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Abstract

The present study investigated antioxidant status in lung, liver, heart and kidney in a rat model to simulate an
inhalation injury as might be encountered by firefighters and burn victims. Anesthetized rats received either a 20%
total body surface area (TBSA) full thickness scald or a sham burn. After a 5 h recovery period, half of the animals
in the burn or sham burn groups were exposed to cooled western bark (fir and pine) smoke for 16.25 min. The
remaining rats in each group breathed room air. At 1, 12, 24, 48 and 96 h after exposure to the smoke, five rats from
each of the four groups were euthanatized and lungs were lavaged by infusing three 5 ml aliquots of normal saline
for evaluation of airway cellular content and lung wet to dry weight ratios to estimate lung water content. A second
series of five rats/group per time point were euthanatized at the above times and lung, liver, kidney and heart were
removed for evaluation of tissue antioxidant enzyme activities and for thiobarbituric acid reactive substances
(TBARS) concentrations, as well as for lung histology. Smoke exposure resulted in average plasma carboxy-
hemoglobin (COHb) of 19 + 2% in the two smoke exposed groups and produced areas of erosion of the tracheal
surface, resulting in loss of epithelium and exposed basement membrane. Lung water content was not significantly
different among the four groups during the 96-h experimental period. Lung TBARS levels were 2—3-fold higher at
12 h in smoke exposed rats compared with controls. These levels peaked at 24 h and remained significantly elevated
at 48 h compared to controls. TBARS were also elevated in liver, but not in heart or kidney in response to burn or
combined injury. Minor effects on lung antioxidant enzyme activities were observed after smoke inhalation. These
data suggest that smoke inhalation, independent of burn injury, induces an oxidant stress that persists for at least the
first 48 h after smoke exposure. © 2002 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Scald burn; Smoke inhalation; Lung; Liver; Reactive oxygen species

1. Introduction
* Corresponding author. Tel.: + 1-210-916-3680; fax: + 1-
210-916-2942.

' . ' Inhalation injury, generally resulting from
E-mail address: michael.dubick@amedd.army.mil (M.A.

Dubick) structural fires, is a major comorbid factor in
! Present address: Department of Surgery, University of patients with thermal injury, occurring in about
Florida, Gainesville, FL 32610, USA. 30% of patients with major burns (Herndon et al.,

0300-483X/02/$ - see front matter © 2002 Elsevier Science Ireland Ltd. All rights reserved.
PII: S0300-483X(02)00132-4



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
01 JUL 2002 N/A -
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Indices of antioxidant statusin rats Subjected to wood smoke inhalation
and/or thermal Injury

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

Dubick M. A., Carden S. M., Jordan B. S, LanglinaisP. C., Mozingo D. 5o TASK NUMBER

W.,
5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

United States Army Institute of Surgical Research, JBSA Fort Sam REPORT NUMBER

Houston, TX 78234

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR'’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release, distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE SAR 13
unclassified unclassified unclassified

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



146 M.A. Dubick et al. / Toxicology 176 (2002) 145-157

1985). It has been reported that patients with
combined smoke inhalation and thermal injuries
tend to be hemodynamically unstable and have
about a 50% higher initial fluid requirement for
resuscitation than estimated for the burn surface
area alone (Navar et al., 1985; Thompson et al.,
1986; Demling et al., 1995). Inhalation injury
reportedly accounts for 20—84% of burn mortality
and is associated with higher mortality rates for
every age and burn size category (Herndon et al.,
1985; Thompson et al., 1986; Shirani et al., 1987).

Inhalation of smoke primarily injures the air-
ways and may not produce clinically significant
symptoms for 24-72 h (Lalonde et al., 1995).
Smoke inhalation induces a number of patho-
physiologic responses including impairment of
mucocilliary function (Fitzpatrick and Cioffi,
1994), inflammatory responses such as interstitial
edema, neutrophil infiltration, generation of oxy-
gen free radicals and pseudomembrane formation
(Lalonde et al., 1995; Fitzpatrick and Cioffi, 1994;
Youn et al., 1992; Hubbard et al., 1991). Direct
alveolar damage, including alveolar edema, may
also occur depending on the dose of smoke, the
toxicity of the chemicals present in the smoke or
as a consequence of surfactant denaturation
(Herndon et al., 1985; Fitzpatrick and Cioffi,
1994; Nieman et al., 1995).

At present treatment of smoke inhalation in-
juries is primarily supportive. Thus, research ef-
forts to elucidate the underlying pathogenesis of
smoke inhalation injury could lead to improved
therapies to prevent any secondary inflammatory
sequelae. Because of the complexity of smoke
inhalation and the likelihood of other injuries
present in patients, no ideal animal model exists
today. The majority of studies in experimental
animals have employed large animals, such as
sheep, where the animal is anesthetized, and
smoke is introduced by mechanical ventilation
(Demling et al., 1995; Lalonde et al., 1995; Hub-
bard et al., 1991; Matsumoto et al., 1994; Tasaki
et al., 1997; Ogura et al., 1994a; Kikuchi et al.,
1996). Although use of these animals has con-
tributed much to our understanding of smoke
inhalation injury, they are too costly to use rou-
tinely to screen potential therapeutic modalities
that may benefit the smoke inhalation patient.

Therefore, a few studies have investigated smoke
inhalation in a small animal, such as a rodent,
which may be useful for the evaluation or screen-
ing of potential therapeutic strategies. In our in-
terest to further explore the effects of smoke
inhalation on the generation of reactive oxygen
species, the present study evaluates the time
course aspects of the antioxidant defense system
over a 96-h period after smoke inhalation in
various tissues of rats. Since we have significant
experience with the effects of burn injury in rats at
our institute, the present study also investigated
smoke inhalation in combination with a cuta-
neous scald burn.

2. Materials and methods
2.1. Experimental design

Adult, male Sprague—Dawley rats, weighing
initially 382 +2 g, were anesthetized with pento-
barbital and randomly assigned to four groups. A
section of the back of each rat, corresponding to
20% of the total body surface area (TBSA), was
shaved. These rats then received either a full
thickness scald or a sham burn to that portion of
the back using the template described by Walker
and Mason (1968). A 20% TBSA scald burn was
induced by dipping the rat in 100 °C water for 10
s (Brown et al., 1976). Sham burn rats were
dipped in water at room temperature. After a 5 h
recovery period when the animals were awake
from anesthesia, half of the animals in the burn or
sham burn groups were exposed to cooled western
bark (fir and pine) smoke for 16.25 min. The
remaining rats in each group breathed room air.
Thus the four groups were as follows: (1) control
(sham burn, air); (2) sham burn, smoke exposed;
(3) scald burn, smoke exposed; and (4) scald burn,
air. Rats were returned to their cages, allowed
food and water ad libitum, and one set of five
rats/group/time point was ecuthanatized by an
overdose of pentobarbital at 1, 12, 24, 48 or 96 h
after smoke inhalation for determining lung wet-
to-dry weight ratios to estimate lung water con-
tent, and measuring lung, liver, heart and kidney
antioxidant enzyme activities, and thiobarbituric
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acid reactive substances (TBARS) as an index of
lipid peroxidation. Blood was removed in rats
killed at 1 h after smoke inhalation for measure-
ment of carboxyhemoglobin (COHb) concentra-
tions according to standard blood gas technique
using an IL1303 blood gas analyzer (Instrumenta-
tion Laboratories, Inc., Lexington, MA). A sec-
ond set of five rats/group/time point were
anesthetized with pentobarbital and gently
lavaged with three 5 ml aliquots of normal saline
for determination of bronchoalveolar lavage fluid
protein and blood cell counts. Airways and lung
were harvested for preparation and analysis by
scanning electron microscopy (SEM) as previ-
ously described (Hubbard et al., 1991). Lung par-
enchyma was also processed for hematoxy-
lin/eosin staining. At each time point, when analy-
ses were not performed with fresh tissue, the
tissue samples were frozen at — 70 °C for later
analysis within 3 months.

2.2. Tissue analyses

Lung wet-to-dry weight ratios were determined
by standard technique compensating for the pres-
ence of blood in the lung tissue, as previously
described (Ogura et al., 1994a).

Bronchoalveolar lavage fluid was analyzed for
blood cell counts by standard clinical methodolo-
gies using a cell counter (Coulter, Fullerton, CA).
Protein concentrations in lavage fluid or tissue
homogenates were determined by a commercial
kit (BioRad Laboratories, Richmond, CA).

Lung, liver, heart and kidney were homoge-
nized in 50 mM potassium phosphate buffer, pH
7.4. Malondialdehyde concentrations were deter-
mined as TBARS in the butanol phase using
1,1,3,3-tetracthoxypropane as standard, as de-
scribed by the method of Naito et al. (1993).
Glutathione peroxidase (GP) and glutathione re-
ductase (GR) activities were determined spec-
trophotometrically by following the oxidation of
NADPH (Lawrence and Burk, 1976; Rogers and
Augusteyn, 1978). Total superoxide dismutase
(SOD) activity was determined by the method of
Marklund and Marklund (1974). Mn-SOD was
determined under the same conditions except the
buffer contained 1 mM KCN. CuZn-SOD was

determined by subtracting Mn-SOD activity from
the total activity.

Specimens for both SEM and transmission elec-
tron microscopy (TEM), respectively were fixed in
2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.3 at 4 °C for 24 h, then placed in
buffer (Hubbard et al., 1991). The specimens were
post-osmicated for 1 h in 2% osmium tetroxide.
SEM specimens were dehydrated in graded etha-
nol—water solutions to absolute ethanol and then
placed in a 1:1 mixture of ethanol and Peldri II
for 1 h. Sublimation of the specimens was carried
out according to the method of Kennedy et al.
(1989). Dried specimens were coated in a DC
sputter-coater with 20 nm of gold/palladium and
examined in a Phillips XL20 scanning electron
microscope at an accelerating voltage of 10 kV.
Lung specimens for TEM were routinely pro-
cessed, sectioned and examined in a Philips 400T
transmission electron microscope. All specimens
were viewed without identification of their treat-
ment group.

2.3. Statistical analysis

Data are presented as mean + SE. Data were
analyzed by two-way Analysis of Variance with
treatment and time as the independent variables.
If a significant F-statistic was determined, data
were further analyzed by Tukey HSD test. A
P < 0.05 was considered statistically significant.

3. Results

Neither smoke exposure nor scald burn signifi-
cantly affected final body weights over the 96 h
experimental period (data not shown). Smoke ex-
posure resulted in significant levels of COHb com-
pared to  air-exposed controls. COHb
concentrations in smoked rats without or with
scald burn were 16.8 +1.8 and 21.5 4+ 2.2%, re-
spectively, whereas these values were essentially
zero in rats exposed to air. Differences in COHb
concentrations between the two smoked groups
were not statistically significant.
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3.1. Lavage fluid

Total white blood cell counts in lavage fluid
were not significantly different among the four
groups at any time throughout the 96 h experi-
mental period (Table 1). Similar observations
were made with respect to red blood cell counts in
lavage fluid (Table 1). Protein levels in lavage
fluid from scald burn or control rats were unde-
tectable. In contrast, protein was detected in
lavage fluid from both groups of rats exposed to
wood smoke (Table 1). Measurable levels of
protein were detected in lavage fluid from smoke-
exposed rats throughout the 96 h experimental
period, whereas protein was only detected in the
combined burn/smoke group for the first 24 h.
The highest protein levels were seen 1 h after
smoke exposure, but the values did not achieve
statistical significance compared to the other
times.

3.2. Lung tissue

Lung water content did not differ significantly
among the four groups of rats throughout the 96
h experimental period (Table 2).

Table 1

Smoke inhalation and/or burn injury signifi-
cantly elevated lung TBARS levels 2—3-fold by 12
h after injury when compared with controls (Fig.
1). TBARS were slightly higher in the combined
injury group when compared to either smoke or
burn alone, but the differences were not statisti-
cally significant. Lung TBARS levels were highest
24 h after injury and remained significantly higher
than controls at 48 h. Except for the combined
injury group, TBARS levels were not significantly
different from controls at 96 h (Fig. 1). Liver
TBARS were significantly higher than controls in
the burn or combined injury groups at 12 and 24
h after smoke exposure but the magnitude of
increase was less than in lung (Table 3). Liver
TBARS were about 50% higher than controls in
all injury groups at 48 h, but returned to control
levels by 96 h. Heart and kidney TBARS concen-
trations were not significantly different among
groups at any time during the study (data not
shown).

Lung Mn-SOD activity was not significantly
different among all groups at 1 h after injury (Fig.
2). At 12 h after injury, Mn-SOD activity was
38% lower in the smoke-exposed rats than in
controls. Enzyme activity was generally 10-20%

Effect of smoke inhalation and/or burn injury on total lavage fluid protein and blood components

Time (h) Control Smoke Burn and smoke Burn
1 Protein (pg/ml) ND* 0.146 +0.058 0.078 £+ 0.008 ND
RBC (10° cells/ml) 0.044 + 0.005 0.043 + 0.007 0.028 + 0.004 0.034 + 0.004
WBC (10° cells/ml) 1.6 +0.14 1.8 +£0.15 1.5+0.19 1.98 +£0.23
12 Protein ND 0.089 +0.01 0.046 +0.011 ND
RBC 0.042 4+ 0.007 0.048 + 0.007 0.036 + 0.006 0.054 + 0.004
WBC 24+0.12 3.024+04 2.1+0.2 2.48 +0.47
24 Protein ND 0.057 +0.024 0.053 +0.022 ND
RBC 0.046 + 0.005 0.064 +0.011 0.053 + 0.004 0.042 + 0.005
WBC 2.4+0.22 2.76 +£0.5 2.0+0.34 2.34 +0.31
48 Protein ND 0.035+0.013 ND ND
RBC 0.04 + 0.005 0.058 + 0.004 0.054 + 0.002 0.05 4+ 0.003
WBC 2.64+0.19 1.84+0.14 2.16 +0.11 2.364+0.22
96 Protein ND 0.07 +£0.034 ND ND
RBC 0.03 +0.003 0.064 + 0.009 0.03 +0.002 0.044 + 0.004
WBC 1.8 +£0.25 2.9+0.27 3.00 +0.17 2.28 +0.23

Data expressed as mean + SE for five animals/group.
aND, not detectable.
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Table 2
Effect of smoke inhalation and/or burn injury on lung water content
Time (h) Time control Smoke Burn and smoke Burn

1 4.154+0.07 4.02+0.11 4.02 +0.02 3.88 +£0.03
12 4.02 4+ 0.05 3.96 +0.10 3.86 +0.05 3.72 +0.18
24 3.95+0.04 4.40 +0.47 4.234+0.20 4.04 +0.08
48 4.24+0.21 3.97 +£0.08 42440.13 4.27+0.14
96 4.124+0.08 4.05+0.10 431 +0.12 4.16 + 0.06

Data expressed as mean + SE for five animals/group.

lower than controls from 12 to 48 h after injury,
but these differences did not achieve statistical
significance (Fig. 2). Liver Mn-SOD activities in
the smoked or burned rats were significantly
lower than controls at 12 h, but enzyme activity in
all injured groups were at control levels at the
other experimental times. Lung CuZn-SOD activ-
ity was significantly lower in burned rats than
controls and combined injury groups at 12 and 24
h after smoke inhalation (Fig. 2). Smoke exposure
did not significantly affect lung CuZn-SOD activ-
ity. Liver CuZn-SOD activity was only signifi-
cantly lower than control in all injury groups at 1
h after smoke inhalation (Table 3).

Lung GP activity was significantly higher at 24
h in the smoked and combined injury groups
when compared with controls (Fig. 3). At 48 h,
enzyme activities in the burn and combined injury
groups were significantly lower than controls. En-
zyme activities in all injured groups returned to
control levels by 96 h (Fig. 3). Liver GP activity
was not significantly different from control
throughout the experimental period (Table 3). No
statistically significant differences in lung or liver
GR activities were observed at any time after
injury among the four groups (Fig. 3, Table 3).
Antioxidant enzyme activities were not signifi-
cantly different than controls in heart and kidney
throughout the study (data not shown).

3.3. Electron microscopy observations

SEM of control rat tracheal epithelium did not
reveal any abnormal morphology throughout the
96 h experimental period. In contrast, SEM of
tracheal epithelium from smoked animals revealed
moderate cellular erosion, some pseudomembrane

formation and matting of cilia as early as 12 h
following smoke exposure (Fig. 4). These mor-
phologic alterations persisted in smoke-exposed
animals at the end of the 96 h experimental period
(Fig. 5). Rats with burn injury alone showed
much less tracheal damage with some matting of
cilia as the primary change and only occasional
areas of cellular erosion (Fig. 4). No pseudomem-
branes were found in these animals. Rats with
both smoke and burn injuries showed the same
type and degree of changes as seen in the smoke
only rats.

H and E staining of the lung did not detect any
overt lesions among the groups. In contrast, TEM
studies of the lung from smoked only or smoked
and burned rats revealed mild swelling of type I
parenchymal cells, slight interstitial edema, areas
of mild cellular hyperplasia, and a small amount
of proteinaceous material in the alveolar space
(data not shown). No abnormalities were ob-
served in lung from the control or burn only
groups throughout the 96 h experimental period.

4. Discussion

It is well recognized that carbon monoxide is
one of the more dangerous constitutents of smoke
and plasma COHD levels exceeding 50% are con-
sidered evidence for carbon monoxide related
deaths in humans (Fitzpatrick and Cioffi, 1994).
In the present study average plasma COHb levels
in smoke-exposed rats ranged from 16.8 to 21.5%
1 h after smoke exposure. In contrast, in the sheep
model in which a moderate dose of smoke is
delivered through a ventilator, plasma COHb lev-
els of 28—71% were noted either immediately or at
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1 h after exposure (Demling and Lalonde, 1990a;
Demling et al., 1995; Ogura et al., 1994b). How-
ever, others have reported COHb levels as high as
90% after severe smoke exposure in the sheep
models (Sugi et al., 1990). Although COHb may
be useful to compare smoke exposure among
groups, the literature suggests that in animal mod-
els, COHb may not be related to the severity of
smoke injury. In the present study, rats were
exposed to smoke for 16.25 min without mortal-
ity. The smoke was mixed 1:1 with 100% oxygen
to reduce the development of hypoxia. However,
when exposure was increased by another 15 s to
16.5 min, a 30% mortality rate was observed in
smoke-exposed animals, presumably due to an
induced acute hypoxia. Thus, smoke exposure in
the present study was at or near the maximum
tolerated levels.

To assess possible biomarkers to analyze the
degree of inhalation injury in the current study,
bronchoalveolar lavage fluid was collected. In the
current study, protein was only detectable in
lavage fluid from animals exposed to smoke.
Protein levels were higher and persisted longer in
smoked animals in comparison with animals who
received a scald burn prior to smoke exposure,
but in the first 24 h after exposure, the differences
were not statistically significant. Smoke inhalation
is associated with early sloughing of bronchoep-
ithelial cells into airways (Abdi et al., 1990) and

recruitment of inflammatory cells (Fitzpatrick and
Cioffi, 1994). These responses probably account
for the protein detected in lavage fluid, but further
studies are necessary to identify the cell types and
to characterize this response.

Previous studies have also shown that smoke
inhalation is primarily a bronchoepithelial injury
with no injury occurring to the vascular endothe-
lium (Ogura et al., 1994a). In the present study,
lavage fluid red blood cell counts were not signifi-
cantly different among the groups at all time
points examined. These data would suggest that
no airway or lung vascular endothelial injury was
observed that would have resulted in bleeding into
the alveolar spaces.

The present study also did not show an increase
in lavage fluid white blood cells in smoke-exposed
animals compared with the other groups. Others,
however, have reported that infiltration of neu-
trophils into airways was an early event in the
inflammatory process associated with smoke in-
halation (Hubbard et al., 1991). These studies
have also attributed activation of polymorphonu-
clear leukocytes (PMN) as involved in injury to
the lung parenchyma after smoke inhalation (Tra-
ber et al., 1986; Linares et al., 1989; Hubbard et
al., 1991). Perhaps the lack of significant injury to
the lung, itself, in the present study is consistent
with the absence of significant leukocyte infiltra-
tion observed. In addition it has also been re-
ported that injury distal to the lung that involves

Lung Thiobarbituric Acid Reactive
Substances

n mol/mg protein

96 hr

24 hr

|DControI B Smoke O0Burn A Burn & Smoke|

Fig. 1. TBARS levels in lungs from rats subjected to smoke inhalation and/or burns. Data represent mean + standard error from
five animals/group. *P < 0.05 from control. ¥ P < 0.05 from combined injury group.
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Effects of smoke inhalation and/or burn injury on rat liver antioxidant enzymes and TBARS

Time (h) Time control Smoke Burn and smoke Burn
Glutathione peroxidase (U[mg protein)

1 0.335 4+ 0.009 0.298 +0.020 0.313+0.019 0.316 +0.007
12 0.346 4+ 0.021 0.317 £0.017 0.339+0.011 0.311 £0.010
24 0.323 +0.015 0.319 +£0.010 0.320 + 0.028 0.309 +0.013
43 0.340 +0.012 0.313 £ 0.004 0.310 +0.013 0.326 £+ 0.021
96 0.353 4+ 0.007 0.365+0.015 0.323 +0.022 0.356 +0.016
Glutathione reductase (U|mg protein)

1 0.077 £+ 0.003 0.071 £+ 0.005 0.073 + 0.004 0.069 + 0.002
12 0.065 +0.003 0.064 + 0.006 0.065 + 0.004 0.060 + 0.005
24 0.050 + 0.003 0.051 +0.001 0.045 + 0.005 0.046 + 0.005
48 0.055 +0.002 0.056 +0.001 0.055 +0.003 0.056 +0.003
96 0.058 +0.003 0.051 +0.004 0.054 + 0.003 0.002 + 0.054
Mn-SOD (Ujmg protein)

1 2.06+0.12 2.194+0.23 2.10+0.19 1.98 +0.09
12 2.68 +0.08 2.214+0.13* 2.39+0.14 2.22 +0.12%
24 1.89 +0.11 1.94 +0.15 1.96 +0.19 1.89 +0.12
48 1.81 +0.21 1.69 +0.09 2.07 +0.10 2.00 +0.27
96 2.2240.13 2.16 +0.12 2.1740.16 2.36 +0.11
CuZn-SOD (UJmg protein)

1 8.69 +0.40 7.80 4+ 0.30* 7.17 +£0.44 7.53 +£0.22
12 9.27+0.15 9.75+0.35 8.53 +0.54 8.38 +0.28
24 8.24 +0.15 8.17+£0.24 7.85+0.32 7.43 +0.52
43 8.93 +0.62 8.11 +£0.31 7.24 4+ 0.51 7.68 +0.55
96 10.41 +0.24 9.234+0.72 8.03 +£0.36 9.59 +£0.53
Thiobarbituric acid reactive substances (nmol/mg protein)

1 0.214 4+ 0.026 0.288 +0.027 0.277 +0.012 0.261 +0.01
12 0.275 £+ 0.027 0.339 £0.02 0.378 £ 0.017* 0.351 +£0.013*
24 0.214 4+ 0.015 0.247 +0.02 0.283 +0.012* 0.283 +0.017*
43 0.199 + 0.007 0.322 +£0.016* 0.34 +0.012* 0.325+0.013*
96 0.237 4+ 0.005 0.272 4+ 0.008 0.268 +0.016 0.255+0.014

Data expressed as mean + SE (n =5).
* P<0.05 from controls.

PMN activation, such as thermal injury, can
worsen lung injury after smoke inhalation (Mat-
sumoto et al., 1994). Therefore, based on these
observations and the findings of others (Traber
et al., 1986), it is surprising that we did not
detect significantly greater evidence of white
blood cells in lung from the combined burn and
smoke group compared with the smoke exposed
rats in this study. Perhaps this may relate to the
extend of smoke exposure in rats compared to
sheep where the smoke is delivered deeper into
the lung and/or the greater COHb levels ob-
served in those studies compared with the

present one. However, in the present study we
did not fractionate the white cells so further
work is necessary to determine whether the
white cell population changes over time after
smoke inhalation injury.

Related, at least in part, to neutrophil infiltra-
tion, is the observation of higher levels of indices
of lipid peroxidation and oxidative stress in cot-
ton smoke-exposed animals (Youn et al., 1992;
Tasaki et al., 1997; Demling and Lalonde, 1990a;
Demling et al., 1994; Lalonde et al., 1994). In our
own preliminary studies, lavage fluid collected
from rats 1 h after wood smoke exposure showed
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a 46% reduction in ascorbic acid levels compared
with controls (Dubick et al., 1998). In addition,
other studies have shown that antioxidants or
iron chelators were able to reduce evidence of
lipid peroxidation following wood smoke expo-
sure in experimental animals (Zhao, 1990; Nguyen
et al., 1995; Demling et al., 1996). In sheep, smoke
inhalation resulted in higher malondialdehyde
concentrations in liver, but not lung, 24 h after
exposure (Demling and Lalonde, 1990a; Demling
et al., 1994). In rats exposed to 20 ml/kg smoke,
malondialdehyde concentrations were significantly
higher in lung, liver and kidney at 24 h post-expo-

sure in comparison with controls (Lalonde et al.,
1994). In addition, catalase activity in these or-
gans was significantly lower than controls
(Lalonde et al., 1994). The results of the present
study generally agree with these observations. In-
creased liver TBARS in the present study agree
with previous observations (Lalonde et al., 1994)
and suggests some systemic effects albeit mild. It
should also be noted that an oxidative stress has
also been associated with burn injury (Sasaki et
al., 1983; Demling et al., 1989; Demling and
Lalonde, 1990b). In the present study, signifi-
cantly elevated lung TBARS concentrations were

Lung Mn SOD
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Fig. 2. Mn- and CuZn-SOD activities in lungs from rats subjected to smoke inhalation and/or burns. Data represent mean + stan-
dard error from five animals/group. *P < 0.05 from control. * P < 0.05 from combined injury group.
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Fig. 3. GP and GR activities in lungs from rats subjected to smoke inhalation and/or burns. Data represent mean + standard error
from five animals/group. *P < 0.05 from control. * P < 0.05 from combined injury group.

observed in rats subjected to smoke inhalation,
burn or combined injury, by 12 h after smoke
exposure and the effect persisted for at least 48 h.
In addition, some changes in lung antioxidant
enzyme activities were also observed in burned
and/or smoked rats 12 and 24 h after injury.
Taken together, these data are in agreement with
previous studies that smoke inhalation and burn
injury induce an oxidative stress, and that the
injury develops over time. Questions remain re-
garding the source of oxidants after smoke
inhalation.

Inhalation injury has been described to involve
both the tracheobronchial tree as well as the lung
parenchyma, depending on severity (Fitzpatrick
and Cioffi, 1994; Hubbard et al., 1991). In animal
models of combined burn and smoke inhalation
injury, it has been shown that smoke inhalation
preceding burn injury results in greater lung dam-
age than if the burn injury occurred first (Mat-
sumoto et al., 1994). It has been hypothesized that
this may be due to greater availability of neu-
trophils to infiltrate into lung if the smoke inhala-
tion occurs first (Matsumoto et al.,, 1994). In
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reality, this combined injury occurs nearly
spontaneously in burn victims, but such a proce-
dure cannot be realistically developed in the
laboratory. In the current study, due to log-
istic constraints, the burn injury was induced
prior to smoke inhalation. Although we saw evi-
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dence of oxidative stress and morphologic evi-
dence of airway damage, it is possible more
severe injury may have been observed had the
smoke inhalation occurred prior to burn as has

been observed by others (Matsumoto et al.,
1994).

Fig. 4. SEM of rat tracheas at 24 h after injury. (A) Control shows normal tracheal epithelium with both ciliated and non-ciliated

cells,

x 800. (B) Burn only. Group shows some cilial matting, x 2000. (C) Combined smoke and burn. Trachea reveals cellular

erosion, x 4000. (D) Smoke only. Cellular erosion and pseudomembrane formation (arrow) observed, x 800.
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Fig. 5. SEM of rat tracheas at 96 h after injury. (A) Control shows normal appearing epithelium, x 3200. (B) Burn only. Cilial
matting less than at 24 h, x 2000. (C) Combined burn and smoke. Trachea continues to show large area of cellular erosion, x 1000.
(D) Smoke only. Persisting pseudomembranes (arrow) observed, x 1600.

In summary, in this combined model of burn
injury and smoke inhalation in spontaneously
breathing rats, evidence of oxidative stress and
histologic damage to airways was observed as
early as 12 h following injury and persisted
throughout the experimental study although most

of the biochemical indices of oxidative injury re-
turned to control levels by 96 h. In this model,
rats subjected to combined burn and smoke in-
halation did not show a consistently worse injury
to the lung than rats subjected to smoke inhala-
tion alone. Nevertheless, these studies suggest that
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the use of antioxidants may be a worthwhile
avenue of therapy and is worthy of further explo-
ration in the treatment of smoke inhalation
injury.

Acknowledgements

The opinions and assertations contained herein
are the private views of the authors and are not to
be construed as official nor do they reflect the
views of the Department of the Army or the
Department of Defense. The experimental studies
of the authors described in this report were re-
viewed and approved by the Institutional Review
Committee/Animal Care and Use Committee.
The manuscript was reviewed for compliance
prior to submission to publication. In conducting
the research described here, the authors adhered
to the ‘Guide for the Care and Use of Laboratory
Animals’, DHHS Publication (NIH) 86-23.

References

Abdi, S., Evans, M.J., Cox, R.A., Lubbesmeyer, H., Herndon,
D.N., Traber, D.L., 1990. Inhalation injury to tracheal
epithelium in an ovine model of cotton smoke exposure.
Am. Rev. Respir. Dis. 142, 1436-1439.

Brown, W.L., Bowler, E.G., Mason, A.D. Jr., Pruitt, B.A. Jr.,
1976. Protein metabolism in burned rats. Am. J. Physiol.
231, 476-482.

Demling, R., Lalonde, C., Ikegami, K., 1996. Fluid resuscita-
tion with deferoxamine hetastarch complex attenuates the
lung and systemic response to smoke inhalation. Surgery
119, 340-348.

Demling, R., Lalonde, C., Youn, Y.K., Picard, L., 1995.
Effect of graded increases in smoke inhalation injury on
the early systemic response to a body burn. Crit. Care
Med. 23, 171-178.

Demling, R., Lalonde, C., Picard, L., Blanchard, J., 1994.
Changes in lung and systemic oxidant and antioxidant
activity after smoke inhalation. Shock 1, 101-107.

Demling, R.H., Lalonde, C., 1990a. Moderate smoke inhala-
tion produces decreased oxygen delivery, increased oxygen
demands, and systemic but not lung parenchymal lipid
peroxidation. Surgery 108, 544—552.

Demling, R.H., Lalonde, C., 1990b. Systemic lipid peroxida-
tion and inflammation induced by thermal injury persists
into the post-resuscitation period. J. Trauma 30, 69-74.

Demling, R.H., Lalonde, C., Liu, Y., Zhu, D., 1989. The lung
inflammatory response to thermal injury: relationship be-

tween physiologic and histologic changes. Surgery 106,
52-59.

Dubick, M.A., Jordan, B.S., Carden, S.C., Crissman, K.,
Hatch, G.E., Langlinais, P., Mozingo, D.W., 1998. Antiox-
idant status of bronchoalveolar lavage and lungs from rats
subjected to burn and/or smoke inhalation. Toxicologist
42, 348.

Fitzpatrick, J.C., Cioffi, W.G. Jr., 1994. Inhalation injury.
Trauma Quart. 11, 114-126.

Herndon, D.N., Thompson, P.B., Traber, D.L., 1985. Pul-
monary injury in burned patients. Crit. Care Clin. 1,
79-96.

Hubbard, G.B., Langlinais, P.C., Shimazu, T., Okerberg,
C.V., Mason, A.D. Jr., Pruitt, B.A. Jr., 1991. The mor-
phology of smoke inhalation injury in sheep. J. Trauma 31,
1477-1486.

Kennedy, J.R., Williams, R.W., Gray, J.P., 1989. Use of Peldri
I as an alternative to critical point drying for biological
tissues. J. Elect. Micro. Tech. 11, 117-125.

Kikuchi, Y., Traber, L.D., Herndon, D.N., Traber, D.L.,
1996. Unilateral smoke inhalation in sheep: effect on left
lung lymph flow with right lung injury. Am. J. Physiol.
271, R1620—R1624.

Lalonde, C., Picard, L., Youn, Y.K., Demling, R.H., 1995.
Increased early postburn fluid requirements and oxygen
demands are predictive of the degree of airways injury by
smoke inhalation. J. Trauma 38, 175-184.

Lalonde, C., Picard, L., Campbell, C., Demling, R., 1994.
Lung and systemic oxidant and antioxidant activity after
graded smoke exposure in the rat. Circ. Shock 42, 7-13.

Lawrence, R.A., Burk, R.F., 1976. Glutathione peroxidase
activity in selenium-deficient rat liver. Biochem. Biophys.
Res. Commun. 71, 952-958.

Linares, H.A., Herndon, D.N., Traber, D.L., 1989. Sequence
of morphologic events in experimental smoke inhalation. J.
Burn Care Rehabil. 10, 27-37.

Marklund, S., Marklund, G., 1974. Involvement of the super-
oxide anion radical in the autoxidation of pryrogallol and
a convenient assay for superoxide dismutase. Eur. J.
Biochem. 47, 469-479.

Matsumoto, N., Noda, H., Nakazawa, H., Traber, L.D.,
Herndon, D.N., Traber, D.L., 1994. The sequence of in-
jury determines the degree of lung damage in both inhala-
tion and thermal injuries. Shock 1, 166—170.

Naito, C., Kawamura, M., Yamamot, Y., 1993. Lipid perox-
ides as the initiation factor of atherosclerosis. Ann. N.Y.
Acad. Sci. 676, 27—45.

Navar, P.D., Saffle, J.R., Warden, G.D., 1985. Effect of
inhalation injury on fluid resuscitation requirements after
thermal injury. Am. J. Surg. 150, 716—720.

Nieman, G.F., Paskanik, A.M., Fluck, R.R., Clark, W.R.,
1995. Comparison of exogenous surfactants in the treat-
ment of wood smoke inhalation. Am. J. Respir. Crit. Care
Med. 152, 597-602.

Nguyen, T.T., Cox, C.S., Herndon, D.N., Biondo, N.A.,
Traber, L.D., Bush, P.E., et al., 1995. Effects of manganese
superoxide dismutase on lung fluid balance after smoke
inhalation. J. Appl. Physiol. 78, 2161-2168.



M.A. Dubick et al. / Toxicology 176 (2002) 145-157 157

Ogura, H., Cioffi, W.G. Jr., Jordan, B.S., Okerberg, C.V.,
Johnson, A.A., Mason, A.D. Jr., Pruitt, B.A. Jr., 1994a. The
effect of inhaled nitric oxide on smoke inhalation injury in
an ovine model. J. Trauma 37, 294-302.

Ogura, H., Cioffi, W.G., Okerberg, C.V., Johnson, A.A.,
Guzman, R.F., Mason, A.D. Jr., Pruitt, B.A. Jr., 1994b. The
effects of pentoxifylline on pulmonary function following
smoke inhalation. J. Surg. Res. 56, 242-250.

Rogers, K.M., Augusteyn, R.C., 1978. Glutathione reductase in
normal and cataractous human lenses. Exp. Eye Res. 27,
719-721.

Sasaki, J., Cottam, G.L., Baxter, C.R., 1983. Lipid peroxidation
following thermal injury. J. Burn Care Rehabil. 4, 251-254.

Shirani, K.Z., Pruitt, B.A. Jr., Mason, A.D. Jr., 1987. The
influence of inhalation injury and pneumonia on burn
mortality. Ann. Surg. 205, 82-87.

Sugi, K., Theissen, J.L., Traber, L.D., Herndon, D.N., Traber,
D.L., 1990. Impact of carbon monoxide on cardiopul-
monary dysfunction after smoke inhalation injury. Circ.

Res. 66, 69-75.

Tasaki, O., Goodwin, C.W., Saitoh, D., Mozingo, D.W.,
Ishihara, S., Brinkley, W., et al., 1997. Effects of burns on
inhalation injury. J. Trauma 43, 603—607.

Thompson, P.B., Herndon, D.N., Traber, D.L., Abston, S.A.,
1986. Effect on mortality of inhalation injury. J. Trauma 26,
163-165.

Traber, D.L., Herndon, D.N., Stein, M.D., Traber, L.D.,
Flynn, J.T., Niechaus, G.D., 1986. The pulmonary lesion of
smoke inhalation in an ovine model. Circ. Shock 18,
311-323.

Walker, H.L., Mason, A.D. Jr., 1968. A standard animal burn.
J. Trauma 8, 1049-1051.

Youn, Y.K., Lalonde, C., Demling, R., 1992. Oxidants and the
pathophysiology of burn and smoke inhalation injury. Free
Rad. Biol. Med. 12, 409-415.

Zhao, Z.D., 1990. Experimental treatment of smoke inhalation
injury with anti-lipid peroxidation agents. Chin. J. Plastic
Surg. Burns 6, 294-298, 319.



	Indices of antioxidant status in rats subjected to wood smoke inhalation and/or thermal injury
	Introduction

	Indices of antioxidant status in rats subjected to wood smoke inhalation and/or thermal injury
	Materials and methods
	Experimental design
	Tissue analyses
	Statistical analysis

	Results
	Lavage fluid
	Lung tissue
	Electron microscopy observations

	Discussion
	Acknowledgements
	References


