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We have recently demonstrated that nitric oxide 
(NO). which accounts for the biological activities 
of endothelium-derived relaxing factor (EDRF), is 
synthetized by the vascular endothelium from the 
amino acid L-arginine. This and other evidence, 
emerging from unrelated fields of research, is reveal- 
ing the existence of a biochemical pathway for the 
formation of NO, the main function of which is the 
stimulation of the soluble guanylate cyclase. 

The information available is sufficiently strong to 
warrant the conclusion that this pathway is a wide- 
spread system for the regulation of cell function and 
communication. This system underlies a variety of 
biological actions which include endothelium-depen- 
dent relaxation, cytotoxicity of phagocytic cells, and 
cell-to-cell communication in the central nervous 
system. The biological significance of this pathway 
will be discussed in this commentary. 

The vascular endothelium 

Endothelium-derived relaxing factor [l] is a labile 
humoral substance which relaxes vascular smooth 
muscle and inhibits platelet aggregation and 
adhesion via stimulation of the soluble guanylate 
cyclase. The chemical nature of EDRF has now been 
identified as NO. The pharmacological properties of 
EDRF and NO are identical (for review see Ref. 2). 
including their ability to elevate cGMP levels in 
vascular tissue [3]. Furthermore, NO is released from 
vascular endothehal cells in culture [4,5] and from 
vascular preparations [3,6-g] in amounts sufficient 
to explain the biological actions of EDRF. 

Porcine vascular endothelial cells in culture syn- 
thetize NO from the terminal guanido nitrogen 
atom(s) of L-arginine [IO]. This reaction, which has 
also been reported by others [ll], is specific, since a 
number of analogues of L-arginine, including its D- 
enantiomer, are not substrates. In addition, one 
analogue, L-w-monomethyl arginine (L-NMMA), 
inhibits this synthesis in a dose-dependent and ena- 
ntiomerically-specific manner [ 121, The co-product 
of this reaction is L-citrulhne, for its synthesis from 
L-arginine,by vascular endothehal cell homogenates 
is also inhibtted by L-NMMA [13]. 

Several lines of evidence indicate that L-arginine 

* Correspondence: Dr Salvador Moncada, The Well- 
come Research Laboratories, Langley Court, Beckenham, 
Kent. England BR3 3BS. 

is the physiological precursor for the formation of 
NO in vascular tissue and that NO is involved in the 
control of vascular tone. In rabbit aortic rings. L- 
NMMA induces a small but significant endothelium- 
dependent contraction and inhibits the relaxation 
and the release of NO induced by acetylcholine 
(ACh). L-Arginine, which on its own only induces a 
small endothelium-dependent relaxation, antag- 
onizes all the actions of L-NMMA (141. Similar 
results have been obtained by Sakuma et al. 1151 in 
guinea pig pulmonary artery rings and by ourselves 
(161 in the coronary circulation of the rabbit heart in 
vitro. 

More significantly, in the anesthetized rabbit L- 
NMMA induces a dose-dependent long-lasting 
increase in mean arterial blood pressure and inhibits 
the hypotensive action of ACh without affecting that 
of the endothelium-independent vasodilator, gly- 
ceryltrinitrate. These effects of L-NMMA are revers- 
ible by L-arginine (Fig. 1; [17]). 

These results clearly indicate that there is. in the 
vascuiature, a continuous utilization of L-arginine 
for the generation of NO which plays a role in the 
maintenance of blood pressure. This release of NO 
can be enhanced further by endothelium-dependent 
vasodilators. Furthermore, the marked rise in blood 
pressure obtained after inhibition of NO synthesis 
confirms the proposal that NO is the endogenous 
nitrovasodilator (for review see Ref. 18) and suggests 
that a reduction in the synthesis of NO may con- 
tribute to the genesis of hypertension. 

The release of NO by the vascular endothelium 
may also play other important regulatory. roles in the 
cardiovascular system. To date there IS only one 
report that endogenous NO inhibits platelet function 
in vivo [ 19) although it is a potent inhibitor of platelet 
function in vitro (for review see Ref. 18). Endogen- 
ous NO has also been implicated in the modulation 
of mesangial cell contractility [20] and control of the 
release of renin [Zl]. Whether NO also modulates 
vascular smooth muscle cell replication or regulates 
enzymes involved in the metabolism of cholesterol 
requires investigation. 

The macrophage 

The association between nitrosamines and cancer 
and the possibility that nitrosamines are formed from 
NOT by gut microorganisms led to the study of 
NOT metabolism in humans. The excess NO.7 
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Fig. 1. (A) Effect of ~“N~fMA (lO#m~ kg-“, adm~~j~tered as a IS-set infusion i.v.f on btoocl pressure 
{B.P.) and heart rate (H.R.) in the anesthetized rabbit, (S) Reversal of the effect of L-NMMA 
(100 mg kg-‘, 15set ~~~s~~n~ i.v.) on bioad pressure and heart rate by L-ar@ine (300 mg kg-l, E-see 

~~f~si~~~ i.v.), Data were taken, with ~rm~ssio~ from Ref. 17. 

excreted by mammals on l5w NO, diets7 which was 
&xl believed to be a product of intestinal microbiaf 
rn~t~b~~isrn, was later demonstrated, in germ-free 
aninxab, to be mammalian in origin [XI?]. A marked 
increase in urinary NO_t excretion was also observed 
in buman subjects with diarrhea [23& ~~b~~quen~y, 
it was demonstrated that treatment of rats with E.sc& 
crichia cc& l~popo~ysa~char~d~ (LPS), turpentine or 
carrageenin ted to an increase in the urinary output 
of NO,-, sugg~stjng that this was a consequerice of 
activation of the reti~u~o-endotheIia~ system (241. 

Later work showed that blood Ievels and urinary 
excretion of NO; increased after exposure to LPS 
in LPS-sensitive mice fB] and that activated mouse 
per~to~~a~ ma~rophages show ~n~~as~d NO; and 
NO_: production in U&-Q [25]. Moreover, Ii-arginine 
is essential for the fo~ation of NO: and NO; which 
occurs after activation of the macro~ba~~ cell line 
RAW 264.7 with LPS and y-interferon [26]. The 
NO? andNO~ formed are derived from tile terminat 
guanido nitrogen atom(s) of l_-arginine. This reac- 
tion, which is independent of the respiratory burst, 
results in the formation of I~-~~trLlll~ne as a co-product 
1261. 

An ~-argin~ne-dependent pathway, distinct from 
arginase f27], has been shown to be responsible for 
the cytotoxic activities of ma~rophag~s f28J. These 

cytoroxie zw&~ities, which in&de ~~h~b~t~on of mito- 
cbondrial respiration, aconitase activity and DNA 
synthesis, are thought to be mediated by inhibition 
of iron-contajnin~ enzymes in target cells. These 
activities, as well as the generation of NO; and 
MO,, are jnhjb~t~~ by &NMMA [28]. Tumor necro- 

sis factor increases macrophage NO; ~~du~t~on in 
response to y-interferon, and this effect is also 
inhibited by L-NMMA 1291. interestingly, the for- 
mation of NO; and NO7 from ~-ar~n~ne seems ta 
occur in viable macrophages, whereas Iysis or exten- 
sive damage to the macrophages is required for argi- 
nase to be expressed [Xlj. 

Although the generation of NO* by these c&s has 
not yet been derno~s~~at~d~ it is Iikefy that NO: and 
NO$ synthesis proceeds via the formation of NQ, 
The functions of this NO generation, other than as 
a cytotoxicity rn~~h~~ism, are not known; however, 
it is possible that NO may regulate cFMP levels in 
eeigs with which the macrophage comes in contact, 
Furthermore, it is also possible that the generation 
of NO may alter the intracellular environment of the 
ma~ropb~ge by the induction of specific changes in 

* Since this manuscript was submitted the ge~~~at~~~ af 
NO by m~cr~phages has been shown by three groups [31- 
331. 
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metabolism which facilitate its microbiostat~c activity 
1341. Whether this is subsequent to the elevation of 
cGMP or is an independent mechanism requires 
investigation. 

The release of an NO-like material has also been 
detected from peritoneal neutrophils [3S], which are 
themselves inhibited from aggregating by NO [36]. 
Since NO exerts powerful b~ol~~~~al effects in dif- 
ferent tissues and is generated by vascular tissue and 
by inflammatory cells, it is likely that the formation 
of NO from t-a&nine is involved in the genesis and 
development of the signs and symptoms of inflam- 
mation, 

A~et~l~holine and other mus~~riniG agents elevate 
cGMP levels in the brain. However, they fail to 
stimulate soluble guanylate cyclase in ceil-free sys- 
tems, suggesting that these agents release a factor 
that in turn activates the enzyme. 

In 1977, the soluble fraction of brain synaptosomes 
was shown to contain a low molecule weight acti- 
vating factor of the soluble ~uanylate cyclase. This 
factor was different from all previausly known acti- 
vators of this enzyme and its action was prevented 
by hemoglobin [37]. Since the effects of the activator 
and of nitroso compounds were not additive and 
both were inhibited by ~-methylhydroxylamine and 
hydroxylamine, it was speculated that this activator 
may be related to the nitrosamines or may be acting 
at the same allosteric site j38f. Subs~qn~ntly, the 
endo~enous activator was identified as i-a&nine 
i-791 and, independently, NO was shown to stimulate 
the soiubfe guanyIate cyclase in homogenates of 
mouse cerebral cortex [4O]. 

In view of this, we investigated whether the brain 
contains the enzyme whi5h transforms L-arginine 
into NO. These studies showed that in rat brain 
synaptosomal homogenates L.-arginine was con- 
verted to L-citruiIine with a concomitant synthesis 
of NO which increases cGMP (Knowles, Palacios, 
Palmer and Honcada, submitted for publication). 
Both of these processes were inhibited by L-NMMA, 
indicating that the enzyme system involved is similar 
to that in the endothelial cell and in the ma~rophage 
[l&13,28,29]. 

While this work was in progress, Garthwaite trt at. 
[41] reported that ~-methyI-~“~spartate (NMDA), 
an excitatory amino acid known to elevate &MY 
levels in the brain, induces the release of an EDRF- 
iike material from rat cerebellar cells. This factor is 
unstable, and its stability is enhanced by superoxide 
dismutase. Furthermore, it relaxes vascular smooth 
muscle, and this effect is inhibited by hemoglobin. 
The release of this factor, which is Caz+-de~ndent, 
accounts for the elevation in cGMP levels that fol- 
lows NMDA receptor activation. 

Although the soluble guanylate cyclnse is present 
in the central nervous system, it is not uniformly 
distributed throughout the brain and its role is yet 
to be understood. Cholinergic and adrenergic trans- 
mission, excitatory amino acids, some other amines, 
depolarizing agents, and peptides have been shown 
to elevate cGMP (for review see Ref. 42). It is 
possible that in many of these cases receptor- 
mediated activation of the formation of NO from L- 

arginine leads to stimulation of the soluble guanylate 
cyclase. The biologi~l consequences of stimulating 
the soluble guanylate cyclase in different parts of the 
brain are yet to be eiucidated. As far as excitatory 
amino acids are concerned, it is possible that not 
only their normal biological functions but also their 
convulsant and their “excitotoxic” actions are 
mediated through this mechanism, since the last two 
could be a consequence of Ca2+ overload [4J, 441 
which may result from overstimutation of the cGMP 
system. 
C~~~~~~e~~~i~~ of&e t-arginine:NO-formi enzyme 
system 

Present evidence indicates that in all the tissues 
investigated thus far L-arginine is enzymically con- 
verted into NO with the concomitant formation of 
L-citrulline (Table 1). 

The tissues from which most information is cur- 
rently available are the vascular endothelium, the 
macrophage and the central nervous system. In other 
tissues, the evidence, although less complete, also 
points to the existence of the L-arginine:NG path- 
way. The formation of NO has been demonstrated 
recently in neutrophits [35], and we have found that 
this formation is inhibited by L-NMMA, a process 
that can be reversed by L-arginine f47]. Furthermore, 
EMT-B adenncar~nom~ cells, activated with super- 
natant fraction from ma~rophages in culture, gen- 
erate L-~itrulline, NO; and NO; from r_-arginine 
[46]. Whether or not the recently described for- 
mation of L-citrulline from L-arginine in murine hem- 
atopoietie cells also occurs via this pathway has not 
been established [49]. It has recently been &own 
that Rupffer cells decrease hepatocyte protein syn- 
thesis via an arginine-dependent mechanism [SO]. 
The fo~ation of NO by mouse Iiver has already 
been demonstrated 1513, suggesting that the L-arg- 
inine:NO-forming enzyme may also occur in this 
tissue. 

The simitarities between the systems from dif- 
ferent sources are remarkable when analyzed in 
terms of substrate specificity, products and cofactor 
requirements {Table 1). The enzymes in the vascuiar 
endothelium, the macrophage and the central ner- 
vous system are soluble, NAIAD-dependent, 
require a divalent cation and are inhibited by L- 
NMMA fJ3,28, Knowles, Palacios, Pafmer and 
Moncada, submitted for publication]. At present it 
is not possible to tell whether they are the same 
enzyme or a system of isoenzymes. The latter alterna- 
tive is more likely since the enzymes from the dif- 
ferent cells show smaii variations in their substrate 
specificity and in their susceptibility to inhibition by 
L-arginine analogues. 

The exact mechanism whereby the terminal guan- 
ido nitrogen atom(s) of L-arginine is liberated and 
subsequently oxidized to NO is not known, In the 
macrophage, an r.-arginine deiminase that liberates 
ammonia, which is then oxidized to NO, and 
NO;, has been postulated fS2]. So far the term 
deiminase is being used for a reaction in which the 
imino nitrogen is removed, without a rigorous identi- 
fication af the enzyme [30,521. However, deiminases 
have only been clearly identified in bacteria l.533, 
and other mec~~anisms such as N-oxidation may be 
involved [31]+ Furthermore, the NADFH-depen- 
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Table I. Substrate/inb~bitor profile for the enzymes involved in the t-arginine:NO pathway 

CNS EMT-6 PMN 
VU,*1 WI 1471 

Substrate 
L-Arginine + 
D-Arginine 0 
L-Homoarginine 0 
a-Amino y-guanidobutyric acid 0 
L-Citrulline 0 
L-Arg-Asp 0 
t-Arg-methyl ester 0 
Benzoyf L-arginine 

ethyt ester? 0 
Inhibitor 

L-NMMA + 
D-NMMA 0 
5Canavanixxe 0 
Formarn~~~ea~~~ate 0 

Products 
L-Citrulline ND 
NO 
NOT/NO; i&I 

Cofactor 
NADPH ND 

+ 
0 
+ 
0 
0 

IGil 
0 

f 

ii 
0 

i&3 
ND 

+ 

4” 
0 

l& 
0 + 
4 

ND 

f 
ND 

& 
c 
c 
+ 

+ + + 
0 0 0 
+ ND 
0 ND N*D 
0 0 0 
+ ND + 
+ ND 0 

0 ND ND 

+ ND + 
0 ND 0 
D ND 
0 ND & 

•t 
l&3 

ND 

+,;D + IGD 

+ ND ND 

Data obtained from references In brackets or from our unpublished observations. 
Abbreviations: EC, endoth&iaX cell; EH, endothelial homogenate; MO, macrophage; CNS, central nervous 

system; EMT-b, murine aden~Gar~noma cells; and PMN, po~ymorphonu~lear leukocytes. Key: (+) active; 
(0) inactive; ND, not done. 

* Knowles, Paiacios, Falner and Moncada, subm~~ed for publication. 
-t Since benzoyl L-arginine ethyl ester, whick r&xtx rat aortic rings [48f, is not a substrate far the 

formation of NO from *-arginine, it is unlikely that peptidy ar@nine deiminase is involved in this pathway. 

dence of the enzymes suggests a redax mechanism. 
Additional work will be required to clarify this pro- 
cess. 

The release of EDRF is known to be dependent 
on extracellular calcium [54]. The way in which this 
dependence relates to the mechanism of activation 
of the enzyme(s) involved in the generation of NO 
from L-arginine requires elucidation. If this process 
involves two steps which are receptor activated, it 
will also be interesting to study the relat~o~~ip 
between this and othercalci~m~d~p~ndent pathways. 

The precise ~ir~umstan~~ and the way in which 
the L-arginine:NO pathway is activated also remain 
to be established. A basal and a stimulated release 
of EDRF/NO have been demonstrated in vascular 
endothelial cells in uitro [55, St;] and in the coronary 
circulation of the isolated heart [9]. The basal release 
exhibited by these preparations could simply be the 
consequence of the in oitro situation. However, our 
experiments in the whole animal f17] indicate the 
presence of a basal release of NO in vr‘uo. Whether 
this is due to the action of ~ndog~nous endothelium- 
dependent vas~ilators or to h~rnod~ami~ factors, 
including the pumping of the heart, needs to be 
investigated. The possibility that other cells also 
exhibit a basal and a stimulated release of NO should 
also be studied. 

It is also necessary to investigate the source of L- 
arginine for the formation of NO, the precise steps 
involved in this formation, and the. fate of NO once 
it has exerted its biological function. In addition, 
the importance of this pathway in relation to the 

utilization of L-arginine in the urea cycle or for 
protein synthesis remains to be studied. 

Other roles for the t-arginine:NO pathway? 

The pathways of nitrogen metabolism, ~~~l~di~~ 
the urea cycle and amino acid metabolism, have been 
studied extensively for many years. It is therefore 
surprising that the formation of NO from t-arginine 
in m~malian tissues and the potential biological 
significance of this process have not been revealed 
before. 

L-Ar~~i~~~ can either be obtained from the diet or 
can be synthetized from t-glutamate in reactions 
involving the urea cycle. Because of this, dietary L- 
arginine is not indispensable for the survival of most 
adult mammals; however, it is required for maximum 
growth in young animals and for normal repair fol- 
lowing injury (for review see Ref. 57). When inves- 
tigating the existence and role of NO formation in 
different orgaxs, it wit1 be necessary to take into 
account that L-arginine, besides being the precursor 
of this pathway, is also a constituent of proteins, 
participates in amino acid metabolism, and is 
required for the biosynthesis of polyamines. 

There are, however, a number of other bioio~i~~l 
actions of L-arginine which may be mediated by 
the ~-ar~ini~~:NO pathway. Administration of L- 
arginine induces the release of growth hormone {58], 
prolactin [ti”>], insulin [60] and glucagon [hl] in a 
number of species both in vitro and in oiurr. L.- 
Arginine also stimulates the release of pancreatic 
somatostatin [62], pancreatic polypeptide 1631, 
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Fig. 2. A schematic diagram of the L-arginine:NO pathway. A question mark f?) indicates areas requiring 
clarification. 

adrenal catecholamines [64] and vasopressin [65]. 
There is circumstantial evidence to suggest that at 
least one of these actions of L-arginine may be 
mediated via the formation of NO, since rats starved 
for 48 hr show signifieantty reduced insulin release 
in response to glucose and also have lowered 
endogenous levels of cGMP. Furthermore, ana- 
logues of cGMP potentiate the insulin response to 
glucose in pancreatic islets from starved rats, but not 
in those from fed rats (661. Interestingly, insu- 
linopenia and a failure to release insulin in response 
to glucose have been observed in L-arginine-de~~ient 
rats 1671, suggesting that endogenous t-arginine may 
be involved in the release of insulin induced by 
glucose. 

I.-Arginine increases skin allograft rejection [68] 
and tumor regression [69) and decreases tumor recur- 
rence in animals [30]. These actions could be a rest& 
of the enhancement of NQ generation by macro- 
phages or may be due to the thymotropic effect of 
L-arginine, the mechanism of which is still unknown 
(for review see Ref. 57). 

Finally, supplementation of protein diets with L- 
arginine is known to decrease cholesterol levels and 
atherogenesis in animals and humans [X,72]. 
Whether this is due to stimulation of NO-dependent 
pathways or to other actions of t-arginine remains 
to be investigated. 

General conclusions 

The existing evidence allows us to postulate that 
the L-arginine:NU pathway is a widespread transduc- 
tion mechanism for activation of the soluble guan- 
yiate cyclase, leading to a variety of functions in 
different cells (see Fig. 2). It is also possible that NO 
performs other functions which are unrelated to the 
activation of this enzyme. Nitric oxide is a potent 
nitrosating agent and this could explain some of its 
biological actions. However, since NO is thought to 
activate soluble guanylate cyclase through an inter- 
action with the iron atom in the heme of the enzyme 
and this is also the way in which NO interacts with 
hemoglobin and aconitase, it is tempting to speculate 
that all the actions of NO are mediated through an 
interaction with transition metals. 

Although all the work described in this review 
relates to mammalian cells, endothelium-dependent 
relaxation has been demonstrated in reptiles f73] and 
the soluble guanylate cyclase is present in squid 
giant axons [74], suggesting that the ~.-~ginine:NO 
pathway may be of an early evolutionary origin. 

The precise distribution of the t-arginine:NO 
pathway in the body remains to be studied and for 
this a systematic investigation of the biological 
actions of L-arginine and the correlation between 
this and the distribution of the soluble guanylate 
cyctase in tissues will be useful. Since L-NMMA is a 
specific inhibitor of this pathway in vitro and in uiuo, 
there is also scope for investigating the biological 
consequences of removing NO generation. 

What is already evident is that the occurrence 
of the t-arginine:NO pathway indicates a general 
regulatory function which, if altered, could con- 
tribute to the genesis of a wide variety of diseases, 
Furthermore, it is likely that selective pharma- 
cological manipulation of this pathway may represent 
a novel approach to the prevention or treatment of 
some pathophysiological entities. 

~ck~o~~~~~~m~#~~-We wish to thank Mrs G. Henderson 
for her assistance in the preparation of this manuscript. 
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