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Pulmonary hypertension: NO therapy?
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Pulmonary vascular endothelial cells now ap-

pear to play a central part in the control of
pulmonary vascular responses and in the patho-
genesis of pulmonary hypertension. Endo-
thelium-derived nitric oxide (NO) is a very
highly diffusible and labile substance released
both into the vascular lumen to inactivate plate-
lets, and away from the lumen to relax vascular
smooth muscle.' Nitric oxide also inhibits pro-
liferation of vascular smooth muscle and was

recently shown to alter gene expression of
growth factors (such as VEGF, PDGF),2 vaso-

constrictors (such as endothelin),3 and endo-
thelial cell adhesion molecules (figure).'
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Multiple actions ofNO released from endothelial cells. Interaction between NO and
oxidant status indicates that, depending on the environmental conditions and the
respective concentrations ofNO and superoxide radical, NO may behave as an oxidant
or as an antioxidant. EC= endothelial cells; SMC= smooth muscle cells; ET-1 =
endothelin-1; PDGF= platelet derived growth factor; VEGF= vascular endothelial growth
factor.

Endothelial dysfunction and impairment of
endothelial NO production have been dem-
onstrated in both human and experimentally
induced hypoxic pulmonary hypertension as

well as in Eisenmenger syndrome.56 These data
raise the possibility that impaired NO pro-

duction may contribute to the development of
pulmonary hypertension.

In fetal lambs acute inhibition of NO syn-

thesis attenuates the normal increase in pul-
monary blood flow at birth, suggesting that
NO activity is stimulated and contributes to the
decrease in the pulmonary vascular resistance
at birth. In addition, chronic inhibition of NO
synthesis in utero produces persistent pul-
monary hypertension in newborn lambs, sug-

gesting that inhibition ofNO reproduces many
of the physiological derangements of persistent
pulmonary hypertension of the newborn
(PPHN).7 In contrast, acute and chronic block-
ade of NO synthesis in adult humans and
experimental animals does not cause pul-
monary hypertension but potentiates pul-
monary vasoconstrictor responses to various
stimuli.

In most instances of adult and neonatal pul-
monary hypertension inhaled NO can reverse

pulmonary vasoconstriction. Because NO is a

gas, it can be exogenously administered when
mixed with the inhaled air to reach target
cells. Inhaled NO at low concentrations of
0O20-20ppm produces selective relaxation of
pulmonary vascular smooth muscle without
dilating the systemic vasculature.8 This occurs

since NO reaching the bloodstream is rapidly
inactivated by haemoglobin to form nitrates.

Scientific basis: assessment of NO
activity in pulmonary vessels
Nitric oxide is generated from the nitrogen
group of the amino acid L-arginine through an

enzymatic reaction.' Three isoforms of NO
synthases have now been characterised which
are products of different genes. NO synthases
are usually classified as either "constitutive" or

"inducible". In the lung the constitutive form
(cNOS) is present in pulmonary arterial and
venous endothelial cells, non-adrenergic non-

cholinergic inhibitory neurons and, to a lesser
extent, in epithelial cells. The endothelial L-

arginine/NO pathway can be activated by in-
creased intracellular calcium in response to
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shear forces exerted by the circulating blood
(which in turn causes flow dependent vaso-
dilation), as well as by mediators acting via
receptor operated mechanisms such as acetyl-
choline, bradykinin, substance P, endothelin,
serotonin, and other platelet-derived products.
The inducible form (iNOS) which is calcium
independent and generates NO in large
amounts for long periods can be expressed in
inflammatory cells but also in cellular com-
ponents of vessels and bronchi in response to
endotoxin and some cytokines. NO generated
by iNOS mediates part of the inflammatory
cell toxicity while NO released by cNOS
acts as a transduction mechanism underlying
physiological responses. The synthesis of NO
by both enzymes is stereospecifically inhibited
by various L-arginine analogues such as L-NG-
monomethyl-arginine (L-NMMA).

Tests to assess cNOS activity are usually
performed on isolated pulmonary vessels or
lungs. The vasoconstrictor response to L-
NMMA reflects the basal release of NO while
a response to acetylcholine allows the as-
sessment of receptor mediated release of NO
by endothelial cells. In humans acetylcholine
is a potent pulmonary vasodilator among the
first vasodilators examined in patients with
pulmonary hypertension. Furthermore, vaso-
dilation to acetylcholine in human systemic
arteries is endothelium dependent and is in-
hibited by L-NMMA. However, it is not clear
whether pulmonary vasodilation to acetyl-
choline in humans reflects exclusively endo-
thelial formation of NO. This is of clinical
importance since intravenous acetylcholine
produces potent pulmonary vasodilation in
both patients with primary pulmonary hyper-
tension9 and those with mild chronic ob-
structive pulmonary disease (COPD). 0 It is
likely that impaired NO-mediated vasodilation
is not homogeneous in the pulmonary cir-
culation of such patients. While vasodilation to
acetylcholine should predominate in normal
pulmonary arteries, the expression of cNOS is
preferentially reduced in pulmonary arteries
with severe histological abnormalities."

Ongoing research and future
development: NO and pathogenesis of
pulmonary hypertension
Chronic hypoxia represents one of the stimuli
that causes pulmonary vascular remodelling in
chronic lung diseases. Impaired NO-mediated
endothelium dependent relaxation has been
demonstrated in lungs from chronically hyp-
oxic rats as well as in pulmonary arteries
from patients with COPD.56 In cultured human
endothelial cells hypoxia inhibits expression
of cNOS via transcriptional and post-
transcriptional mechanisms.'2 A likely mech-
anism of defective release of NO in chronic
hypoxic pulmonary hypertension is a decrease
of nitric oxide synthase gene expression sec-
ondary to physical factors such as hypoxia or
sustained shear stress. Recent observations also
suggest that this alteration in pulmonary vas-
cular control is related to the vascular re-
modelling process. Continuous inhalation of

NO in rats exposed to chronic hypoxia at-
tenuates development of pulmonary hyper-
tension and partially prevents pulmonary
vascular remodelling.'3 Exogenous NO may
therefore be used as a substitute to endogenous
NO to protect against development of pul-
monary hypertension.
An important question raised by these ob-

servations is whether impaired NO formation
by pulmonary endothelial cells represents a
primary event or whether it is secondary to the
pulmonary hypertensive disease process. The
endothelium is thus both a target for and a
mediator of vascular diseases. In experimental
animals early detection of morphological
changes in pulmonary vessels in the absence of
impaired synthesis of NO suggests that al-
teration of NO synthesis may occur as a sec-
ondary event during the course of pulmonary
hypertension. In contrast, the observation that
chronic in utero inhibition ofNO in fetal lambs
reproduces the physiological derangements of
PPHN after birth without pulmonary vascular
remodelling suggests that impaired NO syn-
thesis during transition from fetal to newborn
life may be a causative factor for PPHN.
Whether cause or consequence of the pul-
monary hypertensive process, progression of
pulmonary hypertension in these studies ap-
pears to be under the influence of locally acting
NO. Identification ofthe environmental stimuli
which interfere with the production and/or
release of NO and favour pulmonary hyper-
tension is an incentive for future studies. Stim-
uli such as hypoxia, oxygen free radicals,
inflammatory mediators, or mechanical forces
exerted on the vascular wall are likely can-
didates.

Therapeutic implications
Delivery of NO to the pulmonary circulation
may be achieved through infusion of acetyl-
choline or through inhalation of NO gas.
Acetylcholine has recently been proposed as
a substitute for prostacyclin when screening
for pulmonary vasodilator responsiveness in
patients with primary pulmonary hyper-
tension.9 In such patients chronic infusion of
acetylcholine may represent an alternative to
prostacyclin at less cost and with similar ex-
pected benefits. Such an hypothesis has not yet
been tested.

Inhalation of NO is a major therapeutic ad-
vance in the treatment of various forms of
pulmonary hypertension.8 In many instances
inhaled NO reduces pulmonary vascular tone
during hypoxia, primary pulmonary hyper-
tension, congenital heart disease, persistent
pulmonary hypertension of the newborn
(PPHN), and acute respiratory distress syn-
drome (ARDS).' In comparison with other
known vasodilator agents which may cause
severe systemic hypotension, inhaled NO has
the advantage of being devoid of any systemic
effect. Testing the reversibility of pulmonary
hypertension is safer with NO than with any
other vasodilator. In situations which require
acute and subacute treatment, such as neonatal
pulmonary hypertension or adult respiratory
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distress syndrome, inhaled NO is very effective
in reducing pulmonary hypertension. Clinical
improvement can often be sustained during
prolonged inhaled NO therapy. However, due
to some concerns about toxicity of exogenous
NO, further investigations are necessary prior
to widespread and prolonged clinical use of
inhaled NO, particularly in neonates. Inter-
actions between NO and reactive oxygen spe-
cies are currently under investigation. Several
studies now suggest that inhaled NO can limit
oxidant and inflammatory reactions during
lung vascular injury. The usefulness of inhaled
NO in chronic diseases such as COPD has not
been clinically tested, partly because of fears
ofNO toxicity and particularly because oftech-
nical difficulties related to the ambulatory de-
livery of inhaled NO gas. Moreover, NO may

only slightly improve oxygen delivery in these
patients because cardiac output remains un-

changed and arterial oxygenation is not greatly
improved.

Conclusions
Nitric oxide plays a central part in the patho-
genesis and treatment of pulmonary hyper-
tension. Inhaled NO is a promising therapy in
various forms of pulmonary vascular disorders.
Further investigations into the toxicity of in-
haled NO are necessary prior to widespread
and prolonged use of this mode of therapy.
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