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OBJECTIVE: Recently, differences in brain and cardiac nuclear factor kappaB (NF-κB)
expression and nitric oxide (NO) generation were documented in rats treated with NO
synthase inhibitor – NG-nitro-L-arginine methyl ester (L-NAME). We aimed to analyse
whether changes in brain and cardiac NF-κB expression may be associated with nitric
oxide synthase (NOS) activity in spontaneously hypertensive rats (SHR) and rats with
metabolic syndrome (MS).
METHODS: Normotensive 9 weeks old male Wistar Kyoto rats (WKY), age-matched
spontaneously hypertensive rats and obese rats with MS were analysed. Blood pressure
was measure by tail-cuff plethysmography. Protein expression of NF-κB (p65 subunit),
endothelial NOS (eNOS), and inducible NOS (iNOS) as well as NOS activity were determined in the brain and heart.
RESULTS: In the brain of SHR, despite no changes in NOS activity, increased expression of
NF-κB (p65) was associated with eNOS and iNOS up-regulation. There were no significant changes in the heart in both NF-κB (p65) and NOS isoforms expressions. In MS rats,
increased NF-κB (p65) expression in the brain was associated with down-regulation of
eNOS and iNOS leading to decreased NOS activity. On the other hand, increased NF-κB
(p65) expression in the heart did not develop any significant changes in NOS isoforms
expressions. Blood pressure of SHR and MS rats was increased similarly in comparison
with normotensive WKY rats.
CONCLUSIONS: Down-regulated NOS isoforms and decreased NOS activity in the brain of
rats with metabolic syndrome may contribute to blood pressure increase in this respective
strain of rats.
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Introduction

Materials and Methods

The nuclear factor kappaB (NF-κB) seems to represents one of the key systems mediating both neurohormonal and proinflammatory signals leading finally to
pathophysiological changes in different tissues including brain and heart. NF-κB is critical for initiating the
coordinated transcription and expression of classical
components of the inflammatory response, including
proinflammatory cytokines, chemokines, cell adhesion molecules and growth factors (Sekiguchi et al
2004; Zhou et al 2010; Orr et al 2005). Several studies,
however, point to the fact that the NF-κB pathway may
also mediate protective responses (Karin & Lin 2002)
by upregulating anti-inflammatory genes and inducing
leukocyte apoptosis.
Moreover, NF-κB has been suggested as one of the
mechanisms responsible not only for inducible nitric
oxide synthase (iNOS) but also for endothelial nitric
oxide synthase (eNOS) upregulation (Grumbach et al
2005). Several analyses indicate that NF-κB mediates
expression of iNOS and vice versa NO can regulate
transcriptional activity of NF-κB (Parohová et al 2009).
In general, nitric oxide can regulate DNA-binding and
transcriptional activity of NF-κB either by directly
interacting with the factor itself, or with its endogenous
inhibitors represented by inhibitory IκB proteins or by
activating upstream mechanisms that indirectly modulate the transcriptional activity in both cGMP-dependent or independent way (Contestabile 2008).
Numerous models of experimental hypertension,
including spontaneous hypertension, and metabolic
syndrome are characterized by increased levels of
reactive oxygen species that lead finally to rapid nitric
oxide degradation and NF-κB activation ( Sander et al
1995; Kitamoto at al 2000; Pechanova & Simko 2009).
Decreased nitric oxide availability belongs among the
major factors responsible for blood increase in different
forms of experimental and also human hypertension
(Pechanova & Simko 2006; Pechanova & Simko 2010).
NF-κB activation may however upregulate the genes
for eNOS and iNOS and by that way compensate NO
degradation. Protecting NO bioavailability is important
not only due to blood pressure maintenance but also
due to regulation of locomotion (Pechanova et al 2006;
Barta et al 2012) and different nerve activities (Jagla et
al 2009; Kovacsova et al 2010; Pechanova et al 2009).
It has been however suggested that NO can activate
DNA binding activity of NF-κB in some cell types while
exerting an inhibitory effect in others. And vice-versa,
NF-κB may differentially activate the genes of NOS isoforms according to the tissue species (Lander et al 1993;
Zhen et al 2008; Simpson & Morris 1999). Thus the aim
of our study was to analyse whether changes in brain and
cardiac NF-κB (p65 subunit) expression may be associated with upregulation of eNOS and iNOS and total
nitric oxide synthase activity in spontaneously hypertensive rats (SHR) and rats with metabolic syndrome (MS).

Chemicals and drugs
All the chemicals used were purchased from Sigma
Chemicals Co. (Germany) when not specified.

90

Animals
All procedures and experimental protocols were
approved by the Ethical Committee of the Institute of
Normal and Pathological Physiology SAS, and conform
to the European Convention on Animal Protection and
Guidelines on Research Animal Use.
Male Wistar Kyoto rats (WKY) 9-week-old, agematched spontaneously hypertensive rats (SHR) and
age-matched rats with metabolic syndrome (MS) were
used for the investigation (n=8 in each group). All animals were housed at a temperature of 22–24 °C, drank
a tap water and fed with a regular pellet diet ad libitum.
Blood pressure (BP) was measured by the non-invasive
method of tail-cuff-plethysmography. Total NOS activity, nuclear factor NF-κB (p65) and eNOS and iNOS
protein expressions were determined in the cerebellum
of the brain and left ventricle of the heart.
NF-κB (p65), eNOS, and iNOS protein expressions
Samples of the brain and heart were homogenized
in 25 mmol/l Tris-HCl, pH 7.4, containing 5 mmol/l
EDTA, 50 mmol/l NaCl, 1 μmol/l leupeptin, 0.3 μmol/l
aprotinin, 0.1 mmol/l PMSF, 1 mmol/l gestating and 1%
SDS. After the centrifugation (15,000×g, 20 min, twice)
supernatants were subjected to SDS-PAGE using 10%
gels. Following the electrophoresis, proteins were transferred to nitrocellulose membranes and were probed
with a polyclonal rabbit anti-nuclear factor-κB (NF-κB)
– the antibody which recognizes the 65 kDa RelA (p65)
protein (Biolegend, UK). Proteins were also probed
with a polyclonal rabbit anti-iNOS and anti-eNOS
antibody (Santa Cruz Biotechnology, CA). Bound
antibody was detected using a secondary peroxidaseconjugated anti-rabbit antibody (Biolegend, UK; Santa
Cruz Biotechnology, CA). The bands were visualized
using the enhanced chemiluminescence system (ECL,
Amersham, UK) and analyzed densitometrically using
Photo-Capt V.99 software.
Total NOS activity
Total NOS activity was determined in crude homogenates (Potter, teflon homogenizer) of the cerebellum and left ventricle by measuring the formation of
[3H ]-L-citrulline from [3H ]-L-arginine as previously
described by 16: Bredt and Snyder (1990) with minor
modifications (Pechanova et al 1997). Briefly, 50 μl of
crude homogenate (7.5 mg of wet tissue) was incubated in the presence of 50 mmol/l Tris/HCl, pH 7.4,
containing 1 μmol/l [3H]-L-arginine (specific activity 5 GBq/mmol, approx. 100,000 d.p.m.), 0.5 mg/ml
calmodulin, 0.5 mmol/l β-NADPH, 250 μmol/l tetrahydrobiopterin, 4 μmol/l FAD, 4 μmol/l flavin monoCopyright © 2013 Activitas Nervosa Superior Rediviva ISSN 1337-933X
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nucleotide and 1 mmol/l Ca2+, in a total volume of
100 μl. After a 30-min incubation at 37 °C, the reaction
was stopped (by adding 0.02 M Hepes containing 2 mM
EDTA, 2 mM EGTA and 1 mM [3H]-L-citrulline),
the samples were centrifuged, and supernatants were
applied to 1-ml Dowex 50WX-8 columns (Na+ form).
[3H]-L-citrulline was eluted with 2 ml of water and
radioactivity was determined by liquid scintillation
counting. Total NOS activity was expressed as pkat/g
of proteins.
Statistical analysis
The results are expressed as mean ± SEM. Values were
considered to differ significantly if the two-tailed probability value (p) was less than 0.05 (one-way ANOVA
with Bonferroni post-test).

NF-κB (p65) and eNOS and iNOS protein expressions
In the brain of SHR, despite no changes in NOS activity, increased expression of NF-κB (p65) was associated with significant eNOS and iNOS up-regulation
(Figure 1). There were no significant changes in the
heart in both NF-κB (p65) and NOS isoforms expressions (Figure 2).
In MS rats, increased NF-κB (p65) expression in the
brain was associated with down-regulation of eNOS
and iNOS leading to decreased NOS activity (Figure 1).
On the other hand, increased NF-κB (p65) expression
in the heart did not develop any significant changes in
NOS isoforms expressions (Figure 2).

density (%)

Blood pressure and body weight
Systolic blood pressure in the SHR and MS rats was
increased significantly to 167±5 and 176±2 mmHg,
respectively vs. WKY (107±3 mmHg). The weight of
MS rats increased significantly as well: 315±52 g vs.
WKY (249±20 g) (Table 1).

density (%)

Protein expresion of endothelial nitric oxide synthase (eNOS)

Results

Tab. 1. Blood pressure and body weight of Wistar Kyoto rats (WKY),
spontaneously hypertensive rats (SHR) and rats with metabolic
syndrome (MS).

Total NOS activity

SHR

MS

Blood pressure

107±3

167±5*

176±2*

Body weight

249±20

211±16

315±52*

The results are expressed as mean ± SEM, *p<0.05 vs. WKY

pkat/g protein

WKY

Protein expresion of inducible nitric oxide synthase (iNOS)

Fig. 1. Nuclear factor kappaB (NF-κB, p65), endothelial nitric oxide
synthase (eNOS) and inducible nitric oxide synthase (iNOS)
protein expressions, and total NOS activity of Wistar Kyoto (WKY),
spontaneously hypertensive rats (SHR), and rats with metabolic
syndrome (MS) in the brain. The results are expressed as mean ±
SEM, *p<0.05 vs. WKY, + p<0.05 vs. SHR
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Total NOS activity
Total NOS activity in the brain of SHR was on the control level, while it decreased significantly in MS rats
(Figure 1). There were no significant changes in cardiac
NOS activity in both SHR and MS rats (Figure 2).

Discussion
In the present study we have demonstrated that in
the brain of SHR, despite no changes in NOS activity,
increased expression of NF-κB (p65) was associated
with eNOS and iNOS up-regulation. There were no
significant changes in the heart in both NF-κB (p65)
and NOS isoforms expressions. Activation of NF-κB
has been suggested by Grumbach et al (2005) as one
of the mechanisms responsible for eNOS upregulation. Numerous models of experimental hypertension,
including L-NAME-induced hypertension, are characterized by increased levels of reactive oxygen species
and NF-κB activation (Sander et al 1995; Kitamoto
et al 2000). In our experimental conditions increased
expression of NF-κB (p65) was associated with eNOS
up-regulation in the brain only. The increased eNOS
expression was not however sufficient to increase total
NOS activity and to prevent blood pressure elevation.
Nava et al (1995) documented increased eNOS and
nNOS expressions also in cardiac endothelial cells of
spontaneously hypertensive rats as a result of NO deficiency that accompanies spontaneous hypertension.
Moreover, Llorens et al (2007) reported that the NO
pathway was upregulated in the cardiovascular system
and kidney both in aged normotensive and spontaneously hypertensive rats. The discrepancies may be
caused by different leading pathways which could
change according to the age of the animals. Our study
demonstrated that 9 weeks old SHR did not express the
alteration in cardiac NF-κB/NO pathway, however, the
similar pathway was activated in the brain. Increased
eNOS expression helped probably to keep brain NOS
activity on the control level. Increased production of
ROS in SHR led however to rapid NO degradation
(Bouloumie et al 1997; Pechanova 2010) and thus blood
pressure was increased.
In the rats with metabolic syndrome, increased
NF-κB (p65) expression in the brain was associated
with down-regulation of eNOS and iNOS leading to
decreased NOS activity. On the other hand, increased
NF-κB (p65) expression in the heart did not develop
any significant changes in NOS isoforms expressions.

Fig. 2. Nuclear factor kappaB (NF-κB, p65), endothelial nitric oxide
synthase (eNOS) and inducible nitric oxide synthase (iNOS)
protein expressions, and total NOS activity of Wistar Kyoto
(WKY), spontaneously hypertensive rats (SHR), and rats with
metabolic syndrome (MS) in the heart. The results are expressed
as mean ± SEM, *p<0.05 vs. WKY, + p<0.05 vs. SHR
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In general, metabolic risk factors associated alterations
do not involve a decrease in eNOS expression. Indeed
eNOS expression was either reported not to be affected
by hypertension, obesity, and insulin resistance (Parohova et al 2009; Naoum et al 2004; Nisoli et al 2003;
Huang 2009) or to be increased in pathological states
associated with oxidative stress (Pechanova & Simko
2009; Pechanova & Simko 2010).
Upregulation of eNOS expression by increased ROS
activity was shown in vitro in human coronary artery
endothelial cells, and also in vivo in hypertensive animals. This effect may be partly mediated by limiting the
availability of NO, thereby exerting a negative feedback
on NOS expression through activation of nuclear factor
NF-κB (Zhen et al 2008). It seems that both increased
ROS formation and removal of endogenous NO per
se are able to enhance eNOS gene and protein expression by NF-κB-activated mechanisms (Pechanova
& Simko 2009; Kojsova et al 2006). Removal of NO
prevents NF-κB subunit nitrosylation and association
with the inhibitory factor IkB, thus enabling translocation of NF-κB subunits to the nucleus, which results
in increased eNOS mRNA expression (Rockman et
al 2002). A similar mechanism may be operative in
human hypertension and metabolic syndrome as a
response to increased ROS production and endogenous
NOS inhibitors. In that case, NF-κB may represent an
adaptive mechanism providing increased NO production during hypertensive and hypertrophic conditions
when increased production of ROS and decreased NO
generation can be assumed.
In our experimental conditions, increased NF-κB
(p65) expression in the brain was associated with downregulation of eNOS and iNOS leading to decreased NOS
activity in rats with metabolic syndrome. This may be
explain by the fact that all studies concerning NF-κB/
NO patway in metabolic syndrome were done within
cardiovascular system and not the brain. In the brain
particularly, different NF-κB-dependent regulation
may lead also to decrease NOS isoforms expressions.
In conclusion, down-regulated NOS isoforms and
decreased NOS activity in the brain of rats with metabolic syndrome may contribute to blood pressure
increase in this respective strain of rats.

Acknowledgement
This study was supported by the grants VEGA
2/0190/11, VEGA 2/0183/12 and APVV-0742-10.
REFERENCES
1 Barta A, Vrankova S, Parohova J, Kovácsová M, Matuskova Z,
Buckova K, et al (2012). Defferences in cerebellar nuclear factor
kappaB pathways in hypertensive and obese rats: behavioural
aspect. Act Nerv Super Rediviva. 54(1): 25–30.

Act Nerv Super Rediviva Vol. 55 No. 3 2013

2 Bouloumie A, Bauersachs J, Linz W, Scholkens BA, Wiemer G,
Fleming I, Busse R (1997). Endothelial dysfunction coincides
with an enhanced nitric oxide synthase expression and superoxide anion production. Hypertension. 30: 934–941.
3 Bredt DS & Snyder SH (1990). Isolation of nitric oxide synthetase,
a calmodulin-requiring enzyme. Proc Natl Acad Sci U S A. 87:
682–685.
4 Contestabile A (2008). Regulation of transcription factors by
nitric oxide in neurons and in neural-derived tumor cells. Prog
Neurobiol. 84 (4): 317–28.
5 Grumbach IM, Chen W, Mertens SA, Harrison DG (2005). A
negative feedback mechanism involving nitric oxide and nuclear
factor kappa-B modulates endothelial nitric oxide synthase transcription. J Mol Cell Cardiol. 39: 595–603.
6 Huang PL (2009). eNOS, metabolic syndrome and cardiovascular
disease. Trends Endocrinol Metab. 20(6): 295–302.
7 Jagla F, Pechanova O, Cimrova B, Jergelova M, Bendzala S (2009).
Nitric oxide influences accuracy of human gaze fixations and
space memory functions. Act Nerv Super Rediviva. 51(1–2): 91.
8 Karin M & Lin A ( 2002). NF-kappaB at the crossroads of life and
death. Nat Immunol. 3(3): 221–227.
9 Kitamoto S, Egashira K, Kataoka C, Usui M, Koyanagi M, Takemoto M, Takeshita A (2000). Chronic inhibition of nitric oxide
synthesis in rats increases aortic superoxide anion production
via the action of angiotensin II. J Hypertens. 18: 1795–1800.
10 Kojsová S, Jendekova L, Zicha J, Kunes J, Andriantsitohaina R,
Pechanova O (2006). The effect of different antioxidants on nitric
oxide production in hypertensive rats. Physiol Res. 55(1): S3–16.
11 Kovacsova M, Barta A, Parohova J, Vrankova S, Pechanova O
(2010). Neuroprotective Mechanisms of Natural Polyphenolic
Compounds. Act Nerv Super Rediviva. 52(3): 181–186.
12 Lander HM, Sehajpal P, Levine DM, Novogrodsky A (1993). Activation of human peripheral blood mononuclear cells by nitric
oxide-generating compounds. J Immunol. 150: 1509–1516.
13 Llorens S, Fernandez AP, Nava E (2007). Cardiovascular and renal
alterations on the nitric oxide pathway in spontaneous hypertension and ageing. Clin Hemorheol Microcirc. 37(1–2): 149–156.
Review.
14 Naoum JJ, Zhang S, Woodside KJ, Song W, Guo Q, Belalcazar
LM, Hunter GC (2004). Aortic eNOS expression and phosphorylation in APO-E knockout mice: differing effects of rapamycin and
simvastatin. Surgery. 136: 323–328.
15 Nava E, Georg N, Lüscher TF (1995). Increased Activity of Constitutive Nitric Oxide Synthase in Cardiac Endothelium in Spontaneous Hypertension. Circulation. 91: 2310–2313.
16 Nisoli E, Clementi E, Paolucci C, Cozzi V, Tonello C, Sciorati CE,
et al (2003). Mitochondrial biogenesis in mammals: the role of
endogenous nitric oxide. Science. 299: 896–899.
17 Orr AW, Sanders JM, Bevard M, Coleman E, Sarembock IJ,
Schwartz MA (2005). The subendothelial extracellular matrix
modulates NF-kappaB activation by flow: a potential role in atherosclerosis. J Cell Biol. 169 (1): 191–202.
18 Parohova J, Vrankova S, Barta A, Kovacsova M, Pechanova O
(2009). The cross-talk of nuclear factor kappa B and nitric oxide
in the brain. Act Nerv Super Rediviva. 51(3–4): 123–126.
19 Pechanova O (2010). Contribution of Central Nervous System to
Hypertension: role of Angiotensin II and Nitric Oxide. Act Nerv
Super Rediviva. 52(4): 223–227.
20 Pechanova O, Bernatova I, Pelouch V, Simko F (1997). Protein
remodelling of the heart in NO-deficient hypertension: the
effect of captopril. J Mol Cell Cardiol. 29: 3365–3374.
21 Pechanova O, Jendekova L, Kojsova S, Jagla F (2006). Possible
role of nitric oxide in the locomotor activity of hypertensive rats.
Behav Brain Res.174: 160–166.
22 Pechanova O, Jendekova L, Vrankova S, Barta A, Bartko D (2009).
The time-dependent effect of Provinols on brain NO synthase
activity in L-NAME-induced hypertension. Act Nerv Super Rediviva. 51(1–2): 93.
23 Pechanova O & Simko F (2010). The role of nuclear factor kappa
B and nitric oxide interaction in heart remodelling. J Hypertens.
28(1): 39–44.
24 Pechanova O & Simko F (2007). The role of nitric oxide in the
maintenance of vasoactive balance. Physiol Res. 56(2): 7–16.

93

Zuzana Matuskova, Jana Parohova, Stanislava Vrankova, Martina Cebova, Andrej Barta, Radoslava Rehakova, Maria Kovacsova, Olga Pechanova
25 Pechanova O & Simko F (2009). Chronic antioxidant therapy fails
to ameliorate hypertension: potential mechanisms behind. J
Hypertens. 27(6): S32–S37.
26 Rockman HA, Koch WJ, Lefkowitz RJ (2002). Seven-transmembrane-spanning receptors and heart function. Nature. 415(6868):
206–212.
27 Sander M, Hansen PG, Victor RG (1995). Sympathetically mediated hypertension caused by chronic inhibition of nitric oxide.
Hypertension. 26: 691–695.
28 Sekiguchi K, Li X, Coker M, Flesch M, Barger PM, Sivasubramanian
N, Mann DL (2004). Cross-regulation between the renin-angiotensin system and inflammatory mediators in cardiac hypertrophy and failure. Cardiovasc Res. 63: 433–442.

94

29 Simpson CS & Morris BJ (1999). Activation of nuclear factor
kappaB by nitric oxide in rat striatal neurones: differential inhibition of the p50 and p65 subunits by dexamethasone. J Neurochem. 73(1): 353–361.
30 Zhen J, Lu H, Wang XQ, Vaziri ND, Zhou XJ (2008). Upregulation
of Endothelial and Inducible Nitric Oxide Synthase Expression by
Reactive Oxygen Species. Am J Hypertens 21: 28–34.
31 Zhou MS, Schulman IH, Raij L (2010). Vascular inflammation,
insulin resistance, and endothelial dysfunction in salt-sensitive
hypertension: role of nuclear factor kappa B activation. J Hypertens. 28(3): 527–535.

Copyright © 2013 Activitas Nervosa Superior Rediviva ISSN 1337-933X

