The Utility of Nitric Oxide
in the Postoperative Period
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Inhaled nitric oxide {iNO) is a pulmonary-selective vaso-
dilator with minimal bronchodilator activity in humans.
NO also inhibits platelet and neutrophil activation and
adhesion and inhibits ischemia-reperfusion injury. The
puimonary vasodilatory property of iNO causes a reduc-
tion in pulmonary vascular resistance and improvement
in arterial oxygenation in a wide spectrum of diseases
characterized by pulmonary hypertension and hypox-
emia. Promising examples of diseases for which NO
may provide beneficial physiologic effects are primary
and secondary pulmonary hypertension, right ventricu-
lar failure, cardiac transplantation, pulmonary embo-
lism, protamine reactions, acute respiratory distress
syndrome, lung transplantation and, perhaps, chronic
obstructive airways disease. The usefuiness of iNO may
be improved by concomitant therapy with pulmonary-
selective intravenous vasoconstrictors (eg, Almitrine;
Vectarian, Neuilly, France) and ¢cGMP phosphodiester-
ase V inhibitors {eg, Zaprinast; Research Biochemicals
International, Natick, MA). Almitrine improves oxygen-
ation, synergistically with iNO, and may be useful in
disease states characterized primarily by hypoxemia.
Zaprinast may be useful for weaning iNO and avoidance
of rebound pulmonary hypertension.

Copyright© 1998 by W. B. Saunders Company.

nhaled nitric oxide (iNO) is unique for its

biological role, small size, short halflife, mode
of termination, and method of administration. It
is the active moiety of a large number of nitrova-
sodilator drugs. Until recently, the biological
significance of nitric oxide (NO) has focused on
its effects as an atmospheric byproduct of combus-
tion (natural and industrial), partly responsible
for ozone depletion and global climatic change.
For the anesthesiologist, the interest in NO had
been limited to its role as a toxic contaminant in
nitrous oxide cylinders, implicated as the cause
of fatalities in the 1960s.' Since the discovery in
1987 that NO was the endogenous vasodilator
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previously known as endothelial-derived relaxing
factor (EDRF),? there has been an exponential
increase in the number of publications describ-
ing the significance of this essential cellular
mediator and potentially life-saving drug. It is
now known that endogenous NO is responsible
tor the regulation of smooth muscle tone in the
cardiovascular, pulmonary vascular, and gastroin-
testinal systems in both normal and disease
states.® It has also been shown that NO has other
diverse physiologic functions, including the
modulation of platelet function,* immunoregu-
lation,’ and both central and peripheral neuro-
transmission.” Furthermore, NO has been iden-
tified as a possible effector molecule for volatile
anesthetics,*!! and a mediator of analgesia with
both nociceptive and antinociceptive effects.!21?

There is great interest in the use of NO in a
spectrum of diseases that are distinguished by
pulmonary hypertension and hypoxemia. Ex-
amples are pulmonary hypertension of the neo-
nate (PPHN),"*! and pulmonary hypertension
(PHT) associated with acute respiratory distress
syndrome (ARDS).!® Inhaled NO has also been
effective in the treatment of PHT of heart and
lung transplant candidates in the pre- and intra-
operative periods.'™® This review concentrates
on the evidence for the role of NO in treating
cardiac and pulmonary dysfunction occurring in
the postoperative period. Special emphasis is
placed on its role after cardiac surgery and
thoracic organ transplantation. A too-frequent
sequel of surgery is ARDS; the role of NO in this
disease will be discussed. The biochemistry, car-
diovascular and pulmonary physiology, and toxic-
ity of iNO are also reviewed.

Nitric oxide has been used therapeutically for
6 years. Unlike the development of other thera-
peutic drugs, most research has, until recently,
been performed by investigators without commer-
cial support. This unique approach has pro-
duced early and exciting studies of the physiol-
ogy and pharmacology of the drug, but has not
allowed large-scale clinical trials, common and
necessary for drug development. Nitric oxide is
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not yet approved for use for any of the diseases
discussed in this article, except as an investiga-
tional drug. Regulatory requirements for investi-
gational trials and drug approval are, for the
most part, the same for both drug companies
and clinicians, and the Food and Drug Adminis-
tration (FDA) has stated that the administration
of NO requires an Investigational New Drug
(IND) application.

Physiology of Nitric Oxide

Biochemistry of Nitric Oxide

Nitric oxide is a highly lipophilic, highly diffus-
able free radical with an extremely short biologic
half-life. Nitric oxide is oxidized to nitrate and
nitrite in solution and combines with metallopro-
teins, porphyrin groups, Fe-S and sulfhydryl
groups, lipids and other cellular constituents. In
air, it is oxidized to nitrogen dioxide (NOy) and
other oxides of nitrogen, with a reaction rate
dependent on the product of the square of the
NO concentration, and the oxygen concentra-
tion.

Nitric oxide is synthesized from the terminal
guanidine nitrogen of L-arginine by nitric oxide
synthase (NOS) in a reaction that produces
L-citrulline as a by-product. Oxygen and nicotin-
amide adenine dinucleotide phosphate
(NADPH) are required as cosubstrates for this
reaction and tetrahydrobiopterin, flavin mono-
nucleotide and dinucleotide, protoporphyrin IX,
and calmodulin are necessary cofactors. The
C-terminal portion of NOS has homology with
cvtochrome Py and is involved in the five-
electron transfer from NADPH to Oy during NO
synthesis. The N-terminal portion is the arginine
binding site. Nitric oxide synthase is inhibited by
arginine analogs (L-N®methyl-L-arginine, L-N¢-
nitro-L-arginine, and L-N%nitro-L-arginine
methyl ester) and a spectrum of other com-
pounds such as S-isothioureas, N*-alkylarginines
and No-ornithines.

Although NOS is produced in a variety of cell
types, the three isoforms that have been identi-
fied are inducible, neuronal, and endothelial
NOS.2! All NOS isoforms demonstrate consider-
able functional and sequence homology, both
between isoforms and across species. Inducible
NOS (iNOS, isoform ) is found in the cyto-
plasm of fixed and circulating macrophages,

hepatocytes, and in tissues such as vascular and
cardiac smooth muscle.” Inducible NOS is not
present in these cells under basal conditions.
Transcription of the iNOS gene requires activa-
tion of messenger RNA by stimuli including
endotoxin, cytokines (tumor necrosis factor, in-
terleukin-1), or interferons. Transcription of
iNOS can be inhibited by glucocorticoids, trans-
forming growth factor B, interleukin-4, and inter-
leukin-10.2 Inducible NOS is tightly bound to
calmodulin and is Ca**-independent. After in-
duction, iNOS remains active for a period of 4 to
24 hours. This sustained activity results in the
secretion of large amounts of NO in nanomolar
quantities. Induction of iNOS appears to be at
least partly responsible for the vasodilation asso-
ciated with sepsis and other pathophysiologic
states. Large quantities of NO are also cytotoxic
to parasites, bacteria, and tumor cells (by inhibit-
ing ribonucleotide reductase, mitochondrial elec-
tron transport enzymes, and other Fe* "-contain-
ing enzymes) and are capable of direct DNA
damage.

Neuronal and endothelial NOS are com-
monly referred to together as constitutive NOS
(cNOS) and differ from iNOS in their regulation
and activity. Unlike iNOS, ¢cNOS is always present
in the cell, but requires-activation by increasing
levels of intracellular Ca** occurring in re-
sponse to vasodilatory stimuli or changes in
shear stress or the pulsatility of blood flow.
Increased intracellular Ca*™* binds to calmodu-
lin to form a complex that in turn activates
cNOS, resulting in the production of picomolar
quantities of NO, considerably less than the
amount of NO produced by iNOS. Neuronal
NOS ({bNOS, nNOS, isoform I) is present in
tissues such as the cerebral cortex, cerebellum,
nonadrenergic noncholinergic (NANC) neu-
rons,?* the macula densa of the kidney, skeletal
muscle, and pulmonary epithelium. In contrast
to other neurotransmitters, it is not responsible
for normal neural transmission, but appears to
play a role in neural plasticity and memory. Its
function in other tissues is unknown. Interest-
ingly, inhibition of neuronal NOS production is
associated with reduced neuronal damage from
cerebral ischemia.

Endothelial NOS (eNOS, isoform II) is a
membrane-bound protein found in vascular en-
dothelium, platelets and neutrophils. Like neuro-
nal NOS, eNOS is constitutively expressed and
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Ca*"dependent. Endothelial membrane receptor
occupancy (by acetylcholine, bradykinin thrombin
and adenosine triphosphate (ATP), and others)
and shear stress increase intracellular Ca™ and
activate endothelial NO synthase. NO release in-
duces adjacent smooth muscle vasodilation and
decreases platelet adhesion and activation. Nitric
oxide also appears to modulate inflammation, at
least in part, by decreasing leukocyte adhesion to
endothelial cells and through alteration of cytokine
release.® Endothelial production of NO is respon-
sible for autoreguladon of the cerebral and coro-
nary circulations as well as regulation of pulmonary
and systemic vascular resistance.’

Nitric oxide, produced within cells, rapidly
diffuses to adjacent tissues. It has been argued,
however, that the rate at which NO reacts with
molecular oxygen, superoxide anion, and non-
heme iron makes diffusion alone an implausible
mechanism for its in vivo paracrine effects. Nitric
oxide may circulate in mammalian plasma using
low-molecular-weight thiols as carrier molecules.
S-nitroso-albumin and S-nitroso-L-cysteine have
been shown to possess properties similar to
EDRF.?%7 Once in the target cell, such as vascu-
lar smooth muscle or platelets, NO binds to and
activates the heme complex of soluble guanylate
cyclase (sGC) and stimulates production of cyclic
guanosine 3',5-monophosphate (cGMP). The
complex mechanism involving NO-induced acti-
vation of ¢cGMP, and subsequent activation of
protein kinases and dephosphorylation of myo-
sin light chains as well as decreases in intracellu-
lar Ca** have been well described.

Organic nitrates and nitrate donors, such as
nitroglycerin and nitroprusside, have been used
clinically as direct dilators of vascular smooth muscle.
Nitroprusside appears to release NO spontaneously.
In conuast, nitroglycerin and related organic ni-
trates must initially react with thiols such as cysteine
and glutathione to form nitrosothiol compounds
that then release NO.% Tolerance to nitroglycerin
administration is probably caused by depletion of
these thiols.® Nitric oxide administered by inhala-
tion on reaching the alveolus readily diffuses across
the alveolarcapillary membrane to relax pulmonary
vascular smooth muscle. Any NO that subsequently
diffuses into the vascular lumen becomes inact-
vated on rapidly binding to hemoglobin. The rapid
binding and inactivation of NO by hemoglobin is
responsible for the clinically important “selective”
pulmonary vasorelaxation properties of INO be-

cause it effectively becomes unavailable to the sys-
temic circulation. In biological systems, NO has an
estimated halflife of 6 to 10 seconds, and the
halfife of cGMP is less than 1 minute #%30

Cardiovascular Physiology

Endogenous NO plays a significant role in maintain-
ing cardiovascular homeostasis, including endothe-
lial and vascular smooth muscle function, coagula-
ton, fibrinolysis, and the regulaton ot cardiac
contractility® Nitric oxide is also involved in the
regulation of intravascular volume through its role
in controlling renin release and sodium and water
homeostasis.® Nitric oxide is released from the
endothelium and other tssues in response to mul-
tiple physiologic sdmuli, including alterations in
shear stress and pulsatile arterial flow, and hypox-
emia.®® In addidon, pharmacologic and chemical
stimuli (bradykinin, serotonin, histamine, ATP,
thrombin, cytokines, and acetylcholine) also alter its
release.’ Nitric oxide increases sGC activity, result-
ing in increased intracellular conversion of guano-
sine triphosphate to cGMP, and therefore increased
activity of several cGMP dependent protein kinases
(Fig 1).

Basal release of endogenous NO is believed to be
responsible for maintaining the normally low rest-
ing tone of the pulmonary vasculature. Sources of
endogenous NO in the lung, so far identfied,
include pulmonary vascular endothelium, bron-
chial epithelium, alveolar macrophages, and infiltrat-
ing inflammatory neutrophils. In addition, NO is
produced in the nasopharynx and inhaled, al-
though the function of this endogenous source of
NO remains undetermined.>® In the absence of
lung disease, inhalation of exogenous NO appears
to have no appreciable effects on pulmonary vascu-
lar resistance,”” airways resistance,® or gas ex-
change.™ However, in the presence of certain forms
of lung disease, iNO may attenuate pulmonary
hypertension, relieve bronchoconstriction, and im-
prove gas exchange.

In numerous animal and hwnan models of
acute and chronic pulmonary hypertension and
clinical practice, iINO decreases pulmonary vascu-
lar resistance (PVR) without altering systemic
vascular resistance (SVR). Nitric oxide’s selectiv-
ity for the pulmonary vascular bed is attributed
to its high affinity for, and inactivation by, hemo-
globin. The affinity of hemoglobin for NO is
approximately 10° higher than the affinity of
hemoglobin for oxvgen. Inhaled prostacyclin
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ALVEOLUS

Figure 1. Schematic of the
proposed mechanism of ac-
don of nitric oxide {NO) on
pulmonary vascular smooth
muscle and the proposed
mechanism of terminaton of
action of NO. Abbreviations:
Hb, hemoglobin; ¢GMP, cy-
clic guanosine monophos-
phate; GTP, guanosine tri-
phosphate; GC, guanyl cy-
clase; Mb, myoglobin; SH,
sulfhydryl group. (Reprinted
with permission.”)

(PGLs) also shows selectivity for the pulmonary
vascular bed, because of limited uptake into the
pulmonary blood flow.*# NO appears to work
by primarily dilating pulmonary postcapillary
venular resistance vessels?” rather than arteriolar
resistance vessels. In addition to its pulmonary
vascular selectivity, NO is selective for only those
portions of the lung that are ventilated. Areas of
the lung with a V/Q) ratio (with low PaQ,) at, or
near, zero are likely to have a very low alveolar
fraction of NO (FaOs) and not show pulmonary
vasodilation. A likely, but as yet unproven, hypoth-
esis is that for areas of the lung with high V/Q
ratios (and higher PaO,), there is a higher Fayg
for the same inhaled percentage of NO (Fiyg).
Thus these areas would vasodilate, increasing the
fraction of pulmonary venous blood that is
highly saturated, and therefore improve PaQ,.

In contrast to iNO, intravenous vasodilators
are not selective, lowering both PVR and
SVR.#:4:4552 Frequently, the limitation to clinical
treatment of pulmonary hypertension is the
development of systemic hypotension. Addition-
ally, intravenous vasodilators are not selective
within the lung, probably dilating vasocon-
stricted areas predominantly, thus increasing
blood flow to both poorly and wellwventilated
lung units, resulting in increased intrapulmo-
nary shunting and lowering PaO,.

Aberrations in the production and release of
endothelial NO have been implicated in several
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pathophysiologic states. Both systemic®3* and
pulmonary hyperiension® have been linked to
defects in NO release, production, and intracel-
lular signal transduction. In animal models of
hypertension and in humans with essential hyper-
tension, treatment with the NO precursor L-
arginine resulted in a rapid reduction in blood
pressure.>5% Defective NO production may also
play a role in the generation of atherosclerosis.
Endothelial NO is responsible for inhibiting
proliferation of vascular smooth muscle and
fibroblasts, platelet aggregation, platelet-in-
duced vasoconstriction, and leukocyte adhe-
sion.®® Nitric oxide can inhibit oxidation of
lipoproteins, preventing free radical-mediated
oxidative membrane injury. Damage to coronary
endothelium and reduced NO production may
also be associated with coronary vasospasm, ath-
erosclerosis, and restenosis after angioplasty.”
The significant damage to endothelium after
reperfusion of ischemic tissues may result in
subsequent diminished basal NO release and
further cellular injury owing te vasoconstriction,
leukocyte activation, chemotaxis, and cellular
adhesion 55062

The physiologic effects of endogenous NO
are concentration-dependent. In contrast to the
protective effects of the small amounts of NO
produced by induction of ¢cNOS, excessive pro-
duction of NO by iNOS stimulation may be
pathologic. The large amount of NO produced
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from macrophages and endothelium has been
suggested as a cause of the vasodilatation, hypo-
tension, vascular hyporeactivity, and myocardial
depression associated with septic shock.?% Inhi-
bition of NOS with arginine analogs in animal
models of endotoxic shock and in patients with
sepsis has been shown to increase blood pressure
and return the vascular responsiveness to vasoac-
tive agents.®®® Increased NO production has
also been reported to play a role in hemorrhagic
shock,? anaphylactic shock, and hypotension in
patients with hepatic failure and cirrhosis.?

Numerous studies have indicated the pres-
ence of NOS in the endocardium, myocardium,
and papillary muscles.’! The presence of NO
within the heart has stimulated speculation on a
possible physiclogic, yet undetermined, effect of
NO on cardiac function, including the shorten-
ing of contraction time, cardiac relaxation dur-
ing diastole, and a role in myocardial contractile
dysfunction and heart failure.® In patents with
stable, but severe, chronic heart failure and
pulmonary hypertension, exogenous NO admin-
istered by inhalation has been associated with a
decrease in pulmonary vascular resistance, but
an elevation in pulmonary capillary wedge pres-
sure and, in some cases, the development of
acute pulmonary edema.’®™ A direct negative
inotropic or lusotropic etfect of NO, however, is
unlikely because of its rapid-inactivation on
exposure to hemoglobin, thereby limiting its
availability to the coronary circulation. In addi-
tion, in humans, the intracoronary infusion of
the NO donor sodium nitroprusside has no
effect on the inotropic state.”™

Bronchodilation

NO is a profound antagonist of smooth muscle
contraction. As such, it could be expected that
NO should be a bronchodilator. Three related
observations have stimulated interest in the ac-
tion of NO as a bronchodilator. First, endog-
enously produced NO is exhaled in low concen-
trations by the upper and lower airway of
mammals.®>7™ Second, NO synthase activity is
present in human bronchial tssue.”8! Third,
NANC neurons are present in bronchial tssue
and secrete NO as their inhibitory neurotransmit-
ter.8%% These observations imply that NO is an
endogenous regulator of bronchial tone, and
that exogenous iNO might be an effective clini-
cal bronchodilator. This, however, has not been

shown to be the case except for specific species
and experimental states. The low efficacy of NO
as a bronchodilator is perhaps because of the
greater distance between the bronchiole and the
bronchial smooth muscle, as small animal spe-
cies tend to respond more readily to NO than
large animal species. There may also be species-
specific differences in bronchial smooth muscle
reactivity.

For guinea pig and rat models of bronchocon-
striction produced with methacholine, leukotri-
ene-D4 (LTD4), and histamine, NO is a moder-
ately potent bronchodilator®”#  NO, in
concentrations as low as 5 ppm, induces broncho-
dilation in intact preconstricted bronchi of pigs,*
rabbits,® and dogs.? Nitrovasodilators such as
NO, however, appear to be more effective on
larger airways than on smaller airways,” and are
more effective as vasodilators than bronchodila-
tors.?'92 In contrast, Be-agonists dilate both large
and small airways equally. The lack of small
airways responsiveness to NO is surprising. It
might be expected that the tssue diffusion of
NO to the more distant smooth muscle of large
airways would be impaired, thus emphasizing
small airways responsiveness. An alternative ex-
planation is that a significant proportion of iNO
is removed from ventilating gas by uptake into
tissues, so that a low concentration reaches the
distal airway.

In humans, the effect of NO on bronchial
smooth muscle is very limited. In asthmatics, 40
ppm NO increases airway couductance
slightly,5"9% but in normal subjects and patients
with chronic obstructive airways disease (COPD),
there is no effect.%% Other nitrovasodilators
have a very limited bronchodilator effect and
may cause systemic vasodilation and hypoten-
sion.Y In normal volunteers, inhalation of
greater than 20 ppm NO has been found to
increase airways resistance.” The degree of bron-
chodilation seen with NO in humans is consider-
ably less than that of Bs-agonists.

Platelet Function

Nitric oxide generated by the L-arginine/NO
pathway within platelets and endothelial cells
contributes to platelet homeostasis.®*1% Endothe-
lial NO causes vasodilation and reduces platelet
activation and adhesion*? by increasing intracel-
lular ¢cGMP. Cyclic GMP reduces intracellular
calcium concentrations by enhancing sequestra-
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tion of intracellular calcium stores. Cyclic GMP
also inhibits cAMP phosphodiesterase (PDE-III)
activity, thereby increasing platelet ¢cAMP, and
attenuating platelet aggregation.’"+1% Nitric ox-
ide and NO donors have been shown to inhibit
platelet adhesion to vessel walls under both static
and dynamic conditions. Vasodilation induced
by NO also reduces shear stress and conse-
quently inhibits binding of platelet membrane
glycoproteins to subendothelial elements.!95106
The effects of NO on platelet function have
important clinical implications. In humans, nitro-
glycerin, probably by acting as an NO donor, has
been shown to prolong bleeding time!"!*® and
inhibit platelet aggregation ex vivo. #9110 Equally
important is the role that platelet-dependent
thrombotic processes play in acute coronary
syndromes, suggesting that inhibition of plate-
lets by NO may offer an additional mechanism,
other than coronary artery vasodilatation, by
which perfusion to ischemic myocardium may be
improved. The use of organic nitrates in acute
myocardial infarction!! has led to the specula-
tion that administration of NO by inhalation may
inhibit platelet function without causing sys-
temic hypotension. Preliminary reports suggest
that iNO prolongs bleeding time in animals!!2!1?
and humans,'* inhibits platelet aggregation in
experimental models of coronary thrombosis,!!?
and may inhibit platelet activation in hu-
mans, 16117

Toxicity of Inhaled Nitric Oxide

Administration of NO is not without risk. Very
high inhaled concentrations of NO in humans
and animals have been reported to cause acute
pulmonary injury, methemoglobinemia, as-
phyxia, and death.'1® The clinical use of NO has
been associated with methemoglobinemia, #119:120
especially in infants’®2l; rebound pulmonary
hypertension on NO withdrawal®12212%; and pos-
sible NOjy toxicity.!#+1%6 Tt is possible that NO
administration might be mutagenic.'?7128

Methemoglobinemia

Inhaled NO that reaches the circulation com-
bines rapidly with hemoglobin to form nitrosyl
Fe (II)-hemoglobin and is subsequently oxidized
to methemoglobin (metHgb) Fe(I1I)-hemoglo-
bin.'?*1%2 Other nitrogen oxides,'® nitrovasodila-
tors, and drugs also cause methemoglobinema.

Exogenous NO probably accounts for the ele-
vated metHgb levels seen in smokers.!* At high
concentrations of NO (>10,000 ppm) methemo-
globin is rapidly formed and has been the cause
of death during anesthesia.!* Methemoglobin is
reduced by methemoglobin reductases (usually
NADH methemoglobin reductase) to reduced
methemoglobin, yielding nitrate and nitrite.!%
Some population groups (Chinese, Japanese,
Arabic, and American Indians) and neonates
have a higher incidence of reduced methemoglo-
bin reductase activity.

Animal and human studies!®%-14 have shown
that at clinical concentrations (<20 ppm) of
iNO, methemoglobinemia is rarely a problem.
Only a very few patients develop significant
methemoglobinemia.!?*1* Before and during
NO administration, methemoglobin levels should
be measured. Rising levels, or levels of greater
than 10%, strongly suggest that the iNO concen-
tration should be reduced. After the first day of
inhalation, metHgb levels need only be mea-
sured daily.!* Intravenous methylene blue (1-2
mg/kg [V) and ascorbic acid increase the activity
of methemoglobin reductase.™ Their use is
usually not indicated until metHgB levels exceed
10% to 20%. Administration of methviene blue
does not inhibit guanylate cyclase ™

Rebound Pulmonary Hypertension

Several authors have reported the sudden onset
of pulmonary hypertension within minutes of
discontinuation of NO that sometimes persists
for hours. 13614147 Occasional accompaniments
of this observation are hypoxemia and systemic
hypotension. Rebound pulmonary hypertension
has also been observed in an experimental
model.’® A likely, but unproven, explanation is
that iNO inhibits the endogenous production of
NO by NOS.1#

Nitrogen Dioxide

In the gas phase, NO combines with O, to form
NO,, a reactive and toxic byproduct of NO
administration.!*%1 The pulmonary toxicity of
iNO appears to be predominantly due to NO,,
although this has been disputed, as inhalation of
5 ppm NO thickens the alveolar-capillary mem-
brane in rabbits.’2 The Occupational Safety and
Health Administration has set a time limit for the
weighted average exposure to NO, of 5 ppm for
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an &hour working shift.” This standard has
little applicability in the clinical environment, as
there is coincident pulmonary disease, and sev-
eral studies have shown pulmonary injury at
concentrations below 2 ppm NOs; in animals and
humans. 12412215138 T the aqueous phase, ni-
trous and nitric acids are produced by reaction
with water and contribute to the pulmonary
toxicity of NO.

The adverse effects of inhaled NO, on the
lung are controversial. Animal studies have shown
pulmonary injury with prolonged inhalation of 2
ppm NO, or the acute inhalation of 50-400 ppm
NO,, 135158162 predominant changes have in-
cluded respiratory epithelial injury,!?2163.16% Hug
impaired resistance to infection and susceptibil-
ity to bronchoconstrictor allergens may also
occur.!%187 Tnhalation of NOy in humans may
similarly induce a lung injury and may increase
bronchial tone. 9124156158 VYon Nieding found
mild elevations of airway resistance in humans
inhaling 1 to 30 ppm of NO for up to 15
minutes.” Subsequent controlled studies demon-
strated that much of the direct pulmonary toxic-
ity of iNO derives from NQOy in the gas mix-
ture.15%163 NO, was toxic to the rat at levels of 17
ppm for 72 hours.!™ After 2 hours of NO,
exposure, precapillary and postcapillary engorge-
ment of alveoli were noted. Cilial loss occurred
within 4 hours and, by 48 hours, there was
hypertrophy of both ciliated and nonciliated
bronchiolar cells. Seven days of exposure re-
sulted in resolution of the acute inflammatory
response, but epithelial hyperplasia persisted.
There was no evidence of alveolar injury. In-
haled NO, at concentrations as low as 0.3 ppm
have been reported to impair pulmonary func-
tion. " It is likely that the “safe’ level of NO, is
less than 1 ppm and that technical efforts to
reduce inhaled NO» concentrations, such as low
NO and O, concentrations and short mixing
durations, should be assiduously sought.

Cardiac Surgery

Inhaled NO has been used both pre-and intraop-
eratively for diagnostic and therapeutic purposes
in cardiac surgical patients. Preoperatively, it has
been used to determine the degree of reactive
pulmonary vasodilatation in the screening of
patients for eligibility for heart transplantation.!”
Inhaled NO has also been reported to be effec-

tive for some patients with intraoperative PHT
and right ventricular dysfunction during congeni-
tal heart surgery, coronary artery bypass graft-
ing, valvular surgery, ventricular assist device
placement, and during cardiac transplantation.
Several groups of cardiac surgical patients
may benefit from postoperative administration of
iNO. After cardiopulmonary bypass (CPB), in-
creased pulmonary vascular tone can occur as a
result of elevated levels of circulating vasoconstric-
tors, loss of endothelial vasodilatory activity, or
persistence of preoperative pulmonary hyperten-
sion. Pulmonary vascular endothelial dysfunc-
tion has also been described after CPB from
impairment of endothelium-dependent ¢cGMP-
mediated pulmonary vasorelaxation. In addition
to its selectivity in reducing PVR without affect-
ing SVR, iNO does not require an intact, function-
ing endothelium to exert its pulmonary vascular
smooth muscle vasodilating effects.” Conse-
quently, iNO may be an ideal agent for treating
PHT in cardiac surgical patients after CPB.'%

Coronary Artery Bypass Surgery

Fullerton et al administered 20 ppm of NO to 20
patients after CABG and noted selective de-
creases in both PVR and pulmonary artery pres-
sure (PAP) after its administration.!” There was
no additional effect seen on administering 40
ppm, and both PVR and PAP returned to base-
line shortly after withdrawal of iINO. Rich et al
administered 20 ppm iNO to 25 patients after
cardiac surgery and also noted selective de-
creases in PVR and PAP.'! In this study, the
hemodynamic response was similar in both pre-
and post-CPB periods, and the decrease in PVR
was proportional to baseline PVR (Fig 2). Pa-
tients with minimally elevated PVR had little or
no response, implying that iNO can vasodilate
constricted, but not relaxed, pulmonary vessels.
In addition, a selective pulmonary vasodilating
effect was seen, even in those patients receiving
nitroglycerin and/or sodium nitroprusside. Al-
though the response may be dose-dependent,®
some studies have suggested that the maximal
response to iINO may be at less than 2 ppm
NO,'"? and that unlike nitroglycerin, there is no
apparent tachyphylaxis seen with iNO.

Mitral Valve Surgery

Patients with mitral valve disease frequently have
PHT that persists even after mitral valve replace-
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Figure 2. Pulmonary vascular resistance (PVR) (dyne -
sec - cm %) before, during, and after inhalation of
nitric oxide. Pre- and postcardiopulmonary bypass
data are combined and grouped by baseline PVR into
groups of <200, 200-350, 350-500 and >500 dyne/cm/
sec. All NO groups are significantly different from
baseline (p < 0.05), and the magnitude of the differ-
ence is greater, as the baseline PVR increases. (Re-
printed with permission.'™)

ment (MVR). Girard et al administered approxi-
mately 40 ppm iNO for 10 minutes to six adults
who presented with persistent PHT (mean
PAP > 25 mmHg) after MVR for mitral steno-
sis.17 Significant hemodynamic responses to iNO

included transient decreases in PAP and PVR
(Fig 3), and an increase in mixed venous hemo-
globin O, saturation, without a change in systolic
arterial or pulmonary artery wedge pressure.
Similar responses were seen in patients with
elevated PVR after mitral valve surgery, but not
in a group of patients with normal PVR after
coronary artery bypass graft (CABG) surgery.!®

Cardiac Transplantation

Elevated PVR is a major risk factor for orthotopic
heart transplantation. Elevated PVR is associated
with right ventricular failure of the donor heart
and death.® Pulmonary vasodilation with so-
dium nitroprusside (SNP), prostaglandins
(PGE)), or prostacyclin (PGl,), in combination
with inotropes, is often required to prevent or
treat PHT and right ventricular failure after
heart transplantation. Nonselective pulmonary
vasodilation is usually dose-limited by systemic
hypotension, which may worsen right ventricular
failure by compromising right ventricular coro-
nary perfusion pressure.'*»7 Kieler-Jensen stud-
ied the hemodynamic effects of intravenous SNP,
PGE,, PGl,, and iNO (20 ppm) in adult patients
after heart transplantation.”® Cardiac output,
stroke volume, right ventricular end-diastolic
volume, and central filling pressures were high-
est with PGl,, compared with PGE, and SNP.
Systemic pressure and resistance, however, were
lowest with PGly. Only iNO induced a selective
decrease in PVR without a change in SVR. In
addition, cardiac output increased with iNO,
whereas mean PAP, tanspulinonary gradient,
and central venous pressure decreased. The
authors concluded that although PGl is the
most effective intravenous vasodilator after heart

SVR ° PYR @
(dynes/sec/em’) (dynes/sec/em)
1250 4 - 500
Figure 3. Effect of NO inha- 1000 - - 400
lation on pulmonary vascu-
lar resistance (PVR) (closed 750 4 v e - 300
circles) and systemic vascu-
lar resistance (SVR) (open 5004 - 200
circles). SVR is unchanged,
but PVR is significantly re- 250 4 - 100
duced compared with base-
line (p < 0.05). (Reprinted 0 0

with permission.!”)
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transplantation, its efficacy is limited by systemic
vasodilation. The reduction in right ventricular
afterload is likely to be of benefit in the manage-
ment of posttransplant right heart failure when
the elevation in PVR is transient (ie, left ventricu-
lar dysfunction, protamine reaction, exacerba-
tion of preoperative PHT, inadequate myocar-
dial protection during transplantation).'™
Inhaled NO may improve cardiac function by
effects other than by unloading the right ven-
tricle due to reduced PVR. Reduced impedance
to right ventricular flow ensures a smaller tricus-
pid regurgitant fraction, resulting in increased
efficiency of the dilated ventricle. Furthermore,
the use of INO in contrast to intravenous vasodila-
tors, improves perfusion of well-ventilated alveoli
and decreases the shunt fraction, thereby improv-
ing Oy delivery in the posttransplant period. 17117

Left Ventricular Assist Devices

Inhaled NO has been shown to be effective in
patients who have undergone left ventricular
assist device (LVAD) placement for biventricular
failure complicated by refractory PHT and sys-
temic hypotension.'”>17717 Right heart failure
coincident with LVAD placement requires addi-
tional right heart assistance in approximately
20% of patients. Although right ventricular assist
devices are readily available, their utilization
introduces additional effort, expense, and mor-
bidity into the management of these patients.
The rationale for the administration of iNO in
these patients is based on its selective pulmonary
vasodilating properties. In unloading the right
ventricle, a lower venous pressure should amelio-
rate the tendency to hepatic and renal conges-
tion and peripheral edema, as well as improve
pulmonary perfusion and O, delivery. Yahagi
administered 5 to 10 ppm iNO to four patients
for the management of right ventricular dysfunc-
tion after LVAD placement.!”® All four padents
were gradually weaned from NO inhalation after
12 to 530 hours, and right ventricular function
recovered without any adverse physiologic ef-
fects from iNO. The combination of iNO, opti-
mal inotropic therapy, and left ventricular assis-
tance may be preferable to biventricular
mechanical assistance, although further investiga-
tion in this area is necessary.

Pulmonary Thromboendarterectomy

An additional consideration for the use of iNO
in the adult cardiac surgical patient population

includes its administration after pulmonary
thromboendarterectomy. Gardeback et al admin-
istered 5 ppm of iNO to a patient with persistent
thromboembolic PHT reperfusion edema and
hypoxemia after pulmonary thromboendarterec-
tomy.'” Niiric oxide therapy was begun on the
fifth postoperative day and continued for 2
consecutive days after failure to improve oxygen-
ation and lower PVR with PGE,; or PGl,. Improve-
ment in gas exchange was indicated by a signifi-
cant increase in PaO, and a reduction in shunt
fraction, even though PAP and calculated PVR
remained essentially unchanged. The proposed
mechanism is most likely an NO-induced recruit-
ment of pulmonary vessels with dysfunctional
endothelium,’” and redistribution of blood to-
ward regions with normal ventilation-perfusion
ratios, 1614

Platelet adhesion and aggregation may play
an important role in the pathogenesis of PHT,
hypoxemia, and right ventricular failure after
pulmonary embolism."* ¥ Gries et al showed
that when INO is administered to pigs after
massive microsphere-induced pulmonary embo-
lus, platelet aggregation is inhibited and PAP is
decreased.!®?

Protamine Reactions

Reversal of heparin anticoagulation with pro-
tamine sulfate is infrequently associated with
acute severe PHT, right ventricular failure, and
systemic hypotension. Protamine’s systemic vaso-
dilatory effect is mediated by endothelial NO
release. In cell cultures, systemic and pulmonary
arterial strips, and intact animals, protamine and
heparin-protamine complex cause vasodilation
that is associated with increased nitrate/nitrite
production, is inhibited by arginine analogs, and
augmented by L-arginine. 1% Thromboxane, a
potent vasoconstrictor, is an important mediator
of PHT associated with heparin reversal with pro-
tamine. 8% Fratacci et al demonstrated that ad-
ministering NO to sheep reduced PHT pro-
duced by either intravenous infusion of a throm-
boxane analog or a heparin-protamine complex
without affecting systemic blood pressure or
SVR.' The selective pulmonary vasodilating prop-
erties of iNO may be useful in the management
of protamine-induced pulmonary hypertension.

Congenital Heart Surgery

Inhaled NO has also been used after congenital
cardiac surgery in neonates for both diagnostic
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and therapeutic purposes. Adatia et al adminis-
tered 80 ppm iNO to 15 neonates with PHT or
excessive cyanosis compatible with an elevated
PVR after cardiac surgery to differentiate persis-
tent pulmonary vasospasm from residual fixed
anatomic obstruction to pulmonary blood flow.!*!
Nine of the 15 patients showed a response with a
fall in PAP or a rise in systemic arterial oxygen
saturation after an iNO challenge. The remain-
ing 6 patients did not respond, and all were
found to have anatomic obstruction to pulmo-
nary blood flow that required additional surgical
intervention. Journois et al treated 17 infants,
who had severe PHT despite conventional medi-
cal therapy after congenital heart surgery, with
20 ppm NO.'%2 PAP decreased significantly in all
patients, accompanied by an increase in arterial
and venous oxygen saturation, without a change
in systemic arterial pressure (Fig 4).

Acute Respiratory Distress Syndrome

Acute respiratory distress syndrome and its pre-
cursor/ peer, acute lung injury (ALI), are charac-
terized by arterial hypoxemia, reduced pulmo-
nary compliance, and patchy pubmonary
infiltration on chest radiograph.!%® Both direct
lung injury and distant organ injury cause ALl
and adult respiratory distress syndrome (ARDS)
and are major causes of postoperative morbidity
and mortalitv.!® A systemic inflammatory re-
sponse mediates the pulmonary injury of ARDS.
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Figure 4. Ratio of mean pulmonary arterial pressure
to systemic pressure (mPAP/mAP) over 18 hours of
inhalation of nitric oxide. Values are significantly less
than baseline (Ty) (p < 0.05). (Reprinted with permis-
sion from Journois D, Pouard P, Mauriat P: Inhaled
nitric oxide as a therapy for pulmonary hypertension
after operations for congenital heart defects. ] Thorac
Cardiovasc Surg 107:1129-1135, 1994.192)

The inflammatory response is manifested as (1)
cellular expression of adhesion molecules; (2)
release of cytokines, proteases, proinflammatory
mediators, free radicals, and enzymes; (3) cellu-
lar infiltration bv neutrophils, lymphocyte macro-
phages, and platelets; (4) activation of the coagu-
lation cascade; (5) complement activation; (6)
activation of the cyclo-oxygenase and leukotri-
ene pathways; (7) activation of the kinin system;
(8) activation of the nitric oxide pathway; and
(9) local inhibition of fibrinolysis.

In contrast to the beneficial physiologic ef-
fects of low-dose NO inhalation, increased pro-
duction of NO by inducible NO synthase during
an inflammatory response has detrimental physi-
ologic effects. Hypoxic pulmonary vasoconstric-
tion is impaired, and systemic hypotension caused
by vasodilation may occur. Local inhibition of
NO synthesis may also occur, promoting leuko-
cyte and platelet adhesion, vascular thrombosis,
and vasoconstriction. NO may combine with
other reactive oxygen species to form highly
deleterious compounds (eg, peroxynitrite).

As a result of the pathophvsiologic changes
seen in ARDS, pulmonary hypertension and
increased deadspace ventilation develop. Right
ventricular dysfunction is frequent.**19 Despite
advances in therapy of the causes of ARDS, the
syndrome itself responds poorly to therapeutic
maneuvers with no significant reduction in its
mortality since its earliest description.

Inhaled NO improves two of the most deleteri-
ous effects of ARDS: hypoxemia and pulmonary
hypertension. To date, clinical reports have con-
sistently described a subset (40-70% of patients
with ARDS) who have improvements in arterial
oxygenation and pulmonary hemodynamics with
iNO. The literature has covered the physiologic
effects of iNO in ARDS, but as yet, no prospec-
tive, randomized, blinded clinical trial of iNO
therapy for ARDS has been published, although
several US and European trials are underway.

The use of INO for ARDS has elicited wide
interest. Numerous case series and studies have
shown that iNO improves oxygenation and low-
ers pulmonary vascular resistance in patients with
ARDS. Because of the wide spectrum of etiology
and severity of disease in clinical ARDS, several
animal models of ARDS have been devised.

Animal Studies

Development of an animal model of human
ARDS is hindered by incomplete understanding
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of the etiology and evolution of human ARDS.
Several animal models of ARDS have been devel-
oped, using intravenous oleic acid, endotoxins,
lung lavage, smoke inhalation or oxidant moi-
eties, These models are more complex than
acute pulmonary hypertension caused by hy-
poxia or thromboxanes. The pathophysiologic
changes seen in human ARDS are a combination
of the injuries caused by the primary stimulus,
the inflammatory response to the stimulus, and
the complications of treatment of ARDS. Compli-
cating this approach is the observation that NO
can both augment!*®'%7 and attenuate!®**" the
inflammatory response of oxidant lung and non-
lung injury. The explanation for this may lie in
the high affinity of NO for oxygen free radicals.
Specifically, superoxide (O;”) reacts with NO to
form peroxynitrite (ONOO™), a powerful oxi-
dant that causes lipid peroxidation.?02203 Scaveng-
ing superoxide and other free radicals by NO
may be protective in oxidant-induced lung in-
Jury.198204205 Iy contrast, the excessive formation
of peroxynitrite may be deleterious to cell mem-
branes and worsen oxidantinduced lung in-
jury. 203206208 The relative preponderance of the
injury may lie in the species and insult used.

Inhaled NO has been investigated in several
animal models of ARDS. Almost uniformly, the
NO doses used were higher than 10 ppm and
showed a decrease in PVR and an increase in
PaO,. In endotoxin models, NO decreased the
pulmonary hypertensive response and improved
oxygenation.?1! Similar results were seen in
bilateral lung lavage,?*21¥ oxidant,'®® and oleic
acid®2214217 models of ARDS.?!8 Pulmonary vaso-
constriction induced by hypoxia, heparin-prot-
amine complex, or thromboxane analogs is re-
versed by iINO, 5 to 80 ppm. 49190219

Human Studies

Many reports of the physiology of administration
of iNO in ARDS have been published. Human
series of the treatment of ARDS with INO is
difficult to interpret because of differences in the
cause of the initial injury, subsequent therapies,
endpoints chosen, and dose of NO used. The
first reports were published from Berlini in full
form in 1993 by Roissant, Falke and col-
leagues. 195123 (Fig 5). They and other authors
have found that arterial oxygenation and calcu-
lated shunt fraction improved along with a de-
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Figure 5. Mean pulmonary artery pressure, arterial
oxygenation (PaO,/FO; ratio) and intrapulmonary
shunt (Qs/Qy) in nine patients with acute respiratory
distress syndrome, at haseline, inhalation of 18 and 36
ppm nitric oxide {(NO), and after cessation of NO,
Solid symbols represent those patients who also under-
went extracorporeal membrane oxygenation. (Re-
printed with permission.’)

creased PVR, causing lower mean pulmonary
artery pressures (mPAP), without a change in
systemic hemodynamics, when NO was adminis-
tered in the range of 10 to 40 ppm. In contrast,
intravenous PGI, similarly lowered PVR, but also
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lowered SVR, systemic blood pressure, and wors-
ened oxygenation.

Patients with high PVR and mPAP are more
likely to respond to iNO,'* perhaps only because
they are vasoconstricted sufficiently to elicit a
vasodilatory response.}¥-14.221 Predicton of the
PaO, response to NO is even more problematic
than prediction of a PVR response. To date, no
relationship has been seen between pre-NO
PaO, and response to NO,!#5222 although PaO,
improvement has been found to positively corre-
late with PVR.M#+1% The improvement in oxygen-
ation with INO in ARDS has been attributed to
vasodilation of lung units with high V/Q (there-
fore high PA, and PaO,), resulting in reduction
in V/Q mismatching. In addition, it has been
suggested that iNO may act as a bronchodilator,
therefore increasing the V/Q ratio of low V/Q
lung units.***#2* Right ventricular (RV) function
is impaired by raised PVR in ARDS. In one study,
5 ppm INO decreased PVR and PA pressures and
improved RV ejection fraction with insignificant
decreases in RV end-diastolic and end-systolic
volumes.?*

Some patients (17% to 59%) fail to respond
to NO by either improvements in mPAP, PVR, or
oxygenation, 51136.157,140.221.222.226-23 % Patients with
septic shock and ARDS requiring inotropic sup-
port have a lower response rate (40%) than those
with ARDS without clinical sepsis.!**#2 In NO
responders, RV ejection fraction, cardiac output,
and O, delivery improve. The reason for treat-
ment failure among patients is unknown. Inhala-
tion of high concentrations of NO (>20 ppm) in
some patients with ARDS* 29 and COpD?-24
worsens oxygenation. This may be due to high
Fiy, causing the Fa,, of low V/Q lung units to rise
into the effective range for vasodilation, thus
attenuating hypoxic pulmonary vasoconstriction
(HPV) in areas of low V/Q ratio, due to low PaQ.,.

Almitrine augments the improvement in oxy-
genation attributed to NO inhalation in ARDS
and COPD and in animal models, with negligible
or mild increases in PVR.*!'37 Almitrine is a
peripheral arterial chemoreceptor agonist with
pulmonary vasoconstrictor properties that is ef-
fective after oral and intravenous administration.
After an intravenous dose, the initial half-life is
2.5 hours, with a terminal half-life of 25 days, by
hepatic metabolism. Almitrine increases carotid
sinus and peripheral arterial chemoreceptor dis-
charge by an unknown mechanism,*® and is a

specific pulmonary vasoconstrictor, raising PA
pressure in patients with ARDS.*7 Infusion of
almitrine has a biphasic action. At low doses,
almitrine causes vasoconstriction of normoxic®?
and hypoxic lung.? At higher doses, almitrine
causes pulmonary vasodilation.®%2% Almitrine
improves PaQ, independent of its peripheral
chemoreceptor agonist effect, 2 and without
altering ventilation.®*27 Its clinical mechanism
of action is most likely by enhancing HPV, as
experimental work indicates that almitrine (2 to
4 ng/kg/min) enhances HPV in dogs that had a
naturally weak or absent pulmonary pressor
response to hypoxia.®¥

In 15 patients with ARDS of multiple etiolo-
gies, the effect of INO (5 to 10 ppm) with and
without almitrine was studied®7 (Fig 6). Inhala-
tion of NO decreased mPAP, but did not change
PaO,/F,O, ratio. Infusion of almitrine alone (0.5
mg/kg over 30 minutes) increased mPAP, and
slightly, but not significantly, increased PaOy/
FO, ratio. Addidon of NO to the almitrine
infusion decreased mPAP to NO-alone levels and
markedly improved PaO,/FO, ratioc (92 = 25
mmHg v 130 = 56 mmHg, p<0.01). Despite
this improvement, two patients had a lower PaO,/
F,0, ratio with NO inhalation in the absence and
presence of almitrine. Almitrine has not been
shown to be universally effective in humans. In
eight hypoxic patients with unilateral pneumo-
nia, almitrine (1 mg/kg IV) failed to improve
oxygenation, despite an increase in PAP.%46

The effect of iNO is very short; clinical offset
times are usually 3 to 5 minutes and the halt-life
of NO in the body is 6 to 10 seconds.!3622
Rebound pulmonary hypertension is reported
after termination of NO administration, perhaps
because sGC mRNA is downregulated by pro-
longed inhalation of NO. For these reasons and
the observed toxicity of NO and NO, drugs that
potentiate or prolong the cGMP-mediated activ-
ity of NO have been examined. Zaprinast {Re-
search Biochemicals International, Natick, MA),
(M&B 22948: 2-0-propoxyphenyl-8-azapurin-6-
one) is a type V phosphodiesterase inhibitor with
little effect on 3',5-cyclic monophosphate
(cAMP) activity in vascular smooth muscle,?#72%
but an eftective cGMP phosphodiesterase inhibi-
tor. Zaprinast prolongs the duration of activity of
iNO and potentiates its pulmonary vasodilator
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effect.*™¥%! Zaprinast may also reduce the fre-
quency of rebound pulmonary hypertension and
allow reduction in dose of iNO.

Dose requirements vary among patients, but
are considerably lower than those described in
the early literature, 139.146.220.221.226.30.252 The effec-
tive dose to improve oxygenation {(~0.1 to 0.2
ppm) is lower than the effective dose for pulmo-
nary vasodilation (1 to 2 ppm), as measured by
PVR or mPAP?022L.2%6 (Fig 7). Despite several
investigators finding a lower ED;; for oxygen-
ation than the ED;, of pulmonary vascular
resistance, not all investigators agree. Inhalation
of 0.1 ppm NO, in one study, reduced PVR in
patients with ARDS; and no further improve-
ment was seen at higher NO concentrations,
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Figure 6. Arterial oxygenation (PaO¢/F,Os ratio) and
intrapulmonary shunt (Qs/Qy) in seven patients with
acute respiratory distress syndrome, at baseline, inha-
lation of 10 ppm nitric oxide (NO), after cessation of
NO, during administration of almitrine (0.5 mg/kg
over 30 minutes), and with addition of 10 ppm NO to
almitrine. Administration of NO (#p < 0.05 compared
with baseline), or NO with almitrine (##p < 0.01
compared with baseline, and *p<{0.05 compared
with NO alone) improved arterial oxygenation signifi-
cantly. {Reprinted with permission.?*)
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Figure 7. Time course and dose response of arterial
oxygenation (PaO,) and mean pulmonary artery pres-
sure {PAP). Figure 7A shows continuous PaO, (solid
line) and PAP (dotted line) over a 120-minute period
in which four different concentrations of nitric oxide
(NO) are administered. Figure 7B shows the log dose
response curve for PaOy and PAP. Values are normal-
ized to baseline (0%) and the maximal response seen
(100% and —100%) and are represented as mean =
standard deviation. The 50% effective dose (EDs) is
lower for PaOs (=0.2 ppm) than for PAP (=2 ppm).
(Reprinted with permission.?20)

although PaO, showed further improvement at
higher NO concentrations'* (Fig 8).22¢
Although large-scale randomized clinical tri-
als are still underway, clinical impressions and
some case series have failed to demonstrate an
improvement in survival with NO therapy for
ARDS, despite physiologic responses such as a
decrease in PVR and intrapulmonary shunt.
Although Rossaint showed improvement in oxy-
genation and pulmonary artery pressure in 87%
and 63% of patients, respectively treated with
NO, survival of NO-treated patients was not
different from case-matched controls.!® Yet, it
would be unlikely that clinical impressions would
provide insight to outcome with NO therapy,
because these patients are a highly heterogenous
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Figure 8. Response to inhaled nitric oxide (NO) at
0.1, 1.0, and 10 ppm concentrations. Mean pulmonary
artery pressure (mPAP), pulmonary vascular resis-
tance index (PVRL dyne - sec - cn™® - m?), arterial
oxygenation (mean PaO,/F;0, ratio) and intrapulmo-
nary shunt (Qya/Qr) are plotted as mean and stan-
dard error. All values of MPAP, PVRI, and mean
Pa0y/FO, when inhaling NO are different from
baseline. Maxima] response of oxygenation (mean
Pa0y/F1O9) occurs at a higher NO concentration than
the maximal vasodilatory response (mPAP). (Re-
printed with permission.’#)

group undergoing complex and diverse medical
therapies, hence the need for randomized,
blinded, clinical trials.

Postpneumonectomy ARDS

ARDS occurring after pneumonectomy is one of
the leading causes of postpneumonectomy mor-
tality. Its etiology mechanism is not well under-
stood. Itis likely that the physiologic processes of
postpneumonectomy ARDS (PPARDS) are
caused by increased blood flow (and shear stress)
in the remaining lung. Raised pulmonary capil-
lary hydrostatic pressure is a less likely cause of
PPARDS. Edema fluid from five patients with
PPARDS has a plasma protein ratio of 0.6 to 0.84,
strongly suggesting a capillary endothehal in-
jurv.®® Despite some extensively quoted work
suggesting intravascular and interstitial volume
overload and presumably raised pulmonary cap-
illary hydrostatic pressure as the cause of
PPARDS,* more recent and complete work
suggests otherwise.

It is likely that NO has biological effects that
would be therapeutic in PPARDS. Pulmonary
vasodilation, improvement in V/Q matching,
and inhibition of neutrophil and platelet adhe-
sion and activation would be helpful. No system-
atic trial or case series of the treatment of
PPARDS with NO exists. Chiche et al reported a
patient with ARDS occurring after right pneumo-
nectomy, with severe hypoxemia, pulmonary hy-
pertension, and right heart failure.? Inhalation
of 16 ppm NO markedly improved mean arterial
pressure, cardiac output, mean pulmonary ar-
tery pressure, RV ejection fraction, and arterial
oxygenation. Despite 3 weeks of iNO, however,
the patient eventually died.

Chronic Obstructive Pulmonary Disease

Patents with end-stage COPD frequently de-
velop hypoxemia and pulmonary hypertension.
Hypoxemia is the result of ventilation-perfusion
(V/Q) mismatching resulting from parenchymal
disease, vascular remodeling, and acute exacerba-
tions of disease. Vascular endothelial function is
also impaired.®®#7 HPV is important to mainte-
nance of Pa0, in COPD,?%* and factors that
impair HPV worsen oxygenation. A few investiga-
tors have examined the use of NO in COPD, but
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none has looked at the use of iNO postoperative
in patients with COPD.

Moinard administered 15 ppm of NO to
patients with severe COPD and chronic hypoxia
(PaOy = 59.4 = 9.5 mmHg).” NO had no ef-
fect on oxygenation, but decreased PVR and
mPAP. The magnitude of the decrease in mPAP
was proportional to the baseline PVR. The mul-
tiple inert gas excretion technique showed no
change in mean V/Q ratio, although there was a
significantly higher percentage of ventilation in
poorly perfused areas (V/Q > 10).

Adnotetal investigated the effects of acetylcho-
line (ACh) infusion and NO inhalation (40
ppm) in patients with COPD and pulmonary
hypertension.” Acetylcholine decreased mPAP
and systemic blood pressure, and decreased
PaQy from 57 = 3 to 48 = 2 mmHg. NO also
decreased mPAP, but without associated systemic
hemodynamic change, and slightly increased
PaO, from 57 = 3 to 60 = 3 mmHg. Two patients
were unresponsive to ACh, but responsive to NO.

Barbera studied 13 patients with severe COPD,
comparing their pulmonary hemodynamics and
oxygenation to breathing room air, 40 ppm NO
in air, and 100% 0,.2% Pulmonary artery pres-
sure and PaO, were significantly decreased. The
decline in PaO, may not have been surprising
given the very high concentration of NO admin-
istered. Others have observed a biphasic effect
on oxygenation with NO administration, with
improvement at low (0.1 to 10 ppm) NO concen-
trations and worsening at higher concentra-
tions,”®® but this has not been a universal find-
ing."5 An explanation of this finding may be that
increased shunting is due to high NO concentra-
tions reaching low V/Q lung units, causing
vasodilation in areas of low PaQe..

Inhaled NO (40 and 80 ppm) exerts no effect
on baseline airway resistance in patients with
chronic obstructive pulmonary disease "9 It is
possible that in experimentally induced broncho-
constriction or patients with active bronchocon-
striction NO may have a weak bronchodilator
effect.

In COPD, almitrine has been shown to im-
prove oxygenation and symptom severity, %7-261-268
Several long-term trials of oral almitrine in COPD
have shown its utility, but have documented
peripheral neuropathy as a limiting side effect.
Acute administration has not been associated

with any significant side effects. The limited
results seen with iNO in COPD may be enhanced
by the concomitant administration of almitrine
i animals3t-239.240.242.906 5 pd g 231.255,264

Lung Transplantation

For patients with end-stage lung disease, lung
transplantation is the only proven surgical
therapy. Severe early allograft dysfunction oc-
curs in 15% to 35% of lung transplant recipi-
ents,?™?"? more commonly after cardiopul-
monary bypass.*”>¥™ Lung ischemia-reperfusion
injury and allograft dysfunction are character-
ized clinically by radiographic lung infiltration,
increased alveolar-arterial oxygen gradient,
[A-a]D,,, poor pulmonary compliance, pulmo-
nary hyf)ertension, and right heart dysfunction.
Supportive therapy such as intermittent positive-
pressure ventilation, inotropes, pulmonary vaso-
dilators, and diuretics are frequently, but not
always, helpful. Extracorporeal membrane oxy-
genation (ECMO) has a very high incidence of
surgical and nonsurgical morbidity and mortality
in this group. Nitric oxide would appear to be a
physiologically appropriate drug for pulmonary
dysfunction after lung transplantation.

The role of NO in amelioration of allograft
dysfunction after lung transplantation is prob-
ably more complex than just pulmonary vasodila-
tion. Nitric oxide is a potent inhibitor of platelet
aggregation>%27527 and adhesion.?”” Nitric ox-
ide also inhibits neutrophil aggregation and
adhesion, % and modulates vascular perme-
ability.200201.31 Accordingly, iNO may provide
prophylaxis of pulmonary dysfunction and may
also provide reduction in mPAP and improve
V/Q matching.

Increased pulmonary capillary permeability,
and endothelial injury after pulmonary ischemia
and reperfusion, result from oxygen free radical
and complement activation. Neutrophils and
platelets adhere to damaged endothelium, espe-
cially in the presence of cytokines and other
proinflammatory mediators. Activated polymor-
phonuclear neutrophils (PMN) produce oxygen
free radicals and cytotoxic enzymes. Clinical
injury results from increased pulmonary capil-
lary permeability, PMN infiltration, platelet adhe-
sion, pulmonary vasoconstriction, and other
causes of endothelial dysfunction. Ischemia-
reperfusion (IR) injury occurs in less than 5
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minutes after reperfusion. There is accumulat-
ing evidence that the ischemic period is metaboli-
cally quiescent, but the majority of cellular and
endothelial injury occurs within 1 hour of reper-
fusion. Therefore, any prophylaxis of IR injury
must commence prior to reperfusion.

The role of NO donors in the attenuation of
reperfusion injury after lung transplantation has
not been completely elucidated. NO donors
have been administered in animal models to the
donor animal before donation, in the lung
preservation solution, in the early phase of
reperfusion of the donor organ and for treat-
ment of the late consequences of reperfusion
injury. Differences between animal models may
also account for some of the disparate effects
seen. There are several possible mechanisms for
NO to prevent or treat reperfusion injury, with
prevention of endothelial expression of cellular
ligands, preservation of endothelial integrity,
prevention of neutrophil and platelet adhesion,
vasodilation, and other processes that are, as yet,
poorly understood in lung transplantation.

Also confusing the role of NO donors in tung
transplantation is the possibility that NO may be
cytotoxic in some models. Evidence is accumulat-
ing that NO may have a cytoprotective role in IR
injury of the lung and other tissues; however,
there is also evidence that NO-superoxide spe-
cies may worsen ischemia-reperfusion injury?*
(Fig 9). NO and superoxide anion combine to
form peroxynitrite and hydroxyl anion, both of
which are highly reactive oxidizing species®?
capable of lipid peroxidation and DNA strand
breakage. NO may also directly cause lipid peroxi-
dation. These deleterious effects may only be
present when the balance of NO and free radical
kinetics favors the production of large amounts
of peroxynitrite.

Animal Studies

Inhalation of NO to the donor lung, before
harvesting in a canine model, has not been
shown to have long-term benefit.”® Although
Pa0, was higher in the NO-treated group than
controls 1 hour after reimplantation, this differ-
ence was gone after 2 hours. This result is not
unexpected as the biological half-life is short. In
an elegant study, Okabayashi gave NO to trans-
planted dogs either before and after or only after
lung reperfusion injury.?* Dogs had a functional
right pneumonectomy and a left lung transplant.
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Figure 9. Permeability of the ischemic lung, expressed as
I'®-Jabeled serum albumin counts per minute (cpm) per
gram of lung tssue per mL of peripheral blood. Sham
animals underwent surgery, but were not ischemic. Sur-
gery consisted of left thoracotomy and heparinization.
Positive controls underwent 90 minutes of left lung
ischemia and 0.5 (left-hand group) or 4 hours (right-hand
group) of reperfusion without NO. Animals received
inhaled NO, either at the start of reperfusion (early) or
after 10 minutes of reperfusion (delayed). The NO-early
[BO] and NO-delayed groups are compared with the
positive controls. The remaining group received NO and
superoxide dismutase (SOD) at the start of reperfusion,
and is compared with the NO-early group. Animals in the
NO-early group had a higher permeability index at 30
minutes compared with animals in the NO-delayed group.
The difference was gone by 4 hours, when the permeabil-
ity index in the NO-early and NO-delayed groups were
lower than the positive controls, indicating a protective
effect of NO. [0, sham; §, positive control: i, NO early;
¥, NO delayed: N, NO early + SOD. *p < (.01, *¥p <
0.05, #p < 0.01 NO early. (Reprinted with permission
from the Society of Thoracic Surgeons [The Annals of
Thoracic Surgery, 1995, 6(:11692081).

The donor organ had been ischemic for 18
hours after cold EuroCollins/PGE;/Mg**/glu-
cose flush. Five dogs received 60 to 70 ppm of
iNO in 100% oxvgen for 10 minutes before
reperfusion and for 6 hours afterwards (group
1). Five dogs received 60 to 70 ppm of iNO in
100% oxygen when their PaO,/F/O, ratio fell
below 150 mmHg or 3 hours after reperfusion,
whichever event came first (group 2). Four dogs
did not receive iNO (group 3). Dogs that re-
ceived NO before and after reperfusion (group
1) had higher PaO,/F0Os ratio, lower pulmonary
artery pressures, and lower pulmonary vascular
resistance than both the dogs that did not

Downloaded from scv.sagepub.com at PENNSYLVANIA STATE UNIV on September 16, 2016


http://scv.sagepub.com/

20 Body and Sherman

receive NO until after reperfusion injury had
developed (group 2) and the control dogs (group
3) (Fig 10). Group 1 dogs had lower myeloperoxi-
dase activity (a marker of neutrophil infiltra-
tion)® than group 3 dogs. There was, however,
no difference between the groups in wet/dry
lung weight ratio and volume of suctioned edema
fluid.

Pigs who had undergone right pneumonec-
tomy and either left lung transplantation or
sham left thoracotomy, inhaled between 5 and 80
ppm iNO in 21% or 50% oxygen'® (Fig 11).
Donor lungs were perfused with Perfadex (Me-
disan Pharmaceuticals AB; Uppsala, Sweden)
perfusate (low-potassium Dextran solution) for
24 hours after transplantation. The pigs were
given 5, 10, 20 ppm NO in 30% O, and 5, 20, 80

(mmHg)
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Figure 10. Oxygenation after left lung allotransplanta-
tion and treatment with early or delayed nitric oxide
(NO) inhalation. Dogs who underwent transplanta-
tion after prolonged (18 hours) storage of the donor
organ, inhaled NO (60 ppm), either on reperfusion
(group I, ), when reperfusion injury was established
(group IL, B), or not at all (group I, ©). Significant
differences were present between group I and group
HI for PaOs and [a-A] Doy, but not between group II
and group III. (Reprinted with permission from
QOkabayashi K, Triantafillou AN, Yamashita M: Inhaled
nitric oxide improves lung allograft function after
prolonged storage. | Thorac Cardiovasc Surg 112:293-
299, 1996.28)
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Figure 11. Effect of nitric oxide (INO) on pulmonary
vascular resistance after lung transplantation. Pigs
underwent right pneumonectomy and left lung allo-
transplantation with a donor lung after prolonged
storage (24 hours). Control animals had a right
pneumonectomy and left thoracotomy, but without
transplantation. Pulmonary vascular resistance (PVR)
(as a percentage of baseline) is shown over the study
period for inhaled concentrations of NO of 5, 20, and
80 ppm. Control animals had a limited response to
NO, but marked rebound pulmonary hypertension,
shown as increased PVR, compared with baseline.
Transplanted animals had a greater decrease in PVR
compared with baseline, but no rebound hyperten-
sion. (Reprinted with permission from the Society of
Thoracic Surgeons [The Annals of Thoracic Surgery,
1996, 61:956].1%)

ppm NO in 21% O, in a random order. Arterial
oxygenation improved marginally, but not signifi-
cantly, at all NO concentrations in the trans-
planted pigs. In control animals, NO decreased
PVR by approximately 10% to 15% in all four
concentrations at both oxygen concentrations,
apparently without a dose-response effect. There
was a marked increase in PVR to supranormal
levels on NO termination. In transplanted ani-
mals, similar decreases in PVR were seen, except
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that PVR decreased to a greater extent at 80 ppm
and rebound pulmonary hypertension was not
observed to as great a degree.

Even short periods of NO inhalation appear
to have a beneficial effect that outlasts the period
of NO inhalation." In juvenile pigs who had left
hung transplantation with a donor lung that had
been ischemic for 24 hours at 4°C with a blood-
based preservation solution, 30 ppm of either
NO or placebo was administered. NO inhalation
started 5 minutes before reperfusion and contin-
ued for 4 hours. At the completion of the 4-hour
iNO period, the iNO-treated animals had a lower
shuntfraction in the transplanted tung (20 * 4%
v 39 = 8%; p<<0.01) and a comparably lower
PVR. Interestingly, these etfects persisted at 24
hours, despite iNO having ceased 20 hours
previously, with a shunt fraction in the trans-
planted lung of 28 * 9% versus 52 * 18%
(p <0.05) in the control group. In agreement
with Okabayashi et al,?** pulmonary neutrophil
sequestration, measured by lung myeloperoxi-
dase activity, was reduced in the transplanted
lung by iNO, and there was a comparably higher
circulating neutrophil count in the iNO-treated
group.

NO donors appear to have similar effects to
NO inhalation on allograft dysfunction after
lung transplantation.?%2® In dogs receiving nitro-
prusside in the organ flush and after reperfu-
ston, the nitroprusside-treated animals had signifi-
cantly higher PaO, and cardiac output, and a
significantly lower PVR® (Fig 12). Nitroprusside-
treated animals also had less leukocyte infiltra-
tion, measured as myeloperoxidase activity, and
less pulmonary edema volume. It is difficult to
differentiate the effect of nitroprusside in the
flush from the effect of nitroprusside adminis-
tered after reperfusion. Interestingly, intrave-
nous nitroprusside usually causes increased V/Q
mismatching caused by vasodilation of low V/Q)
units, with subsequent hypoxemia. This effect
was not seen in this model. Both nitroglycerin
and a ¢cGMP analog have been shown to improve
graft function when given during lung reperfu-
sion.?8 v

The findings of improved graft function after
lung transplantation with iNO are not universal.
Naka observed no difference in transplanted rat
lungs when 65 ppm of iNO was inhaled.® Pulmo-
nary artery blood flow and PaO, were only slightly,

Pa O, (mmHg)

0 60 120 180 240 300 360
Time {min)

Figure 12. Arterial oxygenation (PaO,) during the
6-hour reperfusion phase of lung transplantation.
Dogs underwent left lung allotransplantation with
prolonged (21 hours) storage-donor lungs. Control
animals (group 1, O) did not receive sodium nitroprus-
side (SNP). Treatment animals (group 2, AA) received
nitroprusside in the lung preservation solution and
during reperfusion. PaOy was significantly higher in
the SNP group (p<0.02). *, p < 0.05, #, p < 0.01
(Reprinted with permission from the Society of Tho-
racic Surgeons [The Annals of Thoracic Surgery,
1996, 62: 7911.2%)

and not significantly, improved in rats that received
INO from the time of reperfusion. Myeloperoxidase
activity was not significantly different.

Human Studies

Studies of NO administration during or after
lung transplantation are sparse, not randomized,
and poorly controlled because of the wide vari-
ability in disease state and concomitant thera-
pies. Triantafillou studied the effect of 40 to 60
ppm NO on hemodynamics and oxygenation in
the early postoperative period after bilateral
lung transplantation. NO improved PaOy/F,O,
and lowered mPAP without altering systemic
hemodynamics. In contrast, PGE,; did not im-
prove oxygenation and also caused systemic
hypotension.?® Similar results were seen in a
canine lung wransplantation model.?! Inhalation
of 20 to 60 ppm of NO improved PaO,/F O,
ratio and pulmonary artery pressure in 15 lung
transplant recipients with allograft dysfunction
(defined as Pa0,/F,O, ratio of <150 mmHg)?*?
(Fig 13). Comparing outcomes in these 15 pa-
tients with 17 similar historical controls, there
was a reduction in the average duration of
ventilation, the rate of airway complications, and
in-hospital mortality rate, but a similar rate of
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Figure 13. Treatment of severe lung allograft dysfunc-
tion in 32 patdents with inhaled nitric oxide (NO).
PaQy/F,0, ratio and mean pulmonary artery (PA)
pressure before (BL) and during inhaled NO are
plotted over time. Inhaled NO significantly improved
oxygenation and mean PA pressure (*p < 0.05;
#kp < 0.01) compared with baseline. (Reprinted with
permission from Date H, Triantafillou AN, Trulock
EP: Inhaled nitric oxide reduces human hing allograft
dysfunction. ] Thorac Cardiovasc Surg 111:913-919,
1996.79%)

ECMO requirement. The use of historical con-
trols increases the difficulty of drawing conclu-
sions as considerable improvements in surgical
and anesthesia techniques and medical therapy
may have taken place during the study period.
Several reports of successful treatment of
life-threatening pulmonary dysfunction with NO
after lung transplantation have been de-
scribed.?%2% In six patients after lung transplan-
tation, Adatia et al found that iNO reduced
mPAP (38 * 1610 29 * 3 mmHg) and decreased
shunt fraction from 29% to 21% with significant
improvement in PaO, in four patients.?® Admin-
istration of 10 and 36 ppm NO to two patients
after lung transplantation was described as “life
saving.”#* These observations may prove promis-

ing, as reperfusion injury is usually a remediable
event, and NO appears to specifically target
some of the pathologic processes observed in
reperfusion injury.

Conclusion

Inhaled NO is a unique and exciting new pharma-
cologic agent. Although relatively simple in its
biochemical structure, NO is highly complex in
activity and possesses multiple physiologic func-
tions. Its biological role, short halflife, method
of administration, relative safetv, and pulmonary
selectivity have distinguished iNO from other
drugs that have been used in the past in the
management of the cardiac and pulmonary
pathophysiology associated with PHT. Despite
promising preliminary results in several clinical
studies, inhaled NO is still an investigational
drug. Neither iNO nor devices required for its
administration or measurement have been ap-
proved in the United States for the treatment of
any of the diseases discussed in this review.
Although research in the physiologic mecha-
nisms and potential therapeutic indications for
NO is riding on a crest of enthusiasm, additional
randomized, double-blinded, placebo-controlled
clinical trials with long-term follow-up will have
to be conducted to determine its ultimate ben-
efit to patients in the perioperative period.
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