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Sepsis and hyperoxia effects on the pulmonary surfactant
system in wild-type and iNOS knockout mice
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ABSTRACT: Alterations of pulmonary surfactant and increases in inducible nitric
oxide synthase (iNOS) have been implicated in the pathophysiology of acute lung
injury. It was hypothesised that these two observations are related and that alterations
of the endogenous surfactant, due to either sepsis or hyperoxia, would be reduced in
mice lacking the iNOS gene compared to wild-type mice.

Wild-type and iNOS (-/-) mice were randomised into sham or sepsis, and in a
separate experiment animals were randomised to normoxia or hyperoxia exposure for
48 h. Lungs were lavaged and analysed for total surfactant levels and surfactant
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subfractions (large (LA) and small (SA) aggregates).

Both sepsis groups had decreased SA compared to sham groups with no significant
difference between the two genotypes. Mice exposed to hyperoxia had a decreased
amount of total surfactant when compared to normoxia controls and there was no

significant difference between the two genotypes.

It is concluded that inducible nitric oxide synthase does not influence the amount of
pulmonary surfactant or surfactant subfractions recovered in lavage after 18 h of sepsis

or 48 h of hyperoxia.
Eur Respir J 2002; 20: 177-182.

Pulmonary surfactant reduces the surface tension
within the alveoli and maintains lung compliance [1].
There are two aggregate forms that comprise the
alveolar surfactant: large aggregates (LA) and small
aggregates (SA). LA contain surfactant-associated
proteins and are the surface-active component of the
surfactant [2]. SA are the metabolic products of LA
and are less surface active [3].

Alterations of the pulmonary surfactant system
contribute to lung dysfunction in acute lung injury
(ALI). A consistent alteration of surfactant observed
in injured lungs is an increase in the relative amounts
of SA with a concurrent decrease in LA subtypes [4].
Surfactant subtypes were also altered in the lungs at
earlier stages of lung injury, prior to physiological
abnormalities [5]. Although it was proposed that these
surfactant alterations played a role in the development
of lung injury, the specific changes at earlier stages
of lung injury do not involve increases in SA and
deceases in LA. For example, in septic rats with
minimal physiological abnormalities, LA pool sizes
remained the same as in sham but the SA pools
were significantly reduced [5, 6]. The mechanisms
responsible for early changes in surfactant subfrac-
tions may be dependent on the specific insult leading
to the lung dysfunction.

Increases in the expression and activity of inducible
nitric oxide synthase (iNOS) have also been pro-
posed to occur early during the development of, and
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contribute to, lung injury [7]. iNOS activity can be
upregulated in response to various inflammatory
mediators resulting in the production of a relatively
large quantity of nitric oxide (NO) for prolonged
periods of time. This NO may have a variety of effects
on the lung, pathophysiological including vasodilation
and increased vascular permeability [8, 9], as well
as homeostatic including the regulation of inflam-
mation [10]. Which specific process contributes most
is unclear, but, like surfactant, NO effects may be
dependant on the severity and nature of the injury.

Interestingly, based on a number of in vitro studies,
one proposed deleterious effect of iNOS-derived NO
is through alterations of the surfactant system [11-14].
Therefore, the purpose of this study was to examine
the role of iNOS on the alveolar surfactant system
at an early stage of lung injury in two mouse models
of lung injury. It was hypothesised that the alterations
of endogenous surfactant aggregates due to sepsis or
hyperoxia would be reduced in mice lacking iNOS
compared to wild-type animals.

Materials and methods

General animal procedures

Wild-type C57B1/6 mice (Charles River Labora-
tory, St-Constant, PQ, Canada) and previously
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characterised iNOS (-/-) (Jackson Labs, Bar Harbour,
ME, USA) mice weighing 18-25 g, were used in these
experiments [15]. The mice were group housed and
allowed free access to standard rodent chow and water
with a controlled 12 h light/dark cycle. After a mini-
mum of 4 days acclimatisation these animals were
used for either sepsis or hyperoxia experiments, as des-
cribed below. The animal use subcommittee of the
University of Western Ontario approved all procedures.

Sepsis

Of the wild-type mice 16 were randomised to the
sham group and 21 to the sepsis group. Nine iNOS
(-/-) mice were randomised into the sham group and
11 iNOS (-/-) mice were similarly randomised into the
sepsis group. Mice were anaesthetised with a 0.6-mL
intraperitoneal injection (50% Ketamine: 100 mg-mL';
5% Xylazine: 20 mg-mL™"; and 45% saline). The seps1s
surgery involved performmg a laparotomy and a
cecal ligation and perforation (CLP) in which the
cecum was exposed and ligated distal to the ileocecal
valve, punctured twice with an 18-gauge needle and
gently manipulated to exude a small amount of
faecal material. The cecum was placed back into
the abdomen, which was closed with 4.0 silk suture.
Sham groups consisted of animals undergoing the
anaesthetic procedures only. All animals then received
a subcutaneous (s.c.) injection of buprenorphine
(0.04 mg-kg!) in 1.5 mL of saline for analgesia and
fluid resuscitation and were transferred to individual
cages. All animals subsequently received a s.c. injec-
tion of 1.5 mL of saline every 6 h w1th an additional
dose of buprenorphine (0.04 mg-kg’ ') at the 12 h time
point. These injections were required for analgesia
and maintenance of blood pressure, particularly in
the sepsis animals. At the 18 h time point all mice
were sacrificed as described below.

Hyperoxia exposure

Mice of both genotypes were randomised into
either a 21% oxygen (O,) exposed group (normoxia)
and a group exposed to >90% O, (hyperoxia). There
were 11 mice in each group with the exception of the
hyperoxia-exposed iNOS (-/-) group, which comprised
of nine mice. A sealed plexi-glass box (55x50x
32.5 cm, Parker Plastics, London, ON, Canada) was
filled with the appropriate gas mixture. The mice were
placed inside the box and exposed for 48 h to elther
0, concentration, with a gas flow rate of 10 L-min™'
O, concentrations were controlled via a gas mixer
(model 3500HL; Sechrist Medical Products Division,
Anaheim, CA, USA), which received gases from
the hospital’s medical air and O, lines. O, levels
(MiniOx-I oxygen analyser; MSA Medical Products,
Pittsburgh, PA, USA) were verified every 12 h.

Analyses

After the experimental procedures (18 h for sepsis
group and 48 h for hyperoxia group), mice received an

intraperitoneal 1nJect10n of 0.5 mL of sodium penta-
barbitol (65 mg'mL™') and a midline sternotomy
was preformed. Plasma samples were obtained from
blood aspirate from the left ventricle of the heart
and snap frozen in liquid nitrogen until further use.
Subsequently, the animal was exsanguinated via
transection of the dorsal aorta. A tracheotomy was
performed and an endotracheal tube was secured
in place with 2.0 surgical silk. The lung was then
carefully removed and lung compliance was assessed
by static pressure/volume curves as previously des-
cribed [16].

Lung lavage procedure and analysis

Following the compliance measurements a broncho-
alveolar lavage was performed with 3x1-mL aliquots
of 0.15 M NacCl saline [16]. Each lavage consisted
of instilling the saline and withdrawing it repeatedly
for an additional two times. The recovered lavages
were combined and the total volume was recorded.
The lavaged material was spun at 150xg for 10 min
to remove cellular debris. The 150xg supernatant was
stored at -20°C except for a 1 mL aliquot which was
used to separate the LA from the SA via centrifu-
gation at 40,000xg for 15 min. The 40,000xg pellet
(the LA-fraction) was resuspended in 300 uL 0.15 M
NaCl and frozen at -20°C until further use. The SA
fraction was also stored at -20°C.

Phospholipid-phosphorus measurements were used
to determine the amount of surfactant in the 150xg
supernatant and in the isolated surfactant sub-
fractions. Aliquots of the different samples were
extracted as described by BricH and DyEer [17]. The
phospholipid-containing chloroform-phase was uti-
lised for determination of phosphorus using a modifi-
cation of the method by Duck-CHonG [18]. A Lowry
protein assay was used to measure protein concentra-
tions in the 150xg supernatant [19].

Nitric oxide metabolite analysis

The NO metabolites, nitrites and nitrates (NOx),
were analysed as described by WEBERT et al. [20].
Plasma samples were used for the sepsis experiment
to examine systemic levels of NO metabolites. Three
additional animals, per group, were used to collect
nonlavaged lung homogenate samples to measure NO
metabolites in the lung, a direct target of hyperoxia.
Briefly, lungs were manually separated from airways
and cardiac tissue and homogenised in buffer (pH 7.4
with Hepes buffer 10 mM: ethylenediamine tetraacetic
(EDTA) at 0.1 mM, dithiothreitol 1 mM and sucrose
0.32 M). The homogenate was then spun at 10,000xg
for 10 min and the supernatant was removed, sealed
under nitrogen and frozen. The NOx assay was
performed using a chemiluminescence analyser.

Surface activity measurements

Separate mice, wild-type only, were used for a
comparison of the surface activity of the surfactant of
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normoxia to hyperoxia surfactant. LA were pooled
from 4 mice per pool with 3 pools per group and
diluted in 150 mM NaCl, 2 mM TrisHCI, 1.5 mM
CaCl, (pH 7.0) to a concentration of 250 pg-mL"
phosphorous. A captive bubble surfactometer was
used to determine surface activity of the pooled LA
samples as previously reported [21]. The data for
adsorption to equilibrium is expressed in time and
the minimum surface tension is expressed in milli
Newton/meter (mN/m).

Statistical analysis

All data is presented as meantsem. All statistical
comparisons were determined by one-way analysis of
variance with a Tukey post-hoc analysis. A p<0.05
was considered to be statistically significant.

Results
Sepsis

Animal data for the mice utilised in the sepsis
experiment are shown in table 1. All sham mice
survived the entire 18 h whereas sepsis in the wild-
type mice resulted in death in six of the 21 animals.
Systemically induced multiorgan failure was the
probable cause of these deaths. The sepsis iNOS (-/-)
mice also had increased mortality compared to the
sham group with three of the 11 animals not surviving
the 18 h. Only animals surviving the 18-h period
were included for surfactant analysis. At the time of
sacrifice none of the animals had a significant change
in body mass. The volumes obtained from the lavage
procedure were not different among the four groups.
Analysis of static pressure/volume curves after sacri-
fice indicated no significant differences among the
four groups (data not shown).

Comparison of the two wild-type groups revealed
that sepsis animals had significantly (p<0.05) higher
plasma NO metabolite (NOx) values than the sham
group (table 1). The sepsis iNOS (-/-) mice and the
sham iNOS (-/-) mice had similar plasma NOx values
(table 1). Comparisons between the two genotypes
revealed that the sepsis-wildtype group had signifi-
cantly greater plasma NOx levels than the sepsis iINOS

Table 1.—Summary of animal masses, mortality, total
lavage volumes and plasma nitric oxide metabolites
(NOx) levels from the sepsis study

Group Mass g Mortality Total lavage  Plasma
volume mL  NOx pM
Sham-wt  23.1£+0.5 0/16 2.240.1 27.4+3.5
Sepsis-wt  22.5+0.5 6/21 2.3140.1 40.7+4.3*
Sham-ko 21.5+0.8 0/9 2.440.1 14.14+2.1
Sepsis-ko  21.710.4 3/11 2.240.1 8.8+1.2

Data are presented as meanstSEM. Sepsis: laparotomy and
cecal ligation perforation group; wt: wild-type mice; ko:
inducible nitric oxide synthase (--) mice. *: p<0.05 versus all.
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Fig. 1.— Analysis of phosphorous measured in lavage from
sham and cecal ligation and perforation (CLP) groups. a) Total
phosphorous in sham wild-type (Sham-wt: n=8), CLP wild-type
(CLP-wt: n=8), sham inducible nitric oxide synthase (iNOS) (-/-)
(Sham-ko: n=8) and CLP iNOS (-/-) (CLP-ko: n=8). b) Phospho-
rous in large aggregates ([J) and small aggregates (4). All data
are presented as meantSEM. *: p<0.05 versus sham.

(-/-) group whereas the two sham groups had similar
plasma NOx values.

The total amount of surfactant recovered in the
lavage (fig. la) was not significantly different among
the four groups. The amount of LA (fig. 1b) was
higher in the two sepsis groups compared to their
respective sham groups, however, these differences did
not reach statistical significance. SA values obtained
from the sepsis wild-type animals were significantly
lower than values obtained from sham wild-type
animals. Similarly, the amount of SA in the sepsis
iNOS (-/-) animals was significantly lower than in
the sham iNOS (-/-) group. Comparison of the wild-
type animals to the iNOS (-/-) groups revealed no
significant differences between either the two sham
groups or the two sepsis groups.

In order to allow for comparisons among different
studies, the surfactant subfraction data were also
expressed as the percentage of LA (%LA). These
data revealed a significantly higher %LA in the sepsis
wild-type group when compared with the sham
wild-type group (73£5 versus 51+5%, respectively).
The sepsis iNOS (-/-) group also had a significantly
higher percentage of LA compared with the iNOS (-/-)
group (716 versus 47+5%, respectively). There was
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Table 2.—Summary of animal masses, mortality, total
lavage volumes and lung homogenate nitric oxide
metabolites (NOx) from the hyperoxia study

Group Mass g  Mortality Total Lung
lavage mL  NOx pM
Norm-wt  20.1£0.5 011 2.3+0.1 6.6%1.0
Hyp-wt 19.2+0.4 011 2.410.1 10.6£3.7*
Norm-ko  20.3+0.3 011 2.5+0.1 2.8+0.3
Hyp-ko 20.5%0.3 0/9 2.310.1 3.510.8

Data are presented as mean+SEM. norm: normoxia exposed;
hyp: hyperoxia exposed; wt: wild-type mice; ko: inducible
nitric oxide synthase (-/-) mice. *: p<0.05 versus norm-ko.

no significant difference between wild-type and the
iNOS (-/-) groups.

The total amount of protein recovered in the lavage
was not different among all four groups. These values,
corrected for bodyweight, were 23.842.6 pg-g" 21 6+
4.0 pgg’, 33.6+4.3 pgg and 130+40ugg for
sham wild-type, sepsis wild-type, sham iNOS (-/-)
and sepsis iNOS (-/-) respectively.

Hyperoxia exposure

There were no changes in bodyweight during the
48 h of exposure to either room air or hyperoxia
and there was no mortality in any of the experimental
groups (table 2). There were also no significant
differences among the four groups in the recovered
lavage volumes (table 2) or in the pressure/volume
curves obtained after sacrifice (data not shown). For
the hyperoxia experiment, NOx levels were measured
in the homogenised lung tissue rather than plasma
(table 2). For wild-type animals higher NOx concen-
trations were observed in the hyperoxia mice when
compared with the normoxia, however this difference
did not reach statistical significance. Overall, iNOS
(-/-) animals had lower, but not statistically different,
tissue NOx levels than the wild-type mice.

The total amount of surfactant recovered in the
lavage was significantly lower (p<0.05) in the hyper-
oxia wild-type groups compared to the normoxia
wild-type group (fig. 2a). Similarly, for the iNOS (-/-)
animals, the hyperoxia mice had significantly (p<0. 05)
lower amounts of surfactant than the normoxia
group (fig. 2a). There were no significant differences
between the two mice genotypes. Values for the
surfactant subfractions are shown in figure 2b. The
hyperoxia wild-type mice had significantly less LA
and SA compared to the normoxia wild-type group.
The hyperoxia iNOS (-/-) group had a lower level of
LA and SA compared to the normoxia iNOS (-/-)
group, however, this was statistically significant only
for the SA samples (fig. 2b). Comparisons between
the wild-type and iNOS (--) groups revealed no
significant differences. Expressing the data as %LA
showed similar values for all four groups.

As shown in table 3, the normoxia wild-type
animals had a significantly (p<0.05) lower amount
of protein compared to the hyperoxia wild-type
group. In contrast, the normoxia iNOS (-/-) group
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Fig. 2.— Analysis of phosphorous measured in lavage from nor-
moxia and hyperoxia groups. a) Total phosphorous in normoxia
wild-type (Norm-wt: n=8), hyperoxia wild-type (Hyp-wt: n=8),
normoxia inducible nitric oxide synthase (iNOS) (-) (Norm-ko:
n=8) and hyperoxia iNOS () (Hyp-ko: n=6). b) Phosphorous
in large aggregates (J) and small aggregates (Z). All data are
presented as mean+SEM. *: p<0.05 versus normoxia.

had similar amounts of protein as the hyperoxia iNOS
(+-) group (table 3). Normoxia wild-type animals
and the normoxia iNOS (-/-) mice were not statistically
different. Protein values in the hyperoxia wild-type
group were higher than the hyperoxia iNOS (--)
group; however this difference did not reach statistical
significance.

Separate wild-type animals were used to collect
pooled LA samples for the surface activity measure-
ments. There was no statistically significant difference
in the time for the LA to adsorb to an equilibrium
surface tension (642 min, and 4+1 min for normoxia

Table 3.—Total amount of protein in bronchoalveolar
lavage (BAL)

Group n Total protein in BAL pg-g’!
Norm-wt 4 17.7£5.0

Hyp-wt 8 45.016.3*
Norm-ko 5 22.8+2.1

Hyp-ko 4 28.7+2.1

Data are presented as mean®+SEM. norm: normoxia exposed;
hyp: hyperoxia exposed; wt: wildtype-mice; ko: inducible
nitric oxide synthase (-/-) mice. *: p<0.05 versus Norm-wt.
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and hyperoxia respectively). After five cycles of
quasistatic compressions the minimum surface tension
for the normoxia samples was 12.8+2.3 mN-m™' and
11.243.7 mN-m™' for the hyperoxia samples.

Discussion

Alterations in pulmonary surfactant and increased
endogenous NO production have both been impli-
cated in the development of ALI and acute respiratory
distress syndrome [4, 7, 22]. It was hypothesised that
these changes may be related and that the increases
in NO due to iNOS may impact the pulmonary
surfactant system. This hypothesis was tested by
examining alveolar surfactant from wild-type and
iNOS (--) mice in two different models of lung
injury that are known to alter endogenous surfactant.
Under the present control conditions (sham and
normoxia, respectively) there were no differences
between these two genotypes. Similarly, the results
showed no difference between the two genotypes in
the experimental conditions. Previous studies have
demonstrated that the iNOS (-/-) mice did not have
compensatory responses from other nitric oxide
synthase isoforms [23, 24]. Thus, the conclusions
from the present experiments are that in the two
models of lung injury, iNOS did not influence the
amount of pulmonary surfactant or the amount of
surfactant subfractions recovered in the lavage.

The authors focused specifically on the surfactant
pool sizes since this change appears to be one of the
first signals of surfactant alterations in the develop-
ment of lung injury [4, 5]. In the sepsis experiment,
changes in surfactant aggregates occurred before any
detectable physiological abnormalities or alterations
of surfactant function at this time point [5, 25].
Similarly, in the hyperoxia model, 48-h exposure
resulted in a change in surfactant pools but no
detectable change in lung compliance or in the acti-
vity of isolated LA. Thus, both experimental models
utilised in this study represent relatively early stages
in the development of lung injury. Although not
measured in this study, increases in iNOS expression/
activity have been reported during the course of sepsis
[24] and during 48 h of hyperoxia in mice [26] utilising
the same conditions and similar strains of mice as
the current experiments. These previous observations
were indirectly supported by the NOx results.

The specific effects of the two models on the
pulmonary surfactant system were slightly different
suggesting that the injury in these two models develop
differently. Sepsis induces a focal point of infection
that progresses to a systemic inflammatory response.
The lung is one of the targets of this increased
systemic response leading to the observation of
decreased SA [5]. This observation prompted the
current authors to investigate factors that are induced
in the lung by the systemic inflammation that subse-
quently may impact upon the surfactant system.
Since the results indicate that iNOS is not directly
involved in producing a decrease in SA following
sepsis, further studies are required to elucidate the

exact mechanisms by which the sepsis procedure
affects the surfactant system.

In contrast to sepsis, exposure to hyperoxia causes
a more direct insult to the lung via increased oxida-
tive stress. The concept of increased iNOS adversely
affecting the surfactant system in this model was
based on the knowledge that reactive O, species
produced during hyperoxia could generate peroxy-
nitrate resulting in nitrosylation of tyrosine residues
on surfactant protein (SP)-A and/or other surfactant
proteins, thereby causing an altered alveolar metab-
olism [25, 27, 28]. Based on the results here the current
authors speculate that iNOS has little direct, or
indirect via SP-A, effect on surfactant metabolism.

Interestingly, in hyperoxia the increase in lavage
protein concentrations in the hyperoxia wild-type
animals was attenuated in the hyperoxia iNOS (-/-)
animals. This result indicates that iNOS contributed
to the increased permeability caused by hyperoxia
and confirms reports in other models of lung injury.
Although increased lavage protein does not represent
an alteration of surfactant, it may have implications
for surfactant function since inhibition of surfactant
by serum proteins is a well-known mechanism of
surfactant dysfunction [29]. In the current model
of hyperoxia, however, the increase in lavage protein,
although statistically significant, was still relatively
small and did not yet impact the surface activity of
isolated LA.

The alterations of surfactant at early stages of
lung injury contrast with the surfactant alterations in
severely injured lungs. Surfactant from patients with
acute lung injury has an altered lipid composition,
decreased surfactant proteins and reduced amounts
of large aggregates [30, 31]. These changes, com-
bined with a large influx of inhibitory proteins, result
in a significant decrease in surfactant activity, which
contribute to lung dysfunction. It is possible that
increased inducible nitric oxide synthase activity con-
tributes to the severe surfactant alterations observed
in acute lung injury rather than at the earlier stages of
lung injury.
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