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Abstract

Fire accident victims, who sustain both thermal injury to skin and smoke inhalation, have gross
evidence of systemic and pulmonary oxidant damage and acute lung injury. We hypothesized that
gamma-Tocopherol (gT), a reactive O, and Noscavenger, when delivered into the airway will
attenuate lung injury induced by burn and smoke inhalation. Acute lung injury was induced in
chronically prepared, anesthetized sheep by 40% total burn surface area, 3rd degree skin burn and
smoke insufflation (48 breaths of cotton smoke, <40°C). Study groups: 1) Sham (not injured, flax
(FO)-nebulized, n=6); 2) SA-neb (injured, saline-nebulized, n=6); 3) FO-neb (injured, FO-nebulized,
n=6); 4) gT+FO-neb (injured, FO+gT-nebulized, n=6). Nebulization was started 1 h post-injury and
24 ml of FO with or without gT (51 mg/ml) was delivered into airways over 47 h using our newly
developed lipid aerosolization device (droplet size-2.5-5 um). The burn and smoke inhalation-
induced pathological changes seen in the saline group were attenuated by FO nebulization; gT
addition further improved pulmonary function. Pulmonary gT delivery along with a FO source may
be a novel effective treatment strategy in management of patients with acute lung injury.
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Introduction

Burn injury is very traumatic, especially when the thermal injury is associated with smoke
inhalation. This combination greatly increases morbidity and mortality [1,2]. The degree of
oxidant stress in lung and systemic organs after smoke exposure appears to reflect the degree
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of organ injury and subsequent mortality [3,4] and iNOS-generated NO has an important role
in the changes in both systemic and pulmonary microvascular permeability that follow
combined cutaneous burn and smoke inhalation injury [5,6]. Combined burn and smoke
inhalation injury is typically associated with a systemic inflammatory response and increased
levels of reactive nitrogen (RNS) and oxygen (ROS) species in the lung [7]. Following the
combined burn and smoke inhalation injury, cells capable of generating both superoxide anion
and nitric oxide, especially neutrophils when activated, can thus produce peroxynitrite [8,9].
Peroxynitrite is a powerful oxidant, nitrosating and nitrating agent [10]. It can readily trigger
DNA single strand breakage and induce poly (ADP-ribose) polymerase (PARP) activation
[11]. However, the overactivation of poly (ADP-ribose) polymerase leads to a depletion in
ATP and NAD™, resulting in cellular dysfunction and ultimately to necrotic cell death [12,
13]. Activation of PARP also upregulates nuclear factors and the inducible form of nitric oxide
synthase (iNOS or NOS-2) and interleukin-8 (IL-8) [14-17].

Various antioxidants prevent damage from oxygen-free radical reactions. For example,
vitamins C and E and coenzyme Q are known as in vivo antioxidants [18]. Vitamin E is the
major chain-breaking antioxidant within biological membranes and includes tocopherols and
tocotrienols [19]. Four major forms of the tocopherols are alpha, beta, gamma, and delta-
tocopherol, which differ only in number and location of methyl substitutents on the aromatic
chromanol ring [20]. Of the tocopherols, alpha- and gamma-tocopherols (aT and gT) are
principal forms found in human and animal diets and comprise most of the vitamin E content
of tissues [21]. Cooney et al. reported that gT might be a more effective cellular protectant
against nitrogen dioxide (NO,) and demonstrated that gT suppressed NO,-induced neoplastic
transformation more effectively than aT in vitro [22]. However despite the advantages of gT
and its prevalence in the diet, its concentration in the body is low as it is rapidly excreted. aT
is the major tocopherol in mammals because the liver expresses the aT transfer protein that
maintains plasma aT concentrations. In contrast, the liver actively metabolizes gT preventing
plasma and tissue gT accumulation [23].

Our previous studies in sheep with combined burn and smoke injury demonstrated that most
of the oxidative damage took place in the lung and this bronchopulmonary damage preceded
systemic injury [6]. Consequently we hypothesized that by delivering gT into the lung via the
airway, gT would act as a scavenger of both reactive oxygen and nitrogen species and thus
minimize injury [24,25].

Previously, we have shown that aerosolizing an emulsion of aT into the airway reduced the
acute lung injury resulting from combined burn and smoke inhalation injury in our ovine model
[26]. However a commercially available gT emulsion does not exist. gT is a thick oily material
that is difficult to aerosolize using an ultrasonic nebulizer. Therefore, we developed a device
that nebulizes lipids to droplet sizes of 2.5-5.0 um. Flax oil (FO) containing high alpha-
linolenic acid (omega-3 PUFA) was used as a diluent. The FO has the added benefit that
omega-3 PUFAs interfere with early inflammatory signal transduction processes and thus is
capable of blunting hyperinflammatory processes [27]. We utilized this new lipid delivery
system to test our hypothesis that gT delivered to the lungs of injured sheep would ameliorate
the extent of the oxidative stress and injury processes.

Materials and methods

Animals

Twenty-four adult female sheep were cared for in the Investigative Intensive Care Unit at our
institution. The experimental procedure was approved by the Animal Care and Use Committee
of the University of Texas Medical Branch. The National Institutes of Health and American
Physiological Society guidelines for animal care were strictly followed. The Investigative
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Intensive care unit is accredited by The Association for the Assessment and Accreditation of
Laboratory Animal Care International.

Animal model

Sheep (30-40 kg) were surgically prepared, as described in detail previously [28]. A Swan-
Ganz thermal dilution catheter was inserted through the right external jugular vein (model
93A-1317-F, Edwards Critical Care Division, Irvine, CA) for the measurement of the core
body temperature to evaluate blood gas and the fluid resuscitations. An arterial catheter was
inserted into the right femoral artery (16 gauge, 24 in., Intracath, Becton Dickinson, Sandy,
UT) for the measurement of arterial blood gas. To evaluate changes in lung lymph flow, an
efferent lymph vessel from the caudal mediastinal lymph node was cannulated (Silastic catheter
0.025-in 1D, 0.047-in OD; Dow Corning, Midland, MI) according to a modification of the
technique described by Staub and colleagues [29,30]. After a 7-day recovery period, the sheep
were deeply anesthetized with halothane and were given a burn (40% total body surface area
[TBSA], third degree) and inhalation injury (48 breaths of cotton smoke, <40°C). After burn/
smoke injury, all sheep were placed on a ventilator with positive end-expiratory pressure set
to 5 cm H,0 and tidal volume maintained at 15 mL/kg. The latter tidal volume is equal to about
10 ml/kg in humans due to the large dead space of sheep [31]. All animals were given fluid
resuscitation with Lactated Ringer’s solution strictly according to the Parkland formula (4 mL/
kg/% TBSA burned/24 h). Experiment was conducted in awake condition for 48 h.

Experimental Design

The sheep were randomly assigned to one of the following four groups: 1) Sham (not injured,
FO-nebulized, n=6); 2) SA-neb (injured, saline-nebulized, n=6); 3) FO-neb (injured, FO-
nebulized, n=6); 4) gT+FO-neb (injured, gT+FO-nebulized, n=6). Sham animals received no
injury but were surgically prepared similarly to injured animals, placed on a ventilator, and
given fluid resuscitation and nebulized with 24 ml FO over 47h. SA-neb animals were
nebulized with 24 ml of 0.9 % NaCl over 47 h after injury. FO-neb animals were nebulized 24
ml FO over 47 h after injury. gT+FO-neb animals were nebulized 24 ml gT+FO mixture
solution (gT:1220 mg; 51 mg/ml) over 47h after injury.

Aerosol Delivery & Material

We developed a novel viscous lipid formulation nebulization nozzle and control system in our
laboratory and adapted this system to a Siemans® 900c servo ventilator (Siemans-Elema AB,
Sweden) as shown in Fig. 1. Briefly, the nebulizing nozzle (Fig. 1A) is fabricated from
hypodermic needle stock material with a center fluid delivery tube and an outer air delivery
tube. Calibrated blood counting slides were waved through the ventilator inspiratory airflow
containing the nebulized flax oil formulations allowing droplets to impact onto the slide. The
slides were then observed under light microscopy (200x) and sized visually and counted. The
vast majority (100:1) of observed impacted deformed and flattened droplets larger than 2 um
and smaller than 10 um in diameter were conservatively considered to be in the 2-5 um
spherical range. The FO and gT+FO were nebulized using a 0.203mm fluid channel in the
nebulizing nozzle. Saline was nebulized using a 0.0152mm fluid channel. The smaller nozzle
size was used for the much less viscous saline. Droplets in both instances were in the 2-5 pm
range.

The output end of the nebulizing nozzle is positioned in the center of flow within the “Y”
connector of the ventilator circuit immediately adjacent to and directed toward the tracheotomy
tube connector. The nozzle is fed from an air/liquid flow control system adapted to and
controlled by the electronic output of the 900c ventilator. The oxygen-air mixer blending the
inspired air for the ventilator is tapped to provide the nebulizing air supply providing the
nebulization air at the same FiO, as the ventilator air FiO,. The control cycle timers are
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programmed to provide 1.0 second of air flow and 0.4 seconds of fluid flow with each
inspiration cycle. The fluid flow and subsequent nebulization is configured to occur in the first
0.6 seconds of inspiration thereby providing the nebulized droplets at the beginning of the
inspired air flow into the lungs. This nebulizer configuration provides an additional inspired
air flow volume of 50 mL/second/breath which was deducted from the total tidal volume.

Cold pressed, filtered flax seed oil (Spectrum Organic Products LLC, Melville, N.Y.) was used
alone and as a carrier for 8.3% solution w/w of mixed tocopherols (Decanox™ MTS-90G, a
gift from Dr. Brent Flickinger, Archer Daniels Midland Co., Decatur, IL.) which was measured
to contain gT (610 mg/g) and aT (91 mg/g). The flax oil mixtures were sterile filtered through
0.22 pm pore filter prior to use. Flax oil alone or flax oil containing 8.3% Decanox™" was
administered by continuous pulse nebulization synchronized with the inspiration cycle at a rate
of 0.45-0.5 ml/hour or 11-12 ml/24 hours. Lung tissue gT concentrations (Fig. 2) demonstrate
that the aerosolized material was deposited into the lung.

Measured variables

Arterial and mixed venous blood samples were taken at different time points for measurement
of blood gases (IL GEM Premier 3000 Blood Gas Analyzer; GMI, Minnesota). PaO,/FiO,
ratio, which reflects the status of oxygenation, was calculated from the concentration of oxygen
an animal is breathing (FiO») and the PaO» value from arterial blood gas. Pulmonary shunt
fraction, which shows oxygen-transfer efficiency, was calculated using standard equations.
The pulmonary microvascular fluid flux was evaluated by measuring the lung lymph flow.
Sheep were sacrificed under deep ketamine anesthesia 48 h after injury. The right lung was
then removed, and a 1-cm-thick section was taken from the middle of the lower lobe, injected
with 10% formalin, and immersed in formalin. Four tissue samples were taken at predetermined
sites for histological examination. Fixed samples were embedded in paraffin, sectioned at
4um, and stained with hematoxylin and eosin. A pathologist without knowledge of the group
assignments evaluated the lung histology. Levels of airway obstruction were obtained with a
standardized protocol. Fifteen bronchi were investigated, and the percentage of area obstructed
by the cast was estimated (0%—-100%) [32]. The remaining lower one-half of the right lower
lobe was used for the determination of bloodless wet-to-dry weight ratio [33].

Alpha-Tocopherol and Gamma-Tocopherol Measurement

A modification of the method by Podda and colleagues [34] was used for aT and gT analyses,
as described previously [26]. Briefly, tissue (~50 mg) or plasma (100 pL) was saponified with
alcoholic KOH, extracted with hexane, the extract dried under nitrogen, the residue
resuspended in 1:1 ethanol-methanol, then injected into an HPLC system. Tocopherols were
detected using an electrochemical detector, and quantitated by comparison to authentic
standards.

Myeloperoxidase Measurement

The activity of myeloperoxidase (MPO), an indicator of neutrophil accumulation, is determined
directly in whole lung homogenates. MPO concentrations were evaluated on homogenized
right lung with a commercially available assay. One unit of enzyme activity was defined as the
amount of MPO present that caused a change in absorbance at 450 nm during a 10 minute
incubation. Myeloperoxidase activity was adjusted by lung tissue bloodless wet-dry ratio and
reported as U/g dry tissue.

Malondialdehyde Measurement

Malondialdehyde (MDA) concentrations were utilized to estimate the lipid peroxidation in the
lung and were measured as thiobarbituric acid reactive material. Lung tissue MDA levels were
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quantified with a commercially available assay (Northwest Life Science Specialties,
Vancouver, WA). The level of lipid peroxides is expressed as MDA per milligram protein.

3-Nitotyrosine, IL-6, IL-8 protein Measurement

Lung tissue was homogenized in phosphate buffered saline containing 1 mM
phenylmethylsulfonylfluoride (PMSF) and protease inhibitor cocktail (Sigma, St. Louis. MO).
The lysate was centrifuged at 14,0009 for 5 minutes to remove cellular debris. Protein
concentration in the supernatant was determined by Bradford assay (Biorad, Hercules,CA).
Seventy-five micrograms of protein was resuspended in sample loading buffer, boiled and
resolved in 4-20% SDS-PAGE (Biorad). Protein was electrophoretically transferred to a
polyvinyl difluoride membrane in Tris-glycine-methanol buffer at 55 volt for 2 hour. After
transfer, the membrane was rinsed in water and then blocked in 5% nonfat milk in TBS buffer
(50mM Tris.Hcl, pH 7.4, 150mM Nacl, 0.05% Tween 20). The blot was then probed with Anti-
Nitrotyrosine antibody (Upstate)1:1000, Anti-IL-6 antibody (Chemicon) 1: 500, Anti-1L-8
antibody (Santa Cruz) 1:1000 in 5% Bovine serum albumin, 0.1% TBS-Tween 20 buffer
overnight. The blot was washed 5 times in TBS-Tween 20 buffer and then incubated with
Horseradish peroxidase conjugated anti-rabbit 1gG for an hour. After washing, immunoreactive
bands were detected by using the enhanced chemiluminiscence kit (Amersham, Piscataway,
NJ) and exposure to an X-ray film. Relative density of bands was then scanned and quantitated
using Image J software.

Immunohistochemistry of Poly (ADP-ribose) polymerase activity

For the immunohistochemical detection of poly ADP-ribose (PAR), monoclonal anti-PAR
antibody (Calbiochem, San Diego, CA, USA) (1:1000, overnight, 4°C) was used after antigen
retrieval. Secondary labeling was achieved by using biotinylated horse anti-mouse antibody
(Vector Laboratories, Burlingame, CA, USA) (30min room temperature). Horseradish
peroxidase-conjugated avidin (30 min, room temperature) and brown colored
diaminobenzidine (6min, room temperature) was used to visualize the labeling (Vector
Laboratories, Burlingame, CA, USA). The sections were counterstained with hematoxylin
(blue color).

The intensity of PAR staining of individual sections was determined by a blinded experimenter
according to a semiquantitative PAR-positivity score from 1-10. (1: no staining, 2: light
cytoplasmic staining, 3: few positive nuclei, 4: light nuclear staining in approximately 10% of
cells, 5: light nuclear staining in approximately 25% of cells, 6: light nuclear staining in
approximately 50% of cells, 7: strong nuclear staining in approximately 50% of cells, 8:
approximately 75% of the nuclei are positive, 9: approximately 90% of the nuclei are positive,
10: few negative cells) [35,36]

IL-6 and IL-8 mMRNA Measurement

Lung tissue was excised at the time of sacrifice and immersed in liquid N». Total RNA is
obtained using a commercially available total RNA purification kit, Purescript TM (Gentra
Systems, Inc., Minneapolis, MN). Briefly 100 mg of the freshly frozen lung was lysed and
homogenized using a mortar and pestle with 3 ml of lysis buffer containing EDTA, citric acid,
and SDS according to the manufacturer’s protocol, except that the homogenized tissue was
incubated overnight at room temperature in the lysis buffer. Precipitation buffer was added and
incubated 10 min on ice to precipitate protein and DNA and centrifuged at 3,000 g. The
supernatant was placed in 3 ml of isopropanol and centrifuged at 3,000 g for 5 min. The pellet
was washed with 3 ml of 70% ethanol, centrifuged again and air-dried for 10 min. The pellet
was resuspended in DEPC-treated water. Total RNA was quantitated spectrophotometrically
at 260 nm. Quality of the isolated RNA was controlled by measuring the ratio of 28s/18s rRNA.
Messenger RNA was isolated from the total RNA by the Straight A’s TM mRNA Isolation
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System (Novagen, Madison, WI) purification procedure in which mRNA was first hybridized
to oligo dT coupled magnetic beads, washed, and then eluted to obtain polyadenylated mRNA
according to the manufacturer’s protocol. First strand cDNA was synthesized by reverse
transcription of the mRNA samples using MMLV-derived reverse transcriptase (Perkin Elmer,
Branchburg, NJ) and random hexamers for priming according to standard techniques [37]. The
cDNA was then used as a template for real-time PCR. Primers and probes were designed using
a commercial online primer design program (Biosearch Technologies, Inc., Novato, CA) and
purchased from the same company. QPCR was performed with a RotorGene 3000 (Corbett
Research, San Francisco, CA). The reaction mixtures consisted of dilutions of cDNA from 256
ng of RNA, primer and probe concentrations, and subjected to amplification using a final,
optimized concentration of MgCl2, 0.375 U of Taq polymerase (AmpliTag, Perkin-Elmer) and
0.2 mM dTP’s in a reaction volume of 15 pl. The mixtures were amplified for 40 cycles at a
melting temperature of 95° C for 10 min, an annealing temperature of 55° C for 10s, and
extension at 60° C for 45s.The threshold amplifications (Ct) for each dilution, and reaction
efficiencies were determined for each analyte using RotorGene software (Corbett Research).
The copy numbers were normalized between samples using GAPDH copy numbers obtained
by determination of GAPDH copy number using an external standard constructed from the v-
erb gene. All results were expressed as copy numbers per pg of total RNA.

Statistical analysis

Results

Summary statistics of data are expressed as means + standard error of the mean. Statistical
significance was determined using a two-factor analysis of variance with repeated measures.
The two factors were treatment and time. Fisher’s least significant difference procedure with
Bonferoni’s adjustment for number of comparisons is used for the multiple comparisons (or
post-hoc analysis). Effects and interactions were assessed at the p<0.05 level of significance.

All animals survived the 48 h experimental period after the combined injury with 40% TBSA
burn and smoke inhalation. Since vitamin E may decrease platelet adhesion [38], we evaluated
the clotting time. The nebulization did not result in a bleeding tendency in any of the groups.
The activated clotting time was 144 + 14 s at baseline, 163 £ 3 s at 24h, and 160 + 10 s at 48
h in the gT+FO group and 158 + 3 s at baseline, 177 £ 10 s at 24h, and 183 + 12 sat48 h in
the nebulized saline group. There was no significant difference in each group.

Burn and smoke inhalation injury significantly reduced the gT levels in lung tissue. However,
gT concentrations were significantly increased in the gT+FO nebulization group compared
with the other groups. The lung aT concentrations were somewhat increased but there was no
significant difference in aT concentration levels (Fig. 2). No increases were found in plasma
gT (data not shown) documenting that the gT administration is confined to the lung. PaO,/
FiO; ratio (Fig. 3A) was markedly decreased in animals that were nebulized with saline
(injured) as compared with sham animals (uninjured). Nebulization of gT+FO attenuated the
PaO,/FiO5 ratio decrease. The PaO,/FiO, levels fell after injury to levels below 200, the
threshold for diagnosis of the acute respiratory distress syndrome. Treatment with gT prevented
this fall in oxygenation. Mean PaO,/FiO, ratio was 270 in gT group, but only one animal
decreased to 158 at 48h; all the other animals’ PaO,/FiO, ratios were above 200. Statistically
significant differences were observed at 24, 30, 36, 42 and 48 h compared with the SA-neb
group and at 30, 36, and 42 h compared with FO-neb group. An increase in pulmonary shunt
fraction (Fig. 3B) seen in the SA-neb group was significantly attenuated by FO nebulization
at 48h and gT+FO nebulization at 36, 42 and 48 h after the combined injury.

Lung lymph flow, a characteristic of pulmonary transvascular fluid flux, was markedly
increased in injured, saline nebulized animals compared with the sham group (Fig. 3C). The
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lymph flow began to increase 12 h after the insult and a peak was observed at 42 h. However,
gT+FO nebulization reversed this increase in pulmonary transvascular fluid flux and

significant differences were observed between gT+FO-neb and SA-neb groups at 18, 24, 30,
36, 42 and 48 h, and gT+FO-neb and FO-neb groups at 24 and 48 h after the combined injury.

Lung bloodless wet-to-dry weight ratio, a measure of lung water content, was significantly
increased at 48 h after insult in the SA-neb group as compared with the sham group (Fig. 4A).
However, gT+FO nebulization significantly reduced the edema. The airway obstruction score
revealed a significant increase in mean obstruction of bronchi (Fig. 4B) in the saline group as
compared with the sham group. Treatment with gT+FO nebulization significantly reduced the
obstruction score.

Lung myeloperoxidase activity is an indicator of neutrophil accumulation. Burn and smoke
inhalation injury significantly increased myeloperoxidase activity in lung. However, both FO
and gT+FO nebulization abrogated changes in myeloperoxidase (Fig. 5A). Fig. 5B shows the
effect of gT+FO nebulization on malondialdehyde concentration which is an index of lipid
peroxidation (ROS) in lung tissue. Injury increased malondialdehyde concentrations (saline
group as compared with the sham group), while gT+FO nebulization prevented the increase.
3-Nitrotyrosine is a marker of nitrosative stress, resulting from reactive nitrogen species (RNS)
such as peroxynitrite. Burn and smoke injury caused a marked increase in lung 3-nitrotyrosine
48 h after the insult. gT+FO nebulization significantly prevented the increase in 3-nitrotyrosine
(Fig. 5C).

After burn and smoke injury, there was a marked increase in poly (ADP-ribose) polymerase
activity in the SA-neb and FO-neb groups. Treatment with gT+FO nebulization prevented this
increase in activity (Fig. 6A). Fig. 6B shows the poly (ADP-ribose) positivity score graph
which quantified the degree of poly (ADP-ribose) histochemical stain. Burn and smoke injury
caused a significant increase in lung poly (ADP-ribose) polymerase activity. However, gT+FO
nebulization significantly prevented the increase in lung poly (ADP-ribose) polymerase
activity.

To determine the pro-inflammatory chemokines, IL-6 and IL-8 mRNA and protein were
measured in lung tissue. Burn and smoke injury caused a significant increase in lung IL-6 and
IL-8 protein at 48 h after the insult. gT+FO nebulization prevented the increase in both I1L-6
and IL-8 mRNA and protein, respectively (Fig. 7).

Discussion

In the present study, the sheep that had burn and smoke injuries and were treated with gT+FO
nebulization or with FO nebulization alone, demonstrated more effective pulmonary gas
exchange (PaO,/FiO5 and pulmonary shunt fraction) and less pulmonary microvascular
leakage (lung lymph flow and lung water content). We hypothesized that delivery of gT into
the airway would place gT at the site of injury so that it would act as an antioxidant, scavenge
RNS and attenuate acute lung injury following combined burn and smoke inhalation injury.

In our present study, the plasma aT and gT levels did not change dramatically. We have
previously published the sheep plasmaaT levels and their response to injury [39]. In our present
study, the plasma aT and gT levels did not change dramatically. We have previously published
the sheep plasma aT levels and their response to injury [39]. Sheep have markedly lower
circulating lipid concentrations than do humans, so extrapolation to humans relative to plasma
concentrations is not particularly useful. That being the case, our group has also reported that
plasma levels in burned patients can fall dramatically in some cases to concentrations almost
at the levels of detection [18]. The levels of lung tissue were 21 nmol/g and 25 nmol/g in two
cadaver patents [40], 20 nmol/g in swine [41]. There is a report to show aT levels in
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bronchoalveolar lavage (BAL), the aT levels in BAL was 0.3 uM [42]. However, the lung aT
concentration (5.8+0.4 nmol/g) in sheep was lower than human and swine lung [39], and as
we showed previously, burn and smoke inhalation injury further reduced aT concentration in
lung tissue [43]. In our present study, there were no significant differences in aT concentration
in lung tissue; however, burn and smoke inhalation injury significantly reduced the gT
concentration in lung tissue (Fig 2).

In our previous study, a commercially available emulsion of aT (Vital E, Schering Plough) was
aerosolized with an ultrasonic nebulizer (DeVilbiss Pro-UltraNeb Large Volume
Nebulizer-099HD) [26]. Decanox " (ADM) is a commercially available source of mixed
tocopherols that is a more viscous lipid material than Vital E and is more difficult to aerosolize
using a commercially available nebulizer. Although we had some success with this device, the
nebulizer was frequently damaged, consequently we designed a new nebulizer to aerosolize
gT. Our novel lipid nebulization device has a suitable size spray nozzle to make 2.5-5.0 um
droplets and is synchronized with the ventilator to deliver material only during the inspiratory
cycle. With this device, we can aerosolize viscous lipid materials effectively. Here we
demonstrate that the gT concentration in lung tissue was significantly increased in gT+FO
nebulization group (Fig. 2). We selected FO that has a high alpha-linolenic acid concentration
as lipid carrier. Mineral oil and saturated oil like paraffin or Vaseline easily cause lipoid
pneumonia but vegetable oil is less harmful to alveolar tissue [44,45]. FO has paracellular
permeability and has previously been used as absorption enhancer in pulmonary drug delivery
[46,47]. In the uninjured sham group, nebulization of FO did not produce any pulmonary injury
(Fig. 3,4). Remarkably, FO administration prevented some of the injury in the animals given
the double insult of smoke and burn (Fig. 3), possibly due to the high n-3 polyunsaturated fatty
acid content that could be used by the tissue for synthesis of anti-inflammatory compounds,
such as resolvins [48-50].

In the past we have reported evidence that activated polymorphonuclear cells (PMNSs),
especially neutrophils, release ROS and proteases that damage the parenchyma after insult of
smoke and burn [51,52]. Several studies on burn and smoke inhalation injury have
demonstrated that myeloperoxidase, an indicator of neutrophil accumulation, appear in lung
parenchyma [53]. The level of myeloperoxidase was significantly less in the sheep treated with
FO and gT+FO nebulization (Fig. 5A) suggesting that g T, as well as FO, reduced the neutrophil
accumulation and decrease their degree of activation. Superoxide also played a crucial role in
mediating the lung injury associated with smoke inhalation [4]. Lipid peroxides appear in the
systemic circulation within minutes after injury [3,18]. The level of malondialdehyde in lung
tissue at 48 h was used as a marker of lipid peroxidation of the cell membrane [54].
Malondialdehyde was significantly less in the sheep treated with gT+FO nebulization (Fig.
5B), which shows that gT scavenged ROS. We also measured lung tissue 3-nitrotyrosine as an
index of formation of RNS, such as peroxynitrite [55]. Direct administration of gT, compared
with the saline, significantly decreased the lung tissue of 3-nitrotyrosine (Fig. 5C). Beckman
and colleagues [55] reported that the prevention of decomposition of NOx by scavenging
superoxide anion using superoxide dismutase (SOD) reduced the tissue 3-nitrotyrosine content.
We have previously measured the chemical content of the smoke from burning cotton [56].
The majority of the offending materials were aldehydes and acrolein. The latter has been
considered to be the most important of the reactive species [57] and cutaneous burn wound
itself also generates RNS [58]. In our present study, we were not able to detect the RNS and
ROS time course changes, however MPO, MDA, 3-nitrotyrosine significantly increased at 48h
in control group, and these parameters were significantly reduced in gT+ FO neb group. We
were not also able to show reactive nitrogen species in the smoke, but these results strongly
suggested that burn and smoke inhalation injury cased an amount of RNS as well as ROS in
lung tissue. gT is a potent RNS scavenger, as well as ROS and several articles supported that
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gT and RNS interaction [59-62]. In our study, we speculate that gT delivery into airway may
scavenge RNS, as well as ROS.

Peroxynitrite is a potent oxidant produced by the reaction of NOx and superoxide anion [63,
64] and is produced in burn and smoke models of injury [58,65]. Peroxynitrite induces the
development of DNA single-strand breakage with resulting poly (ADP-ribose) polymerase
activation. Intracellular NAD and ATP levels are depleted as a consequence of poly (ADP-
ribose) polymerase activation. Depletion of the high-energy phosphates could lead to apoptosis
and/or death of the cells and thus injure various organs. PARP activation can also lead to
activation of nuclear factors and thus up regulation of nitric oxide synthase and a number of
cytokines [66]. Depletion of cellular NAD leads to inhibition of ATP generating pathways,
which leads to cellular dysfunction. In our study, poly (ADP-ribose) polymerase activity was
significantly reduced by gT suggesting that cellular dysfunction was prevented because the gT
scavenged ROS, RNS (Fig. 6).

In addition, it was recently reported that poly (ADP-ribose) polymerase activates NF-kB and
thereby the expression the inducible isoform of NO synthase (iNOS) as well as the production
of various proinflammatory cytokines such as IL- 6, IL-8 etc and chemokine mediators [67-
69]. In our study, the dual injury from burn and smoke inhalation significantly increased IL-6
and IL-8 protein levels. However, gT attenuated the increase of IL-6, IL-8 MRNA and protein
(Fig. 7). Given the role of reactive nitrogen and oxygen species in triggering the response to
inhalation injury, it is probable the changes in cytokines and other mediators we identify
following the double injury of combined smoke and burn injuries may the result of scavenging
these species. The prevention of cytokine expression, NOXx elevation, 3-nitrotyrosine formation
and PARP activation by gT delivery into airway supports this hypothesis.

Overall, in the present study, we report that 1) burn and smoke injury significantly reduces gT
concentrations in lung tissue, as well as increases severe signs of acute lung injury as evidenced
by deteriorated pulmonary gas exchange, massive airway obstruction, pulmonary edema and
excessive production of RNS and ROS. 2) FO nebulization itself attenuates many of the above
pathological changes. 3) gT combined with FO nebulization had a greater effect than FO alone
on these pathological changes.

Pulmonary gT delivery may be a novel effective treatment strategy in management of patients
with acute lung injury after burn and smoke injury.
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myeloperoxidase
MDA
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Fig. 1.

Novel Lipid Nebulization Device Schema. Fluid tube (0.21 mm 1D, 0.41 mm OD) was inserted
into air tube (0.60 mm OD) in spray nozzle (A). The spray nozzle was directly put into the
center of tracheotomy tube. The nebulization system was synchronized with ventilation
expiratory cycle. The delivery rate was adjusted by changing nozzle fluid control pressure (B).
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Fig. 2.

Concentrations of alpha and gamma-tocopherol in lung tissue (A and B). Right lower lobe was
collected for the measurement of lung tissue tocopherol levels. Burn and smoke inhalation
injury significantly reduced gT concentration level in lung tissue. However, gT nebulization
significantly increased gT concentration in lung tissue. aT concentration in lung was slightly,
but not significantly, increased in gT+FO-neb. Data are expressed as mean + SEM. ® p < 0.05;
significantly different from Sham, T p < 0.05; significantly different form SA-neb, 1 p < 0.05;
significantly different from FO-neb.
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Fig. 3.

Effect of gT nebulization on physiological changes. PaO,/FiO; ratio is an index of pulmonary
gas exchange, which reflects the status of oxygenation. Burn and smoke inhalation injury
decreased PaO2/FiO2 ratio in FO-neb and SA-neb groups. However, gT nebulization
significantly attenuated this change from 24 h (A). Pulmonary shunt fraction shows oxygen-
transfer efficiency. Burn and smoke inhalation injury deteriorated the pulmonary shunt
fraction. However, gT nebulization significantly attenuated this change from 36h (B). Lung
lymph flow shows pulmonary transvascular fluid flux. There were significant increases in FO-
neb and SA-neb groups. gT nebulization significantly attenuated this change from 18 h (C).
Data are expressed as mean+SEM. O p < 0.05; significantly different from Sham, 1 p < 0.05;
significantly different form SA-neb, ¥ p < 0.05; significantly different from FO-neb.
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Fig. 4.

Lung wet-to dry ratio shows water content in lung tissue. There was significant increase in SA-
neb group. gT nebulization significantly attenuated the change (A). The lung histology was
evaluated by pathologist to determine the percentage of airway obstruction. There was
significant increase in SA-neb group. gT nebulization significantly attenuated the change. Data
are expressed as mean£SEM. O p < 0.05; significantly different from Sham, T p < 0.05;
significantly different form SA-neb.
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Fig. 5.

The activity of myeloperoxidase (MPO), an indicator of neutrophil accumulation, was
remarkably increased in SA-neb group. gT and FO nebulization significantly attenuated the
change (A). Malondialdehyde (MDA) shows lipid peroxidation in lung tissue. There was
significant increase in saline group. gT nebulization significantly attenuated the change (B).
3-Nitrotyrosine is one of index of peroxynitrite. There was significant increase in saline group.
gT nebulization significantly attenuated the change (C). Data are expressed as mean=SEM.
® p < 0.05; significantly different from Sham, t p < 0.05; significantly different form SA-neb.
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Fig. 6.

Effect of gT nebulization on Poly (ADP-ribose) Polymerase Activity in lung tissue. Poly (ADP-
ribose) was stained by monoclonal antibody (A). Immunohistochemistry stain slide was semi-
quantified and scored. There were significant increases in FO-neb and SA-neb group. gT
nebulization significantly attenuated the change (B). Data are expressed as mean+SEM. © p
< 0.05; significantly different from Sham, 1 p < 0.05; significantly different form SA-neb,  p
< 0.05; significantly different from FO-neb.
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Fig. 7.

Effect of gT nebulization on IL-6, IL-8 mRNA and protein in lung tissue. mMRNA was
normalized to GAPDH. Burn and smoke inhalation injury increased IL-6 and IL-8 protein
levels in SA-neb group. gT nebulization significantly attenuated the elevation of IL-6 and IL-8
in both of MRNA and protein. Data are expressed as mean+SEM. ®p < 0.05; significantly
different from Sham, t p < 0.05; significantly different form SA-neb.
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