
Aerosolized Linear Polyethylenimine-Nitric Oxide/
Nucleophile Adduct Attenuates Endotoxin-induced
Lung Injury in Sheep
Mikhail Y. Kirov, Oleg V. Evgenov, Vladimir N. Kuklin, László Virág, Pál Pacher, Garry J. Southan,
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Pulmonary hypertension and edema are mainstays of acute lung hemoglobin to produce methemoglobin. When administered
injury (ALI). We synthesized linear polyethylenimine-nitric oxide/ at high concentrations and for a prolonged period of time,
nucleophile adduct (DS-1), a water-soluble nitric oxide donor, and NO may increase the generation of peroxynitrite and other
demonstrated that it is a potent relaxant of precontracted rat aortic toxic oxygen species that cause intra-alveolar activation of
rings without inducing desensitization. Moreover, DS-1 does not sup- coagulation system, induces pulmonary fibrosis, and results
press the viability of human pulmonary epithelial cells in vitro. We also in lung damage (2, 3, 8, 9). In addition, abrupt withdrawal
tested whether DS-1 counteracts ALI in endotoxemic sheep. Animals of NO gas is associated with cardiopulmonary deterioration
were instrumented for a chronic study. In 16 awake, spontaneously and worsening of gas exchange (10). To prevent these adverse
breathing sheep, Escherichia coli endotoxin (10 ng/kg/minute) was effects, administration of gaseous NO requires special deliv-
infused for 8 hours. From 2 hours of endotoxemia, sheep received ery and monitoring systems restricting its use to intensive
either nebulized DS-1 (1 mg/kg/hour) or isotonic saline. DS-1 re- care units only (11).duced endotoxin-induced rises in pulmonary arterial and micro-

An alternative to inhalation of gaseous NO is to administerwedge pressures and vascular resistance index by 40–70%. In paral-
an agent belonging to a new family of NO-releasing prodrugs.lel, DS-1 decreased the accumulation of extravascular lung water by
Compounds known as NO/nucleophile adducts (NONOates)60–70% and reduced the increment in right ventricle stroke work
are formed when NO reacts with various nucleophiles (12).index and the falls in right ventricle ejection fraction, stroke volume,
These agents can be instilled into the airways or inhaled asand left ventricle stroke work indices. Furthermore, DS-1 reduced
an aerosol. Reaching the airway mucosa, NONOates releasevenous admixture and improved arterial oxygen saturation. In four
small amounts of NO, which diffuses into the pulmonaryhealthy animals, DS-1 alone slightly increased arterial oxygenation
vasculature. Thereby, NONOates may reduce pulmonary hy-but had no other effects. Thus, aerosolized DS-1 attenuates endo-

toxin-induced ALI in sheep by reducing pulmonary hypertension pertension and improve arterial oxygenation (13–18); how-
and edema and improving myocardial function and gas exchange. ever, if absorbed by the bronchial circulation, which is a

part of the systemic circulation, NONOates may, in addition,
Keywords: acute lung injury; pulmonary circulation; extravascular lung produce arterial hypotension, like other nitrosylated vasodi-
water; nitric oxide donor; endotoxin lators (15, 19, 20). Whether NONOates possesses adverse

effects other than gaseous NO remains unsettled. Moreover,Activation of inflammatory mediators, pulmonary hyperten-
no data are available regarding the action of NO donors onsion, lung edema, and deteriorated gas exchange are hall-
extravascular lung water (EVLW) accumulation and myocar-marks of acute lung injury (ALI) (1). Nitric oxide (NO), a
dial performance in ALI.key regulator molecule of vascular tone and integrity, may

Here we describe the synthesis of a water-soluble andmodify these responses (2). Inhalation of gaseous NO allevi-
biodegradable NO-releasing compound, designated as linearates ALI by inhibiting inflammation, selectively dilating the
polyethylenimine-NONOate (L-PEI-NONO or DS-1). Wepulmonary vasculature, reducing lung fluid filtration, increas-
also evaluated its vasodilatory and cytotoxic properties ining perfusion of properly ventilated lung areas, and subse-
vitro, as well as its cardiopulmonary effects, when adminis-quently, improving gas exchange (3–6). However, despite
tered in a continuous aerosolization regimen in healthy sheepthese favorable effects, it has not been unequivocally estab-
and in sheep with endotoxin-induced ALI.lished that inhaled gaseous NO improves the outcome of

ALI (3, 7). Conversely, NO may exert detrimental effects.
METHODSDuring inhalation, NO may react with oxygen in the airways

to form nitrites and nitrates (NOX), and with deoxygenated In Vitro Studies

We synthesized L-PEI-NONO and evaluated its effects in isolated aortic
rings of rats and cultured human epithelial cells as described in the
online data supplement.
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register expired minute ventilation. After tracheotomy, a recovery was 0 hours), respectively. Analysis of ranks was performed by Kruskal-
Wallis test followed by Wilcoxon two-sample test. A p value of � 0.05allowed for complete awakening before entering the experimental pro-

tocol. was regarded as statistically significant.

Measurements and Samples RESULTS
Heart rate, mean systemic arterial pressure, pulmonary arterial pres-

Vascular and Cellular Actions of DS-1sure, pulmonary arterial occlusion pressure, left atrial pressure, and
right atrial pressure were displayed on a 565A Patient Data Monitor We first evaluated the vascular effects of DS-1 in isolated rat
(Kone, Espoo, Finland) and recorded on a Gould 6600 (Gould Instru- aortic rings in vitro (see online data supplement for Tables E1–
ments, Valley View, OH). Cardiac index, right ventricle ejection frac- E3). After the equilibration period, rings were precontracted
tion, and EVLW content were determined with the thermal-dye dilution with epinephrine 3 � 10�6 M, and relaxation responses to DS-1method (Cold Z-021; Pulsion Medical Systems). Blood samples were

or decomposed DS-1, both at concentrations of 10�4 to 3 � 10�1
drawn from systemic (a) and pulmonary artery (v) catheters and ana-

mg/ml, were measured. DS-1 caused a dose-dependent relax-lyzed for pH, Po2, Pco2, oxygen saturation, hemoglobin, and methemo-
ation of precontracted aortic rings in contrast to decomposedglobin (Rapid 860; Chiron Diagnostics Corp., East Walpole, MA). Pulmo-

nary microwedge pressure, pulmonary vascular resistance index (PVRI), compound, which was not effective (Figure 1A). In a separate
PVRI in upstream (PVRIUP) and downstream (PVRIDWN) vessels, sys- set of experiments in precontracted aortic rings, DS-1 was added
temic vascular resistance index, stroke volume index, left ventricular up to 3 � 10�3 mg/ml to achieve approximately half-maximal
stroke work index, right ventricular stroke work index, alveolar-arterial relaxation followed by washout for 15 to 20 minutes. This cycle
oxygen tension difference, venous admixture, and plasma NOX concen- was repeated three times to establish whether there was any
trations were estimated as previously described (4, 21).

desensitization to the vasorelaxant effect of the compound.
There was no desensitization observed to the vasorelaxant effectExperimental Protocol
of DS-1 (Figure 1B). In another set of experiments, we evaluatedStarting from time 0 hours, 16 awake sheep were subjected to intrave-
the recovery time from the relaxation after DS-1 addition up tonous infusion of Escherichia coli O26:B6 endotoxin (Sigma Chemical,
3 � 10�3 or 6 � 10�3 mg/ml. In approximately 150–180 minutes,St. Louis, MO) 10 ng/kg/minute for 8 hours. After 2 hours of endotoxe-
a complete recovery was observed from the vasorelaxant effectmia, sheep were assigned to receive, via a nebulizer (Servo Ultra 145;
of DS-1 (Figure 1C).Siemens-Elema), either DS-1 1 mg/kg/hour dissolved in isotonic saline

(endotoxin [ET] � DS-1 group, n � 8) or isotonic saline alone (ET In addition, we assessed the effect of DS-1 on the viability
group, n � 8) until cessation of the study. In addition, four healthy of human pulmonary epithelial cells. We found that DS-1 or its
animals were exposed to DS-1 alone (DS-1 group). carrier did not exert toxic effects to the pulmonary epithelial

After euthanasia at 8 hours, lung samples were taken for determina- cells in vitro, as evaluated in the concentration range of 1 to 500
tion of myeloperoxidase (MPO) and nitrotyrosine activities (22, 23).

�g/ml (data not shown).
Postmortem EVLW and wet-to-dry lung weight ratio were determined
by the gravimetric technique (24, 25). Effects of DS-1 in Endotoxemic and Healthy Sheep

Figure 2 and Table E1 show that endotoxin induced markedStatistical Analysis
increments in pulmonary arterial pressure, PVRI, pulmonaryData are expressed as mean � SEM. Continuous data were assessed
microwedge pressure, PVRIUP, PVRIDWN, and pulmonary arterialby two-way analysis of variance. If the F value was statistically signifi-
occlusion pressure throughout the study (p � 0.01). DS-1 re-cant, an unpaired two-tailed t test or paired t test was used to evaluate

differences between groups and within groups toward the baseline (time duced the increments in pulmonary arterial pressure, pulmonary

Figure 1. Effect of DS-1 on the
tone of precontracted rat tho-
racic aortic rings (n � 4–8 pair
of rings in each group). After
the equilibration period, rings
were precontracted with epi-
nephrine and relaxation re-
sponses to DS-1 or decom-
posed DS-1 were measured
(A ). In a separate set of experi-
ments in precontracted aortic
rings, DS-1 was added to
achieve approximately half-
maximal relaxation followed
by washout. This cycle was re-
peated three times (B ). In an
additional set of experiments,
the recovery time from the re-
laxation after DS-1 was also
evaluated (C ).
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Figure 2. Changes in pulmonary arterial pressure and pulmonary vascu-
lar resistance index (PVRI) in endotoxemic sheep. ET � DS-1 � endo-
toxin � DS-1 group; ET � endotoxin group; PAP � pulmonary arterial
pressure. *p � 0.05 between groups; †p � 0.05 versus baseline in ET �

DS-1 group; ‡p � 0.05 versus baseline in ET group.

microwedge pressure, and pulmonary arterial occlusion pressure
by 40 to 70% (p � 0.03). In addition, DS-1 decreased PVRI to
the same extent by equally reducing PVRIUP and PVRIDWN (p � Figure 4. Changes in myocardial performance in endotoxemic sheep.

ET � DS-1 � endotoxin � DS-1 group; ET � endotoxin group; SVI �0.02). In parallel, DS-1 reduced the increment in EVLW content
stroke volume index; LVSWI � left ventricle stroke work index; RVSWI �by 60 to 70% throughout the experiment (p � 0.01; Figure 3).
right ventricle stroke work index; RVEF � right ventricle ejection fraction.Postmortem gravimetry revealed that in comparison to healthy
*p � 0.05 between groups; †p � 0.05 versus baseline in ET � DS-1sheep receiving DS-1 alone, postmortem EVLW was increased
group; and ‡p � 0.05 versus baseline in ET group.

by 73% in the ET group (p � 0.001). As compared with the
latter group, DS-1 decreased postmortem EVLW by 38% (p �
0.001) and wet-to-dry lung weight ratio (data not shown) by
20% (p � 0.027), respectively.

Table E1 and Figure 4 display that DS-1 reduced the endo-
toxin-induced tachycardia and falls in stroke volume index, left
ventricular stroke work index, and right ventricle ejection frac-
tion (p � 0.05). In addition, DS-1 attenuated the rise in right
ventricular stroke work index (p � 0.05). At 1 hour, cardiac
index declined in both endotoxemic groups (p � 0.01). In the
ET group, the cardiac index also decreased transiently at 4 hours
in comparison with intragroup baseline (p � 0.04). In both endo-
toxemic groups, mean systemic arterial pressure and systemic
vascular resistance index declined toward the end of experiment,
whereas right atrial pressure and left atrial pressure rose without
intergroup differences.

As depicted in Table E2, DS-1 attenuated moderate hyper-
ventilation and changes in pH and PaCO2 after endotoxin (p �
0.05). From 3 to 4 hours, DS-1 increased SaO2 and reduced the
increment in venous admixture by 60 to 70%, as compared with
the ET group (p � 0.04; Figure 5). In parallel, DS-1 tended toFigure 3. Changes in extravascular lung water (EVLW) in endotoxemic
increase PaO2 (p � 0.06) and attenuated the rise in alveolar–and sham-operated sheep. ET � DS-1 � endotoxin � DS-1 group; ET �
arterial oxygen tension difference (p � 0.039) in comparisonendotoxin group; DS-1 � DS-1 group; TDD � thermal-dye dilution
with the ET group (Table E2). At 4 hours, DS-1 also increasedtechnique; G � gravimetric technique. *p � 0.05 between ET � DS-1
oxygen venous saturation (SvO2) (p � 0.05). The body tempera-and ET groups; †p� 0.05 versus baseline in ET � DS-1 group; ‡p � 0.05
ture and hemoglobin concentration rose throughout the experi-versus baseline in ET group; #p � 0.05 between ET � DS-1 and DS-1

groups; and &p � 0.05 between ET and DS-1 groups. ment, demonstrating no intergroup differences (data not shown).
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sheep, DS-1 slightly decreased venous admixture and increased
SaO2 and plasma NOX (p � 0.05) but had no further effects on
hemodynamics and gas exchange (Table E3).

DISCUSSION

This study demonstrates that the novel NO donor, compound
DS-1, produces a dose-dependent relaxation of precontracted
rat aortic rings without inducing desensitization and does not
suppress the viability of human pulmonary epithelial cells in
vitro. In endotoxemic sheep studied awake, inhaled aerosolized
DS-1 counteracts ALI and improves myocardial function. More-
over, inhalation of DS-1 alone to healthy sheep does not cause
any evident cardiopulmonary effects.

Before investigating the cardiopulmonary effects of DS-1 dur-
ing endotoxemia in sheep to model the changes occurring in
human ALI, we assessed its effects on vascular reactivity in vitro.
This part of the study demonstrates that the vasodilation of
precontracted rat aortic rings by the active form of DS-1 resides
in the 1–3 �g/ml range, has a dose-dependent manner, and is
likely more potent in comparison with other NONOates (18).
The vasodilatory effect lasts 150–180 minutes and is believed to
result from relaxation of vascular smooth muscle on slow local

Figure 5. Changes in arterial oxygen saturation (SaO2) and venous ad- release of NO and, subsequently, of cyclic guanosine 3�-5� mono-
mixture (Qs/Qt) in endotoxemic sheep. ET � DS1 � endotoxin � DS-1 phosphate (12). The repeated exposition to DS-1 did not induce
group; ET � endotoxin group. *p � 0.05 between groups; †p � 0.05 desensitization of its vasorelaxant action.
versus baseline in ET � DS-1 group; and ‡p � 0.05 versus baseline in In sheep, endotoxin triggers the release of arachidonic acid
ET group. metabolites, cytokines, and reactive oxygen species from endo-

thelial cells, macrophages, and various immune competent blood
cells, causing a two-phase pattern of lung responses. During the
early phase, thromboxane A2 and later endothelin contribute toMethemoglobin remained unchanged from baseline in both en-
an increase in pulmonary vascular resistance. In the late phase,dotoxemic groups. In contrast, plasma NOX increased in the ET
the increase declines gradually secondary to reduced generationgroup and even to a greater extent in the ET � DS-1 group
of vasoconstrictors and increased endogenous production of NO(p � 0.05).
(4, 21, 26, 27). The pulmonary hypertension, the increase inAs compared with the ET group, DS-1 prevented the rise in
EVLW, and the deterioration of gas exchange as observed inthe level of MPO and decreased the nitrotyrosine score after
this investigation are all characteristic features of ALI in humansendotoxin (p � 0.04; Figure 6). When given alone to healthy
(1). Furthermore, these changes were accompanied by endo-
toxin-induced myocardial dysfunction and systemic vasodilation
toward the end of the experiment.

Recent investigations have shown that short-term nebuliza-
tion or tracheal instillation of NO prodrugs may bring about
a modest and transient reduction of increments in pulmonary
vascular resistance (13–18). In this study, DS-1 was administered
continuously as an inhaled nebulized aerosol to mimic inhalation
of gaseous NO that is often used as an adjuvant treatment of
ALI in clinical practice (3, 7). As a result, continuous inhalation
of aerosolized DS-1 markedly alleviated pulmonary hyperten-
sion, as evidenced by a decline in pulmonary arterial pressure,
pulmonary microwedge pressure, and PVRI for the entire ad-
ministration period. The latter effects are similar to those ob-
tained with gaseous NO (3, 4, 20) and confirm the vasodilation
properties of DS-1 that was observed during the in vitro part
of our study. Thus, continuous administration may significantly
increase the efficacy of nebulized NONOates for control of pul-
monary hypertension.

In addition to inducing pulmonary hypertension, endotoxin
damages endothelium and increases pulmonary capillary perme-
ability, thereby facilitating the development of lung edema (28).
In this study, DS-1 diminished the severity of pulmonary edema,
as assessed with EVLW and wet-to-dry lung weight ratio, primar-
ily by reducing pulmonary microvascular pressure. The latterFigure 6. Changes in myeloperoxidase (MPO) levels and nitrotyro-
finding is consistent with the action of inhaled NO (3–5). More-sine score in endotoxemic and sham-operated sheep. ET � DS-1 �
over, recent investigation on endotoxemic sheep has revealedendotoxin � DS-1 group; ET � endotoxin group; DS-1 � DS-1 group.
that the inhalation of NO may also decline the enhanced micro-*p � 0.05 between ET � DS-1 and ET groups; #p � 0.05 between ET �

DS-1 and DS-1 groups; and &p � 0.05 between ET and DS-1 groups. vascular permeability of pulmonary endothelium (4). The latter
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effect may be caused by inhibition of nuclear factor-	B, reduced therapy (39–41). Animal studies have shown that even high doses
of L-PEI given during inhalation for 21 days cause no pulmonarycell activation, scavenging of reactive oxygen species, and modu-

lation of cyclic guanosine 3�-5� monophosphate–dependent sig- toxicity or immune response (39). Our results from the in vitro
part of this study also demonstrate that L-PEI, or decomposednaling mechanisms (2, 3, 6, 29, 30). Thus, we speculate that in

the present experiments the DS-1–induced decrease in EVLW DS-1, neither alter vascular tone nor exert toxic effects to pulmo-
nary epithelial cells. Taken together, these data suggest thatcould be the result of attenuated pulmonary hypertension and

probably of reduced microvascular permeability. Because DS-1 chronic exposure to L-PEI is safe, and the compound can be
used as a carrier of NO.reduced the rise in MPO, a biologic marker of neutrophil activa-

tion during ALI (31), it could be that DS-1 counteracts pulmo- The levels of inhalational exposure to L-PEI reported by
Ferrari and colleagues (39) are many folds greater than thenary inflammation and edema by ameliorating the leukocyte

recruitment in the lungs, as already shown for inhaled NO (30, maximum dose that would be experienced in the clinical situa-
tion. Moreover, the dose of L-PEI delivering to the pulmonary32). The decrease in MPO may consequently reduce the degree

of tyrosine nitration (30), as we also found in this study. In circulation is less than the aerosolized dose. Based on existing
literature on aerosol deposition (42–44), we estimate that onlyaddition, tyrosine nitration may be reduced through inhibition

of peroxynitrite, a potent oxidant capable of aggravating the 10–30% of aerosolized DS-1 would reach the lungs. In humans,
we anticipate an aerosolized L-PEI exposure of 8 mg/kg/day,lung damage (2). Because peroxynitrite is generated from NO

and O2, the effect of exogenously administered NO on its forma- based on an aerosolized dose of 0.5 mg/kg/hour of DS-1 given
that L-PEI represents two-thirds of the mass of DS-1. This dosetion is probably caused by a negative feedback modulation of

the inducible NO synthase followed by a decreased production of DS-1 corresponds to an airway NO concentration of 14 parts
per million. The dose of DS-1 chosen for nebulization in sheepof endogenous NO in the lungs (32).

The endotoxin-induced pulmonary vasoconstriction and is based on the results of our previous pilot study on conscious
rats and dogs (G. Southan and colleagues, unpublished observa-myocardial depression are often accompanied by right heart

failure (28). In this study, myocardial dysfunction is manifested tions). In these experiments, aerosolized DS-1 was administered
continuously for 3 hours at doses of 1, 3, and 8 mg/kg/hour.by falls in right ventricle ejection fraction, stroke volume index,

and left ventricular stroke work index occurring in parallel with Based on in vitro studies measuring NO release by chemilumi-
nescence, we estimate that these rates correspond to airway NOincreased right ventricular stroke work index and tachycardia.

Inhalation of nebulized DS-1 attenuated these changes. We in- concentrations of 28, 85, and 239 parts per million, respectively.
After 3 days, no toxicity was observed at the rates of 1 and 3terpret the favorable effect of DS-1 on heart rate and cardiac

performance as a result of a decreased right ventricle afterload mg/kg/hour, but traces of inflammation in the lungs were noticed
at the highest dose (8 mg/kg/hour). Thus, these tests may indicatesecondary to pulmonary vasodilation after the release of NO.

The latter explanation is also in agreement with several reports a good toxicity profile of DS-1 and its favorable therapeutic
ratio. The demonstration of toxic effects at the highest doseon inhaled NO (33–37).

In this investigation, endotoxin caused an increase in intrapul- was not unexpected, given the extensive data in the literature
showing that doses of inhaled NO in excess of 40 parts permonary shunting and arterial hypoxemia, thereby triggering a

moderate hyperventilation. DS-1 reduced hyperventilation, ve- million may be associated with pulmonary toxicity (3, 8, 9).
Most likely, NO donors have the same adverse effects asnous admixture, and alveolar–arterial oxygen tension difference

and enhanced SaO2 and SvO2. These results are consistent with gaseous NO (15). Hitherto, no toxic effects have been described
specifically for NONOates. In this study, we did not observesome previous investigations of aerosolized NO donors (16, 38)

and of inhaled gaseous NO (4, 5, 20, 37) in ALI. Selective pulmo- any toxicity of DS-1 on human alveolar epithelial cells even at
concentrations as high as 500 �g/ml, whereas the vasodilatorynary vasodilation and increased blood flow through well-venti-

lated areas are believed to improve the ventilation–perfusion effects of the compound resided in the 1–3 �g/ml range. During
experiments in vivo, we did not find any evident toxic effects ofrelationship of the lungs and be responsible for the favorable

effects of NO (3). In addition, NO may improve gas exchange DS-1. Circulating methemoglobin concentrations did not in-
crease during the nebulization of DS-1 to endotoxemic sheep,by inhibiting lung inflammation, attenuating endothelial dysfunc-

tion, and reducing pulmonary edema (5, 6, 29, 32). In the group despite the fact that we used a relatively high dose. In accor-
dance, screening for biologic markers of oxidant-induced ALI,of sham-operated sheep, DS-1 also transiently improved arterial

oxygenation in comparison to baseline. The latter effect might such as MPO and the nitrotyrosine score, did not reveal any signs
of toxicity of DS-1. The increase in the plasma concentration ofbe caused by redistribution of pulmonary blood flow from atelec-

tatic areas. Such areas, probably arising from the surgical prepa- NOX after nebulization of DS-1 is consistent with results of
previous reports on other NO donors (13, 18). In parallel withration, have been found at postmortem morphologic examina-

tion of the sheep. the rise in NOX, high concentrations of inhaled NONOates and
gaseous NO have been shown to jeopardize systemic hemody-We designed DS-1 specifically to target the lung via the inha-

lational route. DS-1 is a 35 kD polymer, in which the carrier, namics (3, 15). However, the dose of nebulized DS-1 used in
this study did not have any evident effect on systemic circulation,L-PEI, is covalently bonded to NO. We reasoned that the intact

DS-1 polymer would be sterically hindered from transmucosal as mean systemic arterial pressure and systemic vascular resis-
tance index demonstrated no intergroup differences. If givenflux and maintained within the airways. After NO release from

the macromolecule, however, the resultant compound, L-PEI intravenously, DS-1 would lose its lung selectivity, cause systemic
hypotension, worsen ventilation/perfusion matching, and result in(molecular weight of 22 kD), could permeate the lung. This

scenario would provide for selective vasodilation of the pulmo- arterial hypoxemia like other nitrosylated vasodilators (19, 20).
The pharmacologic characteristics of NO donors could differnary vasculature, as the prodrug molecule would not pass into

the systemic circulation until such time as NO had been released. from those of gaseous NO. According to the results of our pilot
experiments, the DS-1–induced pulmonary vasodilation is devel-Furthermore, it would ensure that the spent DS-1 would not

accumulate in the lung but would be systemically absorbed and oping within 10 minutes after the start of nebulization that is
slower than for inhalation of gaseous NO but comparable withexcreted.

The linear polyamine structure of L-PEI has been widely other NONOates (14, 15). The washout period of NO effects
after withdrawal of the nebulized DS-1 is approximately half anused as a gene transfer vector in investigations of in vivo gene
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12. Morley D, Keefer LK. Nitric oxide/nucleophile complexes: a unique classhour, which markedly exceeds the washouts of inhaled NO gas
of nitric oxide-based vasodilators. J Cardiovasc Pharmacol 1993;22:and other NO donors (15, 45).
S3–S9.Summarizing the findings of other authors and our own re-

13. Schutte H, Grimminger F, Otterbein J, Spriestersbach R, Mayer K, Wal-
sults, the advantages of DS-1 and other NO donors over inhaled mrath D, Seeger W. Efficiency of aerosolized nitric oxide donor drugs
NO gas may include a longer half-life, a simplified delivery sys- to achieve sustained pulmonary vasodilation. J Pharmacol Exp Ther

1997;282:985–994.tem, an ability to provide both intermittent and continuous inha-
14. Brilli RJ, Krafte-Jacobs B, Smith DJ, Roselle D, Passerini D, Vromenlation, and decreased environmental release of NO or NO2 (3,

A, Moore L, Szabo C, Salzman AL. Intratracheal instillation of a novel11, 14, 15, 45). Because physiologic effects of DS-1 are similar
NO/nucleophile adduct selectively reduces pulmonary hypertension. Jto gaseous NO, we suggest that it should have the same indica-
Appl Physiol 1997;83:1968–1975.

tions for use, including diseases associated with pulmonary hy- 15. Adrie C, Ichinose F, Holzmann A, Keefer L, Hurford WE, Zapol WM.
pertension and ALI (3). In addition, we speculate that in contrast Pulmonary vasodilation by nitric oxide gas and prodrug aerosols in

acute pulmonary hypertension. J Appl Physiol 1998;84:435–441.to NO gas, DS-1 or its derivatives could be used for treatment
16. Jacobs BR, Brilli RJ, Ballard ET, Passerini DJ, Smith DJ. Aerosolizedof chronic pulmonary hypertension on an outpatient basis. In

soluble nitric oxide donor improves oxygenation and pulmonary hy-that case, a metered dose inhaler would be a useful tool for
pertension in acute lung injury. Am J Respir Crit Care Med 1998;158:delivery of NONOates to the airways. 1536–1542.

We conclude that the novel NONOate, compound DS-1, 17. Brilli RJ, Krafte-Jacobs B, Smith DJ, Passerini D, Moore L, Ballard
counteracts epinephrine-induced vasoconstriction of rat aortic ET. Aerosolization of novel nitric oxide donors selectively reduce

pulmonary hypertension. Crit Care Med 1998;26:1390–1396.rings without any desensitization to the vasorelaxant effect. In
18. Jacobs BR, Smith DJ, Zingarelli B, Passerini DJ, Ballard ET, Brilli RJ.endotoxin-induced ALI in sheep, continuous inhalation of the

Soluble nitric oxide donor and surfactant improve oxygenation andaerosolized DS-1 attenuates pulmonary hypertension and edema
pulmonary hypertension in porcine lung injury. Nitric Oxide 2000;4:and improves myocardial function and arterial oxygenation. We 412–422.

interpret these effects as a result of pulmonary vasodilation, 19. Pearl RG, Rosenthal MH, Ashton JP. Pulmonary vasodilator effects of
reducing right ventricular afterload and improving the ventila- nitroglycerin and sodium nitroprusside in canine oleic acid-induced

pulmonary hypertension. Anesthesiology 1983;58:514–518.tion/perfusion relationship of the lungs subsequent to local re-
20. Rossaint R, Falke KJ, Lopez F, Slama K, Pison U, Zapol WM. Inhaledlease of NO. There are no evident signs of toxicity of DS-1,

nitric oxide for the adult respiratory distress syndrome. N Engl J Medneither on human pulmonary epithelial cells in vitro nor on
1993;328:399–405.

endotoxemic and healthy sheep; however, further studies are 21. Evgenov OV, Hevroy O, Bremnes KE, Bjertnaes LJ. Effect of aminogua-
warranted to evaluate pharmacokinetic and pharmacodynamic nidine on lung fluid filtration after endotoxin in awake sheep. Am J

Respir Crit Care Med 2000;162:465–470.characteristics of nebulized DS-1, to find the optimal therapeutic
22. Liaudet L, Mabley JG, Soriano FG, Pacher P, Marton A, Hasko G,regimen, and to determine whether it can be used for treatment

Szabo C. Inosine reduces systemic inflammation and improves survivalof ALI and pulmonary hypertension in humans.
in septic shock induced by cecal ligation and puncture. Am J Respir
Crit Care Med 2001;164:1213–1220.Acknowledgment : The authors appreciate the advice of Leif Jørgensen, M.D.,

23. Soriano FG, Virag L, Jagtap P, Szabo E, Mabley JG, Liaudet L, MartonPh.D., the technical assistance of Randi Olsen and Helga Marie Bye, and the help
of Rod Wolstenholme for preparing the figures. A, Hoyt DG, Murthy KGK, Salzman AL, et al. Diabetic endothelial

dysfunction: the role of poly (ADP-ribose) polymerase activation. Nat
Med 2001;7:108–113.References

24. Pearce ML, Yamashita J, Beazell J. Measurement of pulmonary edema.
1. Ware LB, Matthay MA. The acute respiratory distress syndrome. N Engl Circ Res 1965;16:482–488.

J Med 2000;342:1334–1349. 25. Selinger SL, Bland RD, Demling RH, Staub NC. Distribution volumes
2. Liaudet L, Soriano FG, Szabo C. Biology of nitric oxide signaling. Crit of [131I]albumin, [14C]sucrose, and 36Cl in sheep lung. J Appl Physiol

Care Med 2000;28:N37–N52. 1975;39:773–779.
3. Steudel W, Hurford WE, Zapol WM. Inhaled nitric oxide: basic biology 26. Noda H, Noshima S, Nakazawa H, Meyer J, Herndon DN, Redl H, Flynn

and clinical applications. Anesthesiology 1999;91:1090–1121. J, Traber LD, Traber DL. Left ventricular dysfunction and acute lung
4. Bjertnaes LJ, Koizumi T, Newman JH. Inhaled nitric oxide reduces lung injury induced by continuous administration of endotoxin in sheep.

fluid filtration after endotoxin in awake sheep. Am J Respir Crit Care Shock 1994;1:291–298.
Med 1998;158:1416–1423. 27. Morel DR, Pittet JF, Gunning K, Hemsen A, Lacroix JS, Lundberg

5. Zhou ZH, Sun B, Lin K, Zhu LW. Prevention of rabbit acute lung injury JM. Time course of plasma and pulmonary lymph endothelin-like
by surfactant, inhaled nitric oxide, and pressure support ventilation. immunoreactivity during sustained endotoxaemia in chronically instru-
Am J Respir Crit Care Med 2000;161:581–588. mented sheep. Clin Sci (Lond) 1991;81:357–365.

6. Kang JL, Park W, Pack IS, Lee HS, Kim MJ, Lim CM, Koh Y. Inhaled 28. Newman JH. Effects of endotoxin on human pulmonary circulation. In:
nitric oxide attenuates acute lung injury via inhibition of nuclear factor- Brigham KL, editor. Endotoxin and the lungs. New York: Marcel
kappa B and inflammation. J Appl Physiol 2002;92:795–801. Dekker; 1994. pp. 111–133.

7. Lundin S, Mang H, Smithies M, Stenqvist O, Frostell C. Inhalation of 29. Gupta MP, Ober MD, Patterson C, Al-Hassani M, Natarajan V, Hart CM.
nitric oxide in acute lung injury: results of a European multicentre Nitric oxide attenuates H2O2-induced endothelial barrier dysfunction:
study: the European Study Group of Inhaled Nitric Oxide. Intensive mechanisms of protection. Am J Physiol Lung Cell Mol Physiol 2001;
Care Med 1999;25:911–919. 280:L116–L126.

8. Kobayashi T, Gabazza EC, Shimizu S, Yasui H, Yuda H, Hataji O, 30. Honda K, Kobayashi H, Hataishi R, Hirano S, Fukuyama N, Nakazawa
Maruyama K, Yamauchi T, Suzuki K, Adachi Y, et al. Long-term H, Tomita T. Inhaled nitric oxide reduces tyrosine nitration after
inhalation of high-dose nitric oxide increases intraalveolar activation lipopolysaccharide instillation into lungs of rats. Am J Respir Crit Care
of coagulation system in mice. Am J Respir Crit Care Med 2001;163: Med 1999;160:678–688.

31. Pittet JF, Mackersie RC, Martin TR, Matthay MA. Biological markers1676–1682.
9. Ekekezie II, Thibeault DW, Rezaeikhaligh MH, Mabry SM, Norberg M, of acute lung injury: prognostic and pathogenetic significance. Am J

Respir Crit Care Med 1997;155:1187–1205.Reddy GK, Youssef J, Truog WE. High-dose inhaled nitric oxide
and hyperoxia increases lung collagen accumulation in piglets. Biol 32. Razavi HM, Werhun R, Scott JA, Weicker S, Wang le F, McCormack

DG, Mehta S. Effects of inhaled nitric oxide in a mouse model ofNeonate 2000;78:198–206.
10. Christenson J, Lavoie A, O’Connor M, Bhorade S, Pohlman A, Hall sepsis-induced acute lung injury. Crit Care Med 2002;30:868–873.

33. Zwissler B, Welte M, Habler O, Kleen M, Messmer K. Effects of inhaledJB. The incidence and pathogenesis of cardiopulmonary deterioration
after abrupt withdrawal of inhaled nitric oxide. Am J Respir Crit Care prostacyclin as compared with inhaled nitric oxide in a canine model

of pulmonary microembolism and oleic acid edema. J CardiothoracMed 2000;161:1443–1449.
11. Young JD, Dyar OJ. Delivery and monitoring of inhaled nitric oxide. Vasc Anesth 1995;9:634–640.

34. Cockrill BA, Kacmarek RM, Fifer MA, Bigatello LM, Ginns LC, ZapolIntensive Care Med 1996;22:77–86.



1442 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 166 2002

WM, Semigran MJ. Comparison of the effects of nitric oxide, nitro- Polyethylenimine shows properties of interest for cystic fibrosis gene
therapy. Biochim Biophys Acta 1999;1447:219–225.prusside, and nifedipine on hemodynamics and right ventricular con-

40. Lemkine GF, Demeneix BA. Polyethylenimines for in vivo gene delivery.tractility in patients with chronic pulmonary hypertension. Chest
Curr Opin Mol Ther 2001;3:178–182.2001;119:128–136.

41. Wightman L, Kircheis R, Rossler V, Carotta S, Ruzicka R, Kursa M,35. Ishihara S, Ward JA, Tasaki O, Pruitt BA Jr, Goodwin CW Jr, Mozingo
Wagner E. Different behavior of branched and linear polyethyleni-

DW, Cioffi WG Jr. Inhaled nitric oxide prevents left ventricular impair- mine for gene delivery in vitro and in vivo. J Gene Med 2001;3:362–372.
ment during endotoxemia. J Appl Physiol 1998;85:2018–2024. 42. Dahlback M, Wollmer P, Jonson B. Selective deposition of inhaled aero-

36. Maxey TS, Smith CD, Kern JA, Tribble CG, Jones DR, Kron IL, Crosby sols to mechanically ventilated rabbits. J Aerosol Med 1994;7:315–324.
IK. Beneficial effects of inhaled nitric oxide in adult cardiac surgical 43. Smaldone GC. Physiological and pathological considerations for aerosol

deposition: expiration and models of deposition. J Aerosol Med 2000;patients. Ann Thorac Surg 2002;73:529–532.
13:387–391.37. Weitzberg E, Rudehill A, Lundberg JM. Nitric oxide inhalation attenu-

44. Cheng YS, Fu CS, Yazzie D, Zhou Y. Respiratory deposition patternsates pulmonary hypertension and improves gas exchange in endotoxin
of salbutamol pMDI with CFC and HFA-134a formulations in a humanshock. Eur J Pharmacol 1993;233:85–94. airway replica. J Aerosol Med 2001;14:255–266.

38. Bando M, Ishii Y, Kitamura S, Ohno S. Effects of inhalation of nitroglyc- 45. Eichelbronner O, Reinelt H, Wiedeck H, Mezody M, Rossaint R, Geor-
erin on hypoxic pulmonary vasoconstriction. Respiration 1998;65: gieff M, Radermacher P. Aerosolized prostacyclin and inhaled nitric
63–70. oxide in septic shock -different effects on splanchnic oxygenation?

Intensive Care Med 1996;22:880–887.39. Ferrari S, Pettenazzo A, Garbati N, Zacchello F, Behr JP, Scarpa M.


