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INTRODUCTION
Ten years ago; nitric oxide or NO, an environmental pollutant found in cigarette
smoke and smog. was suspected to be a carcinogen, destroy ozone, and produce acid
rain.
However, over the last 5-10 years, research in such diverse fields as
immunology, toxicology, and vascular physiology has converged to show that this
highly toxic molecule has a myriad of actions throughout the body that range from
blood pressure regulation to antimicrobial defense to intracellular signal transduction
(1 ). This startlingly simple molecule has revised the scientific understanding of how
cells communicate and defend themselves. As a result, nitric oxide was named
"molecule of the year" in 1992 by Science. Nitric oxide, also known as endothelium
derived relaxing factor or EDRF, is not to be confused with nitrous oxide, or N2 0,
otherwise known as laughing gas. Humphry Davy, who discovered analgesic
properties of N 2 0 in the late 18th century almost died when he inhaled nitric oxide
(2).
This grand rounds will focus on vascular effects of nitric oxide and the
therapeutic agents which modulate this pathway.
PHYSIOLOGY
Nitric oxide is a colorless, lipophilic gas that is slightly soluble in water. It is
highly chemically reactive because it possesses an extra electron. Because it is a free
radical, nitric oxide has a short half life of 6-30 seconds because of rapid oxidation to
nitrite and nitrate. This partially accounts for the difficulty early researchers had in
its discovery. The short half life indicates that the effects of nitric oxide are limited
a local site of action of approximately 200-600 pM. Nitric oxide can react with
proteins, forming nitroso ad ducts, which may mediate some of the biological activities
of nitric oxide (3-5).
Nitric Oxide Signal Cascade.
NITRIC OXIDE SIGNALLING SYSTEM
Figure 1 shows a schematic pathway
of nitric oxide signalling. Nitric oxide
NOS
is synthesized from the guanidine
arginine
arginine ~ Nitric Oxide ·········~ Nitrite
nitrogen atom of L-arginine by nitric
{
.) A
Nttrate
oxide synthase. L-citrulline is also
citrulline
I ~
produced as an inactive end product.
Soluble
Nitric oxide diffuses within the cell or
Gyanylyl
to an adjacent cell where it
Cyclase
stimulates soluble guanylyl cyclase,
or other heme containing proteins.
Biological Effect
The resultant increase in cyclic GMP
in the target cell produces the
physiologic e.ffect. For E!Xample, in
Figure 1
smooth muscle cells, cyclic GMP decreases cell calcium which leads to relaxation of
the smooth muscle cell and thus vasodilation. The arginine precursor either enters the
cells via an arginine transporter or can be recycled from citrulline.
Modes of Action. ·Nitric oxide has several different modes of action [Figure 2].
Nitric oxide mediates communication between adjacent cells, signals inside cells, and
2

is cytotoxic. The first mode accounts
Physioloaic Actions of Nitric Oxide
for its vasodilatory properties which it
Communication between adjacent cells
signals from endothelium to underlying
Intracellular
communication
vascular smooth muscle cells. Nitric
Cytotoxic
agent
oxide has recently been shown to
modulate tubular glomerular feedback:
nitric oxide produced in the macula
Figure 2
densa diffuses to the afferent arterial where it opposes the vasoconstrictive signal
which mediates tubular glomerular feedback (6). As a consequence, nitric oxide plays
important roles in etiology of systemic hypertension, pulmonary hypertension, and
ischemia. Nitric oxide can also function as a neurotransmitter and may play an
important role in long term potentiation and memory (1 ).
Nitric oxide signals within cells to inhibit platelet aggregation and insulin release.
Nitric oxide in the mesenteric neuronal plexus controls the relaxation of sphincters
along the Gl tract and mediates propulsion of luminal contents in the small and large
intestine. At high concentrations, nitric oxide is a cytotoxic agent that kills cells and
bacteria. These actions are important in the prevention of bacterial and chronic
infections and may be involved in the pathogenesis of vascular strokes and several
degenerative neurologic diseases (1 ).
Nitric Oxide Synthases. Nitric
oxide synthase is a family of
enzymes which currently contains
Nitric Oxide Synthase lsoforms
three isoforms (7 ,8) [Figure 3]. The
first member of this family was
Regu lation
purified from rat cerebellum (9).
Name
Location
Acute
Chronic
Sequencing of the eDNA revealed
Endothelial endothelial cell
flow
recognition sites for calmodulin,
Brain
widespread
NADPH, FAD, FMN, and several
Inducible
macrophage
cytokines
widespread
steroids
phosphorylation sites indicating that
the synthase could be regulated by
many different factors.
In situ
hybridization revealed prominent
Figure 3
labeling in cerebellum, hence its
original name, cerebellar nitric oxide synthase.
PCR based cloning techniques were used to isolate two other members of this
family from macrophages ( 10,11) and endothelial cells ( 12-15). All three different
forms have unique tissue distributions and patterns of regulation. The endothelial
form is found in endothelial cells where it is regulated by acute changes in intracellular
calcium/calmodulin and oxygen, as well as chronic changes in shear stress. The brain
form is widely distributed throughout the body in addition to the cerebellum where it
was originally described. This form is acutely regulated by cell calcium. The
macrophage form is also expressed in vascular smooth muscle cells, liver, kidney ·
tubules, and interstitial cells. It does not seem to be regulated acutely but rather its
expression is ·induced by cytokines (tumor necrosis factor B and interferon gamma),
and its expression is inhibited by steroids. Because of the widespread distribution of
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this family of enzymes, pharmacologic modulation of specific isoforms or functions
of the pathway will require more specific inhibitors than currently available.
Nitric Oxide Receptors. The main target -for
. Guanylyl Cyclase Linkednitric oxide is soluble guanylyl cyclase [Figure 4].
EDRF Receptors
Soluble guanylyl cyclases contain heme which is
Heme
the receptor for nitric oxide. Binding of nitric oxide
to the heme group induces a conformational
. In vivo Receptors 7
change which displaces the iron out of the plane
c x l - PI
of the porphyrin ring thus activating the soluble
X
guanylyl cyclase ( 16). Other proteins containing
u 2 - P2
heme can react with nitric oxide (aconitase and
cytochromes of the mitochondrial electron
transport chain), which may account for its
Figure 4
inhibition of insulin release and cytotoxicity
(17,18).
Soluble guanyl"yl cyclases are heterodimers comprised of two different subunits
called a and B. Two a and two B subunits have been cloned to date ( 19-21). a1 and
B1 are widely distributed throughout the body while P2 is expressed mainly in the
kidney and liver. The distribution of a2 is unknown. We have shown that the renal
blood vessels (comprised of endothelial and vascular smooth muscle cells) contain
mRNA for the a1, P1 and a2 receptor while the cortical collecting duct, where nitric oxide inhibits sodium transport, expresses mRNA for a1 and P2 (22). The physiologic
significance of these different isoforms is unknown. B2 has a potential isoprenylation
site, which could allow B2 to be associated with membranes. Preliminary evidence
suggests that P2 might act as a dominant negative since it may be less active when
combined with a1 than P1 (23)_.
Inactivation of Nitric Oxide. Nitric oxide can be irreversibly inactivated ·by
reaction with hemoglobin in the blood vessel lumen (both oxygenated or deoxygenated
forms), superoxide radical found within a blood vessel wall, or oxygen in free solution.
Combination with oxygen produces nitric acid and nitrous acid, resulting in the stable
end products nitrite and nitrate, which are easily detected.
AGENTS WHICH DECREASE NITRIC OXIDE
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Pharmacologic Modulation. The nitric oxide signal could potentially be
increased at several different sites [Figure 5]. Transport of arginine into the cell is
increased by exogenous arginine. Nitric oxide production by the macrophage nitric
oxide synthase can be induced by cytokines. The half life of nitric oxide could be
prolonged by depleting free radicals (i.e., superoxide) with superoxide dismutase (24).
The nitric oxide signal could be by mimicked by nitroprusside or nitroglycerin which
are either chemically or metabolically converted to nitric .oxide. There are severa l
agents which are known to decrease the nitric oxide signal [Figure 5]. Substituted
arginine analogs (L-NMMA, L-NAME) prevent arginine from . getting into cells and
directly inhibit arginine from interacting with the nitric oxide sy~thase. Steroids
prevent induction of the macrophage form of nitric oxide synthase.
An endogenous inhibitor, asymmetrical dimethylarginine or ADMA, can be
detected in normal human subjects, and accumulates in patients with chronic renal
failure (25,26). There role in the pathogenesis of hypertension in patients with
chronic renal failure has been the subject of a recent grand rounds (27).
Vascular Tone. Vascular tone
Vascular Nitric Oxide Signal Transduction Pathway
is regulated by opposing factors
which mediate vasodilation and
vasoconstriction [reviewed in
(28,29)]. The balance between these
factors determines the level of
arterial tone on a moment-to-moment
basis. Figure 6 shows a model of
nitric oxide production in the arterial
wall. Nitric oxide synthesis is
increased
by
acetylcholine,
bradykinin, angiotensin II, 5hydroxytryptamine,
ergotamine,
adenine nucleotides, and thrombin.
Vasodilatory neurotransmitters, such
· Figure 6
as bradykinin or acetylcholine,
stimulate calcium entry in the endothelial cell which . increases cell calcium and
activates the endothelial form of nitric oxide synthase by a calmodulin dependent
mechanism. Nitric oxide diffuses into the adjacent vascular smooth muscle where it
binds heme and thus activates soluble guanylyl cyclase. Production of cyclic GMP
decreases cell calcium which mediates the relaxation of t~e smooth muscle cell (30).
The endothelial cell also contains a soluble guanylyl cyclase . We have shown ·
that it consists of a a1/P1 subunit, and functions to increase endothelial cell calcium
(31 ). This positive feedback may allow the endothelial cell to produce a burst of nitric
oxide, or respond to nitric oxide produced in other cells. In addition, both endothelial
and vascular smooth muscle cells contain the inducible form of nitric oxide synthase
which when activated, produces approximately a thousand-fold greater amounts of
nitric oxide than that produced by the endothelial nitric oxide synthase (7 ,32,33)
These synthases are important in septic shock (see below). Arginine enters the
endothelial cells via a specific transporter. ~ndothelial cells studied in tissue culture
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and in vivo maintain their cell arginine level despite the continuous release of nitric
oxide in part by recycling citrulline to arginine (34,35). However, as discussed below,
data from arginine infusions in human subjects suggests that arginine could be rate
limiting. Thus, extrapolation from animal studies must be done cautiously.
Clinical Assessment of
Nitric Oxide' Action.
Clinical Assessment of
Activity of the nitric
Nitric Oxide Action
oxide signaling system
[Figure 7] can be
Direct effect on blood vessels
noninvasively assessed
by · the response of
systemic blood
pressure,
blood
citrulline and urinary
Conduit Artery
Agent
Blood Pressure
Resistance Artery
nitrite and nitrate to
ACh
dilation
increased flow
decreased
agents which stimulate
l-NMMA constriction
increased
decreased flow
(acetylcholine) or
inhibit (L-NMMA) nitric
Indirect markers: blood citrulline, urinary nitrite/nitrate
oxide production.
Some regional beds
Figure 7
have less basal nitric oxide production (36), so global measurements (blood pressure,
serum and urine nitrite concentrations) may not correlate with the response in a
specific organ bed.
Effects on the cardiac circulation can be assessed by
measurements of epicardial blood vessel diameter, and coronary blood flow during
cardiac catheterization. Changes in the epicardial vessel diameter indicate local
effects on the conduit blood vessel, while changes in organ blood flo~ indicate effects
at the level of resistance vessels. Most regulation of blood flow occurs in the small
resistance blood vessels; unless there is significant stenosis (i.e., greater than 90%
occlusion), there is little pressure drop across the conduit artery.

DEFICIENCY OR INCREASED DESTRUCTION OF NITRIC OXIDE
Nitric oxide deficiency and increased destruction of nitric oxide are difficult to
differentiate clinically, so .they will be discussed together. There is evidence for this
defect(s) in systemic hypertension, coronary artery disease, pulmonary hypertension
associated with COPD and ARDS (37-39), and Gl motility disorders (40).
Regulation of resting blood pressure. A number of recent studies in laboratory
animals and human subjects have shown that nitric oxide formed from arginine by the
vascular endothelium is an important determinant of resting peripheral vascular
resistance and blood pressure. In anesthetized · rabbits, inhibition of nitric oxide
production with substituted arginine analogues (L-NMMA or L-NMA) acutely increased
blood pressure and caused a reflex bradycardia [Figure 8]. The hypertensive effects
were reversed by L-arginine but not by the inactive isomer D-arginine (41 ) . Similar
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studies have not been reported in humans
perhaps because of the risk of myocardial
ischemia (see below).
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Figure 9

In normotensive subjects, L-arginine infusion decreased total peripheral
resistance, causing hypotension and a reflex tachycardia [Figure 9] (42,43). Plasma
concentrations . of cycle GMP, citrulline, and urinary nitrite and nitrate were
significantly increased, confirming the rise in overall nitric oxide production. The use
of L-arginine as an antihypertensive agent is discussed below. The site of this effect
of these agents (vascular wall vs. brain) is uncertain, since nitric oxide synthase is
also present in the peripheral and central nervous system where it functions as a
neurotransmitter to inhibit sympathetic outflow {27 ,44) ..
Hypertension. The endothelium may play a causative role in the development
of hypertension. The endothelium is also a target of the hypertension since it is
exposed to mechanical shear forces and vasoactive hormones which increase
peripheral vascular resistance. Alterations in vascular endothelium function may lead
to development of decreased organ profusion manifested by myocardial infarction and
stroke. Thus, because of the critical role of nitric oxide in maintaining basal blood
pressure, it has been proposed that nitric oxide pathway is abnormal in patients with
hypertension (45,46).
Hypertension: Rat Models. Data from rat
models of hypertension indicate a close tie
between nitric oxide deficiency and hypertension ;
First, rats with experimentally-induced deficiency
of nitric oxide produced by chronic nitric oxide
synthesis inhibition with L-NAME have a syndrome
which
mimics ·malignant hypertensive
nephrosclerosis
(i.e.,
severe
hypertension,
glomerulosclerosis, and massive proteinuria) (47).
Second, a strain of rats which become
hypertensive on a high salt diet is nitric oxide
7

Dahi/Rapp Salt Sensitive Rats
Are Nitric Oxide Deficient

Low salt diet
High salt diet
+ arginine

NO production
normal
deficient
normal

Figure 10

Blood Pressure
normal
hypertensive
normal

deficient [Figure 10] (48,49). The Dahi/Rapp strains of salt sensitive and salt resistant
rats were inbred to either develop, or not develop, hypertension on a high salt diet.
In response to the high salt diet, the salt resistant rats increased production of nitric
oxide, and remained normotensive. In contrast, salt resistant rats did not increase
production of nitric oxide, and developed morphologic features of malignant
hypertension. Provision of arginine to these rats prevented the hypertension and the
development of chronic renal failure (49).
Nitric oxide production increased.
Preliminary studies to determine the site of the metabolic derangement have shown
that dexamethasone prevents the antihypertensive effect of arginine (45). Thus, the
response to arginine may be mediated by an inducible form of nitric oxide synthase.
Arginine also prevents hypertension in other animal model of hypertension (50).
Furthermore, nitric oxide may play role in the adaptation to increased dietary
salt intake. Rats placed on a high salt diet have increased urinary nitrite and nitrate
excretion (51). The nitric oxide plays a prominent role in the regulation of renal
hemodynamics, and also may have a direct effect to inhibit tubular sodium transport
in the proximal tubule -and cortical collecting duct (52,53).
Hypertension: Human Studies.
Abnormal Response of Forearm Blood Flow
More recently, it has been demonstrated
to L-NMMA in Hypertensive Patients
that the endothelial nitric oxide pathway
L-NMMA
Norepinephrine
is abnormal
in
patients with
e...c: 0
CJ Control
hypertension.
First, patients with
Hypertension
0
u
-20
untreated essential hypertension have
an abnormal response to infusion of LNMMA (54) [Figure 11 ] . The nitric
,0 -60
oxide synthase inhibitor L-NMMA was
0
iii
infused into the brachial artery and
-so
cu
forearm
blood flow measured.
!!!
Normotensive control patients had an
. ~ · 100
equal response to intraarterial
clet•
c.tw.r. et.
1H2
norepinephrine and intraarterial L-NMA.
In contrast, hypertensive patients had a
Figure 11
normal response to norepinephrine but
a diminished response to L-NMMA.
These studies suggest that the basal
release/action of nitric oxide is abnormal in patients with untreated hypertension.
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Second, hypert~nsive patients have an abnormal response of forearm blood
flow and vascular resistance to endothelium-mediated vasodilators such as
acetylcholine (55,56) [Figure 12]. The subjects were treated with aspirin to block
protacyclin production and with the alpha adrenergic blocker phentolamine. The
vascular effects of acetylcholine were independent of prostaglandins and adrenergic
neurotransmitters and therefore likely to be mediated by nitric oxide. In contrast, the
response to the endothelium-independent vasodilation nitroprusside was normal.
Thus, acetylcholine-stimulated nitric oxide release/action is also abnormal in
hypertensive patients, indicating endothelial dysfunction. The endothelial dysfunction
occurs at the level of the resistance arteries, because forearm blood flow was affected
(55-57}. rhese results are striking because this part of the circulation rarely develops
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hypertensive . vascular disease.
As
described below, the coronary circulation,
a known target of hyperte·nsion, seems to
exhibit more severe endothelial
dysfunction.

Abnonnal Response of Forearm Blood Flow
to Acetylcholine in Hypertensive Patients

Normal

Normal

Panlltt. al., N. ECigl. J . Mtd., 1990

Figure 12

Several studies have shown
Arginine as a Anti-Hypertensive Agent
that intravenous arginine infusion
in Hypertensive Patients
lowers blood pressure in patients
100
25
with both essential hypertension and
u
!!!
~
95
secondary causes of hypertension ·u;~ 2o
.,
£ 90
(42,43,58) [Figure 13] .
Acute a: 15
'0
g 85
~
.,
1ii
~nfusion of arginine decreased total
'5. 10
.!:!
80
0
peripheral
resistance,
decreased ~
5
~ 75
mean arterial pressure, and increased ~
0
70 -'----'--'---heart rate and cardiac output. ... ° Control Arginine
Control
Arginine
Arginine also releases histamine,
insulin, glucagon and prolactin;
datalromHiohlkawa, J . CitdiOYIIC.Phorm. , 1992
however, si~ilar results were found
. Figure 13
in patients treated with chloq)heniramine, a H1 -antagonist (59). The role of the other
hormones in the response to arginine is unknown (43). The studies also found an
increase in plasma citrulline and urinary nitrate and nitrite, markers of increased nitric
oxide production. ·Blood pressure decreased to a greater extent in hypertensive than
normotensive patients (42).
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These dramatic results indicate that arg1n1ne might be useful for treating
accelerated or malignant hypertension. Arginine infusion is not without risk since
extrapolation can cause local tissue necrosis (60). The effects of chronic arginine
therapy in humans have not been reported. In addition to the vascular effect, arginine
may alter blood pressure by direct effects on sodium excretion. Stoos and Garvin
have shovvn that nitric oxide decreases short circuit current, a marker for sodium
transport, in cultured cortical collecting duct cells (53).
In summary, hypertensive patients have evidence of endothelial dysfunction.
Whether the endothelial dysfunction is the cause or consequence of systemic
hypertension is not yet clear. A primary deficiency of nitric oxide would lead to
vasoconstriction and thus a rise in blood pressure . On the other hand, an increase in
vasoconstrictor tone could cause endothelial dysfunction. In animals models, the
endothelial dysfunction associated with acute hypertension can be prevented by
initiation of antihypertensive therapy, suggesting that the defective nitric oxide release
is a consequence of the systemic hypertension . In humans, the opposite may occur.
9

Endothelium-dependent forearm vasodilation is reduced in normotensive patients with
a family history of hypertension (61 ). While this is a small study involving only 13
hypertensive patients and 13 normotensive controls, it raises the possibility that
endothelial dysfunction can precede the appearance of hypertension and thus that
endothelial dysfunction might play a causal role in the pathogenesis of essential
hypertension (61 ).
·
Ischemia. The initial studies of Gardiner showed that basal release of nitric
oxide is an important determinant of organ blood flow (36J, which immediately
suggested th~t abnormal regulation of the nitric oxide pathway could be an important
cause of ischemia, especially myocardial ischemia. Indeed, L-NMMA decreases
coronary blood flow in animals (62,63), suggesting that basal nitric oxide production
is important for regulating coronary blood flow. Subsequent studies have proposed
several mechanisms by which nitric oxide deficiency could produce ischemia:
decreased vasodilation or paradoxical vasoconstriction in response to vasodilators,
enhanced response to vasoconstrictors, increased platelet aggregation and adhesion,
or proliferation of vascular smooth muscle cells (64-66).
Decreased vasOdilation or paradoxical
vasoconstriction
in
response to
endothelium-dependent vasodilators.
As
described above, hypertensive patients have
a decreased vasodilation in response to
acetylcholine. Paradoxical vasoconstriction
induced by acetylcholine was first described
in the coronary circulation by Ludmer in
patients with .both mild ( < 20% occlusion)
and in severe ( >50% occlusion) coronary
artery disease [Figure 141 (67). All coronary
artery seg'ments exhibited normal
vasodilation in response to nitroprusside,
indicating preservation of vascular smooth
muscle relaxation.
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Figure 14

An explanation for this paradoxical response to acetylcholine is shown in Figure
15 (68). As described above, acetylcholine dilates normafblood vessels by releasing
nitric oxide from the endothelial cells. By contrast, if the endothelium is damaged or
removed experimentally, acetylcholine may paradoxically constrict blood vessels
because of a direct effect on the exposed vascular smooth muscle. Therefore, a
paradoxical effect of acetylcholine has been taken as evidence of endothelial
dysfunction.
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Figure 15
Subsequent studies have
· confirmed these results and shown
Response of LAD Coronary Artery To lntracoronary
that coronary blood flow regulation
Acetylcholine (ACh) in Hypertensive Patients
is also impaired in patients with mild
1.5
or early atherosclerosis (69-71 )
[Figure
1 6].
Acetylcholine
i 1.0
decreased blood flow out of
0
proportion to change in large blood
~
0.5
vessel diameter. The subnormal or
paradoxical response of coronary
0 .0
blood flow to the vasodilator
acetylcholine indicates a concurrent
defect in ·the endothelium of small
resistance blood vessels, i.e., in
Figure 16
microvascular disease that would not be demonstrable on coronary angiography. This
is surprising, since this portion of the circulation is morphologically normal. Also, some
studies of patients with coronary artery disease have shown endothelial dysfunction
in coronary .arteries that are angiographically normal. These microvessels are
nevertheless exposed to high levels of circulating lipids and cholesterol; oxidized LDL
inhibits acetylcholine-induced vasodilation in isolated rings of pig coronary arteries
(72). The mechanism of the endothelial dysfunction is uncertain, but most studies
indicate impaired nitric oxide release or action. In diabetes, advanced glycosylation
products which accumulate on tissue proteins_, destroys nitric oxide (73). Inhibition
of the advanced glycosylation with aminoguanidine improves the defect in
vasodilation.

•
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Endothelial dysfunction is improved by intracoronary arginine infusions of
arginine; the improved endothelium-dependent relaxation both in the conduit and
resistance blood vessels of patients with mild coronary artery disease (71) [Figure 16].
Similar results have been obtained in hypercholesterolemic patients (74). This raises
the possibility that acute or chronic L-arginine could be used clinically to treat
coronary ischemia.
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Platelet aggregation. A second mechanism by which nitric oxide deficiency
could cause ischemia is shown in Figure 17. Aggregated platelets produce nitric
· oxide, which functions to inhibit platelet aggregation (64). Human platelets also
contain an arginine/nitric oxide pathway (75). Thus, platelets have a short-loop
feedback mechanism which uses nitric oxide to prevent and reverse aggregation.
In addition, the platelet-endothelial cell interaction provides a second feedback
loop to prevent platelet aggregation [Figure 17] (64). Aggregating platelets produce
ADP, which stimulates endothelial nitric oxide production. The nitric oxide acts locally
e16to prevent platelet aggregation near the vascular wall; an effect on platelets in the

Vascular Effects of Aggregating Platelets
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Figure 17
center of the vessel is unlikely since nitric oxide is destroyed by hemoglobin. The
endothelial nitric oxide also overrides the effect of vasoconstrictors (thromboxane A 2
and serotonin) also released from platelets. The net result is vasodilation and
prevention of platelet aggregation. In atherosclerosis, endothelial dysfunction with
decreased nitric oxide release/action impairs this protective mechanism, favoring
vasoconstriction and platelet aggregation and adhesion.
This may promote
vasoconstriction, thrombus formation and ischemia.
This scheme has been demonstrated experimentally; aggregated platelets dilate
normal arteries, but constrict arteries from atherosclerotic animals (64). Furthermore,
exogenous serotonin induces vasodilation in normal coronary arteries, but induces
vasoconstriction or vasospasm in patients with atherosclerosis (76, 77).
Implications of endothelial dysfunction. Could this endothelial dysfunction
contribute to clinical syndromes of angina? While there is no hard evidence at the
present time, there has been much speculation that this may occur. First, endothelial
dysfunction in the coronary or peripheral circulation has been found in patients with
diseases which are risk factors for ischemic heart disease [hypertension {54-56},
atherosclerosis (67,69, 70, 78, 79), hypercholesterolemia (74,80), diabetes (81), and
patients with a puzzling ·syndrome of chest pain and normal coronary arteries
(Syndrome X) (82-85)].
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Second, a recent multivariate analysis has found that impaired coronary blood
flow response to acetylcholine was associated with the presence of atherosclerosis,
hypertension, hypercholesterolemia-, age >50 and total number of coronary risk
factors (79). Interestingly, smoking, male sex, and positive family history were not
associated with an impaired response to acetylcholine nor responses to papaverine,
an endothelium-independent vasodilator. Unfortunately, this study did not comment
on the association of clinical angina and this abnormal coronary blood flow response.
The similarity of risk factors for coronary artery disease and endothelial dysfunction
suggests that endothelium dysfunction may be a marker for coronary artery disease.
However, at the present time, the
Restoration of Endothelial-Dependent Relaxation
association between ischemia and nitric
By Dietary Treatment of Atherosclerosis
oxide deficiency must be regarded as
speculative, but deserving further detailed
study.
Atherosclerosis
c 20
0

Can
Correction of risk factors.
correction of risk factors reverse endothelial
dysfunction? The answer, in studies of
experimental animals, is yes. Monkeys with
d iet-i nd uced
atherosclerosis
have
paradoxical responses to acetylcholine of
coronary artery diameter and coronary blood
flow [Figure 18] (86,87). Reversion of the
atherosclerosis by dietary lowering of the
serum cholesterol completely restored large
vessel endothelial function to normal.
Whether this occurs in humans is unknown.
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Figure 18

Action of
Mechanism of Action of Nitrovasodilators
Nitroglycerin. Organic
nitrates (nitroglycerin)
Biotransformation
Chemical Conversion
are used to treat angina,
myocardial infarction,
and some forms of
Nitroprusside
Nitroglycerin
SIN-I
NO
congestive heart failure.
This topic has been the
Heme
subject of a recent
\
(Soluble
Grand Rounds (88).
cGMP \
Guanylyl
The mechanism of
action of nitroglycerin is
shown in [Figure 19].
Nitroglycerin enters the
Figure 19
cell
where
it is
biotransformed by a thiol-dependent enzyme system into nitric oxide or a closely
related compound. In contrast, vasodilators such as nitroprusside or the newlydeveloped SIN-1 undergo a chemical conversion in solution to nitric oxide. This
difference in mechanism of action becomes critical in evaluation of the mechanism of
tolerance to nitroglycerin, a well known clinical phenomenon .
.13

Prolonged administration of organic nitrates generally induces a state of
tolerance (88). The mechanisms of tolerance include the initiation of powerful
conterregulatory reflexes, and alteration in the target tissue itself, so that nitroglycerin
loses its therapeutic efficacy. The mechanism of tolerance is not completely
understood, but in vitro studies have shown that nitroglycerin rapidly depletes
sulfhydryl groups needed for the biotransformation to nitric oxide (89). Studies by
May, Popma, Black, Schaefer, Lee, Levine, and Hillis have shown that administration
of N-acetylcysteine reverses the tolerance to nitroprusside (90).
NITRIC OXIDE EXCESS
Nitric oxide excess is seen during IL-2 therapy (91 ), septic shock, uremic
bleeding, hypotension during dialysis (27), and stroke syndromes (1 ,92).
Septic Shock. Gamma interferon and lipopolysaccharide induce formation of
the macrophage or inducible nitric oxide synthase and increase urinary excretion of
nitrite and ·nitrate in rats and mice (7, 10,11 ). The latter is inhibited by L-NMMA.
Immunologically activated macrophages produce exceedingly high concentrations of
nitric oxide that do not act through cyclic GMP but instead are directly cytotoxic and
immunogenic. Nitric oxide combines with superoxide to form peroxynitrite which
induces DNA damage and mutation (93,94). Nitric oxide also inactivates iron
containing proteins, including enzymes responsible for mitochondrial respiration and
aconitase activity (95-99) so that cells cannot grow or divide. This high-output
macrophage system seems to have evolved as an defense against intracellular
organisms. Activated cultured macrophages can inhibit the growth of mycobacteria,
pathogenic fungi, and parasites (17). For example, Alspraugh and Granger have
shown that the growth of cryptococcus neoformans is inhibited in a cell-free system
by nitric oxide gas ( 100). Local inhibition of nitric oxide synthesis with L-NMMA
prevented clearing of Leishmania infections in murine footpads (101 ), suggesting that
nitric oxide is important in vivo. LPS, endotoxin, and various cytokines also increase
nitric oxide production in vascular endothelium, vascular smooth niuscle, and other
tissues by tnduction of the macrophage from of nitric oxide synthase (33, 102-104).
This induction is inhibited by dexamethasone (1 05).
The macrophage and
Evidence for Inducible Nitric Oxide Synthesis
vascular pathways have been
in Patients Receiving lnterleukin-2 Therapy
conclusively demonstrated in
rodent and murine tissues.
400-r-----------------:::c-~~
Serum NO:i t SE
Demonstration of an inducible
h•moliLJ
300
nitric oxide synthase in
200
humans has been very
100
difficult, perhaps because the
demands imposed by upright
posture have dictated that the
Hibbs, et.al., J. Clin . Invest., 1992
inducible system is very tightly
controlled. However, patients
Figure 20
rece1v1ng
IL-2
cancer
chemotherapy for renal cell carcinoma or malignant myeloma have increased serum
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and urine nitrite and nitrate produced from labeled arginine (91) [Figure 20]. This
provides the best evidence that an inducible NOS is present in humans.
Nitric oxide plays a double edged role
Nitric Oxide in Septic Shock
during septic shock [Figure 21] ( 106, 107).
Nitric oxide is beneficial because it is
~ntibacterial. However, nitric oxide also has
Antibacterial
Susta ined vasodilation
deleterious effects, including sustained
Hypotension
vas o d i I at ion, hypotension, and
Poor response to
pressors
hyporeactivity to vasoconstrictor agents
(104,108).
In animal studies, the
progressive hypotension is mediated by
enhanced formation of nitric oxide by an
inducible nitric oxide synthase. - This
suggests thqt inhibition of the inducible
Figure 21
nitric oxide synthase could improve the therapeutic outcome of patients suffering from
-either septic or hemorrhagic shock ( 104).
·
Several
strategies
have
been
Effect of l-NMMA on Hypotension
proposed to inhibit nitric oxide production
in a Patient with Septic Shock
during shock:
substituted L-arginine
110
derivatives, dexamethasone to prevent
100
induction of the inducible nitric oxide
;;;
90
synthase, arginase to degrade circulating
~
; eo
arginine, or a calmodulin inhibitor (33, 105).
~
!!! 70
c.
Anecdotal experience in two patients with
t
septic shock demonstrated that a nitric
t
oxide synthase inhibitor (L-NMMA) reversed
hypotension · (108) [Figure 22]. In these
I 30
two patients, conventional therapy had
-2
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Time before first L·NMMA bolus (1'\r)
Time after first L·NMMA bolus
been unable to normalize blood pressure. In
contrast, infusion of the nitric oxide
Petros, et.al., Lancet, 1991
synthase inhibitor increased the blood
pressure and. systemic vascular resistance,
Figure 22
indicating that nitric oxide contributes to the
pathogenesis of septic shock. L-NMMA infusion improves survival in a murine
peritonitis model of sepsis that is not cured by antibiotics alone ( 109).
J:

::1~~~0-~. ~~~~~~~~
.,

0·10
'"'
X.

(m1n)

Nitric oxide synthase inhibitors would represent a welcome addition to our
therapeutic armamentarium. However, before this therapy can be widely accepted,
several issues need to be clarified. First, how much does nitric oxide contribute to the
morbidity and mortality in sepsis? Second, how much inhibition of nitric oxide
synthase is beneficial? Complete inhibition of nitric oxide synthesis would be
counterproductive, perhaps causing to myocardial and tissue ischemia, platelet
aggregation with microvascular thrombosis, breakdown of defence barriers in the skin
and Gl tract, a_!ld compromised antimicrobial defenses ( 106) .
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Uremic bleeding. Patients with uremia have prolonged bleeding time manifested
as an increased incidence of Gl bleeding. · Although spontaneous bleeding is
uncommon, the bleeding tendency is important to recognize in patients who must
undergo surgery or renal biopsy. The incidence of bleeding has been reduced by early
institution of dialysis therapy. The exact mediator is unknown; the list of candidates
is very long (decreased platelet factor-3 or clotting factor-VIII, or increased
prostacyclin, guanidinosuccinic acid, or phenolic acid). Current therapy for restoring
bleeding time to normal includes DDAVP (0.3 pg/kg iv) or conjugated estrogens (0.6
mg/kg daily for 5 days) (81, 11 0).
Because nitric oxide is known to inhibit platelet aggregation and adhesion, it
was suggested that nitric oxide could be involved in the pathogenesis of the uremic
bleeding. In rats with chronic renal failure, inhibition of nitric oxide synthase with LNMMA completely normalizes bleeding time within 5 minutes; the effect lasts for
approximately 30 minutes [Figure 23] (111 ). The· inhibitor also increased platelet
adhesion measured in vitro; in vivo and in
vitro effects· were completely reversed by
L-NMMA Normalizes Bleeding
arginine. Thus, it appears that nitric oxide
Time In Uremic Rats
is a mediator of the bleeding tendency of
uremia. A follow up study showed that a
l -NMMA
300
beneficial effect of estrogen could be
+
reversed
by L - arginine (112).
.,
200
Dexamethasone
also shortened
the
~
g>
prolonged bleeding time of uremia. These
~ 100
results suggest that estrogen may decrease
. ffi
the inducible nitric oxide synthase. To date,
these experiments have not been reported in
0
15
5
30
60
humans, perhaps because of the potential
Time(min)
for hypertension, and the side effects
Remuzzi, et.al., J. Clin. Invest., 1990
discussed in the section on septic shock.
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CONCLUSION
Figure 23

This review has focused on some of the cardiovascular and platelet actions of
nitric oxide. Nitric oxide has many other effects throughout the body. The
widespread distribution of this signal transduction system complicates the use of
general agonists (arginine) and inhibitors (L-NMMA). Drugs must be developed that
selectively inhibit only one isoform of nitric oxide synthase, or perhaps a specific
arginine transporter. Gene therapy may allow targeting of nitric oxide to specific organ
beds (heart, kidneys, et.), where its short range of action may prove useful.
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