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Thom SR, Mendiguren 1, Fisher D. Smoke inhalation—induced alveolar lung injury is inhibited by hyperbaric oxygen.
Undersea Hyper Med 2001; 28(4):175-179. —Smoke-induced lung injury in rats was assessed in terms of histopathology,
gross mortality, neutrophil accumulation and as capillary leak. Administration of hyperbaric oxygen (HBO,), 2.8 atm abs
for 45 min, inhibited adhesion of circulating neutrophils subsequent to smoke inhalation. HBO, reduced pulmonary
neutrophil accumulation whether used in a prophylactic manner, 24 h before smoke inhalation, or as treatment immediately
after the smoke insult. Emphasis was placed on prophylactic administration of HBO, to avoid the possibility that beneficial
effects may be related to hastened removal of carbon monoxide. Based on all parameters tested, smoke inhalation injury
was reduced by prophylactic administration of HBO,. The beneficial effect appears related to inhibition of neutrophil

adhesion to the vasculature.

myeloperoxidase, pneumonitis, respiratory distress syndrome, cell adhesion

Smoke inhalation is the leading cause of death in
victims of structural fires (1). Over half of all deaths are
related to toxic gases, such as carbon monoxide (CO) and
cyanide, and the majority of the remaining mortality is
due to lung injuries (2,3). Pulmonary pathophysiology is
initially localized to the conducting airways and charac-
terized by edema and tracheobronchitis. At this early
stage, only patchy parenchymal lung injury is present (4).
Among patients who sustain smoke inhalation and
survive the acute threat from toxic gases, mortality
occurs in only 5-10 % due to early lung injury. If the
injury progresses after the initial 1824 h, however, it is
associated with alveolar inflammatory changes that are
often fatal. The clinical variable that heightens risk for
developing this form of respiratory distress syndrome is
a concurrent cutaneous burn. The mortality risk increases
dramatically even in patients with a relatively small total
body surface area burn, to as much as 60% in some
studies (5-9).

Clinical evidence suggests that products of smoke, or
those produced by oxidation of airway tissues, activate
alveolar macrophages (10-12). Chemoattractants pro-
duced by the alveolar macrophages are believed to cause
influx of circulating polymorphonuclear leukocytes
(PMN). The risk for lethal alveolar inflammation is
greatest when the recruited PMN are already stimulated,
or “primed”, by additional stimuli. Thermal burns can
cause activation of complement in the vascular compart-
ment and circulating PMN appear to have been activated,
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based on chemotaxis studies and the presence of
increased numbers of cell-surface receptors (13—15).

Polymorphonuclear leukocytes play a central role in
experimental smoke-induced alveolar lung pathology and
little injury develops in neutropenic animals (16,17).
Methods of impeding adherence between PMN and
endothelium are frequently beneficial for limiting inflam-
matory injuries, and monoclonal adherence-blocking
antibodies have been successfully applied in a smoke
inhalation model (18,19). Based on prior investigations,
we hypothesized that hyperbaric oxygen (HBO,) may be
protective against pulmonary injury because it will
inhibit PMN adherence to endothelium. Inhibition of
PMN B, integrins and their ICAM endothelial counter-
receptors can be achieved with HBO, without compro-
mising immune surveillance and antibacterial functions
(20-24). HBO, exposure will also inhibit PMN J,
integrin-dependent adherence in humans (25).

This study was designed to evaluate the potential for
prophylactic HBO, to abate the progression of alveolar
lung injury from smoke. Although this is obviously not
the typical clinical scenario, emphasis was placed on
exposures performed before the smoke insult occurred in
order to avoid difficulties with interpretation of results.
If used after the smoke insult, some beneficial actions of
HBO, might be related to hastened removal of CO from
hemoproteins.

Critiques of animal studies point out that their rele-
vance may be challenged because of variations in the
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toxic components of smoke and by the progression of
pulmonary injury due to inflammation (2). Indeed,
because clinical risk is greatest with the combination of
injury to the local airways coupled with a cutaneous
burn, few relevant models exist. Incorporating both
variables in a humane model requires concomitant
anesthesia, which may add further hemodynamic com-
promise (26). Moreover, thermal injury can by itself
cause diffuse capillary leakage (27). Use of smoke and
thermal burns, plus anesthetics, has been performed in
one sheep and one mouse model (26,28-30). To avoid
the confounding variable posed by anesthetics, we chose
a laboratory model using spontaneously breathing, unan-
esthetized rats. Local lung injury in this model can be
varied by using different fuels to produce smoke, and
circulating PMN are remotely activated by inducing
peritonitis with sterile glycogen (17).

METHODS

Animals and reagents: Male Fischer rats (weighing
200-250 g) certified pathogen-free (Charles River Lab-
oratories, Wilmington, DE) were fed a standard diet and
water ad libitum. Scrubbed nylon (type 200L) was
produced by DuPont Biotechnology Systems Division
(Boston, MA). All other reagents were purchased from
Sigma Chemical Co., St. Louis, MO.

Animal procedures: The smoke inhalation model and
all treatments given to the animals were approved by the
Institutional Animal Care and Use Committee. Rats
received an intraperitoneal injection of sterile oyster shell
glycogen, 6 ml of 1% wt/vol, 4 h before smoke exposure.
They were exposed, head only, for 30 min to smoke
generated from the non-flaming combustion of polyvinyl
chloride combined with Douglas fir wood, as described
previously (17). Typically, four to six rats were exposed
at a time. Untreated control rats were included with all
repeated experiments to assure comparability among
studies, which lead to slightly unequal total numbers of
rats in the different treatment groups. Except were indi-
cated, parameters were measured 24 h after exposure to
smoke. Lung ['*IJalbumin retention, myeloperoxidase
(MPO) activity, and histologic examinations were per-
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formed as described in detail previously (17). In brief,
rats were anesthetized [0.25 mg - kg ' ketamine and 5 mg
- kg ' xylazine i.p.], lungs exposed, and the pulmonary
artery cannulated with a 22-gauge catheter. The left
atrium and ventricle were opened widely to allow free
drainage of blood. For the ['*I] albumin retention and
MPO assays, lungs were perfused with phosphate
buffered saline containing 4% Ficoll and homogenized
for analysis. A 1-ml aliquot of blood was also assayed to
allow correction for residual blood in the lung homog-
enate. Residual hemoglobin in the lung homogenate was
measured using the dithionite assay and the lung homog-
enate value corrected based on results obtained with the
1-ml blood aliquot (17). Contaminating blood averaged
less than 20 ul. For histologic analysis, the chest and
abdominal cavity were opened to allow the lungs to
collapse. The trachea was cannulated with a tube leading
from a reservoir of fixative [4% (wt/vol) formalin in 300
mOSM phosphate buffer] located 20 cm above the level
of the sternum and perfused under gravity to fix the lungs
in an expanded state (17). Exposure to HBO, was carried
out at 2.8 atm abs for 45 min following published proce-
dures (22). PMN adherence was evaluated by passing
heparinized whole blood through columns of scrubbed
nylon fibers as described in previous publications (22).

Statistical analysis: Data are reported as mean + SE,
with significant differences determined by one-way
analysis of variance using the Bonferroni/Dunn post hoc
test.

RESULTS

Clinical progression of injuries: Rats were exposed to
smoke from Douglas fir wood plus polyvinyl chloride
plastic, a combination that was reported to cause severe lung
injury (17). Four hours before the smoke exposure, they
received an intraperitoneal injection with sterile glycogen.
Lung pathology was evaluated in rats killed 24 h following
smoke inhalation. Table 1 demonstrates that all rats, whether
they received HBO, or not, developed tracheobronchitis,
which is consistent with a local response to smoke products.
However, significantly fewer rats who received prophylactic
HBO, developed pneumonitis.

Table 1:Number of Rats Demonstrating Various Types of Pulmonary Histopathology

24 h After Exposure to Smoke”
Group Total No. Tracheo- Perivascular Alveolar Pulmonary (Alveolar)
Examined bronchitis Bronchial Edema Infiltrates Edema
Smoke n=8§ 8 4 7 7
HBO, + smoke n=17 7 2 1* 1*

“Observations were made by investigator masked to exposure group.

observed in five rats examined after exposure to only HBO,.

*P < 0.05. No pathologic changes were
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Table 2: Mortality From Smoke Inhalation

Acute Death, Death at
<4 h 1848 h
Smoke, no treatment,
n=29 3,COHb 84 + 1% 6
HBO, then smoke, n =20 1, COHb 80% 3*

*P <0.05.

This model was developed with the aim to minimize
spontaneous mortality, as that would compromise the
reliability of pathologic evaluations. Nonetheless, a few
animals died spontaneously. Acute mortality was defined
as death less than 4 h after smoke exposure. All rats
dying in the acute time interval had COHb levels of 80%,
or more. No other rats died until 18 or more hours later.
We observed that late deaths occurred in fewer rats who
had received prophylactic HBO,, as shown in Table 2.

Lung myeloperoxidase activity: Neutrophil localization
within lungs 24 h after the smoke exposure was quanti-
fied by measuring activity of MPO in tissue homogen-
ates. As shown in Fig. 1, there was a significant elevation
in MPO activity due to smoke, and HBO, reduced MPO
content whether administered 24 hours before the smoke
exposure or immediately after smoke inhalation.

Circulating neutrophil adherence: Adherence of
circulating PMN was measured by filtering blood
through nylon columns. Tests were conducted after rats
were exposed to smoke, and at comparable times in those
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FIG. 1—Lung PMN infiltration evaluated by MPO activity. MPO
activity was measured 24 h after smoke exposure. Results are
expressed as change in absorbance of preparation at 460 nm * min™'
per gram wet weight of lung (mean + SE, *P < 0.05 compared with
control).
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FIG. 2—PMN adherence to nylon columns. Heparinized blood was
obtained from rats exposed only to air (control), 4.5 h after
intraperitoneal injection with glycogen, immediately after the 30-min
exposure to smoke, afier intraperitoneal glycogen injection followed
by a 4-h delay and then a 30-min exposure to smoke, or HBO,
exposure the day before intraperitoneal glycogen injection followed
by a 4-h delay and then a 30-min exposure to smoke. Data represent
% PMN that adhered to nylon expressed as mean ®SE (n = number of
rats studied). *P < (.05 vs. control.

rats exposed to individual components of the model.
Therefore, rats were studied immediately after the 30-
min exposure to smoke, 4.5 h after intraperitoneal
injection with glycogen, after intraperitoneal glycogen
injection followed by a 4-h delay and then a 30-min
exposure to smoke, or HBO, exposure the day before
intraperitoneal glycogen injection followed by a 4-h
delay and then 30-min exposure to smoke. PMN adher-
ence was not significantly different except among rats
receiving HBO, before smoke inhalation (Fig. 2). These
data are consistent with prior publications (21,22). They
indicate that adherence function of circulating neutro-
phils was inhibited by HBO, and that the smoke plus
glycogen insult did not modify this response.

Capillary permeability: Measurements of ['**I]albumin
retention were made on lungs from rats 24 h after the
smoke insult. Results (Fig. 3) demonstrated a capillary
leak in lungs from rats exposed to the smoke insult and
significantly less leakage of albumin into lung tissues if
rats were treated with HBO, before smoke inhalation.

DISCUSSION

Smoke-induced lung injury was assessed in terms of
histopathology, gross mortality, PMN accumulation, and
as capillary leak. Administration of HBO, reduced PMN
accumulation whether used in a prophylactic manner or
as treatment after the smoke insult. Based on all param-
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FIG. 3—['*IAlbumin permeability of lung 24 h after exposure to
smoke. Data are expressed as the percentage of counts present in lung
homogenate vs. counts in blood from same animal (mean + SE, *P <
0.05 vs. control, n = number of rats studied).

eters tested, smoke inhalation injury was reduced by
prophylactic administration of HBO,. In prior investiga-
tions, protection against lung injury was shown with neu-
tropenia and with agents that inhibited elaboration of
reactive species (31). Data presented in this paper suggest
that the beneficial effect of HBO, is related to its ability
to inhibit PMN adhesion function. Impaired adhesion of
circulating PMN subsequent to smoke inhalation was
shown in rats treated with HBO,.

Investigating the pathophysiology and treatment of
smoke inhalation is confounded by the variability of the
clinical picture. Smoke itself has variable composition
and host factors add to variability of responses (2). The
focus of this paper was on mechanisms responsible for
development of alveolar injury, and limitations in the
applicability of conclusions are obviously dependent of
the model used. Ours is a model initially developed at the
National Institute of Standards and Technology, and the
smoke generated in this model system has been shown to
closely approximate that which is found in large-scale
structural fires (32). The model also allows for avoidance
of anesthesia, which is required with large animal studies
requiring surgical instrumentation and models where
thermal burns are inflicted. Glycogen peritonitis, an
obvious artificial stimulus, was used in place of burns to
precipitate an inflammatory response which does not
itself alter the lungs but will modify responsiveness of
circulating PMN (33).

Practical application of the results in this paper are
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supported by anecdotal reports of reduced lung injury
among patients who received HBO, for thermal burns
after house fires (34). HBO, has been shown to inhibit rat
PMN B, integrin adhesion function, as measured by
nylon filtration and other assays, and the effect persists
for at least 24 h (22). In humans, the effect of HBO,
persists for less than 12 h (25). The reason for the
difference in duration of the effect is unknown as the
half-life for circulating PMN is similar; 6.6 h in humans
and approximately 5.7 h in rats (35, 36).

Our results suggest that there is merit to further
investigations into the potential benefit of HBO, for lung
injury from smoke inhalation. Workers should remain
mindful, however, of the limitations in our study. The
fidelity of any animal model to replicate clinical injury is
always a question. Moreover, the time course for devel-
opment of lung injury, and the window of opportunity for
successful therapeutic interventions, may vary based on
environmental and host factors.

This work was supported by grants from the National Institutes of
Health AT-00428 and ES-05211.—Manuscript received September
2001; accepted December 2001.
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