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6. Experimental studies on nitric oxide

by Lars E Gustafsson

This chapter covers pharmacological and toxicologic
studies on effects of exposure to nitric oxide (NO),
by way of inhalation in humans and animals. Focus
has been kept on exposure to low concentrations or
on mechanistically interesting studies. A brief review
of the formation of NO in the body, endogenous NO,
is also given, since knowledge of endogenous NO
offers new insights to possible mechanisms for NO
action. A third form of tissue exposure to NO comes
from formation in the body from organic nitrites and
nitrates, for example, amy! nitrite and nitroglycerin
(1, 2).

Endogenous formation

In cells of many of the organ systems, such as nerve
tissue, blood vessels and the immune system, endog-
enous NO synthesis occurs by NO formation from
physiological substrate (the amino acid L-arginine).
Thus NO has been found to be produced by at least
three different oxygen-utilizing NO synthases, for
purposes such as signaling in the nervous system,
mediating vasodilation in both systemic and pulmo-
nary circulation, and mediating cytotoxicity and host
defense reactions in the immune system (3-8). The
impact of these findings for an understanding of the
toxicologic effects of NO is still difficult to assess,
but clearly a new basis for NO pharmacology and
toxicology might be at hand. The actions of endog-
enous NO can be divided into two main groups.

The first group involves low concentrations of NO
(nano- to picomolar) formed by constitutive enzymes
in nerve and endothelial cells. This NO has local
discrete actions exerted via activation of an enzyme,
guanylate cyclase, in the target cell (9).

The second group involves high concentrations
of NO (micro- to nanomolar) formed by enzymes
that can increase in amount through the induction of
enzyme upon exposure to bacterial toxins or to
growth-regulating factors (cytokines). The induction
of such NO synthesis can be counteracted by
corticosteroids. The inducible NO formation occurs
especially in macrophages and neutrophil leukocytes
and is important for the killing of bacteria and para-
sites, and possibly also for cytostasis in antitumor
reactions (7, 10).

For the effects of inhaled NO it is important to
consider that endogenous NO regulates pulmonary
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vascular resistance; it is found in small amounts in
exhaled air and has been suggested to be necessary
for normal oxygenation of the blood (11, 12). In
agreement, the inhalation of NO by healthy individu-
als evokes pulmonary vasodilation (13).

Effects of exposure

Toxicologic data on NO effects on humans or ani-
mals are not abundant, and generally NO at concen-
trations found in ambient air seems to have little
adverse effects apart from methemoglobin formation,
unless NO is contaminated with or transformed to
nitrogen dioxide (NO,). Indeed, recent clinical stud-
ies have generally shown positive effects of NO on
lung function, and suggested guidelines for such stud-
ies, in order to minimize NO, exposure, have been
published (14). However, a few experimental stud-
ies indicate temporary adverse effects from the inha-
lation of moderate concentrations of NO.

Uptake

NO is not very well absorbed by ventilated isolated
perfused lung (15), probably due to its modest solu-
bility in aqueous media. In contrast, it is absorbed to
a large extent in normally breathing subjects (85-
92% at 400 to 6100 pg-m?) (16, 17), a phenom-
enon probably reflecting the rapid uptake over the
alveolar membrane and the subsequent reaction of
NO with hemoglobin (17). From auto exhaust mix-
tures, 73% of the NO was adsorbed in the upper air-
way mucosal membranes of dogs (18).

Nitric oxide and lethality

Acute exposure to high concentrations of NO has
been found to be lethal, and contribution to the
lethality might have been exerted by NO, being gen-
erated during the exposure. Thus dogs exposed to
24 540 pg-m? (20 000 ppb) for 7 to 50 min died
within 15 min, and one animal challenged with 5000
ppb also died (19), the cause of death being pulmo-
nary edema. A 50% mortality was observed for mice
in an early study on mice exposed to NO at 392 000
pg-m (320 ppm) for 8 h (20). No increase in death
rate was found for mice exposed to 12 270 pg-m™
(10 ppm) for 6.5 months (21) or to 2940 pg-m* (2.4
ppm) for their entire life span (23 to 29 months) (22).



Effects on pulmonary function

No change in respiratory function was found in
guinea pigs exposed to NO at 19 600 pg-m? (16
ppm) or 61 300 pg-m? (50 ppm) for 4 h (23). In-
creased airway responsiveness to acetylcholine was
observed in guinea pigs exposed 2 x 30 min per week
for seven weeks to 6130 pg-m* (5 ppm). In sheep,
significant reversal of vasoconstriction to an infused
thromboxane analog was seen in acute NO exposure
of 5 ppm (24). Also in sheep, hypoxic vasoconstric-
tion was significantly diminished by acute exposure
to 5 ppm of NO, and it was nearly abolished at 40
ppm in inhaled air (25). In human volunteers, mod-
erate bronchoconstriction was seen at 20 ppm and
above (26). Kagawa (27) exposed healthy humans
to 1 ppm of NO for 2 h, with intermittent periods of
moderate exercise. In half of the subjects, a small
but significant decrease in airway conductance was
seen, and, as a group, a significant decrease in maxi-
mal expiratory flow occurred when a mixture of he-
lium and oxygen was breathed. A contribution from
NO, might be one explanation for these effects, or
bronchial congestion due to vasodilation by NO in
the mucosa might have occurred (28).

In healthy workers, pulmonary vasodilation
(measured as the reversal of hypoxic vasoconstric-
tion), without any bronchoconstrictor effect, occurred
at an NO level of 10 ppm and was marked at 40
ppm (13). These data might suggest that only expo-
sure to high concentrations of NO causes vascular
effects in the lung, but it is possible that this phe-
nomenon is due to the presence of endogenous NO
in normal healthy individuals and that the situation
might be different in cases in which endogenous NO
formation is diminished. Accordingly, administering
an inhibitor of endogenous NO formation evokes
vasoconstriction in the pulmonary circulation of rab-
bits, and this vasoconstriction is significantly attenu-
ated by an NO level of 0.15 ppm and is fully re-
versed by 3-9 ppm in inhaled air (29). In untreated
animals, vasodilator effects first occur at 9 ppm. It
is not known which conditions in humans might ex-
hibit depressed NO formation and thus enhanced
sensitivity to exogenous NO. However, NO is clearly
present in the exhaled air of humans (12), and it at-
tains levels of 0.1-0.3 ppm in exhaled breath after
breath holding (30). An important future issue will
be whether vasodilator effects of inhaled NO should
be regarded as substitution for endogenous NO and
is thus beneficial or whether it might be regarded as
an untoward action.

Relaxation of bronchial smooth muscle can be ex-
erted in vitro by mechanisms dependent on an intact
airway epithelium. An endogenous muscle-relaxing
factor released by the epithelium has been suggested,
but it is not clear whether it might be endogenous
NO (31). Reversal of metacholine-induced broncho-
constriction by NO has been reported in guinea pigs
already at 5 ppm (32), and in rabbits full reversal of
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metacholine bronchoconstriction was at hand at 80
ppm (33). Preliminary data on humans (Hogman et
al, to be published) show a moderate bronchodilator
effect of 80 ppm (102 400 pg/m?).

Effects on lung morphology

NO can cause morphological alterations in the lungs
of experimental animals, but only at concentrations
much higher than the NO, levels that elicit signifi-
cant effects. Thus NO exposure of 2950 pg-m™ (2.4
ppm) for 23-29 months had no effect on lung mor-
phology among mice (34), and exposure of rats to
2460 pg-m (2 ppm) continuously for six weeks elic-
ited slight emphysema-like alterations in alveoli (35).
Exposure to a combination of NO (2.05 mg m) and
NO, (0.27 mg m~) evoked a significant increase in
interalveolar pores in mongrel dogs (36). Edema and
thickening of the alveolocapillary membrane and
vacuolization of endothelial cells were found in rab-
bits exposed to an NO concentration of 6150 pg-m™
(5 ppm) continuously for 14 d (37), whereas in mice
12 300 pg-m (10 ppm) 2 h daily, 5 d a week for 30
months (38), or continuously for 6.5 months (21),
elicited changes in alveolar septa, congestion, en-
larged peripheral air spaces and some changes in
bronchiolar morphology. During combined exposure
to NO (43 ppm) and NO, (3.6 ppm), Hugod (39)
found no changes in alveolar cell morphology among
rabbits, but swelling of endothelial cells occurred in
both the exposed and the control group. These find-
ings illustrate the difficulties inherent in this type of
study.

Effects on host defense

Mice exposed to NO at 12 270 pg-m? (10 ppm) for
2haday, 5 da week and up to 30 weeks (38) showed
leukocytosis at five weeks and a decrease in red blood
cell hemoglobin at 30 weeks. Altered responses to
challenge with phytohemagglutinin in sheep red
blood cells, as well as a decreased ability to reject
virus-induced tumors, was seen at different stages of
the exposure. In another study, male and female mice
were continuously exposed to 2450 pg-m™ (2 ppm)
for 6 h to 4 weeks and tested for resistance to a bac-
terial aerosol (40). Only female animals showed a
somewhat increased mortality and a decrease in sur-
vival time.

Metabolic effects

Mice exposed to NO concentrations of 12 300 to
25 800 pg-m? (10 to 21 ppm) for 3 h daily for 7 d
showed no change in the levels of reduced glutathione
in their lungs (41). In vitro data indicate that NO
stimulates guanylate cyclase and therefore leads to
smooth muscle relaxation and vasodilation and func-
tional effects on the nervous system (3, 7, 9, 42).
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These effects are probably responsible for vasodila-
tion in the pulmonary circulation and an acute
bronchodilator effect of inhaled NO, but it is unclear
whether other effects might be exerted from ambient
NO via this pathway. Due to the rapid inactivation
of NO in hemoglobin, internal organs other than the
lungs are unlikely to be affected directly by cyclic
GMP (guanosine monophosphate)-mediated
vasodilator influence from ambient concentrations
of NO.

Methemoglobin formation, via the formation of
nitrosylhemoglobin (22, 34, 43-46) and subsequent
oxidation with oxygen, is well known (47, 48). Dur-
ing NO exposure of mice to 24 500 - 98 200 pg-m?
(20-80 ppm), the levels of methemoglobin were
found to increase exponentially with the NO con-
centration (34), and after the cessation of NO expo-
sure methemoglobin decreased rapidly, with a half-
time of a few minutes only. In humans the ability to
reduce methemoglobin varies genetically and is
lower in infants. Even so, when methemoglobin oc-
curs due to NO, the levels can be decreased by low-
ering the concentration of NO during ongoing expo-
sure (49). Of the NO reaction products with
hemoglobin, methemoglobin attains higher levels
than nitrosyl-hemoglobin (50). Exposure of mice to
2940 pg-m™ (2.4 ppm) for 23-29 months resulted in
nitrosylhemoglobin levels at 0.01%, while the maxi-
mal methemoglobin level was 0.3% (34). At 12 300
pg-m? (10 ppm) for 6.5 months, the nitrosyl-
hemoglobin level was 0.13% and the level of methe-
moglobin was 0.2% (21). Rats exposed to
2450 pg-m* (2 ppm) continuously for six weeks
showed no detectable methemoglobin (35).

Hematologic changes

Mice exposed to NO at 11 070 pg-m™ (9 ppm) for
16 h had decreased iron transferrin (45), and expo-
sure to 12 300 pg-m (10 ppm) for 6.5 months in-
creased the blood white cell count and the propor-
tion of polymorphonuclear cells in a comparison with
lymphocytes (21). It also affected red blood cell
morphology, spleen weight, and bilirubin. A slight
increase in hemolysis was seen in mice exposed to
2940 pg-m™ (2.4 ppm) (22).

Nitric oxide application in lung disease

With the background of the aforementioned
vasodilator effects of NO on pulmonary circulation,
NO has recently been tried as a selective pulmonary
vasodilator in patients with severe derangements of
pulmonary ventilation or perfusion matching mani-
fested either as hypoxia or increased pulmonary vas-
cular resistance or both. Marked improvements oc-
curred in these parameters, and, apart from moder-
ate methemoglobinemia, no side effects have been
reported during NO exposure of 2-20 ppm (49, 51-
54). These results with humans are supported by find-
ings of improved ventilation perfusion matching in
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experimental animals exposed to NO (55).

Biochemical mechanisms for nitric oxide effects
Reaction with iron and effects on enzymes and nu-
cleic acids.NO has an affinity to heme-bound iron
which is 200-fold higher than that of carbon monox-
ide. This affinity leads to the formation of
methemoglobin and the stimulation of guanylate
cyclase that have already been discussed. Further-
more, NO reacts with thiol-associated iron in en-
zymes and eventually displaces the iron. This is a
possible mechanism for the cytotoxic effects of NO
(10, 56). In vitro, the NO donor sodium nitroprusside
has been shown to mobilize iron from ferritin (57).
NO might, possibly also via interference with iron,
modulate arachidonic acid metabolism (58, 59).

NO inhibits aconitase, an enzyme in the Krebs
cycle, and also complex 1 and 2 of the respiratory
chain (10, 11, 60). Permanent modification of
hemoglobin, possibly via deamination, has been
found (61). NO can also deaminate DNA
(deoxyribonucleic acid), and evoke DNA chain
breaks and the inhibition of DNA polymerase and
ribonucleotide reductase (62-65). In rat spleen cells
NO might be antimitogenic and inhibit T-cell pro-
liferation (66), and in vascular tissue NO donors in-
hibit DNA synthesis, cell proliferation, and
mitogenesis (67, 68). ADP (adenosine diphosphate)
ribosylation is stimulated by NO-generating agents
(68).

Formation of peroxynitrite and other radicals. In
biological systems in vitro, NO has been found to
react with superoxide (O,) to form peroxynitrite.
Subsequently, the peroxynitrite can permanently
modify proteins via the formation of nitrotyrosine
(70). Further reactions might involve the formation
of OH radicals, lipid peroxidation, and the oxida-
tion of thiols (71-74). Methods have been developed
for determining nitrotyrosine and its metabolites, and
these agents can be demonstrated in the urine of hu-
mans, possibly also as a measure of NO, exposure
(75, 76). The modification of tyrosine affects its abil-
ity to be phosphorylated, an important reaction for
the regulation of protein function (77).

The potential of these mechanisms might be that
they offer explanations for the cytotoxic effects of
NO in host-defense reactions, but they may also ex-
plain the adverse effects of elevated endogenous lev-
els of NO (eg, in conjunction with ischemic episodes),
as well as effects from NO exposure.

Summary and concluding remarks

Vasodilation seems to be one of the most sensitive
target mechanisms for NO action. The effect occurs
in vitro at nanomolar or subnanomolar concentra-



tions. In anesthetized sheep and awake humans, sig-
nificant lung vasodilator effects of NO at 5 and 10
ppm, respectively, in inhaled air have been observed,
and in guinea pigs bronchodilation occurs at 5 ppm.
The value 5 ppm can be regarded as established for
acute vascular effects in animals, and 10 ppm can
be considered the corresponding value for effects in
humans. In anesthetized rabbits, significant pulmo-
nary vasodilation is seen at 9 ppm of NO. When, in
the same animals, endogenous NO synthesis was
inhibited, vasoconstriction occurred. This
vasoconstriction was partially counteracted already
at 0.15 ppm and was fully reversed at 9 ppm. This
finding indicates that endogenous NO can be mim-
icked by exogenous NO at concentrations commonly
found in ambient air. The lowest effect level in indi-
viduals with depressed formation of endogenous NO
might thus be far lower than in normal individuals,
for whom the lowest effect level is likely to be 5 ppm
for pulmonary circulation.

It is not clear whether the pulmonary vasodilator
effects are to be regarded as adverse or favorable,
and NO inhalation is presently being investigated for
beneficial effects in patients with derangements in
pulmonary function.

Another very sensitive parameter seems to be re-
sistance to infection upon bacterial aerosol exposure,
in that an impairment of resistance in female mice
has been found at an NO level of 2 ppm. Slight em-
physema-like alterations of alveoli occurred at 2 ppm
in rats, and thickening of the alveolocapillary mem-
brane was seen in rabbits at 5 ppm. Effects of NO
exposure on blood parameters, including leucocy-
tosis, has been found in mice with chronic NO expo-
sure of 2.4 ppm. Methemoglobin formation is seen
at 10 ppm of NO and above.

In the future it will be important to consider
whether exogenous NO really lowers host resistance,
since endogenous NO is important to host defense
(7). An alternative explanation might be the rapid
generation of NO, in NO exposure situations (14).
Thus, although N(z) toxicity data might be biased by
concurrent NO, generation, the most sensitive pa-
rameter seems to be resistance to infection, for which
effects have been seen from NO exposure of 2 ppm.
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