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Summary 

This review concerns the role of nitric oxide (NO) in the 

pathogenesis of different models of experimental hypertension 

(NO-deficient, genetic, salt-dependent), which are characterized 

by a wide range of etiology. Although the contribution of NO may 

vary between different models of hypertension, a unifying 

characteristic of these models is the presence of oxidative stress 

that participates in the maintenance of elevated arterial pressure 

and seems to be a common denominator underlying endothelial 

dysfunction in various forms of experimental hypertension. 

Besides the imbalance between the endothelial production of 

vasorelaxing and vasoconstricting compounds as well as the 

relative insufficiency of vasodilator systems to compensate 

augmented vasoconstrictor systems, there were found numerous 

structural and functional abnormalities in blood vessels and heart 

of hypertensive animals. The administration of antihypertensive 

drugs, antioxidants and NO donors is capable to attenuate blood 

pressure elevation and to improve morphological and functional 

changes of cardiovascular system in some but not all 

hypertensive models. The failure to correct spontaneous 

hypertension by NO donor administration reflects the fact that 

sympathetic overactivity plays a key role in this form of 

hypertension, while NO production in spontaneously hypertensive 

rats might be enhanced to compensate increased blood pressure. 

A special attention should be paid to the modulation of 

sympathetic nervous activity in central and peripheral nervous 

system. These results extend our knowledge on the control of 

the balance between NO and reactive oxygen species production 

and are likely to be a basis for the development of new 

approaches to the therapy of diseases associated with NO 

deficiency. 
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Introduction 
 

Vascular tone results from the interactions 
between the neural and endothelial control mechanisms. 
At any time, it depends on prevailing conditions which 
mechanism has more influence. It seems likely that 
endothelial release of vasoactive substances may be of 
greater significance for the response of blood vessels to 
local changes in their environment, such as hypoxia and 
increased flow. By contrast, perivascular nerves integrate 
the control of blood flow in the organism as a whole. 
Long-term disturbances in the balance of interactions 
between perivascular nerves and endothelial cells may be 
of significance in the development of cardiovascular 
diseases (Lincoln and Burnstock 1990). 

Two dominant vasoactive systems (endothelium 
and sympathetic nerves) seem to be well-balanced 
counterparts of blood pressure regulation in normotensive 
animals. During experimental conditions using 
a sequential blockade of renin-angiotensin system (RAS), 
sympathetic nervous system (SNS) and NO synthase 
(NOS) Kuneš et al. (2004) revealed a characteristic 
imbalance between sympathetic activity and relative NO 
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deficiency in most of the examined models of 
experimental hypertension. 

The vascular endothelium synthesizes and 
releases a spectrum of vasoactive substances that 
modulate vascular tone, homeostasis, inflammatory 
responses and angiogenesis. The vasoactive factors 
include relaxing (nitric oxide, prostacycline, adenosine, 
C-natriuretic peptide, etc.) and contracting factors 
(thromboxane A2, endothelin-1, angiotensin II, 
superoxide anion, etc.). In normotensive animals the 
vasodilating factors are produced in large amounts 
enabling the endothelium to oppose the vasoconstricting 
tone generated by the activity of the sympathetic nervous 
system. Endothelial cells communicate with smooth 
muscle cells via myoendothelial gap junctions that allow 
the spread of electrotonic tone (endothelium-derived 
hyperpolarizing factor, EDHF) (Félétou and Vanhoutte 
2006). 

Damage to the endothelium upsets the balance 
between vasoconstriction and vasodilatation and initiates 
a number of events/processes that promote or exacerbate 
atherosclerosis; these include increased endothelial 
permeability, platelet aggregation, leukocyte adhesion, 
and generation of cytokines (Ross 1999). Endothelial 
dysfunction, which is characterized by impairment of 
nitric oxide bioavailability, is an important risk factor for 
both hypertension and cardiovascular diseases. Moreover, 
an alteration in the production of prostanoids, an 
impairment of endothelium-dependent dilatation or/and 
hyperpolarization, as well as an increased release of 
endothelin, can individually or altogether contribute to 
endothelial dysfunction. 

Oxidative stress has been suggested to be 
involved in the pathophysiology of various forms of 
hypertension (Romero and Reckelhoff 1999) and appears 
to be a common denominator underlying endothelial 
dysfunction in cardiovascular diseases. Under normal 
conditions the endothelial mediator nitric oxide 
negatively modulates the activity of the adrenergic 
portion of sympathetic neurotransmission. The increased 
oxidative stress in pathological conditions contributes to 
the dysfunction in the NO modulation of sympathetic 
neurotransmission. Nitric oxide reacts with superoxide 
(O2-) and other reactive oxygen species to produce 
peroxynitrate, a highly cytotoxic reactive nitrogen 
species, suggesting that increased production of reactive 
oxygen species may activate sympathetic nervous system 
through enhanced oxidation/inactivation of nitric oxide. 
Because nitric oxide exerts a tonic inhibition of 

sympathetic nerve system activity (Tseng et al. 1996), a 
decrease in NO caused by angiotensin II could mediate 
the increase in sympathetic activity. 

In the last two decades a large body of 
experimental evidence has been accumulated 
demonstrating that NO released from endothelial cells is 
a crucial regulator of vascular tone. While the primary 
endothelium-derived vasodilator autacoid is nitric oxide, 
it is clear that epoxyeicosatrienoic acid and other 
endothelium-derived hyperpolarizing factors, as well as 
endothelin-1 and reactive oxygen species, play 
a significant role in the regulation of vascular tone and 
gene expression (Busse and Fleming 2006). 

The aim of this short review is to analyze the 
role of nitric oxide in different models of experimental 
hypertension. 

 
NO-deficient hypertension 
 

Endogenous nitric oxide is synthesized in 
vascular endothelial cells by conversion of L-arginine to 
L-citrulline by the enzyme NO synthase (Moncada 1992). 
Commonly used substance to activate endothelial 
receptors is acetylcholine. But there are several other 
agents (histamine, bradykinin, ATP, 5-hydroxytryptamin, 
thrombin, etc.) that produce relaxation of arteries either 
by direct action on the smooth muscle or by indirect 
action mediated by activation of endothelial receptors, the 
indirect action being stronger than the direct one. 

High flow-induced shear stress is also an 
important factor in the NO-dependent regulation of 
peripheral resistance (Smieško and Johnson 1993). The 
dilation induced by high blood flow requires the integrity 
of vascular endothelium since removal of the 
endothelium in isolated perfused canine femoral arteries 
in situ abolished the flow-dependent dilatation (Smieško 
et al. 1985). These results suggest that the endothelium-
dependent control of conduit arteries by flow-related 
shear stress is a significant mechanism of flow regulation 
at normal flow rates and is critically important during 
high flow condition. Thus fluid shear stress represents a 
major stimulus for the continuous production of NO in 
vivo, which is a highly effective and sensitive system to 
counteract myogenic and neurogenically induced vascular 
contraction. 

Endothelium-dependent relaxation of artery, first 
demonstrated by Furchgott and Zawadski (1980), is 
dependent on the integrity of the endothelium. 
Acetylcholine was shown to elicit marked relaxation in 
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the thoracic aorta of the dog already before birth. This 
relaxation was fully operative during whole perinatal 
period and its extent declined towards adulthood (Török 
and Gerová 1997). The existence of profound 
endothelium-dependent relaxation in the dog aorta in 
perinatal period indicates that enzymatic equipment of 
endothelial cells required for NO production was fully 
developed prenatally. This statement was experimentally 
supported by the finding of a high endothelial constitutive 
NO synthase mRNA level in the rat during late fetal life 
(Arnal et al. 1994). 

The four-week-lasting in vivo administration of 
NO synthase inhibitors such as NG-nitro-L-arginine 
methyl ester (L-NAME) produces the elevation in arterial 
blood pressure and an increase in peripheral vascular 
resistance that is associated with further functional and 
structural changes (Gardiner et al. 1990, Ribeiro et al. 
1992, Bernátová et al. 1999a). Chronic inhibition of NO 
synthase in adult rats produces endothelial dysfunction, 
increase of vascular responsiveness to adrenergic stimuli 
and perivascular inflammation (Török and Gerová 1996, 
Holécyová et al. 1996, Pecháňová et al. 1999, Hsieh et al. 
2004). Several other factors including renin-angiotensin 
system (Takemoto et al. 1997), endothelial constricting 
factors (Paulis et al. 2008a), arterial remodeling and 
sympathetic nervous system (the activity of which is 
modulated by brain NO availability) (Patel et al. 2001) 
seem to be involved in L-NAME-induced hypertension. 
Morphological studies revealed cardiac and vascular 
hypertrophy, fibrosis and atherosclerosis (Kristek and 
Gerová 1996a,b, Babál et al. 1997). On the other hand, 
lower smooth muscle cell volume density, indicating 
hypotrophy of conduit arteries, was found in rat offspring 
from parents with sustained NO-deficient hypertension 
(Kristek and Gerová 2004). Pharmacological modulation 
of the above systems indicated their important role in the 
development or maintenance of L-NAME-induced 
hypertension. 

However, deficient NO formation seems to be 
the principal factor responsible for the development of  
L-NAME-induced hypertension. Such an idea is also 
supported by the fact that this type of hypertension can be 
prevented by NO donor administration. For many 
decades, nitrovasodilators have been used for the 
treatment of angina pectoris because of their ability to 
generate NO (Ahlner et al. 1991). Research to date has 
focused mainly on the cardiovascular system in which 
reduced bioavailability of NO is promising therapeutic 
option in the treatment of cardiovascular diseases. Novel 

forms of nitrovasodilators as pentaerythrityl tetranitrate 
(PETN) and molsidomine represent effective tolerance-
devoid NO donors with beneficial pharmacological 
effect. This consists in protecting effect against blood 
pressure elevation most probably due to the activation of 
guanylate cyclase by NO liberated from NO donors. We 
have found that the inhibitory effect of L-NAME on 
endothelial function was entirely reversed by the 
simultaneous treatment of rats with NO donors PETN 
and/or molsidomine (Kristek 2000, Török and Kristek 
2002). 

There is a question whether NO synthase 
inhibitors always act as inhibitors. Recently, Bernátová et 
al. (2007b) showed that chronic administration of the low 
doses of L-NAME resulted in a transient elevation of 
blood pressure only. This was associated with elevation 
of NOS activity in aorta and left ventricle and was 
accompanied by enhanced endothelium-dependent 
relaxation and reduced vasoconstriction of the femoral 
artery. These findings suggest that chronic administration 
of low doses of L-NAME could be used to increase NO 
production in contrast to supplementation with exogenous 
NO donors, which may inhibit endogenous NO synthesis. 

Prolongation of L-NAME administration from 
4 to 8 weeks further increased blood pressure, but did not 
enhance the impairment of endothelium-dependent 
relaxation (Török et al. 1998). After 4 weeks of L-NAME 
treatment endothelial NO synthase (eNOS) expression in 
the heart was significantly increased and this increase 
was amplified after 7 weeks of treatment (Pecháňová et 
al. 2008). It seems that the up-regulation of eNOS protein 
expression represents one of counterregulatory 
mechanisms activated to compensate the increase of 
blood pressure. On the other hand, eNOS expression in 
the brain remained unchanged after 4 weeks of L-NAME 
treatment and prolongation of the treatment led to a 
further decrease of eNOS expression in this tissue 
(Pecháňová et al. 2008). Since blood pressure increase 
persisted after 7 weeks of L-NAME treatment, they 
hypothesized that central regulation of blood pressure is 
predominant in L-NAME-induced hypertension. 

NO-deficient hypertension may be reversed 
either by removing the initiating cause (ceasing of  
L-NAME administration) (Bernátová et al. 2002) or by 
administration of various antihypertensive drugs. The 
treatment of rats with captopril, an inhibitor of 
angiotensin converting enzyme (ACE), prevented the 
development of hypertension and left ventricle 
hypertrophy in L-NAME-treated rats, but did not affect 
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NO synthase inhibition (Pecháňová et al. 1997, 
Bernátová et al. 1999b). This suggests that the renin-
angiotensin system plays a considerable role in the 
development of hypertension and cardiac hypertrophy. 
On the other hand, Zicha et al. (2006a) reported that 
chronic captopril administration to L-NAME-treated rats 
attenuated hypertension development by the lowering of 
sympathetic tone that is indeed elevated in L-NAME 
hypertensive rats (Pecháňová et al. 2004b). This is 
compatible with the recent findings on the importance of 
NO formation in the central nervous system, which is 
known to counteract stimulatory effects of central 
angiotensin II on the sympathetic tone (Osborn 2005, 
Dampney et al. 2005). 

Sympathetic nerve system (enhanced by NO 
deficiency in the central nervous system) contributes to 
cardiovascular disorders in NO-deficient hypertension 
(Gerová et al. 1995). In L-NAME-treated animals in 
which rilmenidine (an agonist of imidazoline receptors) 
was administered, the elevation of systolic blood pressure 
was prevented and endothelium-dependent relaxation was 
improved. However, the NO synthase activity in aorta 
and left ventricle remained low in spite of rilmenidine 
administration (Gerová et al. 2004). This is in a good 
agreement with the major importance of SNS for blood 
pressure maintenance in L-NAME hypertensive rats, 
which was disclosed using a sequential blockade of 
principal vasoactive systems (Pecháňová et al. 2004b). 

NO is hypothesized to be an inhibitory 
modulator of peripheral (Vo et al. 1991, Kyselá and 
Török 1997) and central sympathetic nervous outflow 
(Gerová et al. 1995). Deficient neuronal NO production 
is thought to cause sympathetic overactivity that 
contributes to NO-deficient arterial hypertension (Sander 
and Victor 1999). Short-term sympathectomy attenuated 
the L-NAME-induced hypertension, suggesting that 
increased central sympathetic drive may be involved in 
hypertension induced by chronic NO synthase inhibition. 
Sander and Victor (1999) suggested that the neurogenic 
component increases with time and that an intact 
adrenergic system is necessary for the full expression and 
maintenance of this type of hypertension. Available data 
appear to indicate that sympathetic overactivity follows 
NO inhibition and that the sympathetic nervous system 
plays a major role in the hypertension induced by chronic 
NO inhibition. In L-NAME-induced hypertension there is 
altered balance between the enhanced sympathetic 
vasoconstriction and the attenuated vasodilatation (due to 
missing NO and insufficiently up-regulated EDHF) 

(Kuneš et al. 2004, Pecháňová et al. 2004b, Zicha et al. 
2006a). 

Various antioxidants and/or scavengers of 
oxygen free radicals have been reported to activate nitric 
oxide synthase and to increase the expression of NOS 
isoforms leading to blood pressure reduction and 
improvement of endothelial function (Kojšová et al. 
2006). Red wine polyphenols have been reported to 
possess beneficial properties for preventing 
cardiovascular disorders including NO-deficient 
hypertension in rats (Bernátová et al. 2002, Pecháňová et 
al. 2004a, 2006, Jendeková et al. 2006). Red wine 
polyphenols prevented, at least in part, the elevation of 
blood pressure, aortic thickening and vascular 
dysfunction. These beneficial changes were associated 
with an increase of NO synthase activity and reduction of 
oxidative stress in the aorta and left ventricle (Pecháňová 
et al. 2004a). The imbalance between NO production and 
reactive oxygen species formation was also suggested to 
be an important factor in several other forms of 
hypertension. 

Spironolactone, aldosterone receptor antagonist, 
improved NO production and partially prevented 
hypertension and hypertrophy of the left ventricle, but not 
of the aorta, in NO-deficient hypertension despite 
improving NO synthase activity in the heart and aorta 
(Šimko et al. 2007a,b). Similarly, simvastatin,  
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 
reductase inhibitor, was able to increase NOS activity 
with a simultaneous decrease of reactive oxygen species 
(ROS) concentration, which finally leads to the 
attenuation of hypertension and to the improvement of 
endothelium-dependent relaxation (Šimko et al. 2004, 
Török et al. 2007a). 

Another open and rarely investigated topic 
concerns the mechanisms by which the reversion of 
already developed L-NAME hypertension and/or 
associated alterations is achieved. After the cessation of 
L-NAME treatment there is a complete (Bernátová et al. 
2002) or partial (Bernátová et al. 2002, Paulis et al. 
2008b) spontaneous reduction of blood pressure together 
with a different degree of restoration of NO synthase 
activity, acetylcholine-induced relaxation and left 
ventricular hypertrophy, but no regression of left 
ventricular fibrosis was observed (Bernátová et al. 2000, 
Paulis et al. 2008b). The administration of captopril or 
provinol after the discontinuation of L-NAME treatment 
(Bernátová et al. 2000, 2002) enhanced the regression of 
hypertension and left ventricular fibrosis, while  
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L-arginine and spironolactone had less effect on blood 
pressure or fibrosis (Šimko et al. 2007b) despite their 
effect on NO synthase activity. These data indicate that 
NO deficiency is important for the development of this 
type of hypertension, whereas other mechanisms are 
responsible for its maintenance and for the regression of 
structural alterations. 

 
Spontaneous hypertension  
 

The role of NO in spontaneously hypertensive 
rats (SHR) remains a subject to debate. Impaired 
(Lüscher and Vanhoutte 1991), unchanged (Török and 
Kristek 2001) or enhanced NO function (Chen and Hu 
1997, Wu and Yen 1999) have been reported in SHR. 

It has been shown that during the developmental 
phase of hypertension (prehypertensive and early 
hypertensive stage) in SHR, endothelium-dependent 
relaxation is preserved or possibly even enhanced so that 
a putative impairment of this function provides no 
significant pathogenic contribution to the onset of 
hypertension in this model (Radaelli et al. 1998, Török et 
al. 2006). Similarly, in the aorta of young stroke-prone 
SHR, the endothelium-dependent relaxation and the 
production of NO in response to cholinergic agonists 
were enhanced, compared to WKY rats (Onda et al. 
1994), supporting the concept of enhancement of NO 
function at the onset of hypertensive state. 

It should be noted that endothelium-dependent 
relaxation responses to acetylcholine were lower in aortic 
rings isolated from SHR aged 16-20 and 55-60 weeks as 
compared with those seen in age-matched normotensive 
rats. Aging induced a reduction of the relaxation response 
to acetylcholine in aortic rings from normotensive rats 
but not from SHR (Imaoka et al. 1999).  

In adult SHR, Grunfeld et al. (1995) found that 
the production of NO in the heart and blood vessels is 
generally not affected and can even be increased, but the 
enhanced production of superoxide anion reduces its 
bioavailability. In this case NO is not able to stimulate 
sufficient amount of cGMP and to maintain an adequate 
NO-dependent vasodilatation (Nava et al. 1998). 

In rats with borderline hypertension (born as F1 
offspring of spontaneously hypertensive dams and 
normotensive Wistar sires) the impaired endothelium-
dependent relaxation was not found. This has been 
supported by the finding that their aortic NO production 
was even elevated in comparison with normotensive rats 
(Bernátová et al. 2007a). 

The impaired relaxation of aorta in adult SHR 
could be attributed either to enhanced endothelium-
derived constricting factors production with no or little 
alteration in the production of NO and/or reduced 
bioavailability of NO. The release of cyclooxygenase-
derived contractile prostanoids, but not that of endothelin, 
is responsible for the impairment of endothelium-
dependent relaxations (Lüscher and Vanhoutte 1991, 
Vanhoutte et al. 2005). 

The elevation of blood pressure itself is probably 
not the cause of depressed acetylcholine-induced 
relaxation in phenylephrine-precontracted aorta. We have 
compared endothelial function in two different models of 
experimental hypertension – NO-deficient and 
spontaneous (Török and Kristek 2001). While in both 
groups of rats blood pressure was elevated, the 
endothelium-dependent relaxation in aorta to 
acetylcholine in NO-deficient rats was markedly inhibited 
and in SHR was preserved. It seems that increased blood 
pressure and accompanying structural changes are not 
primarily responsible for the impairment of endothelium-
dependent relaxation in hypertension. 

Chronic administration of N-acetylcysteine 
(NAC), which is an antioxidant with thiol group, partially 
attenuated the blood pressure increase occurring in young 
SHR. Mechanisms responsible for blood pressure 
reduction appears to be related to both the decrease of 
ROS level and the increase of NO production (Pecháňová 
et al. 2006, 2007). In SHR with established hypertension 
NAC and melatonin improved the NO/ROS balance but 
blood pressure was reduced by melatonin only 
(Pecháňová et al. 2007). 

It has been shown that treatment of young SHR 
with indapamide increased NOS activity in the aorta and 
improved acetylcholine-induced relaxation of the femoral 
artery (Kojšová et al. 2006). 

Contrary to that what was found in NO-deficient 
hypertensive rats subjected to long-term administration of 
exogenous NO donors, in SHR neither PETN nor 
molsidomine evoked significant effects on blood pressure 
and heart weight/body weight ratio as well as on 
geometry of conduit arteries (inner diameter, arterial wall 
thickness, cross-sectional area) (Kristek 1998, Kristek et 
al. 2003). It seems that pathological changes in the 
cardiovascular system of SHR, in contrast to NO-
deficient hypertension, are not evoked by NO deficiency. 

Captopril, besides the inhibition of angiotensin 
converting enzyme, prevented hypertension by increasing 
NO synthase activity and by simultaneous decrease of 
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oxidative stress, which contributed in young SHR to 
a complete prevention of hypertension development 
(Pecháňová 2007). However, the most important 
mechanism by which captopril lowers blood pressure of 
SHR is the reduction of sympathetic tone (Berecek et al. 
1987, Paulis et al. 2007, Hojná et al. 2007). 

The enhanced sympathetic activity partially 
counterbalanced by NO seems to be the major regulatory 
abnormality responsible for hypertension in SHR. It has 
been shown that NO counterbalances angiotensin II 
effects on sympathetic stimulation on the peripheral as 
well as central level (Campese et al. 2005, Paulis et al. 
2007, Hojná et al. 2007). Thus elevated basal vascular 
NO synthesis in hypertensive rats may be an adapting 
mechanism, preventing them from excessive blood 
pressure elevation. 

 
Hypertension accompanying hereditary 
hypertriglyceridemia 
 

Hereditary hypertriglyceridemic (hHTG) rats 
were developed as a genetic model of human 
hypertriglyceridemia from the colony of Wistar rats 
(Vrána and Kazdová 1990). Hereditary 
hypertriglyceridemia in rats was found to be associated 
with several metabolic abnormalities (hyperinsulinemia, 
insulin resistance, hypertriglyceridemia) and mild 
elevation of blood pressure (Štolba et al. 1992, Klimeš et 
al. 1997). 

It has been demonstrated that hHTG rats have 
impaired endothelium-dependent relaxation induced by 
acetylcholine in the aorta and iliac artery, which is 
accompanied by marked changes in vascular architecture 
(Kristek et al. 1997, Török et al. 2002, 2007a, 
Čačányiová et al. 2006). 

In early stage of hypertension in hHTG rats the 
endothelium-dependent relaxation is not impaired (Török 
et al. 2006). However, contractile response of aorta to 
noradrenaline was smaller than in age-matched control 
Wistar rats. At the same time morphological study 
showed that the wall thickness of thoracic aorta of young 
hHTG rats was thinner than that of control thoracic aorta 
(Török et al. 2006). Similar morphological changes were 
observed by Cebová et al. (2006) who studied structural 
alterations in carotid artery of 3-week-old hHTG rats. 
While blood pressure in young hHTG rats was 
significantly higher than in age-matched Wistar rats, the 
wall thickness of the carotid artery was thinner in 
comparison with Wistar rats. But later blood pressure 

increased with ageing and hypertrophy of arterial wall in 
52-week-old hHTG rats was observed (Cebová et al. 
2006). It is suggested that blood pressure is probably not 
the main cause of morphological changes during 
ontogenetic development in hHTG rats. 

There is no general agreement on the 
mechanisms that may be responsible for the impairment 
of endothelium-dependent relaxation (vascular dilatation) 
in adult and/or aged hHTG rats. The role of elevated 
plasma triglycerides cannot be excluded because 
impaired endothelial function has been found within 
several hours after triglyceride load in both animals and 
humans (Bae et al. 2001, Gudmundsson et al. 2000). 

The increase of blood pressure represents 
a hemodynamic overload in hHTG rats that induces left 
ventricular hypertrophy (Šimko et al. 2005). This model 
of hypertension is not associated with ventricular fibrosis. 
Chronic treatment of hHTG rats with ACE inhibitor 
captopril eliminated both hypertension and left ventricle 
hypertrophy (Šimko et al. 2005). 

It has been demonstrated that increased 
formation of angiotensin II is an important factor in the 
progression of endothelial dysfunction in hereditary 
hypertriglyceridemic rats. Pharmacological blockade of 
angiotensin II formation by captopril has been shown to 
improve endothelial dysfunction and to retard the 
progression of blood pressure elevation not only in SHR 
(Rodrigo et al. 1997) but also in hHTG rats. We have 
shown that chronic treatment of hHTG rats with captopril 
reduced elevated blood pressure, prevented impairment of 
endothelium-dependent relaxation in aorta, and reduced 
heart and aortic remodeling in hHTG rats (Šimko et al. 
2002, Török et al. 2002, 2006, Zicha et al. 2006b). The 
above findings suggest that NO production has been 
improved by captopril treatment. 

Hereditary hypertriglyceridemic rats responded 
to acute injection of tetraethylammonium (inhibitor of 
calcium-dependent K+ channels opened by EDHF) by 
marked elevation of blood pressure, which suggests 
a considerable participation of EDHF in vasodilator 
mechanisms in hHTG rats (Zicha et al. 2006b). 

Several authors have reported that NO-deficient 
hypertension is associated with hyperlipidemia, 
hyperinsulinemia and insulin resistance. This is supported 
by the finding of Cook et al. (2004) that mice with 
targeted disruption of eNOS were hypertensive and 
insulin-resistant and showed fasting hyperinsulinemia 
and increased plasma concentration of cholesterol, 
triglycerides, and free fatty acids. It means that NO 
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deficiency besides increasing blood pressure also affects 
glucose and lipid homeostasis, mimicking the human 
metabolic syndrome X. Therefore, NO deficiency could 
create a link between metabolic and cardiovascular 
diseases. 

 
The role of NO in hypertension elicited by 
chronic social stress 
 

Chronic social stress is risk factor in the etiology 
of civilization diseases including hypertension. 
Hypertensive patients have increased basal sympathetic 
activity and greater sympathetic reactivity in response to 
mental stress (Kaushik et al. 2004). Social stress is 
supposed to be connected to the changes in 
bioavailability of NO (Malyshev and Manukhina 1998, 
Bernátová et al. 2007a), which can be manifested by 
various abnormalities including alteration of vascular 
reactivity. 

Chronic crowding stress in normotensive Wistar 
rats (rats kept in markedly reduced living space) caused 
an increase response to acetylcholine and a decrease in 
the reactivity of blood vessels to noradrenaline 
(Cordellini and Vassilieff 1998, Púzserová et al. 2006, 
Bernátová et al. 2007a). These responses, e.g. improved 
relaxation to acetylcholine as well as hyporeactivity to 
noradrenaline, were observed in both acute and chronic 
induced stress. It means that crowded normotensive rats 
were able to modify their vascular function in order to 
maintain blood pressure at normal level. L-NAME 
administration and endothelium removal abolished the 
stress-induced aorta hyporeactivity (Cordellini et al. 
2006). 

On the other side, in rats with borderline 
hypertension (offspring of the spontaneously 
hypertensive dams) crowding increased blood pressure 
and reduced aortic NO synthase activity. Acetylcholine- 
induced relaxation was unaltered (Bernátová et al. 
2007a). These results suggest that borderline hypertensive 
rats were unable of effective adaptation of vascular 
function in stressful conditions resulting in greater 
augmentation of blood pressure. 

In chronic crowding stress the magnitude of 
neurogenic responses induced by endogenous 
noradrenaline (NA) was reduced in mesenteric artery 
from stressed SHR. In rats simultaneously exposed to 
crowding stress and L-NAME, inhibitor of NO synthase, 
the decreased activity of mesenteric artery to endogenous 
noradrenaline was restored (Török et al. 2007b), 

suggesting that hyporeactivity is due to an increase in the 
NO system activity. These results suggest that decreased 
activity of sympathetic nervous system in arterial system 
may contribute to the protective mechanisms in 
hypertensive animals exposed to chronic social stress. 

 
Salt-dependent hypertension 
 

Previous studies have indicated that inhibition of 
NO generation during high-salt intake leads to the 
development of salt-sensitive hypertension and the 
impairment of endothelium-dependent relaxation 
(Lüscher et al. 1987, Nakanishi et al. 2002). Thus, the 
increase in superoxide level causing NO deficiency may 
significantly contribute to the development of salt-
sensitive forms of hypertension. Antihypertensive 
pharmacological therapy normalized altered endothelium-
dependent relaxation and prevented the development of 
hypertension in Dahl salt-sensitive rats kept on a high-salt 
diet (Lüscher et al. 1987). 

Imbalance between the production of NO and 
superoxide in the kidney primarily determines the 
conditions of oxidative stress that alters renal 
hemodynamics and excretory function leading to sodium 
retention and, thus, contributes to the development of 
salt-sensitive hypertension (Majid and Kopkan 2007). 

The sympathetic nervous system exerts the most 
important contribution in salt hypertension maintenance, 
whereas the role of angiotensin II in blood pressure 
maintenance is almost negligible (Kuneš et al. 2004). The 
NO system is not able to counterbalance effectively the 
hyperactivity of the sympathetic nervous system in salt-
hypertensive Dahl rats. The predominance of sympathetic 
vasoconstriction over NO-dependent vasodilatation could 
be explained partially by enhanced NO inactivation due 
to augmented superoxide anion formation in hypertensive 
animals (Zicha et al. 2001). The impairment of NO-
dependent vasodilatation in young salt hypertensive rats 
was due to enhanced NO inactivation by augmented 
superoxide formation rather than due to a defective NO 
synthesis (Zicha et al. 2001). 

 
Conclusions 
 

Nitric oxide has important role in different 
physiological processes, such as regulation of blood 
pressure and vasomotor tone, platelet-endothelium 
interaction, control of cell proliferation, 
neurotransmission and immunomodulation. Dysfunction 



820   Török  Vol. 57 
 
 
in the formation of NO and/or increased NO metabolism 
takes part in pathogenesis of hypertension and other 
cardiovascular disorders. 

The imbalance between the vasoconstricting and 
vasorelaxing factors is a common feature in several 
models of hypertension. These models may differ in the 
factor, which plays the most important role in the 
development of particular form of experimental 
hypertension. NO-deficiency is the principal factor 
responsible for the development of L-NAME-induced 
hypertension, but several other factors (including RAAS, 
production of constrictor factors, arterial remodeling and 
increased activity of sympathetic nervous system) also 
seem to be involved. In spontaneously hypertensive rats 
the sympathetic overactivity might play the key role in 
hypertension, while NO production might be unchanged 
or even enhanced in order to compensate the increase in 
blood pressure. In the model of hHTG rats, characterized 
by a mild hypertension, the endothelial damage is also 
associated with impaired endothelium-dependent 
relaxations, possibly due to reduced NO formation. The 
enhanced activity of the sympathetic nervous system 
seems to be a principal factor in the development of 
stress-induced hypertension, where the endothelium-
dependent relaxations might be unchanged or even 

enhanced. 
Administration of antioxidants and other 

compounds with antioxidant properties to hypertensive 
animals reduced blood pressure, reversed the changes in 
vascular reactivity and reduced thickness of arterial wall, 
increased production of nitric oxide and/or improved its 
bioavailability. Antioxidant activity of antihypertensive 
drugs may also significantly contribute to their beneficial 
effects, i.e. blood pressure reduction and prevention of 
target organ damage. 

Further research should be focused on complete 
elucidation of the interactive role of NO and reactive 
oxygen species in the regulation of many organ functions 
to increase our knowledge on physiology as well as 
pathophysiological processes of many diseases, including 
cardiovascular diseases that are linked to NO metabolism 
and oxidative stress. A special attention should be paid to 
the role of nitric oxide in the central nervous mechanisms 
governing cardiovascular homeostasis. 
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