in HF patients. These levels are increased with the severity
of HF and are of prognostic significance.6,7 Recent findings
have shown that, along with myocardial production of
TNF-a, cytokine levels are also upregulated in the PVN of
the hypothalamus of HF rats.8,9 In addition, these brain
PICs also contribute to neurohumoral excitation in HF.9

Excess amounts of PIC5 and RAS3 are both present in the
brain cardiovascular regions and contribute to neurohumoral
excitation in HF; however, it is not known whether exagger-
ated neurohumoral excitation in HF is due to an interaction
between these two systems. More importantly, it is not
known if there is a downstream signalling molecule that
links these two systems to some of the adverse effects in
HF. The nuclear factor-kappa B (NF-kB) family of eukaryotic
transcription factors is present in CNS neurons and plays an
important role in inflammatory responses.10 Activated NF-kB
has been shown to be the major regulator facilitating the
synthesis of several different injury-responsive cytokines in
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neurons. These include TNF-a, IL-6, and angiotensin type 1
receptors (AT1-R).11 In our previous study, we showed that
along with PIC activation, NF-kB is upregulated in the PVN
of HF rats.12 In the present study, we determined whether
NF-kB is the link in the cross-talk between RAS and PIC in HF.

The PICs or angiotensin II (ANG II) may activate NF-kB.13 In
addition, NAD(P)H oxidase derived reactive oxygen species
(ROS) induced by PIC or ANG II appear to facilitate the acti-
vation of NF-kB.14–16 Augmented ROS in the PVN in HF were
also shown to contribute to increased sympathetic outflow.17

In this study, we also investigated whether NF-kB-induced
oxidant signalling in the PVN contributes to the neurohu-
moral excitation in HF.

2. Methods

2.1 Animals

Adult male Sprague–Dawley rats weighing 250–275 g were housed in
temperature- (23+28C) and light-controlled animal quarters and
were provided with rat chow ad libitum. These studies were per-
formed in accordance with the American Physiological Society’s
‘Guiding Principles for Research Involving Animals and Human
Beings’. All experimental procedures were approved by the Louisi-
ana State University Institutional Animal Care and Use Committee
and the Shanxi Medical University Institutional Animal Care and
Use Committee.

2.2 General experimental protocol

Under anaesthesia, an intracerebroventricular (ICV) cannula was
implanted in the right lateral cerebral ventricle and fixed to the
cranium using small screws and dental cement as previously
described.3,7,18 Stereotaxic coordinates were used for cannula pla-
cement. The skin incision was closed with sterile 3-0 silk sutures.
One week after the implantation of the cannula, anaesthetized
rats underwent surgery to induce HF by ligating the left anterior
descending coronary artery, or the same surgery without ligating
the vessel (SHAM), as previously described.3,7,9,18 Animals received
benzathine penicillin (30 000 units, im) and buprenorphine (0.1 mg/
kg, sc) immediately after surgery and 12 h later. Echocardiography
was performed �24 h after recovery from surgery to assess left ven-
tricular (LV) function. Immediately thereafter, an Alzet osmotic
mini-pump (DURECT Corporation) was implanted subcutaneously in
the back of the neck3,7,18 and attached to the right lateral cerebral
ventricle cannula for chronic ICV infusion of the angiotensin type 1
receptor (AT1-R) antagonist losartan (LOS, 20 mg/h) (Sigma-
Aldrich), or SN50 (2 mg/h; a synthetic peptide carrying the nuclear
localization sequence of the NF-kB p50 subunit, which competes
for the cellular mechanisms mediating nuclear translocation and
prevents NF-kB binding to DNA without affecting the level of the
inhibitory protein IkB) (Biomol), the superoxide dismutase
mimetic tempol (TEMP, 80 mg/h), or vehicle (VEH, artificial cere-
brospinal fluid, aCSF). Mini-pumps were filled with SN50, LOS,
TEMP, or vehicle and placed in a 0.9% saline solution at room temp-
erature 24 h in advance to ensure a constant pumping rate during
the treatment. A second echocardiogram was performed near the
end of the treatment protocol. After 4 weeks of treatment,
animals were anaesthetized for haemodynamic measurements and
then euthanized to collect tissue and plasma for further analysis.

2.3 Echocardiographic assessment of LV function

Echocardiography was performed under ketamine (25 mg/kg, ip)
sedation to assess LV function as previously described.9,18 Ischaemic
zone (IZ) was estimated by planimetry of the region of the LV endo-
cardial silhouette which demonstrated akinesis or dyskinesis, and
expressed as a percentage of the whole (%IZ). From these

measurements, %IZ, LV ejection fraction (LVEF), and LV end-diastolic
volume (LVEDV), all of which are indexes of severity of congestive
HF, were reported.

2.4 Measurement of haemodynamic parameters

Under pentobarbital anaesthesia (50 mg/kg, ip), a micromanometer-
tipped catheter was inserted via the right carotid artery and
advanced to the aorta. Arterial pressure was measured and the cath-
eter was then advanced into the left ventricle for measurement of LV
end-diastolic pressure (LVEDP). Mean arterial pressure (MAP), heart
rate (HR), and pulse pressure (PP) were derived from the arterial
pressure tracing.

2.5 Collection of blood and tissue samples

Rats were decapitated while still under deep anaesthesia to collect
trunk blood. Trunk blood was collected in chilled EDTA tubes.
Plasma samples were separated and stored at 2808C until assayed
for IL-1b, IL-6, and norepinephrine (NE) levels. The brain and
heart were harvested, the heart ventricles were separated, and
the right and left ventricles were weighed. The lungs were also har-
vested and weighed wet. Right ventricular (RV) and lung weights
were expressed as a function of body weight (BW).

2.6 Biochemical assays

Plasma and tissue cytokine levels were measured using ELISA (Bio-
source International Inc.) techniques, as described before.7,19

Plasma NE was measured using a high-sensitivity ELISA kit (Rocky
Mountain Diagnostics). Plasma angiotensin II was measured using
an EIA kit (Cayman Chemical Company).

2.7 Immunohistochemistry and
immunofluorescence

Rats were anaesthetized with pentobarbital (50 mg/kg, ip) and
transcardially perfused with PBS and 4% paraformaldehyde.
Samples were fixed in 4% paraformaldehyde overnight at 48C, and
then immersed in 30% sucrose for at least 2 days. Samples were
embedded in OCT and sectioned into several 40 mm transverse sec-
tions about 21.80 mm from the bregma using a sliding microtome;
sections were put in PBS for immunohistochemistry.9 Remaining
samples were used for Cryostat sections (10 mm) which were put
on slides, and stored at 2808C for future use for
immunofluorescence.

2.7.1 Immunohistochemistry
A general avidin–biotin–peroxidase complex procedure was used.20

A double-staining protocol was used for Fra-like (Fra-LI) activity
(Santa Cruz Biotechnology) plus IL-1b (Santa Cruz Biotechnology)
staining in PVN. Expression of Fra-LI (fos family gene) activity was
used as an indicator of chronic neuronal activation.9 For each
animal, labelled neurons within the bilateral borders of the PVN
were counted manually in two representative 40 mm transverse sec-
tions, and an average value was reported. NIH ImageJ software was
used to confirm the manual cell counts in the PVN.

2.7.2 Immunofluorescent labelling
Immunofluorescent staining was performed as previously
described.8,9 The primary antibodies for NF-kB p50, gp91phox, and
TNF-a were obtained from Santa Cruz Biotechnology. Superoxide
generation was determined by fluorescent-labelled dihydroethidium
(DHE; Molecular Probes). DHE staining was performed as previously
described.21 Fluorescent intensity of DHE in PVN was measured using
laser confocal microscopy. NF-kB p50, gp91phox, and TNF-a positive
staining cells were counted under confocal microscopy in four
view fields (equal area) randomly selected from bilateral PVN.
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One sample consisted of the average of four view fields from a
section. The observer was blinded to the type of samples examined.

2.8 Western blot

Protein extracted from punches of the PVN was used for measure-
ment of gp91phox (Santa Cruz Biotechnology) and AT1-R (Abcam
Inc.) expression by western blot.22 Protein loading was controlled
by probing all western blots with anti-b-actin antibody (Santa
Cruz Biotechnology) and normalizing gp91phox and AT1-R protein
intensities to that of b-actin. Band densities were analysed using
NIH ImageJ software.

2.9 Statistical analysis

All data are expressed as mean+ SEM. Data were analysed by
two-way ANOVA. Multiple testing was corrected for by using
Tukey’s test. The echocardiography data were analysed by ANOVA
allowing for repeated measurement. A probability value of
P , 0.05 was considered statistically significant.

3. Results

3.1 Echocardiographic characterization
of the study groups

Echocardiography performed within 24 h of surgery revealed
that rats with ischaemic injury after coronary ligation had a
significantly lower LV ejection fraction (LVEF), a higher
LVEDV, and a higher LVEDV to mass (LVEDV/mass) ratio
than the sham-operated rats. The %IZ, LVEF, LVEDV, and
LVEDV/mass ratio were well matched among HF rats
assigned to ICV VEH vs. ICV LOS, SN50 or TEMP treatments.
Echocardiography performed at 4 weeks revealed that
LOS-, SN50-, or TEMP-treated HF rats had no significant
differences in these parameters when compared with VEH-
treated HF rats (Figure 1).

3.2 Haemodynamic and anatomical indicators of HF

LVEDP was lower (P , 0.05, n ¼ 6) in LOS-, SN50-, or TEMP-
treated HF rats (HF þ ICV LOS: 12.33+1.35 mmHg; HF þ
ICV SN50: 10.52+1.28 mmHg; HF þ ICV TEMP: 14.64+
1.37 mmHg) than in VEH-treated (22.43+1.58 mmHg) HF
rats, but was still higher than in VEH-treated SHAM rats
(4.84+1.51 mmHg). There were no significant differences
in MAP, HR, or PP attributable to LOS, SN50 or TEMP treat-
ment. Lung/body weight ratio (mg/g) was lower (P , 0.05,
n ¼ 6) in LOS- or SN50-treated HF rats (HF þ ICV LOS:
7.3+0.3; HF þ ICV SN50: 7.5+0.4) than in VEH-treated
HF rats (11.1+0.5), but heart/body weight ratio was not
affected (Table 1).

3.3 Humoral indicators of HF

Plasma levels of NE, IL-1b, IL-6, and ANG II were all higher in
HF rats than SHAM rats. Treatment with ICV LOS, SN50, or
TEMP decreased plasma levels of NE, IL-1b, and ANG II in
HF rats, but all levels, except that of IL-6 in the SN50- or
TEMP-treated HF rats, remained higher than those observed
in SHAM rats (Table 2).

3.4 Hypothalamic expression of PIC

Hypothalamic tissue levels of the PICs TNF-a, IL-1b, and IL-6
by ELISA were higher in HF rats than in SHAM rats. HF rats
treated with LOS, SN50, or TEMP had lower TNF-a and

IL-1b in the hypothalamus than VEH-treated HF rats, but
values in the treated HF rats remained higher than in VEH-
treated SHAM rats (Table 2).

3.5 PIC and NF-kB in the PVN

Immunohistochemistry revealed fewer IL-1b- and
Fra-LI-positive neurons (Figure 2) in the PVN of LOS-,
SN50-, or TEMP-treated HF rats when compared with VEH-
treated HF rats; however, the number of positive neurons
in the treated HF rats was higher than that of SHAM rats.
Immunofluorescence revealed that HF rats had more TNF-a
(Figure 3) and NF-kB p50 (Figure 4) in the PVN region than
SHAM rats. The levels of TNF-a and NF-kB p50 in LOS-,
SN50-, or TEMP-treated HF rats were lower than those of
VEH-treated HF rats.

3.6 Expression of angiotensin type 1 receptor
(AT1-R) in the PVN

Western blot indicated that HF rats had increased AT1-R
protein expression in the PVN when compared with SHAM
rats. The levels of AT1-R in the PVN were lower in the
LOS-, SN50-, or TEMP-treated HF rats when compared with
VEH-treated HF rats, and higher than the levels of VEH-
treated SHAM rats (Figure 5C).

3.7 Superoxide and NAD(P)H oxidase subunits
in the PVN

Immunofluorescence revealed increased superoxide in the
PVN of VEH-treated HF rats, as determined by fluorescence-
labelled dihydroethidium (DHE) (Figure 5A and B) and
NAD(P)H oxidase subunit gp91phox (Figure 6). VEH-treated
HF rats had more DHE fluorescent intensity and more
gp91phox positive neurons in the PVN than did SHAM rats.
In HF rats, treatment with ICV LOS, SN50, or TEMP decreased
DHE fluorescent intensity and gp91phox positive neurons in
the PVN of HF rats.

4. Discussion

A number of studies have demonstrated that activation of
the RAS in the PVN plays an important role in the exagger-
ated sympathoexcitation in HF.3,23,24 In this study, plasma
NE (a marker of sympathetic activity) decreased in ICV LOS-
treated HF rats compared with VEH-treated HF rats,
suggesting that the excitation of brain RAS can promote
sympathetic activity in HF. The angiotensin type 1 receptor
(AT1-R) is the primary receptor inducing the action of RAS,
and recent findings indicate that AT1-R is upregulated in
brain cardiovascular centres, especially the PVN, in HF.24

Blockade of AT1-R2 or inhibition of ANG II production by
administration of angiotensin-converting enzyme inhibitors3

can effectively lower sympathetic activity concomitant with
abatement of water retention and cardiac ventricular remo-
delling. Although the activation of brain RAS has been shown
to exaggerate HF, the mechanism is still not fully under-
stood. The present study demonstrates that AT1-R upregula-
tion contributes to the synthesis of PIC in the PVN region in
HF, and that ICV administration of LOS reduces the levels of
PIC in the PVN and in the plasma, suggesting that brain RAS
influences the synthesis of PIC in the central nervous systems
in HF.
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A growing body of evidence suggests that immune-
mediated mechanisms play an important role in the patho-
genesis of HF. Plasma levels of cytokines such as TNF-a,
IL-1b, and IL-6 are increased in HF patients and their
levels increase with the severity of HF.7,25 Presently, these
blood-borne PIC are considered as spillover from myocardial

tissues in the early stages of HF. Subsequently, these
cytokines stimulate their own production by both lymphoid
and non-lymphoid tissues. Recent findings from our lab
show that cardiac spinal afferent nerves may serve as a
potential source of production of brain cytokines.19 What-
ever the source of PIC, an overload of PIC in the brain can

Table 1 Haemodynamic and anatomical measurements (n ¼ 6)

Measurements at 4 weeks RV/BW (mg/g) Lung/BW (mg/g) HR (beats/min) MAP (mmHg) PP (mmHg) LVEDP (mmHg)

HF þ ICV LOS 1.10+0.09* 7.3+0.3*,** 337+6 97+4 26+2 12.33+1.35*,**
HF þ ICV SN50 1.15+0.11* 7.5+0.4*,** 331+8 94+3 29+2 10.52+1.28*,**
HF þ ICV TEMP 1.17+0.10* 9.2+0.4* 335+7 92+3 27+2 14.64+1.37*,**
HF þ ICV VEH 1.2+0.12* 11.1+0.5* 349+7 91+5 30+2 22.43+1.58*
SHAM þ ICV LOS 0.61+0.06 4.3+0.2 326+9 101+ 5 34+3 5.37+1.62
SHAM þ ICV SN50 0.65+0.07 4.7+0.4 321+8 98+4 37+4 6.28+1.39
SHAM þ ICV TEMP 0.63+0.07 4.9+0.3 327+7 100+4 36+4 5.74+1.42
SHAM þ ICV VEH 0.69+0.06 5.2+0.3 329+9 105+5 35+3 4.84+1.51

Values are mean+ SEM.
SHAM, sham-operated control; HF, heart failure; BW, body weight; RV, right ventricular; HR, heart rate; MAP, mean arterial pressure; PP, pulse pressure;

LVEDP, left ventricular end-diastolic pressure.
*P , 0.05 vs. control (SHAM þ treated or SHAM þ VEH).
**P , 0.05 HF þ treated vs. HF þ VEH.

Table 2 The hypothalamus levels of pro-inflammatory cytokines and plasma humoral indicators (n ¼ 6)

Group Hypothalamus (pg/mg protein, n ¼ 6) Plasma (pg/mL, n ¼ 6)

TNF-a IL-1b IL-6 ANG II IL-1b IL-6b NE

HF þ ICV LOS 5.3+0.5*,** 34.5+3.7*,** 42.3+3.9*,** 87.2+8.4*,** 85.2+8.3*,** 59.3+6.1*,** 207.3+17.4*,**
HF þ ICV SN50 4.9+0.4*,** 31.2+2.9*,** 38.6+3.7*,** 95.7+10.2*,** 90.5+8.9*,** 98.5+8.7* 213.2+19.3*,**
HF þ ICV TEMP 5.2+0.5*,** 36.7+3.5*,** 45.2+4.2*,** 97.3+8.9*,** 94.7+9.1*,** 101.5+9.5* 210.1+17.2*,**
HF þ ICV VEH 7.3+0.7* 51.4+4.9* 63.7+6.1* 127.6+11.8* 130.2+12.8* 110.6+10.4* 274.3+24.2*
SHAM þ ICV LOS 3.1+0.3 17.2+1.4 19.3+1.7 58.1+5.4 54.8+4.7 33.1+2.8 153.5+13.2
SHAM þ ICV SN50 2.9+0.3 15.7+1.5 17.6+1.8 55.2+4.9 59.1+5.2 37.6+3.4 149.6+11.5
SHAM þ ICV TEMP 3.3+0.4 19.2+1.7 20.1+1.9 62.5+5.6 57.8+4.9 38.2+3.7 151.7+14.8
SHAM þ ICV VEH 3.5+0.4 19.4+2.1 21.5+2.0 64.8+5.8 63.5+6.1 35.8+3.6 159.6+15.3

*P , 0.05 vs. control (SHAM þ treated or SHAM þ VEH).
**P , 0.05 HF þ treated vs. HF þ VEH.

Figure 1 Echocardiographic assessment of left ventricular function within 24 h (left panels) of coronary ligation to induce heart failure (HF) or sham operation
(SHAM) and after 4 weeks of treatment (right panels) with drugs or vehicle (VEH). Compared with SHAM rats, HF rats had reduced left ventricular ejection frac-
tion (LVEF), increased left ventricular end diastolic volume (LVEDV), and increased LVEDV/mass (LVEDV/M) ratio at baseline. Rats assigned to treatment with
drugs or VEH were well-matched with regard to LV function. No drug treatment regimen had any significant effect on LVEF, LVEDV, and LVEDV/M. *P , 0.05
vs. control (SHAM þ treated or SHAM þ VEH). ‡ P , 0.05, 4 week vs. baseline value.
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induce sympathoexcitation, downregulate cardiac function,
and contribute to the pathophysiology of cardiovascular
diseases.9

With the development of cell biology, NF-kB is now con-
sidered a major nuclear factor regulating the expression of
PIC in signal transduction pathways. Functional NF-kB

Figure 3 (A) Immunofluorescence revealed VEH-treated HF rats had more TNF-a (bright red) in the PVN region than ICV LOS, SN50-, or TEMP-treated HF rats. (B)
The numbers of TNF-a positive neurons in the PVN of LOS, SN50- or TEMP-treated HF rats were lower than those of VEH-treated HF rats, but still higher than those
of SHAM rats. *P , 0.05 vs. control (SHAM þ treated or SHAM þ VEH). †P , 0.05 HF þ treated vs. HF þ VEH.

Figure 2 (A) Immunohistochemistry studies revealed that VEH-treated HF rats had more IL-1b (pink dots) and Fra-LI (black dots), an indicator of chronic neur-
onal excitation, in a coronal section of the PVN region than ICV LOS-, SN50- or TEMP-treated HF rats. (B) The numbers of IL-1b positive neurons in PVN of LOS-,
SN50-, or TEMP-treated HF rats were lower than VEH-treated HF rats, but still higher than SHAM rats. (C) The number of Fra-LI positive neurons in the PVN of LOS,
SN50-, or TEMP-treated HF rats was lower than VEH-treated HF rats and higher than SHAM rats. *P , 0.05 vs. control (SHAM þ treated or SHAM þ VEH). †P , 0.05
HF þ treated vs. HF þ ICV VEH.

Cross-talk between cytokines and renin–angiotensin 675



Figure 5 (A) Immunofluorescence revealed increased superoxide in PVN neurons of VEH-treated HF rats compared with ICV LOS-, SN50-, or TEMP-treated HF
rats, as determined by fluorescent-labelled dihydroethidium (DHE, bright red). (B) Effects of treatment with LOS, SN50, or TEMP on DHE staining in the PVN of HF
and SHAM rats. (C) Western blot for AT1-R expression in the PVN of LOS-, SN50-, or TEMP-treated HF rats was lower than in VEH-treated HF rats. *P , 0.05 vs.
control (SHAM þ treated or SHAM þ VEH). †P , 0.05 HF þ treated vs. HF þ VEH.

Figure 4 (A) Immunofluorescence indicated that VEH-treated HF rats had more NF-kB p50 (bright green) in the PVN region than ICV LOS-, SN50-, or TEMP-
treated HF rats. (B) Effects of treatment with LOS, SN50, or TEMP on the numbers of NF-kB p50 positive neurons in the PVN of HF and SHAM rats. *P , 0.05
vs. control (SHAM þ treated or SHAM þ VEH). †P , 0.05 HF þ treated vs. HF þ VEH.

Y.-M. Kang et al.676



complexes are present in essentially all cell types in the
nervous system. Activated NF-kB is the major regulator
facilitating the synthesis of several different injury-respon-
sive cytokines in neurons. These cytokines include TNF-a,
IL-6, and AT1-R, a component of the RAS.11 Our previous
study showed an elevated level of NF-kB p50 in the PVN
neurons of HF rats.12 In this study, ICV treatment with
SN50 (a selective inhibitor of NF-kB) reduced PIC, AT1-R,
and NF-kB p50 in the PVN of HF rats, indicating that NF-kB
is involved in regulating the production of PIC and
AT1-R. In addition, ICV treatment with LOS also decreased
PIC, AT1-R, and NF-kB p50 in the PVN of HF rats, suggesting
that NF-kB might mediate the cross-talk between RAS and
PIC in the PVN of HF rats. The present study also demon-
strates that ICV treatment with SN50 decreased plasma
PIC (TNF-a, IL-1b, and IL-6), ANG II, and NE (a marker of
sympathetic activity) in HF. Since there is no direct adminis-
tration of SN50 in peripheral tissues, we considered the
reduction of plasma PIC and ANG II a direct result of
decreases in both volume and pressure overload induced
by sympathetic activity in the cardiovascular system; we
further conclude that the reduction of plasma PIC and ANG
II is likely to be an indirect consequence of brain NF-kB
inhibition.

Although increased levels of PIC were found in the brains
of HF rats and were considered as contributors to exagger-
ated sympathetic activity,19,26 the mechanism by which
PIC exert this effect is still unclear. HF is characterized by

augmented oxidative stress, which results in sympathoexci-
tation.17 NF-kB can be activated by NAD(P)H oxidase-
dependent oxidative stress27,28 which serves as a significant
source of intracellular reactive oxygen species (ROS) in
many tissues.29 NAD(P)H oxidase, a complex enzyme consist-
ing of two membrane-bound components (gp91phox and
p22phox) and three cytosolic components (p67phox, p47phox,
and p40phox),30 can be activated by PIC and ANG II in
peripheral tissues. Interestingly, cytoplasmic and
membrane-associated NAD(P)H oxidase proteins have been
found throughout the neuraxis, indicating that NAD(P)H
oxidase-dependent ROS are also generated within the
nervous system. We have recently shown that cytokines
induce an increase in ROS in the PVN of normal rats,31 and
that cytokines produced in the PVN augmented the
expression levels of gp91phox and its homologue, Nox1,
thereby contributing to sympathoexcitation in HF rats. In
the present study, we further demonstrate that treatment
with LOS or SN50 downregulated the protein expression of
the NAD(P)H oxidase subunit gp91phox and ROS (DHE staining)
in the PVN of HF rats. This finding implicates NF-kB as a
potential mediator in the upregulation of superoxide in
the PVN of HF rats. At the same time, TEMP, a superoxide
scavenger administered in this study, decreased NF-kB p50
in the PVN and plasma NE in HF rats, indicating that ROS
activated by PIC or ANG II contribute to activation of
NF-kB p50 in the PVN and facilitate the effects of NF-kB
on neurohumoral excitation.

Figure 6 (A) Immunofluorescence indicated NAD(P)H oxidase subunit expression in the PVN of VEH-treated HF rats was higher than ICV LOS-, SN50-, or TEMP-
treated HF rats. (B) Effects of treatment with LOS, SN50, or TEMP on the numbers of gp91phox positive neurons in the PVN of HF and SHAM rats. (C) Western blot
for NAD(P)H oxidase subunit gp91phox expression in the PVN was lower in LOS- or SN50-treated HF rats than in VEH-treated HF rats. *P , 0.05 vs. control (SHAM þ
treated or SHAM þ VEH). †P , 0.05 HF þ treated vs. HF þ VEH.
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In summary, the present study indicates that treatment of
HF rats with losartan prevents the increases of PIC, NF-kB,
and superoxide in the PVN. The NF-kB inhibitor SN50 effec-
tively blocks the upregulation of PIC, AT1-R, and superoxide
in HF rats. Thus, our findings suggest that superoxide-
induced NF-kB might be the link in the cross-talk between
RAS and PIC in HF. This increased NF-kB in the PVN induces
superoxide and contributes to neurohumoral excitation in
HF. Thus, manipulations designed to inhibit superoxide may
be effective adjuncts to the current treatment of neurohu-
moral excitation in HF.
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