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Review

Endothelium-Derived Nitric Oxide: Pharmacology and
Relationship to the Actions of Organic Nitrate Esters

Louis J. Ignarro’

Vascular smooth muscle relaxation elicited by various endogenous substances results from their
interaction with vascular endothelial cells to trigger the formation of endothelium-derived relaxing
factor (EDRF). EDRF from pulmonary and peripheral arteries and veins and from cultured and freshly
harvested aortic endothelial cells has been identified pharmacologically and chemically as nitric oxide
(NO) or a labile nitroso compound. Endothelium-derived NO (EDNO) and authentic NO activate the
cytoplasmic form of guanylate cyclase by heme-dependent mechanisms and thereby stimulate intra-
cellular cyclic GMP accumulation in cells including vascular smooth muscle and platelets. Cyclic GMP
functions as a second messenger to cause vascular smooth muscle relaxation and inhibition of platelet
aggregation and adhesion to vascular endothelial surfaces. EDNO is synthesized from L-arginine and
perhaps arginine-containing peptides by an unidentified calcium-requiring process coupled to the
occupation of extracellular endothelial receptors. The biological actions of EDNO are terminated by
spontaneous oxidation to NO,~ and NO, ~. The biological half-life of the very lipophilic EDNO is only
3-5 sec and this allows EDNO to function locally as an autacoid. Nitroglycerin and other organic
nitrate esters elicit endothelium-independent relaxation after entering vascular smooth muscle cells
and undergoing denitration and formation of NO. The pharmacological actions of nitroglycerin are
therefore essentially the same as those of EDNO, and the endogenous NO receptor is the heme group
bound to soluble guanylate cyclase. EDNO may serve a biological role to modulate local blood flow
and platelet function.
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INTRODUCTION

Vasodilation or vascular smooth muscle relaxation in
vitro in response to acetylcholine and related agents has
been appreciated since the turn of the century. Neverthe-
less, many pharmacologists and physiologists had recog-
nized and come to accept the perplexing observation that
acetylcholine elicits contractile responses in vitro on isolated
preparations of artery or vein. The reason for this difference
in behavior remained an enigma until 1980 when careful ex-
perimentation revealed that acetylcholine could relax arte-
rial preparations that had been prepared without damaging
the endothelial cell layer that lines the intimal surface of all
blood vessels (1). Further studies revealed that acetylcho-
line, bradykinin, other endogenous vasodilators, and the cal-
cium ionophore A23187 contracted endothelium-denuded
but relaxed endothelium-intact arterial preparations (see
Ref. 2 for a review). The hypothesis was forwarded that
endothelium-dependent relaxants interact with vascular en-
dothelial cells to trigger the generation or release of a relax-
ing factor (1), later termed endothelium-derived relaxing fac-
tor or EDREF (3). Several years later EDRF was reported to
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inhibit the aggregation of platelets (4). Thus, it became clear
that EDRF possessed at least two distinct and important
biological actions.

Prior to the discovery of EDRF, nitric oxide (NO) was
reported to elicit a marked but transient relaxation of coro-
nary arterial smooth muscle (5), and shortly thereafter NO
was shown to inhibit platelet aggregation and to cause dis-
aggregation of platelets (6). Those studies with NO gas were
initiated as a result of earlier experiments revealing that NO
as well as nitrogen oxide-containing vasodilators (nitrova-
sodilators) activated cytoplasmic guanylate cyclase and
stimulated tissue cyclic GMP accumulation (7-11). Thus, it
was clear by 1981 that NO produced at least two distinct
pharmacological actions.

The early to mid 1980s witnessed studies that revealed a
close similarity in the pharmacological actions of EDRF,
authentic NO, and certain nitrovasodilators (see Ref. 12 for
a review). These observations led to the proposal in 1986
that EDRF may actually be NO (13,14). This proposal was
soon followed by the acquisition of pharmacological and
chemical evidence that EDRF is NO or a labile nitroso com-
pound that spontaneously generates NO (15-17). Evidence
now exists for the endogenous formation of NO not only by
mammalian vascular endothelial cells (18) but also by cyto-
toxic activated murine macrophages (19) and possibly acti-
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vated neutrophils (20). The discovery that EDRF is NO or a
closely related molecule provides a better understanding and
appreciation of the long-standing pharmacological and clin-
ical actions of nitroglycerin, other organic nitrate esters, or-
ganic nitrite esters, and nitroprusside. This Review ad-
dresses the pharmacological and biochemical properties, and
mechanisms of action of EDRF and NO, our current knowl-
edge on the biosynthesis, release, and metabolism of endo-
thelium-derived NO (EDNO), and the physiological signifi-
cance of EDNO and its relationship to the clinical actions of
nitrovasodilators.

PHARMACOLOGICAL PROPERTIES OF EDRF

The existence of EDRF was first revealed in experi-
ments where acetylcholine caused endothelium-dependent
relaxation of precontracted strips of rabbit aorta, and this
was antagonized by atropine but not by indomethacin or
aspirin, and was diminished by potassium, quinacrine, eico-
satetraynoic acid, and anoxic conditions (1). On the basis of
a tissue sandwich technique, the authors proposed that ace-
tylcholine stimulates the release of a relaxing factor from the
vascular endothelium. Chemically diverse endogenous and
other substances have been shown to cause endothelium-
dependent relaxation by mechanisms involving EDRF (see
Refs. 2 and 21 for reviews). The unequivocal release of
EDRF from vascular tissue was first demonstrated by bio-
assay (22,23). It is now appreciated that EDRF can be re-
leased from the endothelium of intact artery or vein and from
freshly harvested or cultured vascular endothelial cells. Bio-
assay techniques have been instrumental in evaluating the
pharmacological properties of EDRF (see Ref. 12 for a
review). One such bioassay technique is schematically illus-
trated in Fig. 1. A wide variety of naturally occurring sub-
stances interacts selectively with receptors on the endothe-
lial cell surface that are coupled to intracellular processes
associated with EDRF generation and/or release. Calcium
and ATP-derived energy sources are required for EDRF for-
mation, whereas magnesium is a competitive inhibitor of the
actions of calcium (24,25).

EDRF activates cytoplasmic guanylate cyclase (26,27)
by heme-dependent mechanisms (17), and this accounts for
the capacity of EDRF to stimulate cyclic GMP accumulation
in artery and vein (see Ref. 28 for a review). The biological
actions of EDRF and thus of many endothelium-dependent
vasodilators are antagonized by substances that inhibit gua-
nylate cyclase activity (methylene blue; 29), bind or seques-
ter EDRF (hemoglobin; 30), accelerate the inactivation of
EDRF (catecholamines, superoxide anion, antioxidants;
22, 31-33), and inhibit the synthesis of EDRF from arginine
or arginine-containing peptides (34-36). Endothelium-
dependent relaxation can also be at least partially attenuated
by substances that interfere with phospholipid or arachi-
donic acid metabolism and monooxygenase activity, includ-
ing quinacrine, nordihydroguaiaretic acid, eicosatetraynoic
acid, SKF-525A, gossypol, and related agents (see Ref. 37
for a review). The latter observations suggest that phospho-
lipid metabolism and/or monooxygenase enzymes are in-
volved in the biosynthesis of EDNO from arginine or argi-
nine-containing peptides.

The chemical and pharmacological properties of EDRF
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Fig. 1. Schematic of a bioassay cascade apparatus employed to
study EDRF and other vasoactive factors. Krebs-bicarbonate
buffer is perfused through a segment of artery or vein or a column of
microcarrier beads on which endothelial cells have been grown. The
perfusate is directed over three helical strips of precontracted en-
dothelium-denuded artery or vein separated by about 3 sec in flow
time. Changes in smooth muscle tone are monitored by transducers
and recorded. EDREF release is monitored by ensuing decremental
relaxant responses down the cascade of strips (sce inset), attributed
to the short half-life of EDRF. (Reproduced with permission from
Ref. 80.)

from perfused artery or vein and from freshly harvested or
cultured vascular endothelial cells are indistinguishable as
assessed by bioassay (see Ref. 12 for a review). Thus, one
common EDREF is likely to be responsible for the vascular
smooth muscle relaxation observed. This EDRF is very un-
stable (¢, = 3-5 sec), is further inactivated by superoxide
anion, is protected from rapid inactivation by SOD or low
oxygen tension, activates soluble guanylate cyclase by
heme-dependent mechanisms, elevates smooth muscle lev-
els of cyclic GMP, and relaxes both vascular and nonvascu-
lar smooth muscle, and its biological actions are antagonized
by methylene blue and hemoglobin. Another similarity
among EDRFs from several species is the property of inhi-
bition of platelet aggregation (see Ref. 38 for a review).

PHARMACOLOGICAL PROPERTIES OF NO

NO is an unstable gas that is soluble in cold water to the
extent of 1-3 mM. In the gaseous state and in dilute aqueous
solution (less than 1 wM) where oxygen is not excluded, NO
is very labile and is spontaneously oxidized to NO, (gas) or
NO,™ (solution) and higher oxides of nitrogen. More con-
centrated solutions of NO are stable for minutes to hours
depending on the NO concentration, oxygen tension, and
temperature. Early experimentation involved the use of
small aliquots of NO gas diluted in oxygen-free nitrogen or
argon. More recently, dilute aqueous solutions of NO in ox-
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ygen-free medium have been employed. The half-life of bi-
ologically active concentrations (10-100 nM) of NO in oxy-
gen-containing media at 37°C and pH 7.4 is 3-5 sec (15-17).

Perhaps the earliest evidence that NO could elicit bio-
logically important actions was the finding that NO and ni-
troso compounds could activate cytoplasmic guanylate cy-
clase and stimulate cyclic GMP formation in mammalian tis-
sues (39,40). Since certain nitroso compounds had been
shown to relax vascular smooth muscle, the hypothesis that
cyclic GMP is a mediator of vascular smooth muscle relax-
ation was tested by ascertaining whether authentic NO can
relax vascular smooth muscle (5). Low concentrations of
NO were found to elicit marked but transient relaxation of
precontracted strips of bovine coronary artery in a manner
that was inhibited by methylene blue and hemoproteins such
as hemoglobin, myoglobin, and methemoglobin (5). Typical
responses to NO are illustrated in Fig. 2. NO also activated
soluble guanylate cyclase prepared from bovine coronary
artery and elevated vascular cyclic GMP levels, and both
responses were inhibited by methylene blue and hemopro-
teins (5,41). These vascular actions were pharmacologically
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Fig. 2. Relaxation of bovine coronary artery by NO and inhibition
by hemoproteins and methylene blue. Isolated strips of bovine cor-
onary artery were mounted under tension and precontracted by ad-
dition of phenylephrine or KCl. Dilutions of NO in nitrogen were
delivered in the gaseous state by injection into the bath chambers. A
volume of 0.5 pl represents an approximate concentration of 0.01
pM NO in the bathing medium. Hb, hemoglobin; MetHb, methe-
moglobin; myoHb, myoglobin; FeCN, potassium ferricyanide. (Re-
produced with permission from Ref. 5.}

653

similar to those produced by nitrovasodilators, particularly
on soluble guanylate cyclase (42). Certain nitrovasodilators
activated guanylate cyclase only in the presence of thiols,
and organic nitrate esters possessed a selective requirement
for cysteine (42). The reaction between thiols and nitrova-
sodilators resulted in the formation of highly unstable S-
nitrosothiols that underwent spontaneous decomposition
with the generation of NO. The cardiovascular hemody-
namic actions of nitroglycerin were indistinguishable from
those of several S-nitrosothiols after i.v. infusion into anes-
thetized, closed-chest cats (42). Additional experiments
showed that NO, S-nitrosothiols, and related nitrovasodila-
tors relaxed both arterial and venous smooth muscle and that
veins were more responsive than arteries to such actions
43).

In experiments originally designed to ascertain the bio-
logical actions of cyclic GMP on human platelet function,
NO was discovered to elicit potent and marked inhibitory
effects on platelet aggregation and also to reverse platelet
aggregation (6). Platelet responses were associated with
rapid and marked but transient cyclic GMP accumulation
and were inhibited by methylene blue and hemoproteins.
The inhibitory action of NO on platelet function was mim-
micked by exogenously added 8-bromo-cyclic GMP. Thus, it
was clear that stimulation of platelet cyclic GMP accumula-
tion was associated with and might cause inhibition of plate-
let aggregation. Additional studies revealed that a series of
unstable S-nitrosothiols produced effects on platelets that
were virtually indistinguishable from those produced by NO
(44). Both NO and S-nitrosothiols activated purified platelet
soluble guanylate cyclase by heme-dependent mechanisms
(44). These observations illustrated clearly that not only
prostacyclin via the second-messenger actions of cyclic
AMP, but also NO via the second-messenger actions of cy-
clic GMP clicited the same biological action on platelets.
Additional studies showed that platelet accumulation of both
cyclic GMP and cyclic AMP produced synergistic inhibitory
effects on platelet aggregation (45).

Additional pharmacological actions of NO are currently
being found or suspected in other cell types. Cytotoxic ac-
tivated murine macrophages have been shown to synthesize
nitrite and nitrate and such biochemical transformations are
associated with cytotoxicity or the killing of phagocytized
microorganisms (46-51). More recently, experiments have
revealed that NO is the likely cytotoxic agent synthesized
and that nitrite and nitrate are merely oxidation products of
NO (19,52). Evidence for the possible formation and release
of NO from activated neutrophils has been provided (20),
although the role for such a substance in neutrophil function
has not been established. Whether or not the NO generated
by activated macrophages and perhaps neutrophils can elicit
local effects on vascular smooth muscle and platelets is pres-
ently unknown.

CHEMICAL AND PHARMACOLOGICAL
IDENTIFICATION OF EDRF AS NO

Earlier studies suggested that EDRF might be either a
lipoxygenase or cytochrome P450 product of arachidonic
acid metabolism (see Ref. 28 for a review). Another view
was that EDRF was an unstable aldehyde, ketone, or lactone
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(22), but these observations have not been extended or con-
firmed. Other studies revealed that the cleavage of phospho-
lipids and release of fatty acids may be involved in or closely
associated with the process of EDRF formation (see Ref. 37
for a review), but additional experiments indicated that most
of the lipoxygenase and cytochrome P450 inhibitors tested
produced highly inconsistent and nonselective effects on re-
laxant responses to various endothelium-dependent vasodi-
lators and that the interpretation of such data is difficult (53).
Nevertheless, this author believes that membrane phospho-
lipid metabolism is linked in some manner to the synthesis
and/or release of EDRF, perhaps via the second-messenger
actions of intracellular calcium.

The previous sections of this Review highlighted the
fact that the pharmacological actions of EDRF and NO are
very similar. In 1986 two laboratories proposed indepen-
dently that EDRF is NO or a labile nitroso compound. The
proceedings of the symposium at which the proposals were
presented were published almost 2 years later (13,14). These
proposals were based on indirect observations on the similar
pharmacological properties of EDRF and NO. The most
convincing evidence to this author was the observation that
like NO, EDRF activated purified soluble guanylate cyclase
and that this enzyme activation was heme-dependent and
inhibited by methylene blue or hemoglobin. Soluble guanyl-
ate cyclase is activated by only few compounds including
NO, phenyl radical, protoporphyrin IX, and certain polyun-
saturated fatty acids and peroxides (see Ref. 37 for a
review). Only NO and phenyl radical activate soluble gua-
nylate cyclase by heme-dependent mechanisms and only the
action of NO is inhibited by methylene blue or hemoglobin.
Thus, the actions of EDRF and NO are indistinguishable
with regard to the mechanism of activation of soluble gua-
nylate cyclase.

The chemical identification of EDRF was provided in-
dependently in 1987 by two laboratories. One group showed
that cultured aortic endothelial cells could generate NO in
response of the cells to bradykinin, and NO was detected
and quantified by a chemiluminescence procedure (15). The
basis of this procedure is that NO reacts with added ozone to
generate an excited state of NO, which can be detected by
chemiluminescence. Cultured endothelial cells were grown
on microcarrier beads and perfused within a small column in
a bioassay cascade system where the perfusates were di-
rected over several isolated strips of endothelium-denuded
artery. The addition of bradykinin to the medium perfusing
the endothelial celis caused the release of EDRF, which was
detected by its relaxant action on the superfused arterial
strips. The superfusion medium contained amounts of NO
that could account for the relaxant action of EDRF. This
technique is very sensitive but cannot distinguish between
authentic NO and labile nitroso compounds that spontane-
ously liberate NO.

EDREF released from endothelium-intact pulmonary ar-
tery and vein and human umbilical vein was identified as NO
by a chemical procedure based on the NO-catalyzed diazo-
tization of sulfanilic acid and subsequent coupling of the
diazo product with N-naphthylethylenediamine to yield an
intensely colored complex that can be monitored spectro-
photometrically (16). A bioassay cascade technique similar
to that described above was employed here as well in order
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to characterize the pharmacological profiles of EDRF and
authentic NO. This chemical technique is less sensitive than
the chemiluminescence method and cannot distinguish be-
tween NO and labile nitroso compounds.

Another procedure used to identify EDRF as NO was
based on the high reactivity between NO and hemoglobin to
yield NO-hemoglobin. Hemoglobin was found to react with
EDREF released from freshly harvested aortic endothelial
cells in a manner that was identical for the same reaction
involving NO (17). Under conditions of low oxygen tension
NO reacts rapidly with the heme moiety of hemoglobin to
yield the NO- or nitrosyl-adduct of hemoglobin. NO-
hemoglobin possesses a distinct absorbance in the Soret re-
gion and can be identified and quantified to a limited extent.
This technique is not as sensitive as the two described above
and cannot distinguish between NO and labile nitroso com-
pounds. Moreover, the presence of dissolved oxygen can
sometimes generate oxyhemoglobin that is rapidly oxidized
to methemoglobin by any NO present. A significant amount
of methemoglobin can obscure any absorbance peaks char-
acteristic of NO-hemoglobin.

It is clear from the above methodology that it has not
been possible to conclude unequivocally that EDRF is NO
and not a labile nitroso compound. For example, EDRF may
be a labile S-nitrosothiol that undergoes spontaneous oxida-
tion with the liberation of NO and formation of the corre-
sponding disulfide. It is likely, however, that the important
working end of the molecule is NO. Table I lists the phar-
macological and chemical similarities between EDRF and
NO. Thus, in the same way that other potent pharmacolog-
ical agents have been subsequently discovered to occur en-
dogenously, NO, which was described as a potent vasodila-
tor and inhibitor of platelet aggregation 10 years ago, now
has been identified to occur endogenously as EDRF in mam-
malian blood vessels. The potent vasodilator nitroglycerin,
which has been used clinically for over a century, has an
endogenous counterpart in NO since NO is the pharmaco-
logically active species of nitroglycerin.

Table I. Identical Chemical and Pharmacological Properties of
EDRF and NO

1. Chemically unstable: ¢,,, = 3-5 sec under bioassay condi-
tions

2. Accelerated instability by oxygen and superoxide anion

3. Chemical instability attributed to spontaneous oxidation to
NO,™ and NO,;~

4. Chemical stability and duration of action prolonged by super-
oxide dismutase and acidic pH

5. Lipophilicity and rapid diffusion through membrane barriers

6. High binding affinity for and reactivity with reduced hemo-
proteins; formation of nitrosyl hemoproteins

7. Oxidation of oxyhemoglobin to methemoglobin

. Reaction with ozone, sulfanilic acid, and hemoproteins

9. Heme-dependent activation of cytoplasmic guanylate
cyclase; inhibition by methylene blue

10. Stimulation of cyclic GMP accumulation in and relaxation of
both vascular and nonvascular smooth muscle

11. Stimulation of cyclic GMP accumulation in platelets and in-
hibition of platelet aggregation and adhesion

12. Termination of biological actions by oxygen, superoxide an-
ion, hemoglobin, myoglobin, and methylene blue

[+
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MECHANISM OF ACTION OF NO

NO elicits its two principal biological actions by acti-
vating soluble guanylate cyclase and thereby stimulating cy-
clic GMP formation in the target tissues. Cyclic GMP acts as
a second messenger in expressing the actions of NO. One
likely mechanism by which intracellular cyclic GMP causes
vascular smooth muscle relaxation and inhibition of platelet
function is by promoting a rapid lowering of the concentra-
tion of free uncomplexed calcium, perhaps by stimulating
calcium binding to intracellular proteins (54,55).

NO activates soluble guanylate cyclase by heme-
dependent mechanisms (40,44,56,57). Many hemoproteins
like hemoglobin have a high binding affinity for NO and the
heme moiety reacts with NO to form a nitrosyl-heme com-
plex of the hemoprotein. Thus, NO reacts with hemoglobin
to generate NO-hemoglobin. A similar reaction occurs with
guanylate cyclase, which is a hemoprotein containing 1 mol
of heme per mol of holoenzyme (58,59). Guanylate cyclase
from which heme is detached is not activated by NO,
whereas heme-containing or heme-reconstituted enzyme is
markedly activated by NO (56,57). Preformed NO-heme ac-
tivates heme-deficient guanylate cyclase in a manner that is
indistinguishable from the activation of heme-containing en-
zyme by NO. Heme-dependent activation of soluble guanyl-
ate cyclase by NO has been demonstrated for enzyme puri-
fied from bovine lung (56,57), rat liver (60), and human plate-
lets (44).

The mechanism by which the NO-heme complex acti-
vates guanylate cyclase is unknown, but one possible mech-
anism is that the binding of NO to heme-iron may cause a
change in the conformation of the NO-heme complex in such
a manner that the bond between the iron and the enzyme
protein may be broken (61). Binding of the underlying por-
phyrin ring to the enzyme may cause activation. This view is
supported by the observation that protoporphyrin IX (heme
without iron) activates guanylate cyclase by mechanisms
that are identical kinetically to the mechanism by which NO-
heme causes enzyme activation (62). Thus, NO-heme acti-
vates guanylate cyclase by a protoporphyrin IX-like interac-
tion. Structural analogues of protoporphyrin IX also activate
guanylate cyclase, whereas metalloporphyrins such as fer-
roprotoporphyrin IX (heme), zinc protoporphyrin IX, and
manganese protoporphyrin IX completely inhibit enzyme ac-
tivation by either protoporphyrin IX or NO-heme (63). Zinc
and manganese protoporphyrin IX also inhibit basal activity
or unactivated guanylate cyclase. The K; values for the three
metalloporphyrins are quite different, thus indicating that
the metal directly influences the binding of the metallopor-
phyrin to guanylate cyclase.

MECHANISM OF ACTION OF ORGANIC NITRATE
AND NITRITE ESTERS

Many studies published since the mid 1970s suggest
clearly that the organic nitrate and nitrite esters cause vas-
cular smooth muscle relaxation through the actions of NO
(see Refs. 28, 39, 64, and 65 for reviews). The initial studies
were actually conducted not with esters but rather with in-
organic substances such as nitrite ion and nitroprusside. Or-
ganic N-nitroso compounds were also examined. The acti-
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vation of soluble guanylate cyclase by these substances re-
sembled closely the enzyme activation observed by
authentic NO. Like NO, these compounds elevated tissue
levels of cyclic GMP and such effects were inhibited by
methylene blue.

In initial experiments we had observed that acidic solu-
tions of sodium nitrite and neutral solutions of sodium nitro-
prusside or N-nitrosoguanidines were unstable and decom-
posed with the liberation of NO into the closed atmosphere
above the respective solutions. Aliquots of the solutions as
well as gaseous aliquots of the atmosphere both caused ac-
tivation of guanylate cyclase and vascular smooth muscle
relaxation, and both responses were inhibited by methylene
blue. We were unable to observe significant enzyme activa-
tion by nitroglycerin in the absence of added thiols, whereas
high concentrations of inorganic nitrite and isoamyl nitrite,
an organic nitrite ester, did cause enzyme activation (66,67).
The addition of thiols to enzyme reaction mixtures markedly
enhanced enzyme activation by nitrite and isoamyl nitrite.
Nitroglycerin and other organic nitrate esters activated gua-
nylate cyclase only in the presence of cysteine (42,66).

The consistent observations that vascular smooth mus-
cle relaxation elicited by NO was antagonized by hemoglo-
bin or methemoglobin and methylene blue, whereas relaxant
responses to organic nitrate and nitrite esters were antago-
nized only by methylene blue suggested that NO permeates
smooth muscle cells to produce its biologic effect intracel-
lularly, whereas the other nitrovasodilators permeate
smooth muscle cells and undergo biotransformation to NO
within the intracellular compartment (5). Added hemopro-
teins can act only in the extracellular compartment, whereas
methylene blue is a vital biological stain and therefore per-
meates cells. Thus, extracellular hemoproteins can bind NO
only in the extracellular compartment and methylene blue
blocks the activation of guanylate cyclase by intracellular
NO. A subsequent series of experiments led to the conclu-
sion that the nitrovasodilators in general react with thiols to
yield unstable intermediate S-nitrosothiols, which decom-
pose spontaneously with the liberation of NO (42). With the
exception of the organic nitrate esters, the other nitrovasodi-
lators can react with a variety of thiols to yield the corre-
sponding labile S-nitrosothiol. The organic nitrate esters,
however, have a selective requirement for cysteine and on
reaction with cysteine yield S-nitrosocysteine. S-
Nitrosocysteine is so labile that it cannot exist in the solid
form. Aqueous or methanolic solutions of S-nitrosocysteine
are red in color, and aqueous solutions are extremely labile
and spontaneously liberate NO gas. The in vitro vascular
smooth muscle relaxant effects of S-nitrosothiols mimic
those of NO, and their in vivo hemodynamic effects mimic
those of nitroglycerin (42). Thus, it is likely that, in vivo,
nitroglycerin and other organic nitrate esters interact with
free thiols such as cysteine in vascular smooth muscle cells
to generate labile intermediate S-nitrosothiols that degrade
spontaneously to liberate NO (Fig. 3). Organic nitrite esters
probably elicit their effects via a very similar interaction with
intracellular thiols.

Chronic administration of nitroglycerin to humans can
lead to the development of tolerance to the vascular smooth
muscle relaxant action of nitroglycerin with only little cross-
tolerance to nitroprusside. The mechanism of development
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Fig. 3. Schematic of proposed mechanism of vascular smooth mus-
cle relaxation by nitrovasodilators. R-ONO, organic nitrite ester;
R-ONO,, organic nitrate ester; GTN, glyceryl trinitrate or nitroglyc-
erin; (CN)s-FeNO, nitroprusside; HONO, nitrous acid; R-SH, thiol;
R-SNO, S-nitrosothiol; R-OH, denitrated organic nitrite/nitrate es-
ter; R-SS-R, disulfide; GC, cytoplasmic guanylate cyclase; cGMP,
cyclic GMP; Meth. Blue, methylene blue. (Reproduced with per-
mission from Ref. 28.)

of tolerance was first attributed to the depletion of smooth
muscle sulfhydryl groups or thiols caused by the oxidative
action of high concentrations of nitroglycerin (68,69). Toler-
ance was accompanied by a markedly reduced capacity for
generation of nitrite from nitroglycerin in the tissues, but the
authors attributed the development of tolerance to a paucity
of selective sulfhydryl groups with which nitroglycerin must
interact to elicit a biological response. Since nonselective
thiol alkylating agents inhibited the actions of both nitroglyc-
erin and nitroprusside, the authors concluded that nitroprus-
side must interact with a pool of sulfhydryl groups distinct
from that which interacts with nitroglycerin. Responsiveness
to these vasodilators could be restored by addition of thiol
reducing agents.

This hypothesis was confirmed and extended by the ob-
servations that nitrovasodilators react with thiols to form
labile S-nitrosothiols and that cysteine is specifically re-
quired for the reaction involving organic nitrate esters (42).
Arterial and venous tissues rendered tolerant to nitroglyc-
erin do not show appreciable cross tolerance to added S-
nitrosothiols or NO itself (64). Recent clinical studies sup-
port the above interpretations in that i.v. N-acetylcysteine
improves the responsiveness of patients tolerant to nitro-
glycerin for treatment of angina or improvement of coronary
sinus blood flow (see Ref. 28 for a review). Additional stud-
ies have supported this view in artery and vein.
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Biotransformation of nitroglycerin has been shown to
occur concurrently with relaxation of rabbit aorta elicited by
nitroglycerin (70). One study revealed that NO generation
from organic nitrate esters is catalyzed by cysteine and that
such a reaction accounts for the capacity of nitrates to acti-
vate soluble guanylate cyclase and cause vascular smooth
muscle relaxation (71). One of the conclusions reached,
however, was the possibility that S-nitrosocysteine is not an
intermediate and that NO is released directly from the nitrate
ester (72). Another study supported the view that organic
nitrate esters react with thiols to yield S-nitrosothiols (73).
This study revealed that N-acetylcysteine potentiates the in
vivo hypotensive action of nitroglycerin, not by any phar-
macokinetic mechanism, but rather by reacting with nitro-
glycerin in the extracellular compartment to generate li-
pophilic S-nitrosothiols. The authors suggested that such a
reaction may also account for the capacity of N-acetylcys-
teine to reverse tolerance developed to nitroglycerin.

BIOSYNTHESIS, RELEASE, AND METABOLISM
OF EDNO

The chemical properties of NO are compatible with the
view that NO functions locally, soon after its formation in
vascular endothelial cells. Once synthesized, the NO can
diffuse rapidly into the underlying smooth muscle and blood
compartment. Because of its unstable nature and lipophilic-
ity, it is reasonable to suppose that NO is not stored in any
grantiles but is available to act immediately after its biosyn-
thesis. Therefore, the requirement of oxygen, extracellular
calcium, and ATP-derived energy sources for demonstration
of endothelium-dependent relaxation or EDRF release from
endothelial cells may be attributed to their roles in promoting
the biosynthesis of NO. Multiple steps are likely associated
with the overall biosynthesis of NO. One must consider not
only the chemical conversion of substrate(s) to NO, but also
the biochemical reactions that couple endothelial cell recep-
tor occupancy to stimulation of NO formation.

It is possible, however, that EDNO is derived from a
relatively more stable nitroso precursor that may or may not
be stored in acidic lysosome-like granules. A small organic
N-nitroso or S-nitroso compound would be more stable than
pure NO under such conditions and could slowly decompose
spontaneously with the generation of NO. A slow generation
of EDNO could account for the basal release of EDRF so
often observed by many investigators. More information on
the precise biochemical pathway of NO biosynthesis is re-
quired before the above concept can be addressed further.

The most likely pathway for the biosynthesis of EDNO
is enzymatic oxidation of L-arginine to L-citrulline plus NO
(18,74). '*N-Enriched NO was identified as one product of a
reaction between cultured aortic endothelial cells and L-
arginine enriched with >N at the basic guanidino nitrogen
atom. The enzymatic activity appears to reside primarily in
the soluble or cytoplasmic fraction and requires NADPH. In
this regard, this conversion of L-arginine to NO resembles
that which is believed to occur in cytotoxic activated murine
macrophages (19,52) and perhaps other cell lines (75). The
enzyme may be an NADPH-dependent monooxygenase that
first converts L-arginine into a labile N®-hydroxy intermedi-
ate, which then undergoes oxidation to the —N =0 deriva-
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tive and fragmentation to NO. The amino acid moiety which
remains undergoes nucleophilic attack by water to yield L-
citrulline. Structural analogues of L-arginine (N®-mono-
methyl-L-arginine and L-canavanine) that are known to an-
tagonize endothelium-dependent relaxation also inhibit the
enzymatic conversion of L-arginine to NO.

Although it appears that L-arginine serves as a precursor
to EDNO, the possibility that arginine-containing peptides
also serve as precursors has been suggested (76,77). This
view was based on an earlier study showing that poly-
L-arginine caused endothelium-dependent relaxation via the
action of EDREF (78). A study from this laboratory revealed
that basic polyamino acids, in general, cause endothelium-
dependent relaxation mediated by EDNO (79). Evidence
was obtained that these high molecular weight basic peptides
stimulate the formation of EDNO from perfused artery and
vein. Prolonged contact between peptide and blood vessel
caused the development of tolerance or refractoriness or
tachyphylaxis to endothelium-dependent relaxation without
influencing endothelium-independent, NO-elicited relax-
ation. Two mechanisms can account for the vascular actions
of the basic polyamino acids. One is that they serve as al-
ternate substrates for the enzyme that catalyzes the forma-
tion of EDNO and that refractoriness develops as a result of
desensitization of the enzyme system. Alternatively, the ba-
sic polyamino acids may initially stimulate conversion of
endogenous L-arginine to NO and subsequently cause en-
zyme desensitization. An explanation of the latter possible
mechanism is lacking because the interaction between the
peptides and the endothelial cells does not appear to be re-
ceptor mediated (78). Answers to this question will come
from studies designed to elucidate the influence of basic
polyamino acids specifically on the enzymatic conversion of
L-arginine to NO.

Once the precise biochemical pathway for the biosyn-
thesis of EDNO is elucidated, the next step will be to unravel
the mechanism by which endothelial cell receptor occupancy
is coupled to EDNO generation. Acetylcholine and bradyki-
nin interact with selective receptors to trigger EDNO release
by mechanisms that are dependent on the presence of extra-
cellular calcium, and the calcium ionophore A23187 is a po-
tent endothelium-dependent relaxant that works by provok-
ing EDNO release. Thus, extracellular calcium is involved in
turning on the biochemical machinery that is ultimately in-
volved in promoting the formation of EDNO. As discussed
above, it is possible that EDNO is formed from a relatively
more stable nitroso compound. How this nitroso compound
would be formed from L-arginine is another matter. Al-
though unlikely perhaps, NO may first be formed from L-
arginine and subsequently trapped by nitrosation of L-
cysteine or glutathione, thereby forming an S-nitrosothiol.
The S-nitrosothiol would be stable for several minutes or
longer at neutral or slightly acidic pH but would rapidly de-
compose at pH 7.4 or higher by oxidation to NO and the
disulfide cystine.

The mechanism of release of EDNO into the extra-
endothelial cell environment is likely one of simple diffusion
immediately after biosynthesis. The metabolism or termina-
tion of action of EDNO very likely proceeds by spontaneous
oxidation to inorganic nitrite and nitrate, The latter anions
show little or no capacity to relax vascular smooth muscle at
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concentrations lower than 1 mM. The spontaneous oxidation
of NO is accelerated by normal oxygen tension and this ac-
counts for the very short half-life (3-5 sec) of EDNO in
biological fluids. This spontaneous inactivation of EDNO is
further accelerated by superoxide anion that may be gener-
ated in oxygen-containing solutions or tissues (see Ref. 28
for a review). It is possible that the concomitant generation
of superoxide anion and NO by vascular endothelial cells
could ensure rapid inactivation of NO and thus localization
of action of EDNO. It is unnecessary to speculate that en-
zymatic or tissue reuptake mechanisms are involved in ter-
minating the action of EDNO. These chemical properties
endow NO with one of the most important requisites of a
local modulator or autacoid, namely, rapid termination of
action so that the biological action remain localized. A sim-
plified schematic illustrating the proposed biosynthesis, me-
tabolism, and action of EDNO is presented in Fig. 4.

CONCLUSIONS AND CLINICAL SIGNIFICANCE
OF EDNO

EDNO can be added to the growing list of important
local mediators of biological action. EDNO causes local va-
sodilation and inhibition of thrombosis and may play some
role in modulating local blood flow. The NO generated
within cytotoxic activated murine macrophages, and per-
haps activated neutrophils, appears to function as a part of
the cytotoxic action of these cells against certain target tis-
sues. It is conceivable that NO generated from such cells
could also influence local vascular smooth muscle tone and
platelet function and thereby complement the potential
pathophysiological function of such cytotoxic cells.

EDNO elicits its biological actions by causing heme-
dependent activation of cytoplasmic gyanylate cyclase, stim-
ulation of intracellular cyclic GMP accumulation, and prob-
ably a lowering of the intracellular free calcium concentra-
tion. The intracellular receptor for EDNO is precisely the
same intracellular receptor as that for exogenously adminis-
tered organic nitrates or nitrites, inorganic or organic nitroso

}{cs?]—~reLAXATION

cyclic GMP‘/GC__H\ GTP
|

Fig. 4. Schematic representation of the synthesis, metabolism, and
action of EDNO. EDV, endothelium-dependent vasodilator; R, se-
lective receptors; H, heme moiety of cytoplasmic guanylate cyclase
(GC); Hb, hemoglobin; RBC, red blood cells. (Reproduced with
permission from Ref. 80.)
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compounds, and NO. This receptor is the heme moiety
bound to cytoplasmic guanylate cyclase. Other hemopro-
teins can compete with guanylate cyclase for NO binding
and thereby terminate the action of NO. Since the tissue
receptor sites for EDNO and clinically employed nitrova-
sodilators are indistinguishable, the biological actions of
EDNO are identical to those of the nitrovasodilators, the
only subtle differences being attributed to pharmacokinetic
properties.

What is the biological and clinical significance of the
endogenous nitrovasodilator? In view of the novelty of this
field of research, one can only offer educated speculation at
this time. Some investigators close to this field suppose that
EDNO functions as a local tissue hormone or autacoid in
modulating or regulating local blood flow in response to
chemical agents (bradykinin, histamine, substance P, others)
and shear forces developed at the blood vessel wall-blood
junction. In the latter instance, a sudden local increase in
blood flow would stretch the vessel wall, create shear stress,
and trigger EDNO formation, which would act to dilate the
vessel and thereby accommodate the sudden local increase
in blood volume. Another logical and predictable function of
EDNO is to inhibit local platelet adhesion to and aggregation
at the vascular endothelial surface. This would especially be
true if, as suspected, there is a continual generation and
release of EDNO from healthy endothelium.

If the above speculation on the physiological signifi-
cance of EDNO is true, what happens to local blood flow
and platelet function in the event of vascular endothelial
damage provoked by pathophysiological or traumatic
means? If continual or basal generation of EDNO occurs in
order to limit smooth muscle contractile tone and to provide
a thrombogenic-free intimal surface, then endothelial dam-
age could provoke local vasoconstriction and thrombosis.
Such pathophysiological responses could have deleterious
consequences if they should occur in the coronary or cere-
bral arterial circulation. If studies show this to be the case,
then drugs that deliver exogenous NO could be useful as
replacement therapy for locally deficient EDNO. Drugs that
stimulate EDNO formation would not be useful because
damaged endothelium cannot synthesize NO. Perhaps cer-
tain presently available drugs such as nitroglycerin, other
organic nitrate esters, or nitroprusside would be useful clin-
ically in such situations. An injectable solution of a very
labile nitroso compound that rapidly delivers NO itself might
be useful in treating certain vascular endothelial disorders.
Such a labile nitroso compound could be one of several S-
nitrosothiols. New concepts pertaining to transdermal deliv-
ery of NO could provide novel and effective ways of admin-
istering S-nitrosothiols or inorganic nitrites by way of
patches or pads. For example, a dilute solution of NaNQ, in
ascorbic acid or any other weak organic acid slowly gener-
ates NO. The NO would dissolve in the aqueous vehicle and
rapidly permeate tissues to elicit local biological actions.
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