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ABSTRACT

INTRODUCTION Endotoxemia leads to induction of inducible nitric oxide synthase (iNOS) and in-
creased expression of numerous inflammatory mediators, contributing to endotoxin-induced acute
lung injury.

0BJECTIVES We examined the hypothesis that supplementation of nitric oxide (NO) with the novel
NO donor, S-nitroso-human-serum-albumin (S-NO-HSA), may reduce iNOS expression, lung inflam-
mation and acute lung injury in a rat model of septic shock.

MATERIAL AND METHODS Rats were divided into 4 groups: sham-operated (no treatment), LPS
(lipopolysaccharide), LPS + HSA, and LPS + S-NO-HSA. Endotoxin-induced (20 mg kg-', iv) lung
injury was characterized by measurement of wet/dry weight ratio (pulmonary edema), myeloper-
oxidase activity (pulmonary neutrophil infiltration), expression of intercellular adhesion molecule-1,
iNOS, and cyclooxygenase-2.

RESULTS LPS-induced acute lung injury involved pulmonary edema, neutrophil infiltration and
a strong inflammatory response, resulting in high mortality within 6 h. S-NO-HSA prolonged survival
of endotoxemic rats, reduced hypotensive response to LPS, and minimized LPS-induced lung edema
by modulation of systemic inflammatory response.

concLusions  NO supplementation with S-NO-HSA after LPS administration prevents induction of iNOS,
protects against endotoxin-induced acute lung injury, and reduces early mortality in endotoxic rats.
The results of the study support a therapeutic role of S-NO-HSA in the treatment of endotoxemia.

INTRODUCTION Normal levels of nitric oxide
(NO) in the body are essential to maintain homeo-
stasis in the cells, tissues and organs. In vivo ad-
ministration of lipopolysaccharide (LPS) causes
systemic inflammatory response with subsequent
respiratory distress syndrome and septic shock.'
Endotoxic shock has two distinct phases. The first
one occurs almost immediately after LPS injec-
tion and involves transient pulmonary hyper-
tension and systemic hypotension with concom-
itant cardiac dysfunction and a decrease in cardi-
ac output.? A number of studies have indicated
that these acute effects are caused by the sudden
release of lipid mediators (platelet-activating fac-
tor, thromboxanes, leukotrienes, and others) and
cytokines (tumor necrosis factor-a, interleukin
[IL]-2, IL-6, IL-8), which markedly affect the re-
spiratory and cardiovascular systems. The de-
layed phase, which occurs a few hours after LPS

injection, involves a gradual decrease in blood
pressure with accompanying vasoplegia, tis-
sue hypoperfusion, microvascular damage, and
multiple organ injury. It is generally accepted
that the majority of these alterations are medi-
ated by NO, produced by inducible nitric oxide
synthase (iNOS), which is up-regulated by en-
dotoxin. On the other hand, NO generated by
constitutive endothelial nitric oxide synthase
(eNOS) seems to play a cytoprotective role, espe-
cially in the early phase of endotoxemia. A sub-
stantial body of evidence shows that inhibition
of iNOS in septic shock or endotoxemia reverses
hypotension and restores vascular responsiveness
to vasoconstrictor agents.>* However, in a num-
ber of these studies nonselective inhibitors, e.g.
N¢-nitro-L-arginine methyl ester (L-NAME) or
L-N€¢-monomethyl arginine (L-NMMA), were
used to inhibit iNOS, which at the same time

TRANSLATIONAL MEDICINE S-nitroso-human-albumin 501



502

reduced the protective effect of NO produced by
eNOS in the endothelium. Excessive vasocon-
striction, caused by L-NAME treatment, leads
to abnormal perfusion®, depression of the car-
diovascular system®, enhanced liver’, intestine®
and lung®'% injury, thus increasing mortality rate
in septic shock'".

Despite several studies, the protective effect
of NO produced by eNOS in host response to
LPS is still unclear. It may result from vasodila-
tor5, antiplatelet'? or antileukocyte'® activities
of endothelial NO. Additionally, constitutively
produced or supplemented NO can actively pre-
vent endothelial dysfunction by maintaining lo-
cal L-arginine concentration around the enzyme,
which is sufficient to minimize NOS derange-
ment and reactive oxygen species production. In-
terestingly, increased resistance to LPS-induced
mortality in transgenic mice with overexpres-
sion of eNOS, was shown to result from cytopro-
tective activity of NO in the lungs.' These data
are supported by the finding that NO supple-
mentation with S-nitroso-N-acetylpenicillamine
in the early phase of endotoxemia effectively pro-
tected against LPS-induced lung injury.'® There
have been attempts to use exogenous NO to re-
duce endotoxin-induced lung injury. However,
clinically used NO donors show high variability
with regard to the NO synthesis pathway'®, and,
most importantly, significantly decrease blood
pressure, which limits their use in septic shock.
Tolerance, especially to organic nitrates, also re-
strict their therapeutic use.'®'® Therefore, a new
approach using novel, stable S-nitroso-human-
-serum-albumin (S-NO-HSA) in the treatment
of septic shock in an endotoxemic rat model has
been proposed."

S-NO-HSA undergoes degradation follow-
ing application to NO and albumin, and hence
serves as a carrier of NO to the endothelium."®
It is a high molecular weight S-nitrosothiol,
which has an exact equimolar S-nitrosation, and
a high S-nitrosograde (S-NO- in position Cys-34
of HSA: ~0.8 mol mol™? protein) due to defined
pre-processing. Compared to the low molecu-
lar weight S-nitrosothiols, S-NO-HSA has a pro-
longed half-life of approximately 15 min. It has
been shown that NO supplemented by S-NO-HSA,
at concentrations causing no hypotension, re-
duces ishemia/reperfusion injury of the skele-
tal and cardiac muscle tissue by preserving en-
dothelial functions in the microcirculation.'®20
S-NO-HSA also inhibited platelet aggregation and
leukocyte-endothelial cell adhesion.?’

Material and methods Anesthetized and intubat-
ed male Wistar rats were instrumentated and en-
dotoxic shock was induced by intravenous infu-
sion of LPS (20 mg kg?). Rats were divided into
4 groups: sham operated, LPS, LPS + human se-
rum albumin (HSA) and LPS + S-NO-HSA.
Infusion of S-NO-HSA or HSA was started
2 h after LPS and continued for 4 h (total dose:
72 mg kg?). In all experimental groups hemo-

dynamic parameters were monitored. Six hours
after LPS administration animals were sacrificed
and the following parameters were analyzed:

1 lung injury assessed by microscopyy (hema-
toxylin-eosin staining)

2 lung edema assessed by a ratio of wet/dry
(W/D) weight

3 pulmonary neutrophil infiltration assessed
based on the myeloperoxidase (MPO) activity
(spectrophotometric assay)

4 lung inflammatory response assessed by
intercellular adhesion molecule-1 (ICAM-1) pro-
tein expression, iNOS protein and mRNA ex-
pression (Western Blot). Additionally, the level
of cyclooxygenase-2 (COX-2) mRNA was mea-
sured (reverse transcription polymerase chain
reaction).

In another set of experiments, survival rates
were studied. Rats were randomly divided into four
groups as described above. Data were expressed
as mean +SEM. Statistical differences between
means were determined by ANOVA followed by
a post hoc comparison. Survival data were ana-
lyzed using the Kaplan-Maier test. A p <0.05 was
considered statistically significant.

RESULTS Infusion of S-NO-HSA and HSA did not
cause significant changes in mean arterial pres-
sure (MAP). All rats from the LPS and LPS + HSA
groups died 6 h after LPS challenge. Treatment
with S-NO-HSA prevented LPS-induced mortal-
ity. No death was noted in the LPS + S-NO-HSA
group 6 h after LPS challenge. After LPS injec-
tion a progressive and severe decrease in MAP
occurred. S-NO-HSA-treated rats were more re-
sistant to LPS-induced hypotension compared to
the LPS and LPS + HSA groups. In sham-operat-
ed animals MAP remained constant throughout
the experiment.

Histological examination of the lung was per-
formed in specimens obtained 6 h after LPS in-
fusion. In contrast to the sham operated animals,
LPS and LPS + HSA caused interalveolar mem-
brane thickening (interstitial edema), alveolar
damage and leukocyte infiltration. These effects
of LPS were substantially reduced by S-NO-HSA
treatment.

There was approximately a threefold increase
in W/D lung weight ratio 6 h after LPS injection.
In the LPS + S-NO-HSA group W/D ratio was
significantly lower and in the LPS + HPS group
slightly lower compared to LPS group.

Six hours after LPS injection MPO activity, re-
flecting pulmonary granulocyte infiltration, in-
creased dramatically. MPO response in the LPS
+ HSA and LPS groups was similar. An increase
in MPO activity was significantly attenuated
in the LPS + S-NO-HSA group.

While in sham operated animals iNOS and
ICAM-1 were barely detectable, LPS markedly
increased expression of both proteins. Treat-
ment with S-NO-HSA prevented LPS-induced
induction of pulmonary iNOS and ICAM-1. HSA
alone did not lower and even slightly increased
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LPS-induced expression of iNOS and ICAM-1. LPS

also caused a significant increase in mRNA expres-
sion of iNOS and COX-2 compared to sham oper-
ated animals. HSA treatment did not alter the ef-
fect of LPS. Again, similarly to anti-inflammato-
ry effects on protein level and in contrast to HSA
alone, S-NO-HSA significantly decreased the ex-
pression of mRNA iNOS and COX-2.

DISCUSSION The study demonstrated that
S-NO-HSA administered after LPS challenge pre-
vented early mortality, reduced hemodynamic dis-
turbances and acute lung injury in endotoxic rats.
S-NO-HSA prevented excessive damage of pul-
monary tissue by modulation of pulmonary in-
flammatory response. Accordingly, use of a nov-
el NO donor enabled to combat endothelial NO
deficiency in endotoxic shock. Despite iNOS in-
duction and markedly increased total NO produc-
tion in endotoxic shock, there exists a relative,
local deficiency of eNOS-derived NO at the lev-
el of microcirculation.?? This may be particular-
ly important for the integrity of pulmonary mi-
crocirculation. Our results are in line with these
observations, and therefore we propose a novel
approach to treat lung injury associated with en-
dotoxemia by using adequate NO supplementa-
tion with S-NO-HSA.

The results of this and other experimental
studies on the use of S-NO-HSA in the preven-
tion of ischemic damage on cellular level dem-
onstrate the need for further investigation and
clinical trials.
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STRESZCZENIE

WPROWADZENIE Endotoksemia powoduje indukcje indukowalnej syntazy tlenku azotu (inducible
nitric oxide synthase — iNOS) oraz zwigksza ekspresje licznych mediatoréw zapalnych, prowadzac
do ostrego uszkodzenia ptuc.

CELE Sprawdzana byta hipoteza, ze uzupetnianie puli tlenku azotu (nitric oxide — NO) przy pomocy
nowego donora NO, S-nitrozo-albuminy ludzkiej (S-nitroso-human-serum-albumin — S-NO-HSA),
moze zredukowac ekspresje iNOS, zmiany zapalne i uszkodzenie tkanki ptucnej w szczurzym modelu
wstrzagsu septycznego.

MATERIAL | METODY  Szczury zostaty podzielone na 4 grupy: kontrolng (bez leczenia), LPS (lipopolisa-
charyd), LPS + HSA i LPS + S-NO-HSA. Uszkodzenie ptuc wywotane endotoksyng (20 mg kg-!, iv)
scharakteryzowano poprzez oznaczenie stosunku mokrej do suchej masy tkanki ptucnej (obrzek ptuc),
aktywnosci mieloperoksydazy (neutrofilowe nacieki zapalne), ekspresji migdzykomérkowej czasteczki
adhezyjnej typu 1, iNOS i cyklooksygenazy-2.

WYNIKI - Spowodowane przez LPS ostre uszkodzenie ptuc obejmowato obrzek ptuc, nacieki neutrofilowe
wraz z silng odpowiedzig zapalng skutkujgcg duza $miertelnos$ciag zwierzat w ciggu 6 h. S-NO-HSA
wydtuzyta czas przezycia szczuréw, zmniejszyta spowodowang przez LPS odpowiedz hipotensyjng
oraz obrzek ptuc poprzez modulacje ogdinoustrojowej reakcji zapalne;.

wni0sKl  Uzupetnianie NO za pomocg S-NO-HSA po podaniu LPS-u hamuje indukcje iNOS, prowa-
dzi do znaczacej ochrony przed ostrym uszkodzeniem ptuc oraz zmniejsza wczesng $miertelno$é
we wstrzgsie septycznym u szczuréw. Wyniki badania potwierdzajg skuteczno$¢ terapeutyczng
S-NO-HSA w leczeniu endotoksemii.
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