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Abstract

Objective—Acute lung injury secondary to smoke inhalation is a major source of morbidity and
mortality in burn patients. We tested the hypothesis that nebulized epinephrine would ameliorate
pulmonary dysfunction secondary to acute lung injury by reducing airway hyperemia and edema
formation and mediating bronchodilatation in an established, large animal model of inhalation
injury.

Design—Prospective, controlled, randomized trial.

Setting—University research laboratory.

Subjects—Twenty-four chronically instrumented, adult, female sheep.

Interventions—Following baseline measurements, the animals were allocated to a sham-injured
group (n =5), an injured and saline-treated group (n = 6), or an injured group treated with 4 mg of
nebulized epinephrine every 4 hrs (n = 6). Inhalation injury was induced by 48 breaths of cotton
smoke. The dose of epinephrine was derived from dose finding experiments (n = 7 sheep).

Measurements and Main Results—The injury induced significant increases in airway blood
flows, bronchial wet/dry weight ratio, airway obstruction scores, ventilatory pressures, and lung
malondialdehyde content, and contributed to severe pulmonary dysfunction as evidenced by a
significant decline in Paoy/Fio, ratio and increase in pulmonary shunt fraction. Nebulization of
epinephrine significantly reduced tracheal and main bronchial blood flows, ventilatory pressures,
and lung malondialdehyde content. The treatment was further associated with significant
improvements of Paoy/Fiop ratio and pulmonary shunting.

Conclusions—Nebulization of epinephrine reduces airway blood flow and attenuates
pulmonary dysfunction in sheep subjected to severe smoke inhalation injury. Future studies will
have to improve the understanding of the underlying pathomechanisms and identify the optimal
dosing for the treatment of patients with this injury.
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Approximately 7%-20% of burn patients admitted to burn centers suffer from concomitant
inhalation injury (1, 2). The presence of inhalation trauma has major impact on severity and
survival of these patients (1-3). The mortality rates of these patients range from 20% to 60%
(2, 3), accentuating the significance of new effective treatment strategies for patients with
this injury.

Acute lung injury represents a serious complication that mainly contributes to smoke
inhalation-related mortality. Among the involved pathophysiologic alterations, airway
dysfunction plays a crucial role in acute lung injury-induced pulmonary failure. Key factors
that impair normal airway function secondary to smoke inhalation include bronchospasm (4)
and increased airway blood flow (5); the latter leading to airway wall edema, leakage of
procoagulant factors containing exudates into the airways, and subsequent formation of
obstructive casts (6, 7). The described changes altogether narrow the airway lumen and
impair the alveolar ventilation. The resultant ventilation/perfusion mismatch deteriorates the
pulmonary gas exchange and leads to systemic hypoxemia. In addition, increased airway
blood flow empties into the lung, thereby mechanically increasing pulmonary transvascular
fluid flux. Furthermore, airway hyperemia can augment parenchymal lung damage by
flushing the pulmonary microcirculation with inflammatory mediators (8, 9).

Epinephrine is a catecholamine with dose-dependent a-adrenergic and strong [ receptor-
mediated vasoconstrictive properties. Intravenously administered epinephrine is mainly used
for cardiovascular resuscitation because of its strong hemodynamic effects; however, its
local B- and a-adrenergic properties are also exploited for the treatment of acute
bronchospasm in patients with asthma (10, 11) or decreasing mucosal edema in children
with laryngotracheitis (12), respectively.

We hypothesized that nebulized epinephrine will ameliorate pulmonary dysfunction
secondary to smoke inhalation by reducing airway hyperemia and edema formation and
mediating bronchodilatation. We further assumed that nebulized epinephrine will attain local
airway efficacy without undesirable systemic effects, especially in the presence of
hypermetabolic and hemodynamic alterations in thermally injured patients (13, 14). We
tested this hypothesis in an established, large animal model of smoke inhalation injury (15—
17).

MATERIALS AND METHODS

This study was approved by the Animal Care and Use Committee of the University of Texas
Medical Branch and conducted in compliance with the guidelines of the National Institutes
of Health and the American Physiologic Society for the care and use of laboratory animals.

Surgical Preparation and Injury

Twenty-four healthy adult female sheep weighing 30-40 kg were included in this study.
Following induction of anesthesia with ketamine (500 mg intramuscular, 300 mg
intravenously), endotracheal intubation was performed. Anesthesia was maintained using an
isoflurane (1.4-1.8 vol%)-oxygen mixture. The right femoral artery was cannulated with a
polyvinylchloride catheter (Intracath, 16-G, 24 inches, Becton Dickinson Vascular Access,
Sandy, UT) for continuous measurement of systemic arterial pressure and intermittent
sampling of arterial blood. A thermodilution catheter (model 93A-131-7F, Edwards Critical
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Care Division, Irvine, CA) was inserted into the right external jugular vein through an
introducer sheath (Edwards Lifescience, Irvine, CA) and advanced into the common
pulmonary artery. Through the left fifth intercostal space, a Silastic catheter (0.062-inch
inner diameter and 0.125-inch outer diameter, Dow Corning, Midland, MI) was positioned
in the left atrium for continuous measurement of left arterial pressure. After a recovery
period of 5-7 days, a baseline measurement was performed in spontaneously breathing
sheep. Thereafter, the animals were anesthetized using intravenous ketamine (5 mg/kg). A
tracheostomy was performed and anesthesia was maintained with a halothane (1.1-2.0 vol
%)-oxygen mixture. A Foley urinary retention catheter was inserted. Under deep anesthesia,
the animals received smoke inhalation injury according to an established protocol, which has
previously been described in detail (15-17). In brief, the sheep were insufflated with a total
of 48 breaths (four sets of 12 breaths each) of cotton smoke. The smoke was applied using a
modified bee smoker filled with 40 g of burning cotton toweling and connected to the
tracheostomy tube via a modified endotracheal tube containing an indwelling thermistor
from a pulmonary artery catheter. During the insufflation procedure, the temperature of the
smoke was monitored carefully and not allowed to exceed 40°C. Arterial
carboxyhemoglobin concentrations were determined immediately after each set of smoke
inhalation. Anesthesia was then discontinued and the sheep were allowed to awaken.

Experimental Protocol

After injury, the sheep were randomly allocated to the following three study groups: 1)
sham-injured, non-treated animals (Sham; n = 5); 2) injured animals that received 10 mL of
nebulized saline (Saline; n = 6); and 3) injured animals treated with 4 mg of nebulized
epinephrine (Epi 4 mg; n = 6). The nebulization procedure was started 1 hr after the injury
and repeated every 4 hrs using an ultrasonic nebulizer (Aeroneb Pro, Aerogen, Mountain
View, CA). The respective dose of epinephrine was dissolved in 10 mL of saline and
nebulized over 30 mins. All sheep were mechanically ventilated (Servo Ventilator 900C,
Siemens, Elema, Sweden) with a tidal volume of 12-15 mL/kg and a positive end-expiratory
pressure of 5 cmH»0. The Fiop was set at 1.0 for the first 3 hrs post-injury and was then
adjusted to maintain sufficient oxygenation (Sao, >90%, Pao, 80-100 mm Hg) whenever
possible. The respiratory rate was initially set at 20 breaths per minute and was then adjusted
according to blood gas analyses to maintain the Pacop within 5 mm Hg of the baseline value.
All animals were fluid resuscitated with lactated Ringer’s solution to keep hematocrit and
cardiac filling pressures close to baseline values (+3%). The sheep had free access to dry
food, but not water, to control the fluid balance. At the end of the 48-hr study period, the
animals were deeply anesthetized with ketamine (15 mg/kg) and euthanized by intravenous
injection of 60 mL saturated potassium chloride.

Dose Finding

To identify an effective and safe dose, we performed dose response studies in an additional
seven sheep. At first, we tested the effects of 2, 4, and 6 mg of nebulized epinephrine in
uninjured and instrumented sheep and monitored systemic hemodynamic variables, arterial
lactate and glucose concentrations, and serum levels of catecholamines. After each
nebulization procedure, systemic hemodynamic variables were monitored and documented
after 0, 1, 2, 3, 4, 5, 10, 15, and 60 mins, and blood was drawn at 0, 15, and 60 mins (Table
1). Afterward, we tested the effects of 2 and 4 mg nebulized epinephrine on the degree of
lung injury over 48 hrs in sheep subjected to the above described smoke inhalation
procedure (Table 2). Nebulization of 2 mg of epinephrine had no significant effects on
systemic hemodynamic variables or metabolism in the healthy state and did not attenuate the
development of pulmonary dysfunction after inhalation injury. Nebulization of 4 mg of
epinephrine had moderate but less metabolic effects than 6 mg, but effectively attenuated the
deteriorations of Paoy/Fiop ratio, pulmonary shunt fraction, and ventilatory pressures.
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Accordingly, 4 mg nebulized epinephrine was considered as the dose that exerts minimal
systemic effects on hemodynamics and metabolism, but beneficially influences the degree of

lung injury.

Hemodynamic Measurements

Systemic and pulmonary hemodynamic variables were determined from the femoral and
pulmonary artery catheters using pressure transducers (Baxter-Edwards Critical Care, Irvine,
CA) and recorded on a hemodynamic monitor (monitor V24C, Philips Medizin Systeme
Bdblingen, Boblingen, Germany). Cardiac output was measured in triplicate with the
thermodilution technique (Monitor 9530, Baxter-Edwards Critical Care). Cardiac index was
calculated using a standard equation.

Blood Analysis

Blood gases were measured using a blood gas analyzer (Synthesis 15, Instrumentation
Laboratories, Lexington, MA). In addition, blood was centrifuged and plasma and serum
samples were frozen at —80°C for the determination of serum aspartate aminotransferase,
alanine aminotransferases, bilirubin, and creatinine (Vitros 5,1 FS, Ortho Clinical
Diagnostics, Rochester, NY, USA). Plasma colloid oncotic pressure (mp) was determined
with a colloid osmometer (model 4420, Wescor, Logan, UT). Plasma protein concentration
(Cp) was measured with a refractometer (National Instrument; Baltimore, MD).
Catecholamine plasma levels were measured by high performance liquid chromatography
using a commercially available assay kit (Bio-Rad Laboratories, Hercules, CA).

Pulmonary Function

The Paoy/Fiop ratio was calculated as an index of pulmonary oxygenation. As an estimate of
ventilation/perfusion mismatch, the pulmonary shunt fraction (Qs/Qt) was calculated using
the following standard equation (18): Qs/Qt = (Ccoy — Caop)/(Ccop — CCVoy), Where Ccoy is
the end capillary oxygen content, Cao, is the arterial oxygen content, and Cvo, is the arterial
oxygen content. It was assumed that the hemoglobin of the alveolar end capillaries was
completely saturated with oxygen.

Tissue Analysis

After completion of the 48-hr experiment, the right lung was removed, and a 1-cm thick
section was taken from the lower lobe and inflated with 10% formalin for histologic
examination. Fixed samples were embedded in paraffin, sectioned into 4-um pieces, and
stained with hematoxylin-eosin. A pathologist who was unaware of the group assignments
analyzed the samples. Airway obstruction was evaluated by estimating the degree of luminal
obstruction (0% to 100%). Each airway was classified as a bronchus, a bronchiole, or a
terminal bronchiole as previously described (6). From the remaining part of the right lower
lobe, bloodless lung wet/dry weight ratio was calculated as an index of lung water content
(19). Malondialdehyde formation was utilized to quantify the lipid peroxidation in the lung
and measured as thiobarbituric acid-reactive material. Lung malondialdehyde levels were
quantified with a commercially available assay (Northwest Life Science Specialties,
Vancouver, WA, Canada). The level of lipid peroxides was expressed as malondialdehyde/
protein.

Statistical Analysis

All values are expressed as means * sew. Results were compared by a two-way analysis of
variance (ANOVA) for repeated measures with appropriate Student-Newman-Keuls post
hoc comparisons to compare differences within and between groups. One-way ANOVA was
used to compare groups when measurements were made at only one time point, and the
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New-man-Keuls procedure was used for post hoc pairwise comparisons. A value of p< .05
was regarded as statistically significant.

RESULTS

Airway Microvascular Blood Flow and Edema Formation

Tracheal and bronchial microvascular blood flow markedly increased in saline-treated
injured sheep vs. sham animals. This increase was significantly attenuated by nebulization
of 4 mg of epinephrine in the trachea and in the right and left main bronchi (Fig. 1, Table 3).
The injury also induced a significant increase in bronchial wet/dry weight ratio in saline-
treated, but not in epinephrine-treated, animals (Fig. 2). Total lung wet/dry weight ratio was
not significantly different between groups.

Ventilatory Pressures and Airway Obstruction

The injury-related elevations in both peak and pause airway pressures were significantly
attenuated in sheep that received epinephrine nebulization (Fig. 3). Histologically
determined bronchial obstruction score was significantly increased in injured, saline-treated
vs. sham animals (24% + 7% vs. 2% + 1%; p=.02). This increase was slightly decreased by
epinephrine nebulization (21% * 8%), but no significant differences were found between
saline- and epinephrine-treated groups (p > .05).

Organ Functions

The injury was associated with a severe impairment in respiratory gas exchange as indicated
by a decline in Paoy/Fio, ratio below 200 mm Hg and a concurrent increase in pulmonary
shunt fraction in saline-treated animals. In the epinephrine group, the Paoy/Fio) ratio
remained above 300 mm Hg during the entire study period, and was significantly higher
than in the saline group from 36 to 48 hrs (Fig. 4A). Pulmonary shunt fraction was also
significantly lower in epinephrine-treated than in saline-treated animals from 36 to 48 hrs
post-injury (Fig. 4B). Surrogate parameters of liver function (aspartate aminotransferases,
alanine aminotransferases, bilirubin), kidney function (creatinine, creatinine clearance, urine
output), and systemic vascular permeability (plasma protein concentration, colloid oncotic
pressure, fluid balance) were not affected by epinephrine nebulization (data not shown).

Formation of Malondialdehyde

Malondialdehyde contents in whole lung homogenates were significantly increased post-
injury in saline-treated vs. sham animals. In injured sheep treated with nebulization of 4 mg
of epinephrine, the increase in malondialdehyde contents was abolished (Fig. 5).

Hemodynamic Variables, Metabolism, and Catecholamine Plasma Levels

Except for a transient elevation in cardiac index at 6 hrs, and a mild increase in arterial
lactate concentration at 6 and 18 hrs post-injury, systemic and pulmonary hemodynamic
variables and metabolism were not significantly affected by epinephrine nebulization (Table
4). Plasma catecholamine concentrations were similar in saline- and epinephrine-treated
groups (data not shown).

DISCUSSION

The key findings of the current investigation are that nebulization of 4 mg of epinephrine
every 4 hrs effectively attenuated the smoke inhalation-induced elevations in tracheal and
main bronchial blood flow, increases in ventilatory pressures, and deteriorations in
pulmonary shunting and oxygenation in sheep. Importantly, the beneficial effects of
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epinephrine nebulization on pulmonary function were not associated with detrimental effects
attributed to epinephrine when administered systemically, such as increases in plasma
catecholamine levels, and arterial lactate or glucose concentrations.

The pathophysiologic alterations following smoke inhalation injury are multifaceted and
include the release of neuropeptides, such as calcitonin gene-related peptide (5), induction of
nitric oxide synthases (15, 20), the release of reactive nitrogen and oxygen species (20), and
activation of poly(adenosine diphosphate) polymerase (21) and nuclear factor-kB (22).
Altogether these abnormalities contribute to an early 20- to 30-fold pathologic increase in
airway blood flow, leading to airway wall edema formation and impairment of physiologic
mechanisms, including hypoxic pulmonary vasoconstriction (23). Consequently, the blood
flow to nonventilated areas of the lung increases which results in a ventilation/perfusion
mismatch as reflected by an elevation in pulmonary shunt fraction. Furthermore, increased
blood flow and the development of microvascular hyperpermeability in response to smoke
inhalation injury lead to the transvascular leakage of plasma into the airways. This exudate
contains procoagulant factors, which are activated by tissue factors present in alveolar
macrophages or expressed from pulmonary epithelial cells and result in the formation of
fibrin clots in the airways. Fibrin solidifies and forms a solid mass which obstructs 18%—
26% of the airway lumen (6, 7). In addition, the inhalation of smoke induces airway
hyperresponsiveness and bronchospasm, which further disrupts the normal air flow (4). All
of these pathologic changes (airway wall edema, airway obstruction, and bronchospasm)
lead to airway narrowing, impaired alveolar ventilation, and a significant ventilation/
perfusion mismatch, which causes systemic hypoxemia. Additionally, increased airway
blood flow can augment lung injury because it flushes the pulmonary microcirculation with
various mediators, including accumulated neutrophils, cytokines, and reactive nitrogen and
oxygen species (8, 9). This, in turn, may induce a severe inflammatory response of the lung
parenchyma.

We have previously demonstrated that the above described chain of events can be
interrupted experimentally at various levels by administration of specific pharmacologic
antagonists (e.g., neuropeptide antagonists or nitric oxide synthase inhibitors [5, 15, 20]) or
by surgical ablation of airway blood flow (8, 9). However, these innovative treatment
strategies could not yet be translated into clinical practice because the compounds are not
approved for human application and fear of uncontrollable side effects, respectively. In
contrast, the proposed nebulization of epinephrine in the current study represents an
effective treatment of inhalation injury that has already been established in the management
of other airway diseases (10-12).

The current study is the first to provide evidence that epinephrine nebulization reduces the
smoke inhalation-related ventilation/perfusion mismatch, as indicated by decreased
pulmonary shunt fraction, and improves pulmonary oxygenation, as evidenced by increased
Paoy/Fioy ratio. With the applied methods, important mechanistic aspects of the amelioration
of pulmonary function could be identified. The hypothesis that the topical vasoconstrictive
a-adrenergic effects of nebulized epinephrine reduce airway hyperemia could be confirmed
by the significantly lower tracheal and main bronchial blood flow in the treatment group. In
addition, there was a trend toward lower bronchial wet/dry weight ratio, indicating less
airway wall edema through epinephrine nebulization. Although the effects of nebulized
epinephrine on bronchoconstriction were not directly measured, the significantly reduced
ventilatory pressures in the treatment group give indirect evidence of wider airway lumens,
probably due to the topical bronchodilator, By-adrenergic effects. Furthermore, the reduction
of airway blood flow by epinephrine nebulization in the present study was associated with
significantly less malondialdehyde formation in lung tissue. Malondialdehyde is a marker of
lipid peroxidation and is increasingly formed in response to inflammation. Thus, the current
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results suggest that reduced airway blood flow by epinephrine nebulization positively
influences the inflammatory response of the lung parenchyma after inhalation of smoke. It is
a limitation of the current study, however, that only the effects of epinephrine, a mixed o-
and [-agonist, were tested. Future experiments are warranted to define the role of
pharmacologic modulation of each receptor separately in the setting of severe inhalation
injury.

Smoke inhalation also triggers mucus secretion by airway glands. We have previously
shown that excessive mucus secretion plays an essential role in the formation of airway
obstructive casts (24). Epinephrine is generally assumed to exert no significant effects on
airway glands, but may even slightly increase mucus gland secretion (25, 26). Notably,
epinephrine nebulization in the current study did not significantly alter histologically
determined airway obstruction scores, indicating that the treatment had no major influence
on mucus secretion and airway cast formation in this experimental model of severe smoke
inhalation. The fact that ventilatory pressures decreased in the treatment group although
bronchial obstruction scores were unaffected, indicates that nebulized epinephrine directly
exerted bronchodilatory effects.

The dose of 4 mg nebulized epinephrine in sheep did not exert significant adverse
hemodynamic effects, probably because this dose was just high enough to exert local effects
on the airways. Nonetheless, it has to be kept in mind that the f-adrenergic effects of higher
doses of epinephrine may cause potential harm by increasing heart rate, and the a-
adrenergic effects may induce uncontrolled elevation of blood pressure by systemic
vasoconstriction. These drug-induced hemodynamic alterations may become problematic in
patients with significant comorbidities such as coronary heart disease or cerebral aneurysms.
Importantly, we observed dose-dependent increases in arterial lactate and glucose
concentrations within 1 hr after epinephrine nebulization. Even though these effects were
only transiently detectable, metabolic alterations may represent another potential side effect
of this treatment. Notably, inhalation injury is frequently associated with cutaneous burns,
and endogenous catecholamines are known to be the primary mediators of the
hypermetabolic response in burn patients (13, 14). Additional administration of exogenous
epinephrine may support the burn-induced hypermetabolic reaction and increase the
likelihood of complications in this patient population. Future studies are warranted to test
the effects of nebulized epinephrine in an ovine model of combined smoke inhalation and
large skin burn.

In the current study, we were seeking the most effective dose of epinephrine with minimum
systemic effects. While 2 mg of nebulized epinephrine did not ameliorate pulmonary
oxygenation, nebulization of 6 mg epinephrine was associated with the highest increase in
arterial lactate concentrations. Thus, we selected a dose of 4 mg, which significantly
improved the pulmonary gas exchange with less metabolic effects than the higher dose.
However, it is a limitation of the present study that we did not test the effects of higher doses
on pulmonary function. We refrained from conducting more extensive range-finding studies
because the costs of large animal studies make such experiments prohibitively expensive. In
addition, caution should be exercised when extrapolating the findings from the sheep model
to humans with inhalation injury because of potential differences in species. Finally, the
effects of epinephrine on survival have not been determined. The amelioration of
physiologic parameters by the treatment may not necessarily be associated with improved
long-term outcome.
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CONCLUSIONS

Nebulization of 4 mg epinephrine every 4 hrs significantly attenuated the development of
pulmonary dysfunction in sheep subjected to severe smoke inhalation injury, probably
through both local vasoconstrictive a-adrenergic effects that reduced airway blood flow and
[-adrenergic effects that caused bronchodilatation. Epinephrine has an advantage toward
pure a- and B-agonists in this regard because it exerts both vasoconstrictive and
bronchodilatory effects concurrently. Therefore, nebulization of epinephrine may represent a

us!
to

eful treatment adjunct for patients with severe inhalation injury. Future studies will have
further evaluate the understanding of the underlying pathomechanisms and to identify the

optimal dosing for the treatment of patients with this injury.
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Figure 1.

Impact of epinephrine (£p/) nebulization on tracheal blood flow as assessed by microsphere
technique in sheep with combined burn and smoke inhalation injury. *p < .05 vs. Sham; Tp
< .05 epinephrine 4 mg vs. saline.
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Figure2.
Impact of epinephrine (£pi) nebulization on bronchial wet/dry weight ratio in sheep with
combined burn and smoke inhalation injury. *p < .05 vs. sham.
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Figure 3.

Impact of epinephrine (Epi) nebulization on ventilatory pressures (A, peak airway pressure
and B, pause airway in sheep with combined burn and smoke inhalation injury. *p < .05 vs.
Sham; Tp < .05 epinephrine 4 mg vs. saline.
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Figure4.

Impact of epinephrine (£pi) nebulization on Paoy/Fiop ratio (A) and pulmonary shunt fraction
(B) of sheep with combined burn and smoke inhalation injury. *p < .05 vs. sham; Tp < .05
epinephrine 4 mg vs. saline.
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Figureb.

Impact of epinephrine (£p/) nebulization on lung homogenate malondialdehyde content, and
index of lipid peroxidation, of sheep with combined burn and smoke inhalation injury. *p <.
05 vs. sham; Tp < .05 epinephrine 4 mg vs. saline.
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