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Nitric oxide (NO) is a relative newcomer to pharmacology, as the paper which initiated the field was
published only 25 years ago. Nevertheless its impact is such that to date more than 31,000 papers have
been published with NO in the title and more than 65,000 refer to it in some way. The identification of
NO with endothelium-derived relaxing factor and the discovery of its synthesis from L-arginine led to
the realisation that the L-arginine: NO pathway is widespread and plays a variety of physiological
roles. These include the maintenance of vascular tone, neurotransmitter function in both the central
and peripheral nervous systems, and mediation of cellular defence. In addition, NO interacts with
mitochondrial systems to regulate cell respiration and to augment the generation of reactive oxygen
species, thus triggering mechanisms of cell survival or death. This review will focus on the role of NO
in the cardiovascular system where, in addition to maintaining a vasodilator tone, it inhibits platelet
aggregation and adhesion and modulates smooth muscle cell proliferation. NO has been implicated in
a number of cardiovascular diseases and virtually every risk factor for these appears to be associated
with a reduction in endothelial generation of NO. Reduced basal NO synthesis or action leads to
vasoconstriction, elevated blood pressure and thrombus formation. By contrast, overproduction of
NO leads to vasodilatation, hypotension, vascular leakage, and disruption of cell metabolism.
Appropriate pharmacological or molecular biological manipulation of the generation of NO will
doubtless prove beneficial in such conditions.
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Early work

Furchgott & Zawadzki (1980) first described endothelium-

dependent relaxation, a phenomenon whereby acetylcholine

relaxes isolated preparations of blood vessels only if the

vascular endothelium lining the vessels is present and intact.

Subsequent studies revealed that acetylcholine and other

agents (including bradykinin, histamine and 5-hydroxytrypta-

mine) release a transferable factor (endothelium-derived

relaxing factor, EDRF) which is unstable, acts via stimulation

of the soluble guanylate cyclase and is inhibited by haemoglo-

bin and methylene blue (Furchgott et al., 1984).

We at the Wellcome Research Laboratories in Beckenham

became interested in this ephemeral substance in early 1985.

Previous experience of our group in the identification of throm-

boxane synthase and the discovery of prostacyclin (see Moncada,

2005) convinced us that we should use bioassay experiments

in cascades in order to carry out more detailed quantitative

pharmacology and try to elucidate the structure of EDRF. We

therefore decided not to compare the responses of vascular strips

with and without endothelium; instead we proceeded to culture

porcine aortic endothelial cells on microcarrier beads, perfused

them inside a modified chromatography column and used the

effluent to superfuse vascular tissues denuded of endothelium as

a detection system for EDRF (Figure 1).

This combination of cell culture with a bioassay cascade was

a success in that we were able to demonstrate the release of

EDRF from the endothelial cells after stimulation with

bradykinin. This was detected by four rabbit aortic strips,

denuded of endothelium and pre-contracted with U46619 or

phenylephrine. The relaxation of the aortic strips caused by

EDRF was progressively attenuated down the cascade (half-life

o7 s) and was not affected by indomethacin, which prevents the

synthesis of the vasodilator prostacyclin (Gryglewski et al.,

1986a). Using this bioassay method, we went on to make two

significant observations. Firstly, we demonstrated that super-

oxide (O2
�) anions are involved in the inactivation of EDRF

(Gryglewski et al., 1986b). Secondly, we showed that several of

the described inhibitors of EDRF were compounds with redox

properties, which generated O2
� in solution and that this was the

mechanism by which they inhibited EDRF (Moncada et al.,

1986). This latter observation showed that all the assumptions

about the nature of EDRF based on results with pharmacolo-

gical inhibitors with a ‘known’ mechanism of action were most

probably wrong. All those compounds, independent of their

pharmacological classification, shared a property, namely redox

activity, which explained their action as EDRF inhibitors/

blockers. Haemoglobin was the exception to this in that it

proved to inactivate EDRF by binding to it. Our experiments

also led us to suspect that EDRF might be a free radical and

therefore focused the search for its chemical structure.

In 1987, at a symposium in Rochester, Minnesota on

Mechanisms of Vasodilatation, Bob Furchgott proposed that

EDRF might be nitric oxide (NO) (Furchgott, 1988). This*Author for correspondence; E-mail: s.moncada@ucl.ac.uk
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proposal was based on the observations that superoxide

dismutase (SOD, which removes O2
�) protected EDRF from

rapid inactivation and that haemoglobin selectively inhibited

EDRF (Furchgott et al., 1984), as well as on a study of the

transient relaxations of endothelium-denuded rings of rabbit

aorta to ‘acidified’ inorganic nitrite (NO2
�) solutions. Ignarro

et al. (1988) also made a similar suggestion. The proposal

sounded extremely interesting, since NO was not known to be

generated in mammals, let alone to be synthesised for a specific

biological purpose. Back in Beckenham, Richard Palmer located

a commercial source of NO, made an aqueous solution of it and

compared its actions on a bioassay cascade with those produced

by the material that we were releasing from the vascular

endothelial cells in culture. Despite the technical difficulties

related to the low solubility of NO in water, its reactivity with

oxygen and its instability, it was soon apparent to us that EDRF

and NO resembled one another in several pharmacological tests,

including their half-life down the bioassay cascade, stabilisation

by SOD and inhibition by haemoglobin (Palmer et al., 1987).

Although the comparative pharmacology of EDRF and NO

on vascular strips convinced us of the identity of EDRF as

NO, we were interested in measuring NO using methods other

than bioassay. There are several chemical methods for

measuring the breakdown products of NO (NO2
� and nitrate,

NO3
�). However, we wanted to measure NO itself as it was

released from the cells following stimulation. Richard Palmer

identified a potential method, used in both the car and food

industries, based on a specific chemiluminescent signal which is

generated when NO interacts with ozone. Using this technique,

modified to detect very low quantities of NO, we demonstrated

that NO was indeed generated from vascular endothelial cells

when stimulated with bradykinin. Furthermore, the quantities

released were sufficient to account for the actions of EDRF

(Figure 2; Palmer et al., 1987).

Platelet studies were very important in confirming the nature

of EDRF. NO had been known for some years to inhibit

platelet aggregation and in 1986 it was shown that EDRF has

platelet antiaggregating properties (Azuma et al., 1986).

Comparative pharmacological studies between EDRF from

vascular tissues and authentic NO demonstrated the resem-

blance between the two compounds in their actions on platelets

(Figure 3; Radomski et al., 1987). Moreover, the antiaggregat-

ing and the disaggregating effects of both EDRF and authentic

NO were potentiated by subthreshold concentrations of

prostacyclin and vice versa, an effect that could be blocked

by treatment with indomethacin and partially reversed by

treatment with haemoglobin. The antiaggregatory action of

NO, but not of prostacyclin, was potentiated by SOD; thus

NO is a potent inhibitor of platelet aggregation, whose activity

on platelets mimics that of EDRF (Radomski et al., 1987).

Over the following months, we carried out a variety of

experiments to investigate the origin of NO. There were a

number of possibilities, including the suggestion that NO2
� or

NO3
� was reduced enzymically to NO or that ammonia or an

amino acid was the biological precursor. However, the most

interesting possibility was that NO originated from the

Figure 1 Bioassay system used to detect the release of EDRF from endothelial cells. Porcine aortic endothelial cells were grown in
culture on microcarrier beads (approximately 70 mm), which were packed into a modified chromatographic column. Inset shows an
electron micrograph of a bead covered in endothelial cells. The beads were perfused with Krebs buffer at 371C and the perfusate was
allowed to flow over the bioassay tissues (four rabbit aortae denuded of endothelium). The time taken for the superfusate to reach
the first tissue was 1 s and the gap between each subsequent tissue was 3 s. From Gryglewski et al. (1986a), with permission.
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conversion of L-arginine, since activated macrophages had

recently been shown to generate NO2
� and NO3

� from this amino

acid (Hibbs et al., 1987; Iyengar et al., 1987). We surmised that

NO might be an unstable intermediate in the synthesis of the

stable NO2
� and NO3

� from L-arginine. Our early experiments in

which we infused L-arginine over the tissues were unsuccessful;

however, we soon realised that, as the endothelial cells were

cultured in a medium rich in amino acids, they were probably

already saturated by the time we gave additional amounts. We

therefore prepared a culture medium without L-arginine,

cultured the cells in it for 24h before the experiments, put

them in our bioassay system, infused L-arginine, and found that

we could detect NO not only biologically but chemically by

chemiluminescence (Palmer et al., 1988).

We went on to identify the enzyme responsible for the produc-

tion of NO as NO synthase, which is able to generate NO and

L-citrulline from L-arginine, and began to call these biochemical

reactions, the L-arginine :NO pathway (Moncada et al., 1989).

Roles of the L-arginine : NO pathway

By 1987 it had become apparent that the generation of NO was

not only taking place in the vascular wall, but was probably a

widespread mechanism with far-reaching biological signifi-

cance. The work of Hibbs (Hibbs et al., 1987) and Marletta

(Iyengar et al., 1987) pointed to the possibility that NO was

formed in macrophages. In addition, we came across some

earlier work in which a group in Japan had found that brain

homogenates contain a low molecular weight stimulator of the

soluble guanylate cyclase which they later identified as

L-arginine. This work suggested the existence of the L-arginine :

NO pathway in the central nervous system, where we then

identified the NO synthase and determined its dependency on

calcium. This paper was preceded by a publication from John

Garthwaite and his group demonstrating the release of EDRF

from cerebellar cells following activation with N-methyl-D-

aspartate (NMDA; Moncada et al., 1989).

In the late 1980s, NO was identified as the inhibitory

mediator of nonadrenergic, noncholinergic (NANC) neuro-

transmission in peripheral nerves. This ‘nitrergic’ neurotrans-

mission has been demonstrated in the gastrointestinal tract

where it is responsible for NANC-mediated relaxations of the

gastric fundus, in the corpus cavernosum where it brings about

relaxation of this tissue, resulting in penile erection, and in

the trachea and the bladder where it contributes to NANC-

induced relaxation. Thus nitrergic neurotransmission repre-

sents a widespread system of peripheral nerves in the body,

acting alongside the classical adrenergic and cholinergic

systems (Cellek, 1997). Both noradrenergic and cholinergic

responses are ‘controlled’ by the nitrergic system so that the

release of NO (e.g., during electrical field stimulation)

counteracts and dominates the response to the noradrenergic

or cholinergic stimulus (Cellek & Moncada, 1997). The

discovery of nitrergic neurotransmission revealed the mechan-

ism of penile erection in animals and humans and led to

pharmacological and therapeutic intervention (Cellek, 1997).

In this context, we have shown that degeneration of nitrergic

nerves occurs in diabetes while the noradrenergic nerves

remain intact (Figure 4; Cellek et al., 1999). Selective damage

of nitrergic nerves, which seems to be the direct result of the

NO generated interacting with oxygen-derived free radicals

or their products, accounts for the erectile dysfunction and

gastropathy of diabetes. We therefore proposed that other

cells in which NO is generated might be subjected to the same

pathophysiological process and therefore to damage, the

vascular endothelium being a significant target.

There are now three main fields of NO research, namely the

cardiovascular system, the nervous system, and inflammation/

immunology. These are loosely based on three isoforms of the

Figure 2 Detection of exogenous and endogenous NO. (a)
Bioassay. The rabbit aorta was relaxed in a concentration-dependent
manner by EDRF released from the endothelial cells by bradykinin
(BK, TC) and by NO (OT), as in Figure 1. (b) Chemiluminescence.
EDRF was released by bradykinin from a replicate column of the
cells used in the bioassay. The amounts of both EDRF (endogen-
ously-produced NO) and of exogenously-applied authentic NO
which relaxed the bioassay tissue were also detectable by chemilu-
minescence. From Palmer et al. (1987), with permission.

Figure 3 Inhibition of platelet aggregation by EDRF and NO.
Control (C) aggregation of human platelet-rich plasma was induced
by collagen (Coll). Pretreatment for 1min with supernatant from
endothelial cells stimulated with bradykinin at different concentra-
tions (1–10 nM, C.S, left panel) or with authentic NO (right panel)
prevented collagen-induced aggregation in a concentration-depen-
dent manner.
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NO synthase (NOS; EC 1.14. 13.39), which were originally

named after the tissues in which they were first identified. Thus

there are two calcium/calmodulin-dependent, constitutive

isoforms, neuronal NOS (nNOS, NOS I) and endothelial

NOS (eNOS, NOS-III), and a calcium-independent, inducible

NOS (iNOS, NOS-II) which is expressed in macrophages and

other tissues following immunological stimulation (Alderton

et al., 2005). Since each area of research is now so extensive

this review will focus on some of the most significant actions of

NO in the cardiovascular system and their potential relevance.

The identification ofNG-monomethyl-L-arginine (L-NMMA)

as an inhibitor of the synthesis of NO provided the most

Figure 4 Effect of diabetes and L-NAME on nitrergic nerves and erectile function in rats. (A) Immunostaining for nNOS in the
corpus cavernosum of a control rat (a), in an 8-week-diabetic rat (b, note that the nitrergic nerves became very sparse) and in an
8-week-diabetic rat treated with L-NAME (c, note that the structure and number of the nitrergic nerve fibres were preserved during
diabetes). Tyrosine hydroxylase immunostaining in a control rat (d), an 8-week-diabetic rat (e, note that the morphology and
density of noradrenergic nerves were unchanged) and an 8-week-diabetic rat treated with L-NAME (f). Scale bar is 33–43mM. (B)
Typical changes in intracavernous pressure (ICP) in response to stimulation in a control rat (upper trace), a 12 week diabetic rat
(middle trace: note that the increase in ICP could not be maintained during the stimulation period) and a 12 week diabetic rat
treated with L-NAME (lower trace). L-NAME was withdrawn 72 h before the experiments. The vertical scale corresponds to 100 cm
H2O ICP. The horizontal scale corresponds to 2min. From Cellek et al. (1999), with permission.
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important pharmacological tool for investigating the presence

and roles of NO in biological systems. We found that

L-NMMA inhibits both endothelium-dependent relaxation

and the release of NO. We also observed that L-NMMA by itself

produced a dose-dependent and endothelium-dependent con-

traction of rabbit aorta, suggesting the loss of a continuous

NO-dependent relaxing tone (Figure 5a; Rees et al., 1989a).

This led us to studies in the whole animal, in which

we demonstrated that the intravenous administration of

L-NMMA caused an immediate and marked increase in blood

pressure that could be reversed by infusion of L-arginine

(Figure 5b; Rees et al., 1989b). This simple experiment was

arguably one of the most important we ever carried out in

relation to the roles of NO since it turned our understanding of

the mammalian cardiovascular system the right way round.

Prior to our results, it had never been suspected that blood

pressure regulation depended so much on a continuously-

generated local vasodilator tone, the lack of which would lead

to a significant hypertensive response. We went on to suggest

that conductance and not resistance was the main determinant

of blood pressure regulation and that at least some forms of

hypertension could be considered not in terms of an increased

resistance, but of a decreased conductance of the system.

We carried out further experiments demonstrating a

vasoconstrictor effect of L-NMMA in many vascular beds

including the circulation of the human forearm. These

observations were confirmed in a variety of studies in animals

and humans and later extended to models of genetic

manipulation. In these, knocking out the eNOS isoform led

to a hypertensive phenotype and over-expression of eNOS in

endothelial cells reduced the blood pressure (Huang, 2000).

Release of NO is regulated, primarily at a local level, by shear

stress produced by blood passing over the endothelium. This

activates eNOS through the phosphorylation of a specific

tyrosine residue in the enzyme (Fleming & Busse, 2004).

NO, mitochondria and free radicals

The soluble guanylate cyclase has been shown to be the

biochemical target through which NO carries out some of its

physiological functions. In the vascular system, activation

of the enzyme and the subsequent elevation of cyclic GMP

concentration accounts for NO-induced vasodilatation and

inhibition of platelet aggregation, while it contributes to other

effects of NO such as those on vascular smooth muscle and

leucocyte-vessel wall interactions. In 1994, however, an

additional potential target for NO was identified when it was

discovered that NO inhibits the cytochrome c oxidase, the

terminal enzyme in the mitochondrial oxidative phosphoryla-

tion pathway involved in the reduction of oxygen to water

(Moncada & Erusalimsky, 2002). This inhibitory effect was

shown to be reversible, in competition with oxygen, and to

occur at concentrations of NO likely to be present physiolo-

gically. Indeed, the affinity of the cytochrome c oxidase for

NO is greater than that for oxygen, such that at, for example,

30 mM oxygen the IC50 of NO is 30 nM. In vascular endothelial

cells, endogenous concentrations of NO modulate cell respira-

tion in an oxygen-dependent manner. This led to the

suggestion that NO might, on the one hand, modulate cellular

bioenergetics by regulating oxygen consumption and on the

other, decrease electron flux through the electron transport

chain and favour the generation of the superoxide ion, O2
�, by

inhibiting cytochrome c oxidase. It was further suggested that

this mechanism might contribute to cell signalling through the

subsequent formation of hydrogen peroxide (H2O2). Increases

in NO production were also shown to inhibit cellular

respiration irreversibly by selectively inhibiting complex I

through a process dependent on the increased generation of O2
�

and probably peroxynitrite. This might be a way in which cell

pathology may be initiated at a mitochondrial level in some

situations (Moncada & Erusalimsky, 2002).

We have also shown that NO, by regulating mitochondrial

behaviour, plays other intriguing roles related to general

homeostatic and host-defence mechanisms, such as the

initiation of a Ca2þ -related interaction between mitochondria

and endoplasmic reticulum leading to the activation of the

grp78-dependent stress response (Xu et al., 2005) and the

activation of an AMPkinase-dependent glycolytic response

(Almeida et al., 2004). Both mechanisms might be relevant in

the vasculature. Furthermore, we have recently demonstrated

that the inhibitory action of NO on oxygen consumption in the

mitochondria has the further consequence of diverting oxygen

Figure 5 The effect of L-NMMA on vascular tone and blood
pressure. (a) The effect of NG-monomethyl L-arginine (L-NMMA)
and its inactive isomer (D-NMMA) on the basal tone of pre-
contracted rabbit aortic rings, with and without endothelium.
(b) Long-lasting effect of L-NMMA on blood pressure in the
anaesthetised rabbit. The lower part of the trace shows the reversal
of this effect by L-arginine. The heart rate is also shown. From (a)
Rees et al. (1989a); (b) Rees et al. (1989b), with permission.
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away from the mitochondria to other areas of the cell and

probably to surrounding tissues (Hagen et al., 2003). Whether

this is a mechanism utilised to divert oxygen from the vascular

endothelium, which is known to be glycolytic, to the vascu-

lar smooth muscle, which requires oxygen is also unclear at

present. A further finding in this area of research in which we

are revealing links between cell bioenergetics and signalling

mechanisms is the observation that NO plays a role in

mitochondriogenesis (Nisoli et al., 2003), an additional

indication that NO might be involved in the regulation of

the balance between glycolysis and oxidative phosphorylation

in cells. Interestingly, this latter effect is not the result of NO

interacting with the cytochrome c oxidase but, unexpectedly,

with the soluble guanylate cyclase.

NO and pathophysiology

Lack of NO

In addition to its vasodilator and platelet inhibitory actions,

NO was found to inhibit vascular smooth muscle proliferation

and to regulate interactions between leucocytes and the blood

vessel wall. These findings established NO as a homeostatic

regulator in the vasculature, the absence of which plays a role

in a number of conditions and pathological states such as

hypertension and vasospasm (Moncada & Higgs, 2000; Rees

et al., 2000).

The early stages of a number of these conditions share a

specific pathophysiological feature, namely endothelial dys-

function. A widely accepted definition of endothelial dysfunc-

tion is that of a reduction in endothelial NO, which is detected

as a decrease in endothelium-dependent vasodilatation

induced either by appropriate agonists or by flow. Such

endothelial dysfunction has been observed prior to any other

evidence of cardiovascular disease in subjects with a family

history of essential hypertension or other risk factors for

atherosclerosis. It has also been associated with smoking and

in general its presence is predictive of cardiovascular disease.

Decreases in NO formation may result either from reduced

expression of eNOS or from changes in its substrates or

cofactors, such as L-arginine or tetrahydrobiopterin (BH4).

However, the most likely mechanism for endothelial dysfunc-

tion is that of a reduced bioavailability of NO as a result of

its interactions with oxygen-derived species, specifically O2
�.

Inactivation of NO by O2
� contributes to oxidative stress, a

term used to describe various deleterious processes resulting

from an imbalance between excessive formation of reactive

oxygen species (ROS) (and/or the oxidants derived from NO)

and limited antioxidant defences (for review and references see

Moncada, 2005).

The reaction between NO and O2
� leads to the formation of

peroxynitrite. This powerful oxidant species has been impli-

cated in established clinical conditions such as hypercholester-

olaemia, diabetes and coronary artery disease (Greenacre &

Ischiropoulos, 2001). There is also substantial evidence for

increased ROS formation in blood vessels in such disorders,

and treatment with antioxidants enhances endothelium-depen-

dent vasodilatation in both the forearm and the coronary

circulation of individuals with coronary artery disease and

diabetes.

The origin of O2
� in the vasculature has been the subject of

much research. The activation of enzymes such as NADPH

oxidase and xanthine oxidase has been implicated, and there is

considerable evidence showing that the activity and the

expression of these enzymes can be enhanced by pathological

stimuli. Vascular cytochrome P450 enzymes that can generate

O2
� have also been described and their inhibition appears to

improve endothelium-dependent, NO-mediated vasodilatation

in patients with coronary artery disease. Another potential

source of O2
� is what has been described as ‘uncoupled NO

synthase’, a situation in which eNOS can generate O2
� when the

concentrations of either L-arginine or BH4 are low. The

uncoupling of eNOS has been reported to occur in several

pathological conditions such as diabetes, hypercholesterol-

aemia and hypertension (Cai & Harrison, 2000; Moncada, 2005).

Uncoupling of eNOS due to depletion of both L-arginine and

BH4 is not likely to be an early mechanism of O2
� generation,

since the lowering of the substrate or the cofactor to critical

levels probably requires drastic changes in the vasculature.

However, it has recently been suggested that uncoupling of

eNOS may result from more subtle changes in the biochemical

functioning of the enzyme (Lin et al., 2003).

For many years it has been believed that a small percentage

of the oxygen utilised by mitochondria is not completely

reduced to water and escapes as O2
� and, although it is not clear

whether this actually occurs in endothelial cells in vivo at

physiological oxygen concentrations, it is possible that the

redox status of the mitochondrial respiratory chain is a

determinant in the escape of electrons required to generate O2
�

from oxygen. We have recently shown that NO, by favouring

the reduction of the cytochrome c oxidase, facilitates the release

of O2
� from mitochondria. This is subsequently converted into

H2O2 with the resulting signalling consequences (Palacios-

Callender et al., 2004). It is likely that such a mechanism, which

is an extension of the physiological action of NO on the

cytochrome c oxidase, might provide clues to the understanding

of the early origins of oxidative stress in the vasculature.

Protection against decreases in the generation of constitutive

NO in the vasculature may prevent the development of

vascular disease. This may be achieved by the use of

antioxidants and the transfection of eNOS. Each of these

interventions has shown promise in both animal experiments

and in humans. Interestingly, statins have recently been shown

to increase the production of endothelial NO in endothelial cell

cultures and in animals. Mechanisms proposed for this action

include the reduction of oxidative stress by increasing the

synthesis of BH4, increasing the coupling of the eNOS or

reducing the activation of NADPH oxidase (Laufs, 2003).

Early evidence suggested that administration of oestradiol

increased endothelium-dependent relaxation and that aortae

from female rabbits generate more NO than those of males.

This, together with the fact that NO might be increased during

pregnancy, led us to study the effect of oestrogens on NO

synthases. Our results indicated that oestrogens not only

increased the activity of eNOS but also its expression (Weiner

et al., 1994). These results have been confirmed in many

studies; indeed it has been demonstrated that ovariectomy of

rats dramatically reduces both the amount and activity of

eNOS. In addition to an action at the level of eNOS expression

or activity, it has been claimed that oestrogens act by reducing

the generation of O2
� by the vessel wall, leading to a decreased

breakdown of available NO (Khalil, 2005).
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There appears to be a gender difference in the response

to NO, so that agonist-induced NO-dependent dilations

are greater in female than in male animals and the degree

of hypertension is greater in male than female eNOS�/�

mice (Rees et al., 2000). Furthermore, while the vasodilator

response to acetylcholine in large conductance vessels is

completely abolished in eNOS�/� mice and can be restored

by gene transfer of eNOS in vitro, the response in resistance

vascular beds is maintained in the knockout animals, in the

mesenteric (Rees et al., 2000) and other vascular beds. This

‘remaining’ vasodilator response has been extensively investi-

gated and variously attributed to, among others, prostaglan-

dins or the elusive endothelium-derived hyperpolarising factor.

Recent studies on a double knockout mouse (eNOS�/� and

cyclooxygenase-1�/�), unable to generate either NO or prosta-

cyclin, show that in these animals there is indeed a compensa-

tory vasodilator mechanism, especially in female animals

(Scotland et al., 2005), which still requires identification.

Excess of NO

Inflammatory stimuli such as endotoxin lipopolysaccharide

and cytokines induce iNOS in many cells and tissues.

Induction of this enzyme, which was identified originally in

macrophages and contributes to the cytotoxic actions of these

cells, is inhibited by anti-inflammatory glucocorticoids. The

NO produced by iNOS in the vasculature is involved in the

profound vasodilatation of septic shock (Moncada & Higgs,

2000). Endotoxin also induces iNOS in the myocardium

(Figure 6; Schulz et al., 1992) where, as in the vasculature, it

is responsible for dysfunction and damage. It has become

apparent in the last few years that inhibition of mitochondrial

respiration is an important component of the NO-induced

tissue damage. This inhibition of respiration, which is initially

NO-dependent and reversible, becomes persistent with time as

a result of oxidative stress (Moncada & Erusalimsky, 2002).

This observation has indicated that the inability of the tissues

to utilise available oxygen is probably the cornerstone of the

pathophysiological events in sepsis. This defect, which we have

called metabolic hypoxia, might not be exclusive to septic

shock but could also contribute to other inflammatory and

degenerative conditions (Moncada & Erusalimsky, 2002).

An inhibitor of NOS, L-NMMA, reversed the hypotension

and the hyporeactivity to vasoconstriction characteristic of

endotoxin shock in animal models. This led to the testing of

this compound in a clinical trial in septic shock (Lopez et al.,

2004). However, the results of this were disappointing and

mortality was actually slightly increased in the treatment group.

The reasons for this are not clear, but it is possible that, as

L-NMMA is a nonselective inhibitor of NO synthase, inhibition

of both eNOS and iNOS might be deleterious. Selective

inhibitors of iNOS may prove beneficial for the treatment of

the hypotension of shock or cytokine therapy and may also

provide a new approach to antiinflammatory therapy. Two

such compounds, GW273629 and GW274150, have recently

been described as having a high selectivity in vivo in mice, with

low potency against nNOS in the rat cerebellum and no effect

on blood pressure in the whole animal (Table 1; Alderton

et al., 2005). These two compounds are currently in clinical

development for inflammatory conditions, such as asthma.

Figure 6 Time course of activation of left ventricular NO synthase
and changes in plasma NOx

� (NO2
� plus NO3

�) concentration after
i.p. injection of endotoxin (LPS) or pyrogen-free saline in rats.
(a) Ca2þ -dependent (*) and Ca2þ -independent (K) NO synthase
activity in the left ventricular wall after treatment with LPS. C
represents control values 6 h after injection of pyrogen-free saline.
(b) Level of NOx

� in plasma at time rats were killed after treatment
with LPS. C Represents control values 6 h after injection of pyrogen-
free saline. Reprinted from Schulz et al. (1992), with permission.

Table 1 Comparison of IC50 values for inhibition of recombinant human NO synthase isoforms by GW274150,
GW273629 and L-NMMA measured over 15min after a 15min preincubation, in the presence of 30 mM L-arginine

Compound Structure IC50 (mM7s.e.m.) against human NOS isoforms (fold selectivity for iNOS)
iNOS eNOS nNOS

GW274150 2.1970.23 544761 (248) 177744 (81)

GW273629 9.0370.85 41000 (4110) 7197179 (80)

L-NMMA 6.6170.37 3.5170.46 (0.53) 4.8870.42 (0.73)

From Alderton et al. (2005), with permission.

S. Moncada & E.A. Higgs The discovery of nitric oxide and its role in vascular biology S199

British Journal of Pharmacology vol 147 (S1)



The inducible isoform, iNOS, is induced in macrophages

and smooth muscle cells of atherosclerotic vessels in animals

and in humans. In advanced atherosclerotic plaques from

human blood vessels, iNOS was found to colocalise with

nitrotyrosine, a marker for peroxynitrite-induced damage. The

oxidation of low-density lipoprotein (LDL) is thought to be

a key factor in the formation of atherosclerotic lesions and it

has been shown that peroxynitrite can modify LDL to a

potentially atherogenic form (Moncada & Higgs, 2000). Thus,

while the low concentrations of NO generated by eNOS

protect against atherosclerosis by promoting vasodilatation,

inhibiting leucocyte and platelet adhesion and/or aggregation

and smooth muscle cell proliferation, higher concentrations of

NO generated by iNOS promote atherosclerosis either directly

or via the formation of NO adducts, such as peroxynitrite.

Such a paradox in the action of NO was apparent from our

experiments some years ago in which we found that the acute

vascular injury in the ileum and colon following administra-

tion of lipopolysaccharide is aggravated by early treatment

with a NO synthase inhibitor, whereas delayed administration

of such a compound provides protection against the damage to

the intestinal vasculature (Laszlo et al., 1994). A prominent

example of this comes from experiments in Apo-E mutant mice

in which the concomitant knocking out of eNOS leads to an

increase in atherosclerosis, while the knocking out of iNOS

reduces atherosclerosis (for references see Moncada, 2005).

Conclusion

The discovery of the L-arginine: NO pathway has had a major

impact in many areas of research, notably vascular biology.

Although much has been learned about the pathway and its

interactions, there is still a great deal of work to do before

some of this knowledge can be translated into clinical

medicine. There are many exciting possibilities and avenues

of research and a great deal of benefit to be gained. We look

forward to writing about these for the volume to be produced

celebrating the 100th anniversary of the British Pharmaco-

logical Society!
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