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Nitric oxide and hypertension: not just an
endothelium derived relaxing factor!
S Chowdhary and JN Townend
Department of Cardiovascular Medicine, University of Birmingham, Birmingham, UK

The importance of endothelial nitric oxide (NO) gener-
ation in sustaining a tonic systemic vasodilatation is
well established. Inhibiting NO production produces
hypertension in animals and in humans and not surpris-
ingly there has been considerable interest in estab-
lishing whether deficiencies of endothelial NO pathway
activity are implicated in the aetiology of essential
hypertension. The results of these investigations have
been inconsistent with some suggestion that observed
deficiencies of both basal and stimulated endothelial NO
generation in hypertensive subjects may be an effect
rather than the cause of raised arterial pressure. It is
increasingly recognised that neuronal production of NO
also influences cardiovascular homeostasis through its
action as a neuromodulator within the autonomic ner-
vous system. Overall NO has been shown to have sym-
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Introduction
The mechanisms initiating primary or essential
hypertension remain obscure and it is possible that
the term encompasses a group of disorders with
diverse aetiologies. The basic determinants of blood
pressure are cardiac output and peripheral vascular
resistance and the cause or causes of hypertension
presumably lie in the myriad factors that control
these values. While some young untreated hyperten-
sives demonstrate an increased cardiac output in the
initial phase of their disease, in established hyper-
tension an increased peripheral resistance comes to
dominate the haemodynamic picture.1,2 Abnormali-
ties of both vascular structure and function have
been proposed to explain this increased vascular
resistance. The original hypothesis developed by
Folkow3 postulates that a repeated or sustained
functional pressor influence (which may include the
relative under activity of a dilator influence) leads
to structural changes that in turn reinforce the elev-
ation of peripheral resistance. It is now evident that
vascular tone is controlled not only by nervous and
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patho-inhibitory and vagotonic effects, acting by both
central and peripheral mechanisms. Sympathetic over-
activity, coupled with the permissive role of a depressed
level of baroreflex mediated cardiac vagal control, may
play a significant role in the genesis of human hyperten-
sion. Early work in hypertensive rats suggests that
neuronal NO production is impaired at a number of key
central sites concerned with autonomic cardiovascular
regulation. This data is consistent with the pattern of
autonomic dysfunction observed in human hyperten-
sion. The possibility that neuronal rather than endo-
thelial production of NO might play a significant role in
the aetiology of essential hypertension is a promising
area for future human research.
Journal of Human Hypertension (2001) 15, 219–227

hormonal influences but also by locally active fac-
tors produced by the endothelium. Arguably the
most important these is nitric oxide (NO), whose
role as a tonically active vasodilator is now firmly
established. Not surprisingly there has been intense
interest in the possible role of under activity of the
endothelial NO pathway as the causal ‘functional
pressor influence’ leading to establishment of elev-
ated vascular resistance in hypertension.

The autonomic nervous system is another
important homeostatic mechanism in the regulation
of arterial pressure which also appears to be under
the control of nitric oxide. Elevated levels of sym-
pathetic nervous activity may contribute to the
development and/or maintenance of hypertension
by a number of interacting mechanisms related to
effects on the heart, vessels and kidneys (Figure 1).
Sympathetic over-activity has been most clearly
demonstrated in early hypertension4–10 but
increased muscle sympathetic nerve activity is also
present in older patients with established hyperten-
sion.11,12 Excess sympathetic drive is also likely to
play an important role in hypertension associated
with obesity and the insulin resistance syndrome.13–15

Impairment of baroreflex mediated vagal responses
may also constitute an important permissive factor
in the development and maintenance of hyperten-
sion. This may be mediated not only by the direct
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Figure 1 Mechanisms mediating the pressor effect of increased sympathetic activity.

cardio-inhibitory effects of vagal activity but also by
its ability to block sympathetic signal transduction,
the so-called ‘indirect vagal’ effect. In the neural
pathways of both limbs of the autonomic nervous
system there is increasing evidence that neuronally
synthesised NO has an important modulatory role.
It is possible that abnormalities of the NO pathway
within the autonomic nervous system may be equ-
ally or more important in the pathophysiology of
hypertension than those of the endothelium. This
review will examine the role of endothelial and neu-
ronal NO in hypertension and explore the possi-
bility that the neural influences of NO could contrib-
ute to the autonomic dysfunction of essential
hypertension and possibly to the genesis of the dis-
ease itself.

Endothelial NO and hypertension
Nitric oxide is generated from its precursor L-argi-
nine by nitric oxide synthase (NOS). There are three
isoforms of the enzyme; the two constitutive forms,
endothelial and neuronal NOS (eNOS and nNOS)
and the inducible isoform originally described in
immune cells (iNOS). Nitric oxide effects its prin-
ciple biological actions, including that of vascular
smooth muscle relaxation, via soluble guanylate
cyclase and production of the second messenger c-
GMP. The actions of endogenously produced NO

can be studied by examining the effects of NOS
inhibition using analogues of L-arginine such as NG-
monomethyl-L-arginine (L-NMMA), NG-nitro-L-
arginine (L-NNA) and its methyl ester (L-NAME).
Inhibition of NOS results in vasoconstriction and a
rise in systemic blood pressure in animals16–22 and
man,23–27 indicating that resistance vessels are under
a tonic vasodilator influence from NO. It is now
accepted that the vascular endothelium generates
NO via constitutively active eNOS, both under basal
conditions and in response to pharmacological
(muscarinic agonists) or mechanical stimuli (shear
stress related to blood flow). Attenuated vascular
NO activity, whether basal or stimulated, might be
hypothesised to lead to a relative increase in vascu-
lar resistance that is seen in established hyperten-
sives. This is supported by the recent finding that
mice with targeted disruption of the eNOS gene
are hypertensive.28

A number of studies have examined both basal
and stimulated vascular NO release in human
hypertensive populations. Basal production of vas-
cular NO, assessed by quantification of the vasocon-
strictor responses to NOS inhibitors, has been
shown to be impaired in human hypertensive sub-
jects.29,30 Stimulated vascular NO release
(endothelial function) has also been shown to be
impaired by several investigators. They demon-
strated attenuated responses to endothelium depen-
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dent vasodilators such as acetylcholine but pre-
served responses to endothelium independent
vasodilators such as sodium nitroprusside in hyper-
tensive patients31,32 and even in their normotensive
offspring.33 However, not all human trials have con-
firmed these abnormalities of vascular NO bioactiv-
ity in hypertension. Cockroft et al34 studied endo-
thelial function in a larger population of essential
hypertensives than previous trials and found vaso-
dilator responses to muscarinic agonists and
nitroprusside to be similar to those in normotensive
controls. The same group have also recently shown
that basal vascular production of NO is preserved in
hypertension.35 These apparent inconsistencies
have led to the suggestion that the abnormalities of
vascular NO generation/activity found in hyperten-
sion may be a result of the increased blood pressure
rather than its cause. Not only do the abnormalities
of basal NO production correct with normalisation
of blood pressure in hypertensive subjects36,37 but
endothelium dependent dilatation is immediately
impaired by acute elevation of blood pressure in
healthy volunteers.38

We therefore lack a clear consensus on whether
vascular NO generation is impaired in human
hypertension and, if so, whether this represents a
cause or effect. It is likely that abnormal NO gener-
ation in hypertension is not confined solely to the
endothelium. Studies using radio-labelled L-argi-
nine have shown a reduction in total body NO pro-
duction in human hypertension.39 The possibility
therefore exists that a relative lack of NO activity
elsewhere in the body may contribute to the patho-
genesis of hypertension.

Neural NO and hypertension
Neuronal NOS has been demonstrated in discrete
neuronal populations localised within central
nuclei and peripheral autonomic pathways con-
cerned with the regulation of cardiovascular
activity.40 Accumulating evidence now strongly sug-
gests that the NO generated at these sites plays an
important role in the regulation of blood pressure
acting as a neuromodulator influencing both sym-
pathetic and parasympathetic cardiovascular regu-
lation.

Nitrergic modulation of sympathetic nervous
activity

There is substantial evidence to suggest that NO
inhibits cardiac and vascular sympathetic activity
both centrally and peripherally. A significant
component of the hypertensive response to systemic
NOS inhibition may be effected not only by removal
of the tonic vasodilator influence of endothelial NO
generation but also through sympathetically
mediated vasoconstriction. Sympathectomised ani-
mals show a greatly attenuated hypertensive
response to chronic NOS inhibition41 and the hyper-
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tension induced by acute NOS inhibition can be
reversed by suppression of central sympathetic out-
flow.42 In addition, acute sympathetic ganglion
blockade22,41,43 and acute beta blockade22 cause a
significantly greater fall in blood pressure during
chronic NOS inhibition than that seen in control
animals suggesting enhanced levels of sympathetic
vasoconstrictor activity.

Several investigators have shown an increase in
sympathetic nerve activity during systemic NOS
inhibition suggesting that endogenous NO causes a
tonic inhibition of basal sympathetic activity. In
anaesthetised rats, a biphasic response in renal sym-
pathetic nerve activity (RSNA) occurred in response
to systemic L-NMMA.44 Following the initial
decrease in RSNA ascribed to baroreflex mediated
sympathetic inhibition, there was a sustained
increase despite the persistent rise in blood press-
ure. This increase in activity was abolished by cervi-
cal spinal transection suggesting a central action of
NO in the inhibition of sympathetic outflow. Pre-
treatment with L-arginine prevented the late
increase in RSNA suggesting that the potentiating
effects of L-NMMA on sympathetic activity were
due specifically to inhibition of NO synthesis. Other
investigators have also shown increases in renal45

and cardiac sympathetic nerve activity46 during sys-
temic NOS inhibition when baroreflex activation
was prevented. Conversely, in baroreceptor intact
rabbits, stimulation of NO synthesis with intra-
venous L-arginine caused a decrease in cervical
sympathetic nerve activity and RSNA despite a fall
in blood pressure.47

The use of modulators of the NO pathway which
lack specificity for a particular isoform of NOS and
the systemic route of their administration does not
allow us to determine where NO acts to inhibit sym-
pathetic nerve activity. Nor does it determine which
of the two constitutively expressed isoforms (eNOS
or nNOS) is involved. However, other evidence sug-
gests that both central and peripheral mechanisms
come into play, with an important role for nNOS
and thus neuronal production of NO.

Central effects on basal sympathetic activity

Direct administration of NOS inhibitors into the
brain produces a sympathetically mediated increase
in blood pressure and heart rate as well as a rise in
directly recorded RSNA.48–51 These effects are abol-
ished by cervical spinal cord transection.50 Con-
versely, stimulation of NOS within the brain by
intra-cerebral injection of L-arginine results in a
reduction of arterial pressure and directly recorded
abdominal sympathetic nerve activity.52

There may be several sites at which NO causes
inhibition of central sympathetic processing. The
nucleus tractus solitarius (NTS) is the primary
recipient of afferent baroreceptor fibres entering the
medulla and micro-injection of L-NMMA at this site
results in an increase in arterial pressure and
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RSNA.53,54 NTS neuronal activity was reduced by
systemic injection of L-NAME at constant blood
pressure55 while L-arginine and the NO donor,
sodium nitroprusside (SNP) increased discharge
rate.56 The RVLM, the final site of sympathetic pro-
cessing in the brainstem, also appears to contain
neurons susceptible to an inhibitory influence by
NO.54,57,58 Descending inputs to the medullary
nuclei from the hypothalamus may also be involved.
Studies have shown that NO may be a neuromodul-
ator within the paraventricular nucleus (PVN), a site
important for sympathetic regulation in circulatory
volume homeostasis. Its effect here is once more to
inhibit efferent sympathetic outflow by a mech-
anism that may be related to GABA.59,60

Although there are some contrary results,42,61–63 a
picture emerges of NO acting as a neuromodulator
within sites of central sympathetic neuronal inte-
gration to effect a tonic inhibition of central sym-
pathetic outflow. This mechanism may be important
in limiting sympathetic activation during stress as it
has been observed that the number of NO producing
neurons at key sites of autonomic processing in the
brains of conscious rats increases in response to
experimentally induced stress.64

Some in vivo evidence does exist to suggest that
endogenous NO also results in tonic inhibition of
efferent sympathetic nerve activity in humans. The
systemic infusion of L-NMMA to healthy volunteers
at a dose designed to minimise baroreflex loading
resulted in higher levels of directly recorded muscle
sympathetic nerve activity than an equipressor
doses of phenylephrine, given as a non-NO depen-
dent control vasoconstrictor.26,27

Central effects on reflex sympathetic nerve
activity

The effect of NO on the baroreflex control of sym-
pathetic activity remains unclear. Some studies have
suggested that NO inhibits baroreceptor-RSNA gain,
as evidenced by an increase in reflex gain during
acute systemic NOS inhibition.45,49,61 However, a
number of studies have failed to show any influence
of NO on the reflex control of sympathetic
activity.47,62 This inconsistency is only partially
explained by species differences or the effect of
anaesthetics.

More complex dynamic indices of baroreflex sym-
pathetic control may be influenced by NO. If sus-
tained pressure is applied to the vascularly isolated
rabbit carotid sinus, rapid inhibition of RSNA fol-
lowed by a gradual return towards baseline occurs,
a process known as ‘rapid central adaptation’. The
magnitude and rate at which this adaptation
occurred was increased by intracisternal L-NAME.51

This suggests that endogenous NO may act within
the brainstem to reduce central adaptation, and thus
sustain the reflex inhibition of sympathetic activity
during a rise in arterial pressure.

Modulation of cardiac and vascular responses to
sympathetic stimulation

Cardiac tissue: In addition to controlling levels of
efferent sympathetic activity there is evidence that
NO may also attenuate the end-organ response to
sympathetic stimulation. In experiments on cul-
tured rat myocytes, inhibition of the NO signal
transduction system caused myocytes to show
enhanced inotropic responses to beta-adrenergic
stimulation.65 Conversely, exogenous NO donation
with SNP attenuated both the chronotropic and
inotropic responses to sympathetic nerve stimu-
lation in isolated guinea-pig atria,66 as well as the
inotropic response to isoprenaline in human atrial
and ventricular muscle strips.67 This effect has also
been confirmed in vivo with a significant enhance-
ment by L-NAME of the inotropic effect of intraco-
ronary dobutamine in dogs.68

Cardiac myocytes constitutively express eNOS
and work with cultured cells would suggest that it
is this isoform that generates the NO responsible for
the inhibition of cardiac sympathetic responsive-
ness.65 However the demonstration of increased
heart rate responses to sympathetic nerve stimu-
lation after the administration of selective nNOS
inhibitors in the vagotomised rabbit69 and ferret70

indicate that neurally produced NO may also con-
tribute significantly to this effect in vivo. This may
be due to pre-synaptic inhibition of noradrenaline
release from cardiac sympathetic nerves.71,72 The
recent description of nNOS in the cardiac sarco-
plasmic reticulum73 may mean that this isoform also
contributes to a post-synaptic inhibition of adre-
nergic signal transduction possibly by modulating
intracellular calcium currents.74–76

Not all data on the cardiac effects of NO have been
consistent. Recently some confusion has arisen from
attempts to ratify the results of experiments using
NOS inhibitors with those of exogenous NO donors.
Although not shown in all species,77 the modulation
of beta-adrenergic cardiac responses by exogenous
NO seems to display a concentration dependent bi-
phasic profile. Low concentrations of NO donors
increase contractile responses to electrical nerve
stimulation, whereas higher doses produce a nega-
tive inotropic effect.78,79 The inotropic effect of NO
also appears to depend on the level of background
sympathetic activity since the transition from posi-
tive to negative inotropy is shifted towards a lower
dose of NO donor—and possibly levels of cGMP pro-
duction that are more representative of normal
physiology—by a beta-adrenergic agonist.79 This ties
in well with the findings of the NOS inhibitor
experiments reviewed above, which suggest that the
action of endogenous NO generation is to inhibit,
rather than potentiate, inotropic responses to beta-
adrenergic stimulation. Finally, this paradigm is
also supported by findings that young eNOS knock-
out mice (prior to the development of ventricular
hypertrophy) also display enhanced inotropic
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responses to beta-adrenergic agonists (for review
see Balligand80).

Vascular tissue: Modulation of central sympath-
etic activity cannot explain vasoconstrictor
responses to localised intra-arterial administration
of NOS inhibitors in human experiments, with the
removal of the direct vasodilator influence of endo-
thelial NO believed to be solely responsible.16 How-
ever, peripheral neurogenic mechanisms could also
contribute to this effect since NO may attenuate the
vasoconstrictor response to basal sympathetic nerve
activity. In vitro, NOS inhibition enhanced vasocon-
strictor responses to both noradrenaline and sym-
pathetic nerve stimulation,81 whilst NO resulted in
attenuation of the constrictor effects of sympathetic
nerve stimulation.82 These actions may reflect a non-
specific dilator influence of NO, however a specific
pre-synaptic inhibitory influence of NO on sympath-
etic vasoconstriction has been demonstrated.
Exogenous NO reduced the efflux of radiolabelled
noradrenaline in response to nerve stimulation of
canine pulmonary vessels83 and mesenteric artery.84

Also a specific post-junctional interaction between
NO and noradrenaline was suggested by the finding
that L-NAME enhanced vasoconstrictor responses to
noradrenaline much more than responses to angio-
tensin II.42

Nitrergic modulation of vagal cardiac
control
Impairment of cardiac vagal action in hypertension
may be an important mechanism underlying the
abnormalities of baroreflex function seen in estab-
lished hypertension. Additionally, cardiac vagal
innervation represents an important sympatho-
inhibitory mechanism. There is good evidence that
NO increases activity in brainstem sites that pro-
mote efferent vagal activity, and also enhances car-
diac responses to vagal stimulation.

The stimulation by NO of neuronal activity within
the NTS discussed above provides a possible mech-
anism by which central vagal activity might be
increased by NO as the NTS provides excitatory
inputs to vagal motonuclei in the medulla. Further
evidence of a central vagotonic effect of NO is pro-
vided by recordings of motoneuron activity within
the dorsal motor nucleus of the vagus (DMV). Here
direct application of NO donors and L-arginine
increased firing rate whilst application of a NOS
inhibitor decreased firing rate.85

An important role for NO in the peripheral control
of vagal activity is also evident. The bradycardic
response to muscarinic stimulation in vitro was
partially blocked by inhibitors of the NO-cGMP
pathway.65 In the ferret, inhibition of NOS activity
by L-NMMA attenuated the bradycardic response to
efferent vagus nerve stimulation, an effect that was
reversed by L-arginine.86,87 Notably this effect was
reproduced by a specific nNOS inhibitor.88
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Conversely, NO donors significantly enhanced the
bradycardic response to vagal stimulation, in rab-
bits.89

Aside from its direct cardio-inhibitory effects the
vagus also exerts a powerful regulatory influence
through inhibition of beta-adrenergic responses; this
has been termed ‘indirect’ cardiac vagal activity or
‘accentuated antagonism’. Muscarinic receptor
stimulation was thought to effect this interaction lar-
gely due to inhibition of adenyl cyclase via an
inhibitory G protein. However, there is now good
evidence that this action may also be mediated by
the NO-cGMP pathway. In vitro, inhibition of the
NO-cGMP pathway has been shown to significantly
reduce muscarinic attenuation of adrenergic
increases in both contractility90 and heart rate.91 In
vivo, intracoronary L-NMMA attenuated the inhibi-
tory action of vagal stimulation on the inotropic
responses to dobutamine in closed chest dogs.92

Nitric oxide also appears to have a cardiac vago-
tonic influence in humans. In a recent study in heal-
thy human subjects, heart rate variability was used
to study the modulatory influence of NO on cardiac
vagal control. It was observed that although L-
NMMA and phenylephrine (administered as a non-
NO-dependent control vasoconstrictor) caused
equal rises in blood pressure, there was significantly
less baroreflex mediated increase in cardiac vagal
activity with the NOS inhibitor than with phenyl-
ephrine. Conversely, during hypotension resulting
from the NO donor sodium nitroprusside, there was
relative preservation of indices of vagal activity
compared to those produced by an equal fall in
blood pressure with the non-NO dependent vaso-
dilator, hydralazine.93

Activity of the neural NO pathway in
hypertension
The accumulating data strongly suggest a significant
role for NO as a neuromodulator of cardiovascular
autonomic activity in normal physiology. In patho-
logical states such as hypertension there may be
abnormalities of neuronal NO pathway activity at
important cardiovascular regulatory sites. Studies of
localised 3H-citrulline formation, a by-product of
NOS in the formation of NO from L-arginine, have
suggested that nNOS activity is reduced in the dor-
sal brainstem of spontaneously hypertensive rats.94

Furthermore, intracerebroventricular (ICV) injection
of inhibitors of NOS and c-GMP resulted in a smaller
pressor response in spontaneously hypertensive rats
than in normotensive control animals. Similarly, sti-
mulating brain NOS by ICV injection of calcium (a
required cofactor of constitutive NOS) resulted in an
attenuated blood pressure response in the hyperten-
sive animals. The fall in arterial pressure seen with
ICV administration of NO in hypertensive animals
was not only preserved but was significantly
enhanced.95 This evidence suggests that genetically
hypertensive rats have reduced levels of basal and
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stimulated functional nNOS activity in central sites
concerned with the autonomic regulation of blood
pressure.

Experimental models of secondary hypertension
(eg, renal-clip and mineralocorticoid induced) have
also shown reduced expression of nNOS mRNA in
sites concerned with central sympathetic regulation
such as the hypothalamus96,97 and the RVLM.97

Hypothalamic nuclei such as the paraventricular
nucleus (PVN) are particularly concerned with the
autonomic regulation of circulating volume and
abnormalities of nNOS gene expression in these
areas may be linked to salt-sensitive hypertension.
In normotensive rats, salt loading enhances nNOS
gene expression in the PVN and other hypothalamic
nuclei. Rats with salt-sensitive hypertension have
decreased hypothalamic nNOS mRNA expression.98

It may be postulated that this may limit their ability
to reduce sympathetic outflow to the cardiovascular
system and the kidney during salt loading. A further
site of action of nNOS in the prevention of salt-
sensitive hypertension may within the kidney itself.
The enzyme is highly expressed in numerous sec-
tions of tubular epithelium and in particular in the
macula densa where it may play a role in the regu-
lation of renal sodium handling. Nitric oxide gener-
ation in the kidney appears to promote sodium
excretion, a role that is in keeping with observations
that Dahl salt-sensitive rats made hypertensive by a
high salt diet exhibit impaired renal nNOS activity
(for review see Kone and Baylis99).

If, as the evidence suggests, neural NO is a sympa-
tholytic and vagotonic agent then the reduced levels
of this neuromodulator seen in brains of hyperten-
sive animals may bear a causal relationship, or at
least be a significant contributor to, the sympathetic
over activity and vagal withdrawal observed in this
disease state. The role of neuronal NO in the aeti-
ology of hypertension does not seem to be supported
by data from nNOS knockout mice who, unlike their
eNOS knockout counterparts, do not develop hyper-
tension.100 However, negative findings such as these
in gene knockout animal models must be interpreted
with caution. These animals have been deficient in
the relevant enzyme throughout embryonic and
post-natal development leading to both structural
adaptations and the development of compensatory
pathways, hence it cannot be inferred that no role
is played by the relevant enzyme in the intact ani-
mal. It is possible for example that nNOS knockout
mice may not suffer hypertension due to compensa-
tory increases in eNOS. Furthermore, although these
animals display impairment of basal cardiac para-
sympathetic activity, the observation that they do
not show evidence of increased sympathetic activity
may also help to explain the lack of ensuing hyper-
tension.100 Presumably, this is also the result of com-
pensatory adaptive mechanisms as it is at odds with
the findings of central pharmacological NOS
inhibition50).

Conclusions

Impairment of endothelial NO activity has been
documented in primary hypertension. Expectations
that this might be a key factor in the increased vas-
cular tone that characterises established hyperten-
sion have been marred by evidence suggesting that
impaired endothelial NO production appears to be
a secondary effect rather than the primary cause of
elevated arterial pressure. Animal and human evi-
dence shows that neurally produced NO can also
regulate haemodynamic control through modulation
of cardiovascular autonomic activity. Central and
peripheral effects on both sympathetic and vagal
control have been demonstrated.

There is preliminary evidence to suggest that neu-
ronal NO production may be reduced in hyperten-
sion, and this finding is certainly consistent with the
observed pattern of sympathetic over activity and
vagal impairment. Sympathetic hyperactivity in
particular may represent an important trigger in the
cascade of compensatory mechanisms which
eventually lead to established hypertension. Thus
the possible role of NO in the genesis of hyperten-
sion might not be confined merely to its direct
actions on vascular tone but may also involve
powerful modulatory effects on cardiovascular auto-
nomic control. Our knowledge of the defects of neu-
ral NO pathways in hypertension is currently con-
fined to rat models and further research in this area
is required. In particular the role of neronal NO in
human hypertension remains unaddressed. The use
of specific inhibitors of nNOS in humans could
allow future examination of this important question.

References
1 Lund-Johansen P. Twenty-year follow-up of hemo-

dynamics in essential hypertension during rest and
exercise. Hypertension 1991; 18: III54–III61.

2 Post WS, Larson MG, Levy D. Hemodynamic predic-
tors of incident hypertension. The Framingham Heart
Study. Hypertension 1994; 24: 585–590.

3 Folkow B. “Structural factor” in primary and second-
ary hypertension. Hypertension 1990; 16: 89–101.

4 Goldstein DS. Plasma catecholamines and essential
hypertension. An analytical review. Hypertension
1983; 5: 86–99.

5 Goldstein DS, Lake CR. Plasma norepinephrine and
epinephrine levels in essential hypertension. Fed Pro-
ceedings 1984; 43: 57–61.

6 Muller R, Steffen HM, Weller P, Krone W. Plasma cat-
echolamines and adrenoceptors in young hypertensive
patients. J Hum Hypertens 1994; 8: 351–355.

7 Matsukawa T et al. Reduced baroreflex changes in
muscle sympathetic nerve activity during blood press-
ure elevation in essential hypertension. J Hypertens
1991; 9: 537–542.

8 Anderson EA, Sinkey CA, Lawton WJ, Mark AL. Elev-
ated sympathetic nerve activity in borderline hyper-
tensive humans. Evidence from direct intraneural
recordings. Hypertension 1989; 14: 177–183.

9 Yamada Y et al. Age-related changes in muscle sym-



Nitric oxide and hypertension
S Chowdhary and JN Townend

225pathetic nerve activity in essential hypertension.
Hypertension 1989; 13: 870–877.

10 Floras JS, Hara K. Sympathoneural and haemody-
namic characteristics of young subjects with mild
essential hypertension. J Hypertens 1993; 11: 647–655.

11 Grassi G et al. Baroreflex control of sympathetic nerve
activity in essential and secondary hypertension.
Hypertension 1998; 31: 68–72.

12 Greenwood JP, Stoker JB, Mary DA. Single-unit sym-
pathetic discharge: quantitative assessment in human
hypertensive disease. Circulation 1999; 100: 1305–
1310.

13 Reaven GM, Lithell H, Landsberg L. Hypertension and
associated metabolic abnormalities – the role of insu-
lin resistance and the sympathoadrenal system. N Engl
J Med 1996; 334: 374–381.

14 Masuo K, Mikami H, Ogihara T, Tuck ML. Sympath-
etic nerve hyperactivity precedes hyperinsulinemia
and blood pressure elevation in a young, nonobese
Japanese population. Am J Hypertens 1997; 10: 77–83.

15 Landsberg L. Pathophysiology of obesity-related
hypertension: role of insulin and the sympathetic ner-
vous system. J Cardiovasc Pharmacol 1994; 23 (Suppl
1): S1–S8.

16 Vallance P, Collier J, Moncada S. Effects of endo-
thelium-derived nitric oxide on peripheral arteriolar
tone in man. Lancet 1989; 2: 997–1000.

17 Aisaka K, Gross SS, Griffith OW, Levi R. NG-methylar-
ginine, an inhibitor of endothelium-derived nitric
oxide synthesis, is a potent pressor agent in the guinea
pig: does nitric oxide regulate blood pressure in vivo?
Biochem Biophys Res Commun 1989; 160: 881–886.

18 Gardiner SM et al. Control of regional blood flow by
endothelium-derived nitric oxide. Hypertension 1990;
15: 486–492.

19 Huang M, Leblanc ML, Hester RL. Systemic and
regional hemodynamics after nitric oxide synthase
inhibition: role of a neurogenic mechanism. Am J
Physiol 1994; 267: R84–88.

20 Pucci ML, Lin L, Nasjletti A. Pressor and renal vaso-
constrictor effects of NG-nitro-L-arginine as affected by
blockade of pressor mechanisms mediated by the sym-
pathetic nervous system, angiotensin, prostanoids and
vasopressin. J Pharmacol Exp Ther 1992; 261: 240–
245.

21 Pegoraro AA, Carretero OA, Sigmon DH, Beierwaltes
WH. Sympathetic modulation of endothelium-derived
relaxing factor. Hypertension 1992; 19: 643–647.

22 Cunha RS, Cabral AM, Vasquez EC. Evidence that the
autonomic nervous system plays a major role in the L-
NAME-induced hypertension in conscious rats. Am J
Hypertens 1993; 6: 806–809.

23 Haynes WG, Noon JP, Walker BR, Webb DJ. Inhibition
of nitric oxide synthesis increases blood pressure in
healthy humans. J Hypertens 1993; 11: 1375–1380.

24 Hansen J, Jacobsen TN, Victor RG. Is nitric oxide
involved in the tonic inhibition of central sympathetic
outflow in humans? Hypertension 1994; 24: 439–444.

25 Castellano M et al. Relationship between sympathetic
nervous system activity, baroreflex and cardiovascular
effects after acute nitric oxide synthesis inhibition in
humans. J Hypertens 1995; 13: 1153–1161.

26 Lepori M et al. Haemodynamic and sympathetic
effects of inhibition of nitric oxide synthase by sys-
temic infusion of NG-monomethyl-L-arginine into
humans are dose dependent. J Hypertens 1998; 16:
519–523.

Journal of Human Hypertension

27 Owlya R et al. Cardiovascular and sympathetic effects
of nitric oxide inhibition at rest and during static exer-
cise in humans. Circulation 1997; 96: 3897–3903.

28 Huang PL et al. Hypertension in mice lacking the gene
for endothelial nitric oxide synthase. Nature 1995;
377: 239–242.

29 Calver A, Collier J, Moncada S, Vallance P. Effect of
local intra-arterial NG-monomethyl-L-arginine in
patients with hypertension: the nitric oxide dilator
mechanism appears abnormal. J Hypertens 1992; 10:
1025–1031.

30 Panza JA, Casino PR, Kilcoyne CM, Quyyumi AA. Role
of endothelium-derived nitric oxide in the abnormal
endothelium-dependent vascular relaxation of
patients with essential hypertension. Circulation 1993;
87: 1468–1474.

31 Linder L, Kiowski W, Buhler FR, Luscher TF. Indirect
evidence for release of endothelium-derived relaxing
factor in human forearm circulation in vivo. Blunted
response in essential hypertension. Circulation 1990;
81: 1762–1767.

32 Panza JA, Quyyumi AA, Brush JE Jr., Epstein SE.
Abnormal endothelium-dependent vascular relaxation
in patients with essential hypertension. N Engl J Med
1990; 323: 22–27.

33 Taddei S et al. Defective L-arginine-nitric oxide path-
way in offspring of essential hypertensive patients.
Circulation 1996; 94: 1298–1303.

34 Cockcroft JR, Chowienczyk PJ, Benjamin N, Ritter JM.
Preserved endothelium-dependent vasodilatation in
patients with essential hypertension. N Engl J Med
1994; 330: 1036–1040.

35 Kneale BJ et al. Forearm vasoconstriction in response
to noradrenaline and NG-monomethyl-L-arginine in
essential hypertension. Clin Sci 1999; 97: 277–282.

36 Calver A, Collier J, Vallance P. Forearm blood flow
responses to a nitric oxide synthase inhibitor in
patients with treated essential hypertension. Cardio-
vasc Res 1994; 28: 1720–1725.

37 Lyons D, Webster J, Benjamin N. The effect of antihy-
pertensive therapy on responsiveness to local intra-
arterial NG-monomethyl-L-arginine in patients with
essential hypertension. J Hypertens 1994; 12: 1047–
1052.

38 Millgard J, Lind L. Acute hypertension impairs endo-
thelium-dependent vasodilation. Clin Sci 1998; 94:
601–607.

39 Forte P et al. Basal nitric oxide synthesis in essential
hypertension. Lancet 1997; 349: 837–842.

40 Chowdhary S, Townend JN. Role of nitric oxide in the
regulation of cardiovascular autonomic control. Clin
Sci 1999; 97: 5–17.

41 Sander M, Hansen PG, Victor RG. Sympathetically
mediated hypertension caused by chronic inhibition
of nitric oxide. Hypertension 1995; 26: 691–695.

42 Zanzinger J, Czachurski J, Seller H. Inhibition of sym-
pathetic vasoconstriction is a major principle of vaso-
dilation by nitric oxide in vivo. Circ Res 1994; 75:
1073–1077.

43 Scrogin KE, Hatton DC, Chi Y, Luft FC. Chronic nitric
oxide inhibition with L-NAME: effects on autonomic
control of the cardiovascular system. Am J Physiol
1998; 274: R367–374.

44 Sakuma I et al. NG-methyl-L-arginine, an inhibitor of
L-arginine-derived nitric oxide synthesis, stimulates
renal sympathetic nerve activity in vivo. A role for



Nitric oxide and hypertension
S Chowdhary and JN Townend

226

Journal of Human Hypertension

nitric oxide in the central regulation of sympathetic
tone? Circ Res 1992; 70: 607–611.

45 Kumagai H, Averill DB, Khosla MC, Ferrario CM. Role
of nitric oxide and angiotensin II in the regulation of
sympathetic nerve activity in spontaneously hyperten-
sive rats. Hypertension 1993; 21: 476–484.

46 Miyano H et al. Inhibition of NO synthesis minimally
affects the dynamic baroreflex regulation of sympath-
etic nerve activity. Am J Physiol 1997; 272: H2446–
H2452.

47 Jimbo M et al. Role of nitric oxide in regulation of
baroreceptor reflex. J Auton Nerv Sys 1994; 50: 209–
219.

48 Nurminen ML, Ylikorkala A, Vapaatalo H. Central
inhibition of nitric oxide synthesis increases blood
pressure and heart rate in anesthetized rats. Methods
Find Exp Clin Pharmacol 1997; 19: 35–41.

49 Matsumura K, Abe I, Tsuchihashi T, Fujishima M.
Central nitric oxide attenuates the baroreceptor reflex
in conscious rabbits. Am J Physiol 1998; 274: R1142–
R1149.

50 Togashi H et al. A central nervous system action of
nitric oxide in blood pressure regulation. J Pharmacol
Exp Ther 1992; 262: 343–347.

51 Hironaga K et al. Role of endogenous nitric oxide in
the brain stem on the rapid adaptation of baroreflex.
Hypertension 1998; 31: 27–31.

52 Nishimura M et al. Cardiovascular regulation by L-
arginine in the brain of rats: role of the brain renin-
angiotensin system and nitric oxide. Am J Hypertens
1997; 10: 389–396.

53 Harada S et al. Inhibition of nitric oxide formation in
the nucleus tractus solitarius increases renal sympathetic
nerve activity in rabbits. Circ Res 1993; 72: 511–516.

54 Tseng CJ et al. Cardiovascular effects of nitric oxide in
the brain stem nuclei of rats. Hypertension 1996; 27:
36–42.

55 Ma S, Abboud FM, Felder RB. Effects of L-arginine-
derived nitric oxide synthesis on neuronal activity in
nucleus tractus solitarius. Am J Physiol 1995; 268:
R487–R491.

56 Tagawa T et al. Nitric oxide influences neuronal
activity in the nucleus tractus solitarius of rat brain-
stem slices. Circ Res 1994; 75: 70–76.

57 Zanzinger J, Czachurski J, Seller H. Inhibition of basal
and reflex-mediated sympathetic activity in the RVLM
by nitric oxide. Am J Physiol 1995; 268: R958–R962.

58 Shapoval LN, Sagach VF, Pobegailo LS. Nitric oxide
influences ventrolateral medullary mechanisms of
vasomotor control in the cat. Neurosci Lett 1991; 132:
47–50.

59 Zhang K, Mayhan WG, Patel KP. Nitric oxide within
the paraventricular nucleus mediates changes in renal
sympathetic nerve activity. Am J Physiol 1997; 273:
R864–872.

60 Zhang K, Patel KP. Effect of nitric oxide within the
paraventricular nucleus on renal sympathetic nerve
discharge: role of GABA. Am J Physiol 1998; 275:
R728–734.

61 Liu JL, Murakami H, Zucker IH. Effects of NO on baror-
eflex control of heart rate and renal nerve activity in
conscious rabbits. Am J Physiol 1996; 270: R1361–
1370.

62 Murakami H et al. Blockade of neuronal nitric oxide
synthase alters the baroreflex control of heart rate in
the rabbit. Am J Physiol 1998; 274: R181–186.

63 Yabe M et al. The effects of intrinsic nitric oxide on

cardiac neural regulation in cats. Anesthesia & Anal-
gesia 1998; 86: 1194–1200.

64 Krukoff TL, Khalili P. Stress-induced activation of
nitric oxide-producing neurons in the rat brain. J
Comp Neurol 1997; 377: 509–519.

65 Balligand JL et al. Control of cardiac muscle cell func-
tion by an endogenous nitric oxide signaling system.
Proc Natl Acad Sci USA 1993; 90: 347–351.

66 Choate JK, Paterson DJ. Effect of sodium nitroprusside
and 8-bromo-cyclic GMP on the sympathetic control
of heart rate and contraction in the isolated guinea-pig
atria. J Physiol 1998; 509.P: 120–121P.

67 Flesch M et al. Acute effects of nitric oxide and cyclic
GMP on human myocardial contractility. J Pharmacol
Exp Therapeut 1997; 281: 1340–1349.

68 Keaney JF, Jr. et al. Inhibition of nitric oxide synthase
augments myocardial contractile responses to beta-
adrenergic stimulation. Am J Physiol 1996; 271:
H2646–H2652.

69 Sears CE, Choate JK, Paterson DJ. Effect of neuronal
nitric oxide synthase inhibition on the heart rate
response to cardiac sympathetic and vagal nerve
stimulation in the anaesthetized rabbit. J Physiol 1998;
507.P: 57–58P.

70 Conlon K, Kidd C, Collins T. Nitric oxide synthase
inhibits the cardioaccelerator rate response to sym-
pathetic stimulation in the anaesthetized ferret. J Phy-
siol 1998; 509.P: 122–123P.

71 Schwarz P, Diem R, Dun NJ, Forstermann U. Endogen-
ous and exogenous nitric oxide inhibits norepi-
nephrine release from rat heart sympathetic nerves.
Circ Res 1995; 77: 841–848.

72 Fei L, Baron AD, Henry DP, Zipes DP. Intrapericardial
delivery of L-arginine reduces the increased severity
of ventricular arrhythmias during sympathetic stimu-
lation in dogs with acute coronary occlusion: nitric
oxide modulates sympathetic effects on ventricular
electrophysiological properties. Circulation 1997; 96:
4044–4049.

73 Xu KY et al. Nitric oxide synthase in cardiac sarco-
plasmic reticulum. Proc Natl Acad Sci USA 1999; 96:
657–662.

74 Mery PF et al. Nitric oxide regulates cardiac Ca2+ cur-
rent. Involvement of cGMP-inhibited and cGMP-
stimulated phosphodiesterases through guanylyl
cyclase activation. J Biolog Chem 1993; 268: 26286–
26295.

75 Gallo MP et al. Modulation of guinea-pig cardiac L-
type calcium current by nitric oxide synthase inhibi-
tors. J Physiol 1998; 506: 639–651.

76 Levi RC, Alloatti G, Penna C, Gallo MP. Guanylate-
cyclase-mediated inhibition of cardiac ICa by carba-
chol and sodium nitroprusside. Pflugers Archiv. Eur J
Physiol 1994; 426: 419–426.

77 Prendergast BD, MacCarthy P, Wilson JF, Shah AM.
Nitric oxide enhances the inotropic response to beta-
adrenergic stimulation in the isolated guinea-pig heart.
Basic Res Cardiol 1998; 93: 276–284.

78 Kojda G et al. Low increase in cGMP induced by
organic nitrates and nitrovasodilators improves con-
tractile response of rat ventricular myocytes. Circ Res
1996; 78: 91–101.

79 Mohan P, Brutsaert DL, Paulus WJ, Sys SU. Myocar-
dial contractile response to nitric oxide and cGMP.
Circulation 1996; 93: 1223–1229.

80 Balligand JL. Regulation of cardiac beta-adrenergic



Nitric oxide and hypertension
S Chowdhary and JN Townend

227response by nitric oxide. Cardiovasc Res 1999; 43:
607–620.

81 Vo PA, Reid JJ, Rand MJ. Attenuation of vasoconstric-
tion by endogenous nitric oxide in rat caudal artery.
Br J Pharmacol 1992; 107: 1121–1128.

82 Tesfamariam B, Weisbrod RM, Cohen RA. Endo-
thelium inhibits responses of rabbit carotid artery to
adrenergic nerve stimulation. Am J Physiol 1987; 253:
H792–798.

83 Greenberg SS, Diecke FP, Peevy K, Tanaka TP. Release
of norepinephrine from adrenergic nerve endings of
blood vessels is modulated by endothelium-derived
relaxing factor. Am J Hypertens 1990; 3: 211–218.

84 Greenberg SS et al. Inhibition of sympathetic neuro-
transmitter release by modulators of cyclic GMP in
canine vascular smooth muscle. Eur J Pharmacol 1990;
187: 409–423.

85 Travagli RA, Gillis RA. Nitric oxide-mediated excit-
atory effect on neurons of dorsal motor nucleus of
vagus. Am J Physiol 1994; 266: G154–160.

86 Conlon K, Collins T, Kidd C. Modulation of vagal
actions on heart rate produced by inhibition of nitric
oxide synthase in the anaesthetized ferret. Exp Physiol
1996; 81: 547–550.

87 Conlon K, Collins T, Kidd C. The role of nitric oxide
in the control by the vagal nerves of the heart of the
ferret. Exp Physiol 1998; 83: 469–480.

88 Conlon K, Kidd C. Neuronal nitric oxide facilitates
vagal chronotropic and dromotropic actions on the
heart. J Auton Nerv Sys 1999; 75: 136–146.

89 Sears CE, Choate JK, Paterson DJ. NO-cGMP pathway
accentuates the decrease in heart rate caused by car-
diac vagal nerve stimulation. J Appl Physiol 1999; 86:
510–516.

90 Balligand JL et al. Nitric oxide-dependent parasympa-
thetic signaling is due to activation of constitutive
endothelial (type III) nitric oxide synthase in cardiac
myocytes. J Biolog Chem 1995; 270: 14582–14586.

Journal of Human Hypertension

91 Sears CE, Paterson DJ. Role of nitric oxide in the rate
and contraction responses to acetylcholine following
adrenergic stimulation in the isolated frog heart. J Phy-
siol 1996; 495P: 167P.

92 Hare JM et al. Role of nitric oxide in parasympathetic
modulation of beta-adrenergic myocardial contractility
in normal dogs. J Clin Invest 1995; 95: 360–366.

93 Chowdhary S et al. Nitric oxide and cardiac auto-
nomic control in humans. Hypertension 2000: 36:
264–269.

94 Pontieri V, Venezuela MK, Scavone C, Michelini LC.
Role of endogenous nitric oxide in the nucleus tratus
solitarii on baroreflex control of heart rate in spon-
taneously hypertensive rats. J Hypertens 1998; 16:
1993–1999.

95 Cabrera CL, Bealer SL, Bohr DF. Central depressor
action of nitric oxide is deficient in genetic hyperten-
sion. Am J Hypertens 1996; 9: 237–241.

96 Krukoff TL, Gehlen F, Ganten D, Wagner J. Gene
expression of brain nitric oxide synthase and soluble
guanylyl cyclase in hypothalamus and medulla of two-
kidney, one clip hypertensive rats. Hypertension 1995;
26: 171–176.

97 Takeda Y et al. Brain nitric oxide synthase messenger
RNA in central mineralocorticoid hypertension.
Hypertension 1997; 30: 953–956.

98 Nanbu A et al. Lower than normal expression of brain
nitric oxide synthase gene in the hypothalamus of
deoxycorticosterone acetate-salt hypertensive rats. J
Hypertens 1998; 16: 495–502.

99 Kone BC, Baylis C. Biosynthesis and homeostatic roles
of nitric oxide in the normal kidney. Am J Physiol
1997; 272: F561–578.

100 Jumrussirikul P et al. Interaction between neuronal
nitric oxide synthase and inhibitory G protein
activity in heart rate regulation in conscious mice. J
Clin Invest 1998; 102: 1279–1285.


