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Background: Acute lung contusion from blunt chest trauma (BCT) is characterized
by an intense inflammatory response in the pulmonary parenchyma, which is associ-
ated with acute lung injury (ALI), acute respiratory distress syndrome and ventilator-
associated pneumonia. We hypothesized that aerosolized indomethacin may reduce
pulmonary inflammation and ALI in a rat model of BCT.

Methods: Sprague-Dawley rats were anesthetized and received a tracheotomy for
administration of aerosolized medication through a catheter. The BCT procedure
involved free-dropping a hollow metal weight (200 g) from a height of 25.5,
38.3 or 51.2 cm onto the right thorax. We administered 1 mg/kg of indomethacin or
1 mL/kg of saline intratracheally 15 minutes after BCT. The sham group had a simi-
lar procedure without the exposure to BCT and treatment. Three hours postimpact,
we obtained arterial blood gas and analyzed bronchoalveolar lavage for protein con-
centration, polymorphonuclear leukocytes (PMN) and cytokine levels, and lung tissue
samples were taken for histopathological analysis.

Results: The rats’ mean arterial pressure and heart rate dropped immediately post-
impact but recovered close to that of the sham group after 30 minutes in both control
and treatment groups. Compared to BCT alone, indomethacin significantly
reduced the total protein level in the lungs (1.06 = 0.39 mg/mL v. 3.75 + 1.95 mg/mL,
p = 0.006) and alveolar FD-70 leak (0.23 + 0.19 pg/mL v. 0.53 = 0.19 pg/mL, p =
0.02). Indomethacin also significantly attenuated the acute inflammatory response in
percent PMN (13.33 £7.5% v. 28.0 + 12.96%, p = 0.04). Tumour necrosis factor-o.
and interleukin-6 decreased in the indomethacin group, but the decreases were not
significant compared with other groups.

Conclusion: Aerosolized indomethacin has a protective effect against alveloar tissue
permeability and inflammatory response induced by BCT.

Contexte : La contusion pulmonaire aigué causée par un traumatisme thoracique
fermé (T'TF) se caractérise par une intense réaction inflammatoire dans le paren-
chyme pulmonaire, liée 2 une atteinte pulmonaire aigué (APA), & un syndrome de
détresse respiratoire et a la pneumonie associée a la ventilation mécanique. Nous
avons émis I'hypothése que I'indométacine en aérosol pouvait réduire 'inflammation
pulmonaire et ’APA dans un modeéle murin de TTF.

Meéthodes : Des rats Sprague-Dawley ont été anesthésiés et ont subi une trachéoto-
mie pour 'administration du médicament en aérosol par un cathéter. Le TTF a été
infligé par un poids de métal creux (200 g) en chute libre d’une hauteur de 25,5, 38,3
ou 51,2 cm sur le thorax droit. Nous avons administré 1 mg/kg d’indométacine ou
1 mL/kg de solution saline dans la trachée 15 minutes apres le TTF. Un groupe a été
soumis a une intervention similaire fictive, sans exposition au TTF ni au traitement.
Trois heures apres I'impact, nous avons obtenu des gaz artériels et analysé le liquide
de lavage bronchoalvéolaire pour connaitre les taux de protéines, de leucocytes poly-
morphonucléaires (PMN) et de cytokines; nous avons aussi prélevé des échantillons
de tissu pulmonaire pour des analyses histopathologiques.

Résultats : La pression artérielle et la fréquence cardiaque moyennes des rats ont
immédiatement chuté aprés 'impact, mais sont revenues pres des valeurs du
groupe soumis a l'intervention fictive aprés 30 minutes dans le groupe témoin et le
groupe traité. Comparativement au TTF seul, 'indométacine a significativement
réduit le taux de protéines totales dans les poumons (1,06 = 0,39 mg/mL c. 3,75 =
1,95 mg/mL, p = 0,006) et la fuite alvéolaire de FD-70 (0,23 = 0,19 pg/mL c. 0,53 =
0,19 pg/mL, p = 0,02). L’indométacine a aussi significativement atténué la réaction
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inflammatoire aigué en pourcentage de PMN (13,33 7,5 % c. 28,0 = 12,96 %, p =
0,04). Le facteur de nécrose tumorale o et I'interleukine-6 ont diminué dans le
groupe sous indométacine, mais ces baisses n’ont pas été significatives comparative-

ment aux autres groupes.

Conclusion : L’indométacine en aérosol exerce un effet protecteur contre la
perméabilité du tissu alvéolaire et la réaction inflammatoire induite par le un TTF.

lunt chest trauma (BCT) is one of the most com-

mon injuries in trauma patients; it accounts for

20%-25% of adult deaths,! and pulmonary contu-
sion (PC) is a common finding in those cases.”? Pulmonary
contusion, which is an independent risk factor for the
development of pneumonia, acute lung injury (ALI), acute
respiratory distress syndrome (ARDS), ventilator-
associated pneumonia and long-term respiratory disability,
is usually caused by BCT, but can also result from explo-
sion injuries or a shock wave.>* Immediately after exposure
to BCT, the disruption of alveoli induces intra-alveolar
hemorrhage along with interstitial hemorrhage. Blood
extravasation initiates a cascade of reactions that involve
activation and release of various vasoactive and proinflam-
matory factors. This innate inflammatory response trig-
gered by BCT involves the recruitment of blood leukocytes
and the activation of tissue macrophages, which subse-
quently release a series of inflammatory mediators, includ-
ing cytokines, proteolytic enzymes and components of
coagulation cascades. These inflammatory mediators syner-
gistically lead to increased alveolar capillary membrane per-
meability and microvascular leakage that induce pulmonary
edema, ventilation/perfusion mismatching, increased intra-
pulmonary shunting and a loss of lung compliance.*’

The clinical consequences of PC vary widely, ranging
from mild dyspnea to prolonged mechanical ventilation
and ARDS.%7 There is still no effective pharmacological
approach to treating BCT related to PC; the choices of
treatments in such patients are generally limited and
include basic supportive tools such as supplemental oxygen
and cardiopulmonary monitoring.*® The development of
PC is characterized by intense inflammation in the alveolar
space and noncardiogenic pulmonary edema caused by the
outpouring of proteinacious fluid from the pulmonary
microcirculation. This inflammatory response also has a
delayed clinical consequence: it primes inflammatory cells
for exaggerated response to any subsequent insults, such as
second hit phenomena.'® Therefore, treatments aiming at
the anti-inflammatory progress''~"* and improving epithe-
lial function'*"* might become the key elements to acceler-
ate recovery and decrease mortality among patients with
ALI or ARDS due to PC.

The present experimental animal study aimed to exam-
ine the effects of aerosolized indomethacin on the severity
of BCT from in vivo observation of the leukocyte recruit-
ment and alveolar capillary permeability in rat pulmonary
microcirculation. We hypothesized that inhaled indometh-
acin may have a beneficial effect on PC caused by BCT.

METHODS
Animal preparation

The studies were performed on Sprague-Dawley rats
weighing 250-300 g. The animals were anesthetized with
intraperitoneal injections of sodium pentobarbital
(55 mg/kg; Sigma), and the temperature of the rats was
monitored and maintained at 36°C-37.5°C using a heat-
ing pad and lamp throughout the experiment. The right
carotid artery and jugular vein were cannulated with
PE-50 polyethylene tubing (Becton Dickinson Company).
The mean arterial pressure (MAP) and heart rate (HR)
were measured via the arterial line using a pressure trans-
ducer (78353A; Hewlett Packard), and the jugular vein
was used for the administration of Rhodamine-6G and/or
FD-70 (Sigma). Following BCT, the rats received a tra-
cheotomy, and a 14-G plastic catheter was inserted for
administration of inhaled indomethacin.

Impact energy assessment for optimal pulmonary
injuries

Rats were fixed on an acrylic glass platform in the supine
position, with all 4 legs attached to the platform with
sticky tape. To prevent direct myocardial injury, the blunt
impact was distributed only on the right side of the tho-
rax. A hollow metal weight (200 g) was free-dropped from
a height of 25.5, 38.3, or 51.2 cm onto the right chest
without any protective shield. The impact energy gener-
ated via this mechanism was calculated with the equation
E = mgh, where E is energy, m is mass of the cylindrical
weight (0.20 kg), g is gravity (9.8 m/s?) and 4 is the height
of the free drop (25.5, 38.3, or 51.2 cm). Total energy
transferred to the right side of the rats’ chest wall was 0.5,
0.75, and 1.0 J, respectively.

Experimental design

After obtaining the optimal energy impact to the chest
wall, the animals were randomized to the following experi-
mental groups: sham (z = 8), BCT (z = 8), BCT + aerosol-
ized normal saline (z = 8) and BCT + aerosolized indo-
methacin (z = 8). Either normal saline (1 mL/kg) or
indomethacin (1 mg/kg, Fresenius Kabi Canada) was
administered intratracheally 15 minutes after exposure to
BCT using the MicroSprayer Aerosolizer (Model IA-
1B-R, Penn-Century, Inc.). Arterial blood gas (ABG) for
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pH and partial pressures of oxygen (PaO,) and carbon
dioxide (PaCO,) were obtained at 2 time points for each
of the groups: 15 minutes and 180 minutes after BCT. In
each study phase, animals were euthanized 3 hours post-
BCT, the chest was opened to assess the macro degree of
lung injury, and bronchoalveolar lavage fluid (BALF) was
collected to analyze pulmonary protein concentration,
polymorphonuclear leukocytes (PMNs) and cytokine con-
centration, and tissue samples were taken for histopatho-
logical analysis.

Bronchoalveolar lavage fluid collection

We collected BALF from euthanized rats at indicated
time points by instilling and withdrawing 10 mL of ice-
cold sterile phosphate buffered saline (PBS) 3 times from
the whole lungs via an intratracheal cannula. In the indo-
methacin group, only 5 mL of PBS was used to lavage the
injured right side of lung. The BALF samples were centri-
fuged at 500g for 10 minutes at 4°C, and the supernatants
were frozen at -80°C for subsequent measurements of
protein concentration, cytokine levels and total white
blood cell counts as well as its cell differential, which was
enumerated on cytospin-prepared slides stained with
Giemsa (Sigma). Tumour necrosis factor (TNF)-a and
interleukin (IL)-6 levels in BALF were determined using
ELISA kits (BD OptEIA, BD Biosciences) according to
the manufacturer’s instructions.

Pulmonary epithelial permeability

The lung permeability was evaluated using both protein
concentration and FD-70 level. Protein concentration
in BALF was determined with the micro bicinchoninic
acid (BCA) method (Pierce) according to the manu-
facturer’s instructions. In separate experimental rat
groups, a 1 mg/kg intravenous bolus of a fluorescein
isothiocyanate-labelled dextran (FD-70; Sigma) was
injected 30 minutes before samples of BALF were
obtained. The FD-70 concentrations were measured in
the BALF with a fluorescence spectrophotometer
(Perkin-Elmer LS50), using excitation and emission
wavelengths of 482 and 521 nm, respectively.

Posthypotonic lysis of the red blood cells and the total
white blood cell count of each BALF sample was deter-
mined using a grid hemocytometer. The differential cell
counts were enumerated after cytosine centrifugation
(1000g for 10 min) with prepared slides and then stained
with Giemsa (Sigma). A total of 200 cells for each experi-
mental condition were examined, and the percentage of
PMN was calculated.

The ELISA cytokine assays on the BALF for TNF-o
and IL-6 (OptEIA Human ELISA Sets, Pharmingen) were
performed according to the instructions recommended by
the manufacturer.
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Histological evaluation of the pulmonary tissue

The lung tissue samples were fixed in 10% formalin
immediately after removal from the chest cavity. The lung
tissues were then dehydrated in graded concentrations of
ethanol followed by the clearing agent xylene to remove
the water and ethanol before they were embedded in par-
affin. Tissue sections 5 mm in thickness were obtained
and then stained with hematoxylin-eosin. Slides (magnifi-
cation x100, Carl Zeiss Axiovert 200M microscope) were
evaluated and graded for the presence of interstitial
neutrophilic infiltrate, intra-alveolar hemorrhage and pul-
monary edema. Histopathological evaluation was scored
by a blinded and experienced laboratory pathologist using
a S-point scale according to combined assessment of alve-
olar congestion, hemorrhage, infiltration or aggregation
of neutrophils in the airspace or vessel walls, and thickness
of alveolar wall/hyaline membrane formation (0 indicates
minimum damage; 1+, mild damage; 2+, moderate dam-
age; 3+, severe damage and 4+, maximum damage'®).

Statistical analysis

All data are presented as means = standard deviations (SD).
Statistical analysis was performed with one-way analysis of
variance followed by Bonferroni correction for multiple
comparisons; we used the Student # test for 2-group com-
parisons. All analyses were performed using SAS software
version 9.3 (SAS Institute Inc.). All tests presented are
2-sided, and we considered results to be significant at p <
0.05. We used the F test to assess the equality of variance.
If p 2 0.05, then we did not reject the null hypothesis that
the 2 variances were equal, and we used the p value from
the pooled analysis. However, we rejected the null hypoth-
esis that the 2 variances were equal if p < 0.05. We used the
Satterthwaite method for unequal variance.

ResuLTs
Optimal energy impact
Table 1 shows the degree of injury using a method similar

to that of Chavko and colleagues.!” Lung lesions were
classified from 0 to 3, with 0 indicating healthy lungs;

Table 1. Impact energy assessment for optimal pulmonary

injuries — macro examination of right lung injuries

Right lung

Impact Right lung Left lung injuries grading Deaths,
energy injuries, no. injuries, no. + SEM no.
Sham 0 0 1.00 + 0.00 0
05J 5 0 213 +0.3b 0
0.75J 8 0 3.560 + 0.42 0
1.0J 10 1 3.88 + 0.40 2
SEM = standard error of the mean.




1 indicating trace and scattered hemorrhagic spot; 2 indi-
cating moderate, extensive parenchymal contusion; and 3
indicating confluent hepatized regions. There was an
energy-dependent association between increasing impact
of energy and the extension of lung injury. We found
increased BALF protein concentrations with the enhanced
impact energy to blunt chest, indicating a correlation
between worsening lung injury and increasing energy
impact (sham v. 0.5 J: 0.26 £ 0.13 mg/mL vs. 0.62 =
0.50 mg/mL, p > 0.99; sham v. 0.75 J: 0.26 = 0.13 mg/mL
v. 1.31 £ 0.95 mg/mL, p = 0.01; sham v. 1.0 J: 0.26 =
0.13 mg/mL v. 1.87 + 1.02 mg/mL, p = 0.03; Fig. 1). We
found similar results when examining the recruitment of
the PMNs to alveoli space (sham v. 0.5 J: 1.00% = 1.07%
v. 413% £ 7.32%, p > 0.99; sham v. 0.75 J: 1.00% =
1.07% v. 14.0% = 9.97%, p = 0.01; sham v. 1.0 J: 1.00% =
1.07% v. 12.57% = 8.66%, p = 0.04; Fig. 2). At the 1.0 J
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Fig. 1. Total protein levels in bronchoalveolar lavage fluid (BALF)
at 3 hours post-blunt chest trauma after isolated pulmonary
contusion injury with chest impact energy levels of 0.5 J, 0.75 J,
and 1.0 J. Values are means + standard deviations for n = 8 rats.
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Fig. 2. The percentage of polymorphonuclear leukocyte (PMN) in
bronchoalveolar lavage fluid (PMN numbers + total numbers of
leukocytes at 3 hours post-blunt chest trauma after isolated pul-
monary contusion with chest impact energies of 0.5 J, 0.75 J,
and 1.0 J. Values are means * standard deviations for n = 8 rats.
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impact energy, 2 rats died and 1 rat sustained injury to the
left lung. Thus, the impact energy of 0.75 J from a dis-
tance of 38.3 cm height was the optimum impact energy
for our BCT model.

Effect of inhaled indomethacin on rat
hemodynamics

We monitored the alteration of mean arterial pressure
(MAP) and heart rate (HR) throughout the experiments in
the rat BCT models. As shown in Figure 3, in all 3 BCT
groups MAP and HR decreased significantly immediately
after the impact. But both MAP and HR recovered close
to the baseline measures in the sham group approximately
60 minutes postimpact.
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Fig. 3. Mean arterial pressure (MAP) and heart rate (HR) reading
at 3 hours post-blunt chest trauma (BCT) for the 4 rat groups.
Sham, BCT, BCT + saline, and BCT + indomethacin groups were
subjected to a blunt energy impact of 0.75 J. All physiological
variables were recorded for 180 minutes following BCT. Values
are means + standard deviations for n = 8 rats.
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The ABG at 15 minutes post-BCT showed a significant
drop in pH between the sham group and the BCT + indo-
methacin group (7.46 £ 0.03 v. 7.41 £ 0.02, p = 0.03), but
no significant drop between the sham group and the BCT
group (7.46 = 0.03 v. 7.44 + 0.05, p > 0.99) or between the
sham group and the BCT + saline group (7.46 = 0.03 v.

were no differences among the groups (Fig. 4A). No differ-
ences among the groups were observed for PaCO, at 15
and 180 minutes post-BCT (Fig. 4B), but at 15 minutes
post-BCT there was a significant decrease in PaO,
between the sham group and the BCT group (483.25 =
50.05 mmHg v. 247.13 + 94.12 mmHg, p < 0.001),
between the sham group and the BCT + saline group

7.41 = 0.03, p = 0.05). At 180 minutes post-BCT, there
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Fig. 4. Arterial blood gas measurements: pH, PaCO, and PaO, for the 4 rat groups. Sham, BCT (blunt chest trauma), BCT + saline, and
BCT + indomethacin groups were subjected to a blunt energy impact of 0.75 J. (A) pH at 15 and 180 minutes post-BCT. (B) PaCO, at
15 and 180 minutes post-BCT. (C) PaO, at 15 and 180 minutes post-BCT. Values are means + standard deviations for n = 8 rats.
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(483.25 +50.05 mmHg v. 223.5 + 103.35 mmHg, p < 0.001)
and between the sham group and the BCT + indomethacin
group (483.25 + 50.05 mmHg v. 233.13 + 77.76 mmHg, p <
0.001). At 180 minutes post-BCT, the PaO, for both the
BCT group and the BCT + saline group continued to be
significantly decreased compared with that of the sham
group (503 + 43.20 mmHg v. 352.88 + 130.30 mmHg, p =
0.02 and 503 +43.20 mmHg v. 339.13 + 107.18 mmHg, p =
0.009, respectively), but the PaO, in the BCT + indometha-
cin group was not significantly decreased compared with
that of the sham group (429.71 = 53.47 mmHg v. 503
43.20 mmHg, p = 0.82) or the BCT group (429.71
5347 mmHgv. 352.88 + 130.29 mmHg, p = 0.38).

H+ W

Pulmonary interstitial permeability

Indomethacin decreased the pulmonary permeability-
induced BCT. As shown in Figure 5, both the BCT group
and the BCT + saline group had a significant increase in
BALF protein and FD-70 compared with the sham group
and the BCT + indomethacin group; however, in the
BCT + indomethacin group, protein and FD-70 did not
differ significantly from those of the sham group (BALF
protein, sham v. BCT: 0.39 = 0.24 mg/mL v. 3.75 =
1.95 mg/mL, p = 0.005; sham v. BCT + saline: 0.39 =
0.24 mg/mL v. 4.01 = 1.85 mg/mL, p = 0.0002; sham v.
BCT + indomethacin: 0.39 = 0.24 mg/mL v. 1.06 =
1.09 mg/mL, p > 0.99; BCT v. BCT + indomethacin: 3.75
£+ 1.95 mg/mL v. 1.06 = 1.09 mg/mL, p = 0.006; Fig. SA;
and FD-70, sham v. BCT: 0.10 = 0.09 mg/mL v. 0.53 =
0.19 mg/mL; sham v. BCT + saline: 0.10 £ 0.09 mg/mL v.
0.57 £0.23 mg/mL, p = 0.0001; sham v. BCT + indometh-

RESEARCH

acin: 0.10 £ 0.09 mg/mL v. 0.23 = 0.19 mg/mL, p > 0.99;
BCT v. BCT + indomethacin: 0.53 £ 0.19 mg/mL v. 0.23
+0.19 mg/mL, p = 0.02; Fig. 5B).

Alveolar white blood cells, PMNs and inflammatory
markers

There was no significant increase in the total white blood
cell count of BALF post-PC, but it was characterized by a
significant increase of PMNs (Fig. 6), which indicated the
inflammatory response in the injured lung. The percent-
age of PMNs decreased significantly in the BCT + indo-
methacin group compared with the BCT group (13.33%
+7.5% v.28.0% = 12.96%, p = 0.04; Fig. 6B). The inflam-
matory mediators TNF-o and IL-6 increased in all
3 BCT groups, but the decreases in both mediators in the
BCT + indomethacin group were not significant com-
pared with the BCT group and the BCT + saline group
(Fig. 7A and B).

Pulmonary histology

Microscopic evaluation of lung samples revealed severe
intra-alveolar, intrabronchial and subpleural hemorrhages
as well as interstitial edema and atelectasis in all 3 BCT
groups, whereas lung specimens from the sham group
were considered intact. However, there was significant
improvement in the BCT + indomethacin group. Based
on the scoring system by Wu and colleagues,'¢ the micro-
scopic evaluation of the histopathological slides was as fol-
lows: sham group = 0, BCT group = 4, BCT + saline
group = 3, and BCT + indomethacin group = 1-2 (Fig. 8).

A * p=0.005v. sham group
*% p=0.0002 v. sham group
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.
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_ .
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w- 0
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Fig. 5. Interstitial lung permeability: bronchoalveolar lavage fluid (BALF) alveolar protein concentration and FD-70 at 3 hours post—
blunt chest trauma (BCT) for the 4 rat groups. Sham, BCT, BCT + saline, and BCT + indomethacin groups were subjected to a blunt
energy impact of 0.75 J. Both (A) alveolar protein concentration and (B) FD-70 levels in BALF were significantly reduced with admin-
istration of indomethacin. Values are means + standard deviations for n = 8 rats.
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Discussion

Blunt chest wall trauma causes PC and a subsequent com-
plex sequence of events, including direct tissue injury and
activation of both local and systemic inflammatory mech-
anisms leading to significant morbidity and mortality.'®*?
This study explored the optimal energy impact to the
chest wall to elicit optimal macro and micro pulmonary

injuries and evaluated the effect of inhaled indomethacin
on those injuries. Using the optimal 0.75 J impact energy,
at 15 minutes postimpact the rats were given either
inhaled normal saline or liquid form of indomethacin. At
3 hours post-treatment, the PaO, of the BCT + indo-
methacin group improved significantly compared with the
BCT group and the BCT + saline group, although it did
not return to the baseline measure of the sham group.

A B * p=0.02 v. sham group
A p=0.04v. BCT group
12 7
45 7

gm b 40 A
<
RaS < 35 1
2 g - X
3 Z 30
o >
B 6 & 25 - A
Q ]
[0} <T 20 A
= [ea)
=
z 4] 2 15 -
L =
Z:l £ 10 A
m 2 A 2

o 5|

0 T T T 0 1
Sham BCT BCT + BCT + Sham BCT BCT + BCT +
saline indomethacin -5 saline indomethacin

Fig. 6. (A) Bronchoalveolar lavage fluid (BALF) pulmonary white blood cell count and (B) polymorphonuclear leukocytes (PMN) per-
centage at 3 hours post-blunt chest trauma (BCT) for the 4 rat groups. Sham, BCT, BCT + saline, and BCT + indomethacin groups
were subjected to a blunt energy impact of 0.75 J. There were significant increases in the PMN percentage, but not in the total white
blood cell count. The BCT-induced increase in PMNs was reduced significantly by indomethacin administration compared with the
sham and BCT groups. Values are means + standard deviations for n = 8 rats.
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5] Sham BCT BCT + BCT + Sham BCT BCT + BCT +
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Fig. 7. Bronchoalveolar lavage fluid (BALF) (A) tumour necrosis factor (TNF)-a. and (B) interleukin (IL)-6 at 3 hours post-blunt chest
trauma (BCT). Sham, BCT, BCT + saline, and BCT + indomethacin groups were subjected to a blunt energy impact of 0.75 J. The
TNF-o and IL-6 concentrations were measured using ELISA. Values are means + standard deviations.
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Fig. 8. Pulmonary histopathology using hematoxylin and eosin stain (magnification x100). We found infiltration of
inflammatory cells, intra-alveolar hemorrhage, high levels of intra-alveolar exudates and interstitial edema in the blunt
groups. The indomethacin-treated group showed a comparatively milder inflammatory cellular infiltrate and intra-
alveolar hemorrhage. (A) Normal rat lung histology. (B) Histopathology of a rat with blunt chest trauma (BCT). (C) His-
topathology of a rat with BCT + saline. (D) Histopathology of a rat with BCT + indomethacin.

The white blood cells in BALF did not differ among the
groups, but there was a significant decrease in PMNs in
the BCT + indomethacin group compared with the BCT
group. Similarly, there was a significant decrease in the
pulmonary interstitial leak in the BCT + indomethacin
group (alveolar protein and intravenous injected FD-70).
There was also significant decrease in pulmonary inflam-
matory markers (I'NF-o and IL-6) in the BCT + indo-
methacin group. Macroscopically, the histological findings
indicated a significant decrease in the pulmonary hemor-
rhagic findings in the BCT + indomethacin group. These
findings suggest that indomethacin treatment decreases
the severity of the pulmonary injury.

Nonsteroidal anti-inflammatory drugs (NSAIDs) are a
heterogeneous group of drugs with often chemically unre-
lated but similar therapeutic properties. They are among
the most frequently used class of medications; as of 2009
NSAIDs represented a market worth more than $9 billion
among prescribed medications in the United States.” At
varying doses, NSAIDs can alleviate the swelling, redness
and pain induced by inflammation processes; they can also

reduce general fever and absolve headaches. Early studies
by Piper and Vane*** revealed a dose-dependent inhibition
of prostaglandin formation by acetylsalicylic acid (ASA),
indomethacin and sodium salicylate, and found indometha-
cin to be the most potent and sodium salicylate the least
potent. Nonsteroidal anti-inflammatory drugs are cyclo-
oxygenase (COX) inhibitors. Cyclooxygenase is the key
enzyme in prostaglandin H2 (PGH-2) production from
arachidonic acid. PGH-2 is the metabolite converted into
prostanoids (prostaglandin, prostacyclins and thrombox-
anes). The COX enzymes have 2 isoforms: COX-1 and
COX-2. COX-1 is expressed in most tissues and it serves as
a housekeeping enzyme to maintain normal cell homeosta-
sis. COX-2 is expressed in a limited number of organs dur-
ing normal physiologic conditions, but its expression is
inducible as a result of inflammation stimuli and cytokines
in migratory and other cells.?® It has been suggested that
the anti-inflammation activities of NSAIDs are due to the
inhibition of COX-2, while the unwanted adverse effects
are due to the inhibition of COX-1.” Indomethacin at anti-
inflammatory doses was found to have high gastrointestinal
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toxicity, as it has more potency against COX-1 than COX-
2.2 In in vivo and in vitro models of prostaglandin synthe-
sis, the relative potencies of NSAIDs are indomethacin >
naproxen > ibuprofen > phenylbutazone > ASA.?
Lyophilized intravenous indomethacin is indicated to be
used for a hemodynamically significant patent ductus arte-
riosus (PDA) in premature infants weighing between 500 g
and 1750 g when, after 48 hours, usual medical manage-
ment is ineffective. Patent ductus arteriosus is a risk factor
for the development of pulmonary hemorrhage in preterm
infants.’*?? Two retrospective, single-centre studies
reported high mortality after pulmonary hemorrhage in
infants with very low birth weight.**** Indomethacin pro-
phylaxis seems to reduce early serious hemorrhage, mainly
through its action on the PDA, but it may be less effective
in preventing serious pulmonary hemorrhage that occurs
after the first week of life.” Furthermore the administra-
tion of drugs directly into the lungs has been used in many
therapeutic areas. The modern devices available in the
market are divided into 3 groups: nebulizer, dose-metering
inhaler system and dry powder inhalers. All of these
inhalers have evidence of shortcomings.’* An aerosol is
defined as suspension of liquid or solid in a gaseous
medium.?” Aerosol delivery has advantages: it delivers
medications directly to where they are needed, and it
avoids first pass effect with minimum reduction of bioavail-
ability. The field of aerosolized drug application included
treatment of lung disease like asthma, chronic obstructive
pulmonary disease, cystic fibrosis and lung cancer. The
aerosol delivery system has also expanded into the realm of
system drug delivery.*® The optimal target within the lungs
for delivery of drugs to the systemic circulation is the alve-
olar region owing to its large absorptive surface area, thin
air-blood barrier and vascular epithelium coupled with low
first-pass metabolism; its enzymatic activity could achieve
very high bioavailability for aerosolized drug therapy.*’
Also, the lung deposition route can be a good alternative
for the administration of poorly soluble substances®;
approximately one-third of the modern drugs are water-
insoluble or poorly water-soluble. Many of the currently
injectable formulations can cause adverse effects owing to
the detergents and other agents used for solubilization.
Indomethacin has a low water solubility (25 mg/L), thus it
can be considered for lung delivery via aerosol treatment.
Clemedson* described the 3 basic phenomena that
appear to contribute to the incidence of PCs from BCT.
The first is the spalling effect resulting from shearing and
bursting at the interface between a gas and a liquid or
between media with large differences in density. When air-
containing organs such as the lungs are exposed to a blunt
force, the spalling effect causes the disruption of the alveolus
at the point of initial contact with the shock wave. The
second phenomenon is the inertial effect that occurs when
low-density alveolar tissue is stripped from heavier hilar tis-
sues because the 2 types of tissues accelerate at different
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rates in response to the blunt injury. The third phenomenon
is the implosion effect that results from rebound or overex-
pansion of gas bubbles as the pressure wave passes from the
blunt trauma. In addition to those 3 eftects, the pulmonary
parenchyma may also be torn by excessive distension. The
parenchyma lung injury leads to pathophysiological changes;
the severity depends on the extent of the injury, which may
also lead to respiratory failure. Further hemorrhage into the
lung segments may cause bronchospasm and may compro-
mise lung function. Associated increases in the production
of mucous and decreases in the production of surfactant by
injured alveolar tissues also contribute to pulmonary dys-
function.” Furthermore, segmental lung injury from BCT
can result in ventilation/perfusion mismatch, worsening
intrapulmonary shunt, increases in lung fluids and loss of
lung compliance.* These pathological changes can cause
clinical hypoxemia, hypercarbia and increased work of
breathing. In our experimental rats, the clinical pathological
changes that occurred were mainly a ventilation/perfusion
mismatch, causing a decrease in the PaO,, but not the
PaCO,, which is supported by the fact that the injury was
isolated blunt right-sided lung trauma and the impact
revealed macro and micro injuries, but was not likely severe
enough to cause a significant degradation of the rat lung
compliance.

Pulmonary contusion is an independent risk factor for
ALIL The innate immune mechanisms activated with an
extensive release of inflammatory mediators post-BCT are
present not only in the lungs, but also systemically.®*#
Following PC, the structural damage from disruption of
the alveolar capillary membrane causes a rapid increase in
BALF protein on the injured lung.!" In the present study,
we showed that both BALF protein and FD-70 were
increased 30 minutes after the injection into the rats’ vein
post-BCT. With inhaled indomethacin, there was a signifi-
cant decrease in the BALF protein and FD-70, suggesting
a decrease in the structural damage of the alveolar mem-
brane and that prostanoids are released soon after a unilat-
eral PC and initiate an inflammatory response. There was
also an increase in local white blood cells, particularly
PMNs, which produce various inflammatory mediators
leading to the breakdown of the pulmonary capillary base-
ment membrane, hypoxia, increased pulmonary capillary
resistance, myocardial dysfunction, toxic metabolites and
altered inflammatory cell function.¥ The activation, local-
ization and extravasation of PMNs from circulation to the
site of injury is a complex process that is thought to depend
on early response of cytokine expression via production of
chemotactic molecules such as chemokines, complement
component 5a and leukotriene B4 and the upregulation of
cell-adhesion molecules such as Intercellular Adhesion
Molecule 1.% Subsequently, the accumulation of activated
PMN:s in the interstitium and alveolar space can result in
the production of reactive oxygen species, eicosanoids, cat-
ionic proteins and proteolytic enzymes, leading to acute



inflammation.®* Lung inflammation and systemic inflam-
matory responses also depend on toll-like receptor 4
(TLR4) activation during PC.¥ TLR4 activates intracellu-
lar signal transduction, which releases proinflammatory
cytokines,® such as TNF-o, IL-6, chemokines and other
proinflammatory mediators involved in the lung
injury.*#% The localized inflammatory response seen in
the lungs bears no resemblance to that of the systemic
response measured in the serum, and it is the magnitude of
this localized inflammatory response that has been associ-
ated with the onset of local organ failure such as ALI/
ARDS and infection.’"*? The effect of aerosolized indo-
methacin on the proinflammatory cytokines, in particular
TNF-a and IL-6, as the source for pulmonary inflamma-
tion post-BCT was effective in decreasing the levels in the
BALF. This also suggests that, although indomethacin has
no effect on the total white blood cell count, PMN infiltra-
tion sustains the initial inflammatory response, which
results in the production of eicosanoids, which in turn can
be attenuated by aerosolized indomethacin.*®

CONCLUSION

An impact energy of 0.75 J is the best optimized for pul-
monary injuries in this BCT rat model. Inhaled indometh-
acin treatment appears to improve the PaO, at 180 minutes
post-BCT, decrease pulmonary interstitial permeability to
pulmonary protein and FD-70, and decrease pulmonary
neutrophils but not TNF-q,, IL-6 and pulmonary histology
post-BCT. Further studies are warranted to determine the
potential mechanisms for these observations and to deter-
mine whether this improvement can result in decreased
pulmonary complications such as ALI/ARDS, thus redu-
cing morbidity and mortality in patients with severe BCT.
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