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ABSTRACT 

Studies were initiated to characterize the acute and sub-chronic pulmonary 

responses to inhaled Jet-Propulsion Fuel 8 (JP-8) aerosol. At 24 to 30 hours following 

JP-8 exposure, physiological, biochemical, cellular, and morphological techniques were 

used to assay for lung injury. In addition, C57BL/6 and B6.A.DXAh//Naf) mice were 

utilized in the acute study to determine if responsiveness to aryl hydrocarbon 

hydroxylase (AHH) induction modulates toxicity. JP-8 contains aromatic compounds 

that are known substrates for AHH. Acute lung injury was evident by increased 

respiratory permeability that was accompanied by alveolar macrophage infiltration and 

activation, following exposure to occupational permissible levels of JP-8. 

Morphological alterations were characterized by terminal bronchiolar lesions of 

vacuolization and necrosis. AHH responsiveness did not appear to influence the 

severity of JP-8 induced lung injury. Lung injury following sub-chronic inhalation was 

found to be progressive in nature. Repeated exposure induced alveolar hemorrhage and 

alveolar macrophage cytotoxicity. Morphological changes progressed to include 

epithelial denudation of bronchiolar airways and vacuolization of alveolar type II 

epithelial cells and adjacent endothelia. 

The pulmonary clearance of JP-8 following inhalation exposures was determined 

indirecdy by analysis for tetradecane content within lung homogenates from exposed 

mice. Clearance of JP-8 following acute exposure was determined to have a half-life of 

43 minutes and increased by 14 minutes following a toxic sub-chronic exposure. The 
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relatively rapid pulmonary clearance of JP-8 following either acute or sub-chronic 

exposure implies that JP-8 induced lung injury was independent of pulmonary 

retention. 

Studies were also performed to determine if non-cytotoxic concentrations of JP-8 or 

tetradecane could decrease bronchial epithelial barrier fiinction. Studies showed that 

one hour of exposure to JP-8 or tetradecane could significandy enhance paracellular 

permeability to mannitol in the BEAS-2B human bronchial epithelial cell line, at two 

hours after exposure. Bronchial epithelial permeability appeared to be more sensitive 

to tetradecane than JP-8. Subsequent recovery studies determined that JP-8 and 

tetradecane-induced decreases in barrier function reach a maximum at 12 hours and 

barrier function returns to control by 48 hours post-exposure. These results indicate 

that JP-8 induced lung injury may be initiated by changes in airway barrier function. 
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CHAPTER 1 

INTRODUCTION 

Jet-propulsion Fuel 8 History 

Jet-propulsion fuel 8 (JP-8) is a kerosene-based fuel very similar to commercial Jet 

A-1 fuel. Combat data obtained during the Southeast Asian Conflict revealed that U. S. 

Air Force aircraft, using the highly volatile JP-4 jet fuel, had higher combat losses than 

U. S. Navy aircraft using low volatility JP-5 jet fliel. Crash data also indicated that the 

probability of a post-crash fire is almost 100 percent when using JP-4, which is 

significandy higher than with kerosene-based fuels such as JP-5 or commercial Jet A-1. 

The increased safety of kerosene fuels, as compared to wide cut fuels (50 to 60 percent 

gasoline) such as JP-4, was also evident in the number and severity of ground handling 

accidents. Therefore, JP-8 was developed to give the U. S. Air Force a safer kerosene-

based jet fuel that would still meet military specifications and became the primary jet 

fuel for U. S. Air Force operations in Great Britain, in 1979. Since then, JP-8 has 

become the primary jet fuel for U. S. Air Force, U. S. Navy, U. S. Army, and NATO 

ground-based operations, while JP-5 remains the primary jet fuel for carrier-based 

operations. JP-8 is also utilized by the U. S. military to fuel tanks, trucks, jeeps, and 

other materiel to reduce the requirement for different fuels. It is the U. S. military's 

eventual goal to have JP-8 as its lone fuel source. 
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Jet-propulsion Fuel 8 Physical and Chemical Properties 

The properties of JP-8 were selected to be identical to those of commercial Jet A-1 

to simplify the production of JP-8. JP-8 is a complex mixture of hydrocarbons 

produced by the distillation of crude oil and also contains many additives. The actual 

composition of any given fuel varies depending upon the source of the crude oil, 

refinery, product specifications, and quality control. JP-8 has a boiling point range of 

175 to 300 °C with a maximum freezing point of -47 °C and a minimum flash point of 

38 °C (Martel, 1987; NRC, 1996). JP-8 is composed of the following approximate 

percentages by volume; 9% Cg to C9 aliphatic hydrocarbons, 65% Cio to C14 aliphatic 

hydrocarbons, 7% Cu to Ci? aliphatic hydrocarbons, and 18% aromatic hydrocarbons. 

The aromatics typical of kerosene include benzene, alkyl benzenes, toluene, xylene, 

indenes, and naphthalenes. 

Occupational Military Exposures 

The U. S. Navy Office of Safety and Health (NAVOSH) obtained thirty-three time-

weighted average exposure measurements of JP-5 vapor from November 1984 to 

February 1993 (NRC, 1996). The measured concentrations ranged from less than 0.48 

mg/m^ to 153 mg/m^ with a geometric standard deviation of 4.8. Recent aerosol 

sampling for the Montana Air National Guard at Davis-Monthan Air Force Base, 

Tucson, AZ and Great Falls International Airport, Great Falls, MT measured JP-8 time-

weighted average exposure concentrations of 16 mg/m^ to 119 mg/m^ (Pfaff et al. 



1995). Sampling was performed during normal F-16A preflight operations, because the 

highest concentrations of uncombusted JP-8 are released as an aerosol during engine 

start-up. 

Permissible Exposure Levels 

NAVOSH's Standards Board proposed interim fuel exposure limits of 350 mg/m^ 

as the 8 hour time-weighted average permissible exposure limit (PEL) and 1,800 mg/m^ 

as the 15 minute short-term exposure limit (STEL) and the U. S. Air Force Office of 

Safety and Health (AFOSH) Standards Board followed suit (NRC, 1996; ATSDR, 

1995). These interim exposure limits for military fuels correspond with the U. S. 

National Institute of Occupational Safety and Health's recommended regulatory levels 

for more volatile petroleum distillates (NIOSH, 1976) and no other federal standards 

exist for JP-8 jet fuel exposure. 

The National Research Council (NRC) recently concluded that NAVOSH's PEL of 

350 mg/m^ was adequate based on the available toxicity data for military fuels (NRC, 

1996). The NRC final report also recommended that the STEL of 1,800 mg/m^ be 

lowered to 1,000 mg/m^, which was based on acute central nervous system effects 

reported from jet fuel exposures of 1,000 mg/m' and higher, in a Swedish jet engine 

factory. However, the NRC recommendation was based solely on the available vapor-

only exposure data and the final report was lacking in discussion on the lung as a 

potential target organ, even though the primary route of exposure reviewed was 
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inhalation. In addition, the report only assessed the risk of fuel vapor exposure, but did 

recommend that data be obtained on exposures to respirable aerosols. 

Jet Fuel Vapor Toxicity 

The major adverse health effects reported from inhalation of JP-8 fuel vapors are 

noncarcinogenic effects on the kidney, liver and central nervous system. Renal effects 

were characterized by a2u-globuiin nephropathy, but this was determined to be unique 

to male rats (Mattie et al., 1991). Liver studies in rats and mice were characterized by 

alterations in serum biomarkers, but there was a lack of histopathological correlation 

(MacEwen & Vemot, 1983, 1984, 1985). An epidemiological study, at a Swedish jet 

engine factory, characterized acute neurological effects of dizziness, headache, nausea, 

and fatigue; whereas, chronic symptoms were predominately neurasthenic effects of 

depression, lack of initiative, and memory impairment (Knave et al., 1976). Exposed 

workers also appeared to have higher performance degradation and incidence of 

electroencephalograms as compared to unexposed workers. 

Respiratory Tract Structure and Function 

The mammalian respiratory system is a structurally complex arrangement of organs 

designed primarily for oxygen intake and the elimination of carbon dioxide. The 

respiratory tract can be divided into two portions: the proximal conducting or non

respiratory airways that include the nose, pharynx, larynx, trachea, bronchi, and non

respiratory bronchioles; and the distal respiratory region that include the respiratory 
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bronchioles, alveolar ducts, and alveolar sacs. Gaseous exchange between air and 

blood is restricted to the distal region that is located in the lung parenchyma. The 

division of the respiratory tract can be identified in all mammalian species even though 

there is species variations in the architecture of the individual airway segments. 

The nose is the port of entry of the respiratory tract. The nasal airway is divided 

into two passages by the nasal septum. Each nasal passage extends from the nostrils to 

the nasopharynx. The pharynx connects the nasal and/or oral airway with the laryngeal 

airway during breathing. The larynx is between the pharynx and the trachea and 

functions as a tone producing structure and as a valve to prevent swallowed food from 

entering the respiratory tract. The proximal trachea is continuous with the larynx in the 

neck and extends into the thoracic cavity to the camia where it bifurcates to form to 

primary bronchi. The bronchi are conducting airways which extend into the lung lobes 

and subsequently divide into smaller diameter bronchial airways for 23 different 

generations. Bronchi and bronchioles have a symmetrical bifurcation branching system 

in humans. This is in contrast to most other mammals (e.g. monkey, rat, mouse) that 

have a monopodial branching pattern, consisting of daughter branches of unequal 

diameters (Yeh and Harkema, 1993). 

The bronchial airways divide into smaller and smaller diameter airways of non

respiratory bronchioles. The number of generations of non-respiratory bronchioles in 

small laboratory mammals are similar to those in humans. The most distal conducting 

and non-respiratory airways in the respiratory tract are defined as terminal bronchioles. 

The terminal bronchioles connect to respiratory (alveolized) airways. The focal area 
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where conducting and respiratory airways join is termed the centriacinus, which is a 

common site of injury from a variety of inhaled gases and particles. In humans the 

terminal bronchioles divide into several generations of respiratory bronchioles that 

divide into alveolar ducts and terminate into alveoli. In contrast, laboratory mammals 

have terminal bronchioles that terminate into alveolar ducts or alveoli (Yeh and 

Harkema, 1993). 

Respiratory tract airways are composed of at least 12 types of epithelial cells on the 

surface and five types of epithelial cells in glands (Rennard et al., 1991). However, the 

composition of bronchiolar epithelial lining cells of the centriacinar region varies from 

species to species. In most species, the terminal airways are composed of relatively 

equal portions of simple cuboidal nonciliated (Clara) and ciliated epithelial cells (St. 

George et al., 1993). Clara cells contain an abundance of smooth endoplasmic 

reticulum, which can occupy up to 40 percent of the cytoplasm (Hyde et al., 1990). The 

nucleus is the second most prominent component followed by mitochondria. In most 

species, Clara cells characterized by electron-dense membrane bound secretory 

granules, that are generally restricted to the apex of the cell, and having extensive apical 

projections into the airway lumen. 

The respiratory tract airways from the nasal cavities to terminal bronchioles are 

lined with a layer of mucus supported by periciliary (sol) fluid flowing over ciliated 

epithelium. Ciliated epithelial cells of bronchiolar airways each possess about 200 cilia 

that extend from the cell surface into the airway lumen and are packed on the apices of 

the cells in a hexagonal pattern (Sanderson et al., 1990). Ciliated cells are more 
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electron-lucent than Clara cells because they do not contain secretory granules or many 

ribosomes. The mucus layer and ciliated cells participate in the mucociliary clearance 

of inhaled particles. Mucus transport is controlled by cilia beat frequency across many 

cells. The cilia beat within the periciliary fluid which has a watery consistency similar 

to a simple salt solution. The upper mucus layer is then transported by the engagement 

and disengagement of ciliary tips. 

The alveolar or gas exchange region of the respiratory tract is primarily composed 

of type I epithelial and type II epithelial cells. The type I epithelial ceil is the major 

lining cell of the alveolar epithelium and comprises about 8 to 9 percent of the total 

alveolar cells (Williams, 1990). It is a thin squamous cell with cytoplasmic extensions 

that cover about 90 to 96 percent of the alveolar surface and is the major barrier 

between alveolar air and blood. Although cytoplasmic extensions contain occasional 

mitochondria, they appear to lack synthetic organelles. The type I epithelial cell 

appears to be susceptible to lethal damage because the cell has little renewal and repair 

capabilities. The main functions of type I epithelial cells are to allow the diffusion of 

gases while forming the alveolar-capillary barrier. 

Cuboidal alveolar type II epithelial cells are the cells that synthesize and secrete 

surfactant within/from lamellar bodies. Type II epithelial cells comprise about 14 to 15 

percent of total alveolar cells, but only cover four to ten percent of the alveolar surface 

(Williams, 1990). They contain diverse organelles common to all cells, but they do 

have unique surfactant-product containing lamellar bodies. The apical cell membrane 

has numerous short microvilli and molecules such as alkaline phosphatase, which are 
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not found in the basolateral membrane. The primary functions of type II epithelial cells 

are; (1) to synthesize and secrete surfactant, which reduces alveolar surface tension; (2) 

maintain alveolar epithelium by their ability to proliferate and differentiate into 

epithelial type I cells; and (3) transport sodium from the apical to the basolateral 

surface, which minimizes alveolar fluid. 

Respiratory Tract Metabolism of Xenobiotics 

Metabolic metabolism of chemicals by respiratory tract tissues can play an 

important role in the pathogenesis of xenobiotic-induced lung injury. The cytochrome 

P-450 monooxygenase system has a central role in the oxidative metabolism of many 

chemicals. Two of the major oxidative reactions catalyzed by cytochrome P-450 

enzymes are aliphatic and aromatic hydroxylation. The Clara cell has high metabolic 

activity in bronchiolar epithelium and is a target for many toxicants. Compared to other 

cell types in the lung, Clara cells contain high levels of cytochrome P-450 isozymes. 

Clara cells typically contain higher levels of P-450 than do type II epithelial cells, 

although the differences in P-450 is less than twofold (Bond, 1993). 

Immunohistochemical labelling for the P-450 system indicates an association with 

smooth endoplasmic reticulum of Clara and type 11 epithelial cells. In addition, the 

plasma membrane of Clara and tips of microvilli of ciliated epithelial cells also contain 

P-450 activity (Bond, 1993). This indicates that intracellular and extracellular 

metabolism of xenobiotics in bronchiolar airways has a potential role in susceptibility 

to injury. 
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Barrier Function 

There exists evidence that airway epithelial cells provide a barrier. Airway 

epithelia consist of zonula adheren, desmosome, and tight junctions (Rennard, et. al, 

1991). In general, the tight junctions provide two types of barrier; (1) they prevent 

diffusion of material from the airway lumen to the interstitium by protecting the 

intercellular space; and (2) they provide a continuous barrier in the external leaflet of 

the cell membrane. Tight junctions essentially keep molecules on the apical surface 

separated from molecules on the basolateral surface of cell membranes. Tight junctions 

restrict epithelial permeability which allows airway epithelial cells to either secrete or 

absorb ions and fluid, in order to maintain a potential difference between the lumenal 

and basolateral surfaces. 

Alveolar epithelium is probably the most import component of the alveolar-

capillary barrier for the regulation of alveolar fluid, solute content, and the prevention 

and resolution of pulmonary edema (Crandall and Kim, 1991). The alveolar epithelium 

continuously lines the distal air spaces, with type I and type II epithelial cells being 

joined by tight junctions. The alveolar epithelial barrier permits only restricted passage 

of solutes through high tissue resistance and equivalent pore properties, which is similar 

to other biological barriers. The normally tight alveolar epithelium serves as an 

effective barrier against the leak of solutes (toxicants) from interstitial and vascular 

spaces into alveolar space, to maintain a relatively dry environment for efficient gas 

exchange. Conversely, airway and alveolar epithelial barriers protect against toxicants 
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gaining access from lumenal air space into interstitial and vascular spaces. These 

passive barrier properties are commonly altered after toxicant insults (Crandall and 

Kim, 1991). 

Aerosol Deposition and Characterization 

Chemicals can deposit in various regions of the respiratory tract. Factors 

influencing the toxicity of inhaled chemicals include size, shape, and density of 

particles. The atmospheric concentration of a toxicant by itself does not determine the 

total dose or local dose delivered to the respiratory tract. Particle size determines the 

sites of deposition within the respiratory tract for a given toxicant. Inhalation of 

particles greater than five micrometers will result in the toxicant being primarily 

deposited in the nasopharyngeal region by inertial impaction. Inhalation of particles 

between five and one micrometers will result in the toxicant being deposited in the 

bronchial to bronchiolar airways by sedimentation. Finally, particles between 0.5 and 

one micrometer will deposit in the alveolar region by diffusion (Bond, 1993). 

Particle size is usually the critical factor that influences the region of the respiratory 

tract in which an aerosol deposits. Deposition of particles on the surface of the lung 

and airways is brought about by a combination of lung morphology, airflow, and lung 

clearance mechanisms. Inhaled aerosols are normally heterogeneous in size, so they are 

characterized by a log-normal size distribution (Gordon and Amdur, 1991). The size 

distribution of particles is best described by the geometric mean and geometric standard 

deviation. The geometric mean is the median diameter and the geometric standard 

deviation is a measure of the heterogeneity of the aerosol. An aerosol with a geometric 



standard deviation of less than 1.2 is generally considered homogeneous or 

monodisperse. 

The median diameter can reflect the number of particles as the count median 

diameter (CMD) or reflect mass as the mass median diameter (MMD). The MMD for 

spherical aerosols is significant in inhalation toxicoloy. The greater the mass of 

particles that can reach the distal lung increases the probability of inducing lung injury. 

Nonspherical aerosols are characterized in terms of equivalent spheres, which is based 

on equal mass, volume, or aerodynamic drag (Gordon and Amdur, 1991). The mass 

median aerodynamic diameter (MMAD) reflects both the density and aerodynamic drag 

of the aerosol. It represents the diameter of a unit density sphere having the same 

terminal velocity as the particle regardless of size, shape, and density. MMAD is 

considered the proper measurement for aerosols that are deposited within the respiatory 

tract by impaction and sedimentation. 

Deposition within the respiratory tract by sedimentation occurs when and where 

airflow velocity is relatively low. Sedimentation primarily involves small bronchi, 

bronchioles, and to some extent the alveolar spaces. As the aerosol particles move 

distally through the respiratory tract, air resistance acts as on upward force and gravity 

acts as a downward force. When the opposing forces equilabrate, the aerosol settles 

with a terminal settling velocity. Sedimentation is significant for aerosols with an 

MMAD greater than 0.5 micrometers and less than five micrometers. 



Lung Injury and Repair 

The progression of acute structural changes in lung injury has been divided into 4 

steps: (1) vacuolar swelling of cytoplasm, especially mitochondria and endoplasmic 

reticulum; (2) alveolar type I epithelial and endothelial cells are usually involved first 

and foremost; (3) widened intercellular spaces, separation of cells from the basal 

lamina; and (4) rupture of cell membrane, extravasation of proteins and neutrophils 

(Wang, 1990). The cellular and interstitial changes of the airway are similar to, but less 

severe than, the alveolus. As a general rule, the bronchiolar epithelial linining cells are 

more readily damaged than the cells of the bronchi (Wang, 1990). Bronchiolar 

epithelial cells tend to show excessive apical cytoplasmic blebbing. Beneath the 

epithelial layer, intra- and intercellular vacuolar swellings, with the presence of a 

leukocytic infiltrate, are common. In severely damaged areas, focal basal cells can 

remain when all other cell types are denuded. 

Denudation of the airway epithelial surface leads to prompt responses in the 

surrounding epithelial cells (Rennard et al., 1991). Basal and columnar cells 

proliferate, flatten, and migrate to cover the area of injury. These cells have a 

morphology that is not recognizable as either basal or secretory cells when in their 

flattened state. Once proliferation is complete, the cells that have accumulated in the 

wound redifferentiate to restore the normal histologic appearance of the airway. 

The type I epithelial and capillary endothelial cells are injured first and in many 

types of lung injury (Wang, 1990). Both cell types are closely apposed and frequently 

show similar structural alterations simultaneously. These alterations include 
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vacuolization of endoplasmic reticulum or mitochondria, cytoplasmic swelling, edema, 

and cell membrane rupture. Acute inflammatory cells can also be found in the alveolar 

space and/or alveolar septa. Type II epithelial cells rarely display morphological 

alterations and are considered to be relatively resistant to injury (Adamson, 1990; 

Adamson, 1990). It has been hypothesized that more surfactant, and so more lamellar 

bodies, are produced and secreted in response to tissue injury (Adamson, 1990). 

The most prominent and specific alveolar repair process is hyperplastic type II 

epithelial cells replacing damaged or denuded type I epithelial cells. Surviving 

endothelial cells can divide rapidly and migrate to repopulate damaged capillary 

endothelium (Adamson, 1990). Provided that the epithelial injury is acute, repair by 

proliferation and/or redifferentiation is rapid and the lung can return to normal 

morphology. In acute episodes of edema, the exudate can be reabsorbed by type II 

epithelial cells or phagocytized by alveolar macrophages. Extensive or chronic alveolar 

injury is associated with the proliferation of fibroblasts and the development of 

pulmonary fibrosis. Additionally, chronic edema and plasma extravasation can flood 

numerous alveoli which leads to the formation of massive pulmonary edema. 

Aerosolized Jet-propulsion Fuel 8 Toxicity 

In contrast to the vapor-only studies, there has been recent evidence that JP-8 

aerosols may be more toxic than vapors with respect to the immune and pulmonary 

systems. Seven-days of one hour exposures to C57BL/6 and B6.A.D. {Ah/ZHat) mice 

resulted in the loss of viability and mitogenic function to T cell, B cell, and macrophage 
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populations, with no differences between strains (Harris et al., 1997a). Immunotoxicity 

was observed in peripheral blood, bone marrow, spleen, thymus, and lymph nodes after 

inhalation exposures ranging from 100 mg/m^ to 2,500 mg/m^. In a related study, mice 

were similarly exposed to 1,000 or 2,500 mg/m^ and allowed to recover for one, seven, 

14, 21, or 28 days (Harris et al., 1997). The mice were observed to have profound 

suppression of immune cell viability and function at 21 days post-exposure. 

Immunotoxicity was consistent with the seven day study and the alterations only 

partially recovered at 28 days post-exposure. 

A seven or 28 day study of one hour 500 mg/m^ exposures to F344 rats reported JP-

8 induced lung injury (Pfaff et al., 1995). Rats were observed to have increased 

pulmonary resistance and respiratory permeability at both seven and 28 days. Lung 

injury appeared to correlate with decreased bronchoalveolar lavage fluid levels of the 

neuropeptide substance P. In a similar seven day study, an average JP-8 exposure of 

1,000 mg/m^ resulted in enhanced respiratory permeability, with intra- and interalveolar 

infiltration of red blood cells and leukocytes present (Hays et al., 1995). Morphological 

alterations to the distal lung included breaks in the alveolar-capillary barrier and the 

replacement of type I epithelial cells with type 11 epithelial cells, and interstitial edema. 

Peribronchiolar focal accumulations of leukocytes and bronchiolar epithelial 

denudation were observed in a related 28 day study (Pfaff et al., 1996). The average 

JP-8 concentration was about 800 mg/m^. It is important to note that the aerosol 

concentrations in the above pulmonary studies were above AFOSH safety regulations. 
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STATEMENT OF THE PROBLEM 

Jet-propulsion fuel 8 (JP-8) has been implemented as the primary jet fuel for U. S. 

and NATO military ground based operations and is being implemented as a multi-use 

fuel to power miscellaneous materiel and ground vehicles. Inhalation is the primary 

route of occupational exposure to JP-8. Military personnel are exposed to a 

combination of uncombusted JP-8 vapor and aerosol. Federal and military safety 

standards for JP-8 exposure fall under the broad category of more volatile petroleum 

distillates set by NIOSH in 1976. AFOSH and NAVOSH followed NIOSH's 

recommendation by setting their interim PEL at 350 mg/m^ and their interim STEL at 

1,800 mg/m^. The problem with these safety standards is that they were based on fuel 

vapor exposure only, with no consideration for respirable aerosols. The second 

problem is that the existing knowledge of the pulmonary response to inhaled JP-8 or 

related fuel aerosols is very limited. The studies presented in this dissertation were 

designed to test the hypothesis that the inhalation of respirable aerosols of JP-8. at 

concentrations below permissible occupational levels, will induce pulmonary toxicity. 

Studies were designed to characterize the acute and sub-chronic pulmonary responses 

to inhaled JP-8 aerosol in mice, using physiological, biochemical, cellular, and 

morphological indices of lung injury. The results from these studies will be helpful in 

determining if the safety standards for JP-8 inhalation are valid or whether there is a 

necessity for reassessment. 
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RESEARCH OBJECTIVES 

The major research objective was to determine the pulmonary response to inhaled 

jet-propulsion fuel 8 aerosol, using a mouse model of simulated occupational exposure. 

Four Specific Aims were established to address this research objective. 

1. Characterize the pulmonary response to inhaled JP-8 aerosol, following a single one 

hour exposure in mice. 

la. Assess the role of aryl hydrocarbon hydroxylase (AHH) activity in the 

sucseptibility to JP-8 induced lung injury. 

2. Characterize the pulmonary response to inhaled JP-8 aerosol, following seven days 

of one hour exposures in mice. 

3. Determine pulmonary retention and clearance of JP-8 following acute or sub-

chronic inhalation exposures. 

4. Assess the effects of non-toxic JP-8 concentrations on human bronchial epithelial 

cell line barrier function. 

Each aim is presented in of the following chapters: 

Chapter 2. Acute pulmonary response studies were perfomed using two strains of 

male mice. The first strain being the C57BL/6 which is genetically responsive to AHH 

induction and has rapid N-acetylation activity. The second strain being the B6.A.D. 

{Ahr'^/Hd.^) which is genetically non-responsive to AHH induction and has slow N-

acetylation activity (Levy and Weber, 1990). Pulmonary responses were characterized 



34 

by: analyses of pulmonary function and respiratory permeability on anesthetized 

animals; biochemical and cellular analyses of post-mordem bronchoalveolar lavage 

fluid; and microscopic and ultrastructural analysis of lung tissues. 

Chapter 3. Sub-chronic pulmonary response studies were only performed using the 

B6.A.D. (y4/ir'^/Nat^) strain of mice. The decision not to use the C57BL/6 strain was 

based on the results of chapter 2 and a collaboritive study (Harris et al., 1997a). Both 

studies observed no strain differences in the severity of lung injury or immumotoxicity 

from acute or sub-chronic exposures to inhaled JP-8, respecively. The sub-chronic 

pulmonary response to inhaled JP-8 aerosol was characterized as described for chapter 

2. 

Chapter 4. The pulmonary retention and clearance of JP-8 following either acute or 

sub-chronic exposures was assessed utilizing the B6.A.D. strain of mice. 

Mice were sacrificed at various time points and JP-8 was extracted from trachea and 

lung tissue following their last exposure. Pulmonary retention and clearance were then 

indirectly determined by GC-MS analysis for n-tetradecane. 

Chapter 5. The effects of JP-8 and n-tetradecane on airway epithelial barrier 

function were determine by utilizing the BEAS-2B human bronchial epithelial cell line. 

Barrier function was assessed by measuring paracellular permeability to ^H-mannitol 

after one hour incubations with non-toxic dosing solutions. 

Chapter 6. A comprehensive summary of the results and their over all significane 

are included. 
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CHAPTER 2 

ACUTE PULMONARY RESPONSE TO INHALED JET-PROPULSION FUEL 8 
AEROSOL IN MICE 

Jet-propulsion fuel 8 (JP-8) is a complex mixture of aliphatic and aromatic 

hydrocarbons that are similar to those of kerosene. Reports utilizing various models of 

JP-8 and related fuel vapors have concluded that jet fuel inhalation is relatively 

innocuous to the lung (Bruner, 1984; Clark et al., 1989; MacEwen and Vemot, 1983, 

1984, 1985; Mattie et al., 1991; Wolfe et al., 1996). These studies, for the most part, 

employed standard endpoints of pulmonary toxicity, such as organ to body weight 

changes and gross pathology. The major adverse effects reported from the inhalation of 

fuel vapors are noncarcinogenic effects on the liver, kidney, and central nervous 

system. 

As described in Chapter I, the current occupational safety standard for exposure to 

more volatile petroleum distillates are a permissible exposure limit (PEL) of 350 mg/m^ 

and a short-term exposure limit (STEL) of 1,800 mg/m"^. These exposure limits were 

originally recommended by NIOSH and are being employed by OHSA, NAVOSH, and 

AFOSH. The U.S. Navy commissioned the National Research Council's Committee on 

Toxicology to determine whether NAVOSH exposure limits to diesel fuel marine, JP-5 

and JP-8 vapors were appropriate by reviewing the toxicity data for these fuels (NRC, 

1996). The report concluded that the toxicological database on military fuels is limited 
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and there was not enough information to recommend a change to the PEL of 350. The 

report recommended that the STEL be lowered to 1,000 mg/m^, which was based on 

acute CNS effects such as dizziness and nausea. 

The National Research Council's recommendations were established by reviewing 

toxicity reports on the kidney, liver, hematopoietic system, CNS, cardiovascular 

system, carcinogenesis, eyes, and skin. The final report did not address pulmonary 

toxicity even though the primary route of exposure was inhalation. However, the report 

did recommend the acquisition of data concerning exposures during normal 

occupational procedures, including respirable aerosols. As stated in Chapter 1, 

sampling at two U. S. Air Force bases determined JP-8 aerosol concentrations below 

the PEL of 350 mg/m^, in breathing zones and during prefligh operations. 

This chapter describes acute JP-8 inhalation exposures in two strains of mice. The 

study design incorporated a dose-response approach involving analysis of pulmonary 

function, respiratory permeability, bronchoalveolar lavage fluid, and lung morphology. 

The primary objective was to characterize the acute pulmonary response to JP-8 aerosol 

inhalation at exposures below permissible occupational levels. Due to a significant 

content of aromatic compounds within JP-8 (approximately 18 %), a secondary 

objective was to investigate the potential role of aryl hydrocarbon hydroxylase (AHH) 

in the pulmonary response by utilizing a congenic mouse strain that has the 

nonresponsive Ahr locus {AHR in humans). Ahr responsiveness has been shown to 

influence aromatic hydrocarbon-induced toxicity within the liver and lung (Levy and 

Weber, 1990; Hemminki et al., 1990; Nerurkar et al., 1996). Polymorphisms in human 
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CYPlAl induction, which is regulated by the AHR locus, have also been implicated in 

susceptibility to lung disease (Gonzalez and Gelboin, 1993). These experiments would 

provide more sensitive indicators and evidence of lung injury than those reported in the 

literature. 
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MATERIALS AND METHODS 

Animals 

Twelve, 25-35 g, male C57BL/6 and male double congenic B6.A.D. (Ah/Naf) 

mice were randomly assigned to each exposure group. The C57BL/6 mice were 

obtained from Jackson Laboratories, Bar Harbor, ME and B6.A.D. {Ah/ZNaf) mice 

were derived from stock maintained at the University of Arizona. The B6.A.D. 

{Ah/fNaf) mice were produced by breeding B6.A (Naf) with B6.D. {Ah/) mice (Levy 

& Weber, 1990). The B6.A (Nat") mice were originally produced by cross breeding 

C57BL/6 and A/J mice with subsequent brother-sister mating. The B6.A {Naf) mice 

have the Nat2*9 allele from the A/J mice, resulting in the slow N-acetyltransferase 

(NAT) activity phenotype (Mattano et al., 1988). The B6.D. {Ah/) mice have the low 

affinity Ahr''*\2 receptor allele from DBA/2 mice, from similar breeding techniques 

(Levy & Weber, 1990). The end result is that the C57BL/6 mice are rapid acetylators 

and responsive to aryl hydrocarbon hydroxylase (AHH) induction, while the B6.A.D. 

{Ah/ZNaf) mice are genetically the same except for being slow acetylators and 

nonresponsive to AHH induction. All mice were housed in the AAALAC approved 

animal facility of the Division of Animal Resources at the University of Arizona Health 

Sciences Center Animal, four mice per pan in a microisolation room, and fed ad 

libitum. 
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Jet Fuel Aerosol Generation and Animal Exposures 

JP-8 jet fuel (Wright-Patterson Air Force Base, Dayton, OH) aerosol was generated 

using a Ultra-Neb 99 nebulizer (DeVilbiss, Model 099 HD, Somerset, PA) and allowed 

to mix with ambient air. The jet fuel air mixture was drawn through a 24-port nose-

only exposure chamber (IN-TOX, Albuquerque, NM) using a constant vacuum (2.5 

1/min). The methodology for JP-8 aerosol characterization has been previously reported 

(Pfaff et al., 1995). The JP-8 time-integrated mass concentrations and mean mass 

aerodynamic diameters (MMAD) for this study were measured (Table 2.1), using a 

seven stage cascade impactor (0.25 to 5.0 |im, IN-TOX, Albuquerque, NM). Mice 

were exposed to a single one hr concentration of 0 (ambient air), 5, 12, 28, 50, or 113 

mg/m^. Nose-only exposures were utilized in order to minimize ingestion of jet fuel 

during grooming and to more closely simulate occupational exposure. 

Pulmonary Function and Respiratory Permeability 

To exclude transient changes immediately following JP-8 exposure, analyses were 

performed twenty-four to 30 hr after each exposure. Mice were anesthetized with an 

intramuscular injection mixture of ketamine HCl (80 mg/kg), xylaxine (10 mg/kg), and 

acepromazine maleate (3 mg/kg) and a tracheostomy was performed with the insertion 

of a Teflon iv catheter (20 G, Critikon, Tampa Bay, PL) serving as an endotracheal 

tube. The mice were placed under pressure controlled respiration (Kent Scientific, 

Litchfield, CT) and given an intraperitoneal injection of gallamine triethiodide (8 

mg/kg) to suppress spontaneous breathing. Airflow was measured with a 
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pneumotachograph (Fleisch #0000, Instrumentation Associates, New York, NY) which 

was coupled to a differential pressure transducer (Validyne, Northridge, CA). Airflow 

and pressure signals were transferred to a computerized pulmonary function measuring 

system (PEDS-LAB, Medical Associated Services, Hatfield, PA). This system can 

measure up to 24 different parameters of pulmonary function on a continual basis 

(Rodarte, 1986). Pulmonary function results were normalized to animal weight. 

Following pulmonary function measurements, respiratory permeability was measured 

with a 100 nl endotracheal instillation of a 100 nCi ''""Tc labeled diethylenetriamine 

pentaacetate ('^Tc-DTPA, 492 amu) bolus, followed by five tidal volumes of air to 

evenly disperse the '^Tc-DTPA throughout the lungs (DeSanctis et al. 1990). 

Respiratory permeability was then determined by monitoring the pulmonary clearance 

of 9'^Tc-DTPA over ten minutes, using a gamma counter (Ludlum, Sweetwater, TX). 

Bronchoaiveolar Lavage 

Immediately following respiratory permeability testing, nine animals per exposure 

group were randomly assigned for bronchoaiveolar lavage. Anesthetized animals were 

euthanized by exsanguination via the abdominal aorta and their lungs were removed 

and cannulated with a Teflon iv catheter (20 G, Critikon, Tampa Bay, FL). The lungs 

were lavaged six times with sterile isotonic saline (Baxter, Deerfield, IL) at a volume of 

1 ml for each wash. Bronchoaiveolar lavage fluid (BALF) cell number and differentials 

were determined from a 0.2 ml sample of the first three lavages by hemacytometer 

counting and cytocentrifuge preparation, respectively. Cytocentrifuge preparations 
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were stained with Diff-Quik (Dade Diagnostics, Aguada, PR). The BALF from the 

final three washes for each mouse was centrifuged to pellet cells. The cell-free BALF 

was analyzed for total protein (Coomassie Plus, Pierce, Rockford, IL), lactate 

dehydrogenase (LDH; Sigma, St. Louis, MO), and N-acetyl-(3-D-glucosaminidase 

(NAG; Boehringer Mannheim, Mannheim, Germany) activities using commercially 

available colorimetric reagent kits. The use of these biological markers of respiratory 

tract exposure has been described elsewhere (Henderson and Belinsky, 1993; 

Henderson, 1995). 

Lung Morphology 

Immediately following respiratory permeability testing, three animals per exposure 

group were randomly assigned for pulmonary histopathology evaluation. Animals were 

euthanized while anesthetized by exsanguination of the abdominal vena cava. Lungs 

were fixed by intratracheal instillation of half-strength Karnovsky's fixative (2% 

paraformaldehyde, 2% glutaraldehyde, and 0.01% picric acid in 0.1 M HEPES) at a 

constant pressure of 20 cm H2O for one hr. The lungs were then immersed in fixative 

for 24 hr at 4 °C. Sections (2-3 mm) from the fixed lungs were taken from the mid-

portion of the left and right lobes for light microscopy and minced into 1 mm^ pieces 

for electron microscopy. Light microscopy sections (5 (im) were embedded in paraffin 

and stained with hematoxylin and eosin. Electron microscopy sections (silver to gold 

interference colors) were prepared by osmication, sectioning, and staining with lead 
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citrate and urynal acetate. The sections were examined with a Philips CM-12 

transmission electron microscope (Mahwah, NJ). 

Statistical Analysis 

All data are presented as mean ± SD. Differences between means for group data 

were tested for significance by analysis of variance (ANOVA). Fisher's protected 

least-significant difference multiple /-test was used to identify significant difference 

between groups. Statistical analyses were performed with StatView 4.5 Statistical 

software (Abacus Concepts, Berkeley, CA) and p values < 0.05 were considered 

significant as compared to controls (0 mg/m^ JP-8). 
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RESULTS 

Pulmonary function and respiratory permeability 

Surprisingly, there appears to be a genetic difference in respiratory physiology 

between the two strains. The C57BL/6 strain has consistently higher dynamic 

compliance and lower resistance values than the congenic strain (Table 2.2). At 24 to 

30 hr after exposure, there were no significant changes in dynamic compliance, static 

compliance (not shown), or total resistance for either C57BL/6 or B6.A.D. 

strains of mice compared to control (0 mg/m^; Table 2.2). However, at 24 to 30 hr after 

exposure, there was a significant increase in respiratory permeability in the C57BL/6 

strain following exposure to 50 mg/m^ JP-8 (Table 2.2). Following an exposure to 113 

mg/m^ JP-8, both strains had an increase in respiratory permeability. Respiratory 

clearance of'^Tc-DTPA by C57BL/6 mice was increased by 128 and 173% following 

exposure to 50 and 113 mg/m^ JP-8, respectively. In comparison, respiratory clearance 

of by B6.A.D. {Ahr'^/Naf) mice was increased by 64 % following 

exposure to 113 mg/m^ JP-8. JP-8 induced respiratory permeability increases in both 

C57BL/6 and B6.A.D. iAh/ZNaf) mice appeared to have a dose-dependent trend. 

Bronchoalveolar lavage fluid analysis 

Exposure to 113 mg/m^ JP-8 produced significant increases of total protein in the 

BALF from both strains of mice (Table 2.3). BALF levels of LDH were significantly 

elevated following exposures of 28 through 113 mg/m' JP-8 for the C57BL/6 and 
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B6.A.D. {Ah/ZNaf) mouse strains. BALF levels of NAG were similarly increased 

following exposures of 28 through 113 mg/m^ for C57BL/6 mice, but a significant 

increase for B6.A.D. {Ahr^/Naf) mice was only observed following an exposure of 113 

mg/m^ JP-8. 

Total cell counts in the BALF increased following each successive concentration, 

but only the cell counts following an exposure to 113 mg/m^ JP-8 were significantly 

increased for both strains of mice (Table 2.4). BALF alveolar macrophage levels 

ranged from 97.0 to 99.6 % for both strains of mice. Alveolar macrophage percentage 

was significantly lower after the 113 mg/m^ dose in C57BL/6 mice, while the 

percentage was significandy increased after all doses in the B6.A.D. {Ahr'',T^af) mice. 

There was a slight increase in BALF neutrophil percentage following an exposure of 

113 mg/m^ in the C57BL/6 mice. There was a slight increase in neutrophil percentage 

in the B6.A.D. {Ahr'^/Naf) mice, but only following an exposure to 28 mg/m^. In 

contrast to neutrophil changes, C57BL/6 mice were observed to have no changes in 

lymphocyte percentages. However, B6.A.D. {Ah/fNaf) mice were observed to have a 

significant decrease in lymphocyte percentage, following all JP-8 exposures, as 

compared to controls. The changes in all BALF cell differential percentages did not 

demonstrate a dose-dependent pattern following JP-8 exposures. Based on the cell 

differential results, significant increases in BALF total cells for both strains of mice are 

the result of alveolar macrophage/monocyte infiltration. This was statistically 

confirmed when total cell numbers were multiplied by alveolar macrophage 

percentages (not shown). 
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Morphological evaluation 

Examination of lung tissue by light microscopy following acute JP-8 exposures 

revealed similar lesions following doses of 50 mg/m^ and 113 mg/m^, while lung tissue 

from lower exposure groups remained within normal limits. Histopathological changes 

in C57BL/6 mice were characterized by a monocytic-like infiltration into alveolar 

spaces leading to sporadic small granulomatous foci of intra-alveolar 

monocytes/macrophages (Fig 2. IB). However, the positive identification of the cellular 

infiltrate was not confirmed by immunohistochemical staining. Non-ciliated 

bronchiolar (Clara) cell apical abnormalities and swelling were also apparent, with 

epithelial exfoliation in distal bronchioles (not shown). Also observed were apparent 

scattered areas of perivascular edema and bronchiole epithelial swelling (not shown). 

Evaluation of B6.A.D. {Ahr''/Naf) mice revealed somewhat contrasting lesions 

following an exposure to 113 mg/m^ JP-8. Alveolar injury was characterized by the 

appearance of non-diffuse alveolar-septal thickening and alveolar collapse leading to an 

abnormal appearance in distal lung architecture (Fig. 2.ID). This atelectasis-like 

observation would be consistent with airway damage or collapse. As with the C57BL/6 

mice, scattered areas of peribronchiolar edema was also apparent. It should also be 

noted that the aforementioned cell differential staining of BALF preparations revealed 

alveolar macrophage hyperplasia in both strains of mice and in a dose-dependent matter 

(not shown). This finding is based on the observation of multiple binucleated alveolar 

macrophages during cell differential counting. 
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As a general observation, ultrastructural evaluation of alveolar type II cells revealed 

an apparent increase in the number and size of surfactant secreting lamellar bodies 

following an exposure of 113 mg/m^ JP-8 for both strains of mice (Fig. 2.2). Nuclear 

and mitochondrial density appeared to be normal. Also observed were scattered areas 

of mild sub-endothelial edema in both strains (not shown). Examination of terminal 

bronchial epithelium by electron microscopy revealed ultrastructural alterations in both 

strains of mice following an exposure of 113 mg/m^ JP-8. Bronchiolar epithelium from 

C57BL/6 mice exhibited functional mitochondria, but moderate to severe cytoplasmic 

vacuolization was apparent in Clara cells (Fig. 2.3). Necrotic Clara cells with the loss 

of cellular membrane integrity were also observed, but luminal debris was not as 

apparent with the congenic strain. Vacuolization of smooth endoplamsic reticulum and 

swollen mitochondria with loss of matrix density in Clara cells were apparent in the 

B6.A.D. (Ahr''/Naf) strain (Fig. 2.3). Debris in bronchioles appeared to be from 

exfoliated bronchiolar epithelium and possibly alveolar macrophages. In both strains of 

mice, there was apparent degranulization and swollen apices of Clara cells with respect 

to normal Clara cell characterization (Plopper et al ., 1980). Sporadic areas of mild to 

moderate perivascular edema were also evident in both strains (not shown). However, 

significant alterations to adjacent ciliated epithelial cells was not observed in either 

strain of mice following an exposure of 113 mg/m^ JP-8. 
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Table 2.1 

JP-8 Jet Fuel Aerosol Characteristics for Acute One Hour Inhalation Exposures'" 

Exposure MMAD^ 

Concentration B 

(mg/m^) (^im) (Sg") 

0^ 0.0 0.0 

5± 1 3.4±0.1 2.1 

1 2 ±  1  2,2 ±0.1 1.7 

2 8  ± 3  2.0 ±0.2 2.3 

5 0  ± 7  2.0 ±0.3 1.7 

113 ± I 2.3 ±0.1 2.2 

mean± SD; N  = 2  

^Time-integrated mass concentration 

'^MMAD, mass median aerodynamic diameter 

geometric standard deviation 

^0 mg/m^, exposure to ambient air 
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Table 2.2 

Pulmonary Function and Respiratory Clearance of ""Tc-DTPA in Mice Following 

Acute Inhalation Exposures to Aerosolized JP-8'^ 

A. C57BL/6 

JP-8 

(mg/m^) 

Dynamic Compliance 

(ml/cmH20/kg) 

Resistance 

(cmHaO^kg/l/sec) 

'^Tc-DTPA 

(%/min) 

0 3.5 ±0.6 9.9 ±3.4 0.29 ±0.12 

5 3.7±0.6 8,6± 1.9 0.34 ±0.12 

12 3.4 ±0.4 9.3 ± 1.9 0.39 ±0.21 

28 3.7±0.6 8.0 ±2.3 0,45 ±0.25 

50 3.4 ±0.3 9.8 ± 1.9 0.67 ± 0.31* 

113 3.4 ±0.5 11.0±4.7 0.79 ±0.29* 

'^mean ± SD; = 12 

* Statistically significant difference from 0 mg/m^ group mean; p < 0.05 
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Table 2.2 - continued 

B. B6.A.D. (yl/i/zNat") 

JP-8 Dynamic Compliance Resistance '^Tc-DTPA 

(mg/m^) (ml/cmH20/kg) (cmH20*kg/l/sec) (%/min) 

0 2.4 ±0.5 16.7 ±5.2 0.38 ±0.09 

5 2.7 ±0.5 15.2±2.5 0.35±0.13 

12 2.6 ±0.4 15.7±4.3 0.40 ±0.29 

28 2.8 ±0.5 15.8 ±6.4 0.42 ±0.22 

50 2.8 ±0.4 14.4 ± 6.5 0.45 ±0.11 

113 2.7 ±0.6 15.6 ±8.3 0.63 ±0.12* 

'^mean ± SD; N =  12 

* Statistically significant difference from 0 mg/m^ group mean; p < 0.05 
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Table 2.3 

Changes in Bronchoalveolar Lavage Fluid Biomarkers in Mice Following Acute 

Inhalation Exposures to Aerosolized 

A. C57BL/6 

JP-8 Total Protein LDH NAG 

(mg/m^) (|ig/ml) (U/ml) (U/1) 

0 45± 13 71 ± 12 2.2 ±0.6 

5 44± 11 112± 14 2.6± 1.1 

12 43± 17 116±31 3 .0 ±0.9 

28 46 ± 19 131 ±17* 3.5 ± 1.4* 

50 53 ± 18 152 ±20* 3.5± 1.3* 

113 67± 18* 158 ±22* 4.2± 1.5* 

'^mean ± SD; A'^= 9 

* Statistically significant difference from 0 mg/m^ group mean; p < 0.05 
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Table 2.3 - continued 

B. B6.A.D. (^/7r''/Nat') 

JP-8 Total Protein LDH NAG 

(mg/m^) (^ig/ml) CU/ml) (U/1) 

0 31 ±6 52 ± 14 2.1 ±0.6 

5 31 ±8 44 ±21 2.4 ±0.6 

12 36 ±7 101 ± 16 2.6 ±0.7 

28 36± 10 145 ±13* 2.7 ±0,7 

50 39 ±8 160±I S *  2.8 ±0.9 

113 49 ±5* 176 ±28* 3.2 ±0.6* 

'^mean ± SD; N = 9  

* Statistically significant difference from 0 mg/m^ group mean; p < 0.05 
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Table 2.4 

Bronchoalveolar Lavage Fluid Total Cell Numbers and Differentials Following Acute 

Inhalation Exposures to Aerosolized JP-8'^ 

A. C57BL/6 

JP-8 Cell Number Macrophage Neutrophil Lymphocyte 

(mg/m') (X lO^ml) (%) (%) (%) 

0 4.4 ±0.6 98.5 ±0.9 0.0 ±0.0 1.5±0.9 

5 4.8 ± 1.2 98.3 ±0.9 0.0 ±0.0 1.7 ±0,9 

12 5.1 ±0.8 98.1 ± 1.4 0.0 ±0.0 1.9± 1.4 

28 5.5 ±0.8 98.3 ±0.5 0.0 ±0.0 1.8±0.5 

50 6.3 ±0.9 98.3 ± 1.3 0.2 ±0.4 1.5± 1.3 

113 1.0 ±0.1* 97.0± 1.6» 1.1 ± 1.2-^ 1.9± 1.4 

'^mean± SD;N = 9  

* Statistically significant difference from 0 mg/m^ group mean; p < 0.05 
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Table 2.4 - continued 

B. B6.A.D. {Ah/Z^ax') 

JP-8 Cell Number Macrophage Neutrophil Lymphocyte 

(mg/m^) (X \0Vm\) (%) (%) (%) 

0 3.8± 1.6 97.6 ± 1.5 0.1 ±0.4 2.3 ± 1.6 

5 3.9± 1.4 98.5 ±0.5* O.I ±0.2 1.4 ±0.5* 

12 4.0± 1.1 98.6 ±0.6* 0.1 ±0.2 1.3 ±0.6* 

28 4.1 ± 1.6 98.6 ±0.6* 0.5 ±0.4* 0.9 ±0.5* 

50 4.8 ± 1.4 99.3 ± 1.0» 0.1 ±0.2 0.6 ±0.9* 

113 5.7± 1.7* 99.6 ±0.5* 0.00 ±0.0 0.4 ±0.5* 

'^mean± SD; N = 9  

* Statistically significant difference from 0 mg/m^ group mean; p < 0.05 
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Figure 2.1. Representative photomicrographs of lung tissue from C57BL/6 and 

B6.A.D. {Aht^/Naf) mice following acute inhalation exposure to control or 113 mg/m^ 

JP-8 jet fuel: (A) C57BI76 control; (B) C57BL/6 113 mg/m'; (C) B6.A.D. {Ahr^/Naf) 

control; and (D) B6.A.D. {Ah//Naf) 113 mg/m^. Hematoxylin and eosin stain; lOOx 

original magnification. 
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Figure 2.3. Transmission electron micrographs of alveolar type II epithelial cells from 

representative lungs of C57BL/6 and B6.A.D. (Ahr'^/Naf) mice following acute 

inhalation exposure to 113 mg/m' JP-8 jet fuel. (A) C57BL/6 control; (B) C57BL/6 

113 mg/m^; (C) B6.A.D. {Ahr^/Naf) control; and (D) B6.A.D. {Ah/ZNaf) 113 mg/m^. 

Alveolar type II epithelial cells (E2) in both strains appear to be normal except for the 

increased number of lamellar bodies (L), with some fusion. Magnification bars are as 

indicated. 
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Figure 2.3. Transmission electron micrographs of terminal bronchial epithelium from 

representative lungs of C57BL/6 and B6.A.D. {Ahr'^/Nat') mice following acute 

inhalation exposure to 113 mg/m^ JP-8 jet fuel. (A) C57BL/6 control; (B) C57BL/6 

113 mg/m^ (C) B6.A.D. {Ah/ZNaf) control; and (D) B6.A.D. {Ah/maf) 113 mg/m^ 

Note Clara cell (CC) vacuolization of smooth endoplasmic reticulum (S) and reduced 

matrix density of mitochondria (M) in congenic mice. Clara cell smooth endoplasmic 

reticulum and cytoplasmic vacuolization (V) was present in C57BL/6 mice. There was 

also evidence of Clara cell fragmentation (F) and nuclear changes (N). Adjacent 

ciliated cells (CL) appeared to be unaffected in both strains. Magnification bars are as 

indicated. 
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DISCUSSION 

The acute pulmonary response of male C57BL/6 and B6.A.D. {Ahr'^/^af^ mice to 

JP-8 jet fuel inhalation was investigated to determine the toxicity of aerosol 

concentrations below permissible occupational exposure levels. Analyses of BALF 

provided a sensitive means of assessing acute pulmonary toxicity to aerosolized JP-8 jet 

fuel. Significant changes in biochemical endpoints for both strains of mice occurred at 

exposure concentrations as low as 28 mg/m^ when the physiologic and morphologic 

indices provided little inference. Significant changes in cellular endpoints for both 

strains of mice occured at the high concentration of 113 mg/m^, which are consistent 

with respiratory permeability and morphological analyses. Considering the parameters 

assayed, the acute nature of JP-8 jet fuel-induced lung injury was evident by a dose-

dependent toxicity between 28 and 50 mg/m^ for both strains of mice. This is in direct 

contradiction with the literature of vapor exposure models (Bruner, 1984; Clark et al., 

1989; MacEwen and Vemot, 1983, 1984, 1985; Mattie et al., 1991; Wolfe et al., 1996). 

These reports of jet fuel inhalation, including JP-8, have used various models of vapor 

exposure and concluded that JP-8 is innocuous to the lung. For the most part these 

studies utilized standard endpoints of pulmonary toxicity, such as organ to body weight 

changes and gross pathology. These endpoints would not have been sensitive enough 

to detect the acute lung injuries observed in this study. 

Differential responses between AHH nonresponsive B6.A.D. {Ahr'^/Naf) and 

responsive C57BL/6 mice were also investigated. B6.A.D. {Ah/ZNaf) mice also have 
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the slow NAT phenotype. NAT activity probably is not involved in the 

biotransformation of JP-8, based on its composition. Results indicated that there is not 

a distinct difference in susceptibility to JP-8 jet fuel-induced toxicity between the two 

strains. Lack of clear differential toxicity between the two strains is probably due to the 

majority of JP-8 being w-alkanes, as opposed to aromatics (NRC, 1996), and the 

overlapping substrate specificity for biotransforming enzymes, such as the cytochrome 

P-450 system (Boyd, 1980; Nebert et al., 1989). There is also the possibility that 

differences in pulmonary toxicity between the two strains of mice may require 

concurrent or prior P450 lAl induction. An investigation of heterocyclic aromatic 

amine-induced pulmonary DNA adducts utilized the same strains of mice (Nerurkar et 

al., 1996). Pulmonary DNA adducts were doubled in Ahr responsive mice pretreated 

with the P450 lAl inducer P-naphthoflavone. There were no differences in adduct 

formation between the strains of mice without P450 induction. The present findings are 

consistent with a sub-chronic JP-8 exposure study, when it was also determined that 

there were no differences in immunotoxicity between the two strains of mice (Harris et 

al., 1997a). 

JP-8 exposure resulted in a significant increase in '^Tc-DTPA clearance at an 

exposure concentration of 50 mg/m^ in C57BL/6 mice and 113 mg/m^ in B6.A.D. 

{Ahr'^.^af^ mice, indicating an increase in respiratory permeability (Table 2.2). In 

support of these findings, there was significant mild to moderate microscopic and 

ultrastructural injury to terminal/respiratory bronchiole epithelium at the same exposure 

concentrations (Fig. 2.3). Bronchiolar injury was characterized by epithelial necrosis. 
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interstitial edema, and perivascular sub-endothelial edema, which was supported by 

BALF levels of total protein (Table 2.3). Loss of bronchial membrane integrity would 

account for the increased respiratory clearance of''"Tc-DTPA, which is supported by 

DeSanctis and colleagues (De Sanctis et al., 1990). 

Kerosene studies of hydrocarbon aspiration and pneumonitis offer some 

comparison, since JP-8 is a kerosene-based jet fuel. Reports suggest that small airways 

are predominantly affected 24 h after kerosene aspiration, with focal accumulations of 

inflammatory cells in the alveoli and progressive bronchiolitis to a greater degree than 

reported here (Scharf et al., 1981; Scharf and Prinsloo, 1982). Their models were based 

on intratracheally instilling approximately 240 mg/kg of kerosene. Total accumulation 

of hydrocarbon aerosol would be dependent upon distinct breathing parameters of the 

species, so comparison of exposures is difficult. Severe neutrophil infiltration has been 

observed following inhalation of aerosolized kerosene (Noa et al., 1985). A slight 

neutrophil increase in C57BL/6 mice was observed, but the exposure ranged from 

20,000 to 34,000 mg/m^ over 21 days in the Noa study. A human case of hydrocarbon 

aspiration reported pneumonitis characterized by an acute phase of alveolar, 

bronchiolar, and interstitial exudate of inflammatory cells and edema, progressing to 

proliferative bronchiolitis and fibrosis within weeks and resolution in months (Brander 

et al., 1992). These reports have consistencies, but it is difficult to judge which animal 

model best reflects the human response. 

The bronchiocentricity of lesions is supported by a report which suggested that 

kerosene is preferentially absorbed by the peribronchial vascular interstitium (Urmey et 
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al., 1982). If JP-8 is preferentially absorbed in a similar manner as kerosene, the 

following rationale could explain airway damage. The composition of JP-8 is 

approximately 71% aliphatic hydrocarbons ranging from Cs-Ci?, with 65% being Cio-

Ci4, and 18% aromatic hydrocarbons (National Research Council, 1996). Studies on 

membrane bilayer solubility of «-alkanes of chain length 10 to 14 have shown 

dissolution into the disordered region of the bilayer at its center, with a dose-dependent 

potential to disrupt normal lipid-lipid and lipid-protein interactions (Pope et al., 1989; 

Mcintosh and Costello, 1981). In conjunction, studies on the anesthetic properties of n-

alkanes have shown that membrane ATPase activity is dependent on bilayer thickness 

and «-alkane accumulation increases membrane thickness, thereby inactivating ATPase 

(Johannsson et al., 1981; Haydon et al., 1977). This evidence suggests a mechanism of 

Clara cell injury leading to interstitial and sub-endothelial edema, but ciliated cells 

appeared unaffected in the present study. As described in Chapter 1, Clara cells possess 

biotransforming enzymes with affinities for aliphatic and aromatic hydrocarbons. 

Metabolism of n-alkanes could lead to toxic compounds, such as alcohols, that maintain 

cellular solubility and the capability to disrupt normal cell function (Pope and Dubro, 

1986), thus making the Clara cell more susceptible to injury than ciliated epithelial cells 

(Boyd et al., 1978). 

The pulmonary response to JP-8 jet fuel inhalation was investigated by 

characterizing biomarkers of lung injury, respiratory permeability, pulmonary function, 

and lung morphology. These results represent the first evidence of acute pulmonary 

toxicity from the inhalation of permissible levels of JP-8 aerosol. In addition, aryl 
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hyrocarbon hydroxylation and N-acetyltransferase activity do not appear to have a role 

in the suceptibility or severity of lung injury. This chapter details acute lung injury 

resulting from exposure to JP-8 jet fuel concentrations within the range recorded on 

U.S. Air Force bases and below OHSA, NAVOSH, and AFOSH's PEL of 350 mg/m^. 
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CHAPTERS 

SUB-CHRONIC PULMONARY RESPONSE TO INHALED JP-8 JET FUEL 
AEROSOL IN MICE 

The focus of this chapter is to expand upon the acute pulmonary response results by 

performing similar sub-chronic exposures. As described in Chapter 2, there was not an 

apparent difference in severity of JP-8 induced lung injury between C57BL/6 and 

B6.A.D. (i4Ar''/Nat®) mice. In a collaborative study with Dr. David Harris (University 

of Arizona), C57BL/6 and B6.A.D. (/4/jr'^/'Nat®) mice were utilized to investigate the 

immune response to sub-chronic JP-8 aerosol inhalation (Harris, 1997a). Mice were 

exposed for one hour a day over a seven day period to aerosol concentrations ranging 

from 100 mg/m^ to 2,500 mg/m^ and the systemic immunotoxicity induced to each 

strain of mice was briefly described in Chapter 1. In addition, there were also no 

observed differences in immunogical changes between the two strains of mice. Since 

both strains of mice respond to JP-8 jet fuel inhalation in a similar manner, the B6.A.D. 

{Ahr^'/Na^) mice were chosen to investigate the seven day sub-chronic response to JP-8 

jet fuel aerosol inhalation based on their availability. 

Previous reports of sub-chronic JP-8 aerosol inhalation, described in Chapter 1, 

proposed that the alveolar-capillary barrier was the initial site of pulmonary toxiciy. 

The average concentrations were greater than 400 mg/m^, which might have been too 

high to detect initial alterations. However, the results described in Chapter 2 provide 
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evidence that the terminal bronchiolar airways may be the initial target. If bronchiolar 

airways are indeed targeted, sub-chroninc exposures should provide evidence of 

bronchiolar epithelial damage that progresses to include alveolar-capillary alterations 

This chapter describes one hour per day inhalation exposures for a period of seven 

days. The experimental design incorporated the same dose-response approach, 

involving analysis of pulmonary function, respiratory permeability, bronchoalveolar 

lavage fluid, and lung morphology, as utilized in Chapter 2. The research objective was 

to expand the acute study by characterizing the sub-chronic pulmonary response to JP-8 

exposures below OHSA, NAVOSH, and AFOSH's permissible exposure level of 350 

mg/m^. 
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MATERIALS AND METHODS 

Animals 

Twelve, 25-35 g, male B6.A.D. {Ahr^'/^a^) mice were randomly assigned to each 

exposure group. The B6.A.D. {Ahr'^/Hz.^) mice were derived from stock maintained at 

the University of Arizona and have been described in Chapter 2. As discussed in 

Chapter 2, these mice were originally chosen to investigate the possible role for aryl 

hydrocarbon hydroxylase activity in the susceptibility to JP-8. However, no significant 

differences in the severity of lung injury between C57BL/6 and B6.A.D, (y4/7/-''/Nat^) 

strains were observed. All mice were housed as described in Chapter 2. 

Jet Fuel Aerosol Generation and Animal Exposures 

JP-8 jet fuel aerosol generation and characterization were performed as described in 

Chapter 2. Aerosol characterization results are listed in Table 3.1. Mice were exposed 

for one hr per day over a period of seven days to concentrations of 0 (ambient air), 7, 

12, 26, 48, or 118 mg/m^ to simulate a seven day work week of intermittant exposures. 

Pulmonary Function and Respiratory Permeability 

Pulmonary function and respiratory permeability measurements were performed as 

previously described in Chapter 2. 
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Bronchoaiveolar Lavage 

Immediately following respiratory permeability testing, nine animals per exposure 

group were randomly assigned for bronchoaiveolar lavage. Bronchoaiveolar lavage 

and the analysis of BALF was performed as previously described in Chapter 2. 

Lung Morphology 

Immediately following respiratory permeability testing, three animals per exposure 

group were randomly assigned for pulmonary morphological evaluation. Lung tissue 

from animals were obtained and processed for microscopic and ultrastructural 

evaluation as described in Chapter 2. 

Statistical Analysis 

All data are presented as mean ± SD. Differences between means for group data 

were tested for significance as described in Chapter 2. 
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RESULTS 

Pulmonary function and respiratory permeability 

At 24 to 30 hr after the seventh exposure, there were no changes in dynamic 

compliance or airway resistance to B6.A.D. mice as compared to control 

(Table 3.2). However, at 24 to 30 hr after the final exposure, there was a significant 

increase in respiratory permeability following exposures to 7, 48, and 118 mg/m^ JP-8 

(Table 3.2). Respiratory clearance of "™Tc-DTPA was increased by 117, 116 and 111 

% following exposure to 7, 48, and 118 mg/m^ JP-8, respectively. Except following the 

7 mg/m^ exposure, JP-8 induced respiratory permeability increases in a dose-dependent 

trend with increases of 22 and 26 % following exposures of 12 and 26 mg/m^, 

respectively. 

Bronchoalveolar lavage fluid analysis 

As would be expected, increases in respiratory permeability were accompanied by 

significant increases of total protein in the BALF following exposures of 48 and 118 

mg/m^ (Table 3.3). BALF levels of LDH were also significantly elevated following 

exposures of 48 through 118 mg/m^ JP-8, suggesting that edema may be due to cellular 

death. In contrast, BALF levels of NAG (Table 3.3) were significantly decreased 

following exposures of 48 and 118 mg/m^, which might be due to impaired alveolar 
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macrophage activity or alveolar macrophage toxicity. Changes in BALF levels of LDH 

and NAG both followed dose-dependent patterns. 

Total cell counts in the BALF showed a dose-dependent decrease following each 

successive JP-8 concentration, becoming significant following an average exposure to 

48 or 118 mg/m^ (Table 3.4). BALF alveolar macrophage levels ranged from 98 to 

99% after each exposure group. There were no changes in alveolar macrophage, 

neutrophil, or lymphocyte percentages following any exposure concentrations. 

However, there were significant decreases in alveolar macrophage numbers following 

exposures of 48 and 118 mg/m^ (Table 3.4), indicating that JP-8 may be directly 

cytotoxic to alveolar macrophages. Since there were no changes in any of the BALF 

analyses for the 7 mg/m^ group, the increase in ^'"'Tc-DTPA clearance following this 

dose appears to be an abberation. 

Morphological evaluation 

Light microscopic examination of mouse groups exposed to average JP-8 

concentrations of 26 mg/m^ or less (Fig. 3.IB, 3.2B) revealed tissues within normal 

limits, as compared to controls (Fig. 3.1 A, 3.2A). However, evaluation of the 48 

mg/m^ exposure group revealed a breakdown within the alveolar-capillary barrier. The 

deterioration of the alveolar-capillary barrier resulted in sporadic areas of pulmonary 

edema (Fig. 3.1C), leading to an accumulation of red blood cells within alveolar spaces 

(Fig. 3.ID) and the occasional formation of perivascular edema (Fig. 3.2C) Also noted 

was apical cytoplasmic blebbing and/or swelling of bronchiolar epithelium (Fig. 3 .2C). 
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Further examination of the high (118 mg/m^) exposure group revealed that alveolar 

infiltration of red blood cells and pulmonary edema progresses to moderately severe 

areas of alveolar collapse (Fig. 3.ID) and the increased prevalence of moderate 

perivascular edema. In contrast to the 48 mg/m^ exposure group, airway changes were 

characterized by areas of both apical swelling and epithelial denudation, following the 

high dose. The remaining airway cells appeared to be basal cells or undifferentiated 

squamous cells (Fig. 3.2D). 

Ultrastructural evaluation of lung tissues from JP-8 exposure groups focused on 

alveolar type II epithelial cells and the terminal bronchial airway epithelium. In 

response to average exposures ranging from 7 to 26 mg/m^, alveolar type II epithelial 

cells and the adjacent endothelium were within the normal limits (Fig. 3.3B) as 

compared to control animals (Fig. 3.3A). Following exposure to an average JP-8 

concentration of 48 mg/m^, alveolar type 11 epithelial cell alterations were characterized 

by an apparent increase in the number and size of surfactant producing lamellar bodies 

(Fig. 3.3C). There was also the consistent appearance of osmiophilic inclusion bodies 

within either lamellar bodies and/or vacuoles. The morphology of the inclusion bodies 

was not consistent with the normal structure of surfactant related phospholipids or 

proteins. Also observed were scattered areas of diffuse vacuolization to adjacent 

endothelium, resulting in sub-endothelial edema (Fig. 3.3C). The response following 

the high dose was typically similar to that of the 48 mg/m^ exposure group. The same 

changes to lamellar bodies were observed, except the prevalence was increased. The 

alterations to alveolar type II epithelial cells appeared to progess to a more severe 
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incidence of intracellular vacuolization (Fig. 3.3D). Higher magnification of 

unidentified inclusion bodies revealed lysosome-like cytoplasmic dense bodies (not 

shown). These dense bodies may be due to the intracellular breakdown of organelles or 

metabolism (i.e. endoplasmic reticulum, surfactant-associated phospholipids or 

proteins), resulting in endogenous uptake of fragments of cellular debris. Higher 

magnification also indicates that intracellular vacuolization of alveolar type II epithelial 

cells was of the endoplasmic reticulum. Differentiation of smooth or rough 

endoplasmic reticulum was not obtained. 

As with light microscopic and ultrastructural evaluation of alveoli, terminal 

bronchiolar epithelium remained within the normal limits of control tissue (Fig. 3 .4A), 

following average exposures of JP-8 ranging from 7 to 26 mg/m^ (Fig. 3.4B). Airway 

changes to the 48 mg/m^ exposure group were moderately diffuse in respect to 

incidence. Bronchiolar alterations were characterized by the dilation of intercellular 

junctions and apical cytoplasmic swelling, with intracellular vacuolization (Fig. 3.4C). 

Also apparent was less dense chromatin staining of non-ciliated epithelial cells (Clara 

cells) leading to the appearace of necrosis and formation of lamellar inclusion bodies 

(Fig. 3.4C). As with light microscopy, the epithelial changes appeared to have lead to 

the formation of perivascular edema (Fig. 3.4C). Ciliated epithelial cells appeared 

mostly unaffected except for the changes to intercellular junctions. Morphologic 

changes following the high dose were similar to those following the 48 mg/m^ 

exposure. In addition to the appearance of necrosis, distinct vacuolization of smooth 

endoplasmic reticulum within the apical swellings and cytoplasm of Clara cells was 



73 

apparent (Fig. 3.4D). All other changes were relatively equal in severity and incidence 

between the 48 and 118 mg/m^ exposure groups. 
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Table 3.1 

JP-8 Jet Fuel Aerosol Characteristics for Sub-chronic One Hour Inhalation Exposures'^ 

Exposure 

Concentration® MMAD^ 

(mg/m^) (^im) (5g") 

0^ 0.0 0.0 

7 ± 2  3.4 ±0.8 2.4 

1 2 ± 3  2.9 ±0.8 2.5 

2 6  ± 4  2.0 ±0.4 2.3 

4 8  ± 8  1.8 ±0.5 2.0 

1 1 8 ± 9  2.3 ±0.2 1.7 

''mean±SD;A^=7 

®Time-integrated mass concentration 

MMAD, mass median aerodynamic diameter 

geometric standard deviation 

^0 mg/m^, exposure to ambient air 
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Table 3.2 

Pulmonary Function and Respiratory Clearance of'^Tc-DTPA in Mice Following 

Sub-chronic Inhalation Exposures to Aerosolized 

JP-8 Dynamic Compliance Resistance '^Tc-DTPA 

(mg/m^) (ml/cmH20/kg) (cmHjO^kg/L/sec) (%/min) 

0 3.4 ±0.6 13.7±3.3 0.43 ±0.11 

7 3.5 ±0.4 13.5 ±2.9 0.93 ±0.15* 

12 3.3 ±0.4 13.9±2.7 0.52±0.17 

26 3.4 ±0.8 16.2 ±2.2 0.54 ±0.19 

48 3.7 ±0.9 16.7 ±2.8 0.92±0.18* 

118 3.4 ±0.8 16.6 ±2.8 0.90±0.15* 

'^mean ± SD; A'^= 12 

* Statistically significant difference from 0 mg/m^ group mean; p < 0.05 



76 

Table 3.3 

Changes in Bronchoalveolar Lavage Fluid Biomarkers in Mice Following Sub-chronic 

Inhalation Exposures to Aerosolized JP-8'^ 

JP-8 Total Protein LDH NAG 

(mg/m^) (Hg/ml) (U/ml) (U/1) 

0 33 ±8 46 ± 13 1.5±0.1 

7 34 ±7 62± 14 1,6 ±0.4 

12 35±8 76 ± 16 1.9 ±0.5 

26 45 ±4 92± 15 0.9 ±0.7 

48 76 ± 10* 172±29* 0.8 ±0.5* 

118 85 ±7* 219±25* 0.7 ±0.3* 

'^mean ± SD; N = 9  

* Statistically significant difference from 0 mg/m^ group mean; p < 0.05 
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Table 3.4 

Bronchoalveolar Lavage Fluid Total Cell Numbers and Differentials Following Sub-

chronic Inhalation Exposures to Aerosolized JP-8'^ 

JP-8 

(mg/m^) 

Cell Number 

(X 10^/ml) 

Macrophage 

(X lOVml) 

Neutrophil 

(X lO^/ml) 

Lymphocyte 

(X 10^/ml) 

0 4.0 ±0.7 3.94 ±0.01 0.0 ±0.0 0.06 ±0.01 

7 3.6 ±0.3 3.55 ±0.01 0.01 ±0.01 0.04 ±0.01 

12 3.9 ±0.4 3.83 ±0.01 0.01 ±0.01 0.06 ±0.01 

26 3.5 ±0.2 3.48 ±0.01 0.0 ±0.0 0.02 ±0.01 

48 3.2 ±0.3* 3.17±0.01* 0.0 ±0.0 0.03 ±0.01 

118 2.5 ±0.4* 2.46 ± 0.01» 0.01 ±0.01 0.03 ±0.01 

'^mean ± SD; N=9 

* Statistically significant difference from 0 mg/m' group mean; p < 0.05 



78 



79 

Figure 3.1. Representative photomicrographs of the alveolar region from B6.A.D. 

(Ahr'^/Naf) mice following sub-chronic inhadation exposures to average concentrations 

of JP-8 jet fuel for 1 hr/day over a period of 7 days: (A) 0 mg/m^; (B) 26 mg/m^; (C) 48 

mg/m^; and (D) 118 mg/m^. Hematoxylin and eosin stain; 440x original magnification. 
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Figure 3.2. Representative photomicrographs of terminal airways from B6.A.D. 

{Ah//Naf) mice following sub-chronic inhalation exposures to average concentrations 

of JP-8 jet fliel for 1 hr/day over a period of 7 days: (A) 0 mg/m^; (B) 26 mg/m^; (C) 48 

mg/m^; and (D) 118 mg/m^. Hematoxylin and eosin stain; 275x original magnification. 
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Figure 3.3. Transmission electron micrographs of alveolar type II epithelial cells (E2) 

from representative lungs of B6.A.D. {Ah/ZNaf) mice following sub-chronic inhalation 

exposures to average concentrations of JP-8 jet fuel for 1 hr/day over a period of 7 

days; (A) 0 mg/m^; (B) 26 mg/m^; (C) 48 mg/m^; and (D) 118 mg/m^. Note the 

vacuolization of capillary endothelium (EN) and development of sub-endothelial 

edema. Alveolar type II epithelial cell alterations appear to begin with the increase in 

size and number of lamellar bodies (L) and progressing to the vacuolization of 

endoplasmic reticulum (ER). Magnification bars are as indicated. 
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Figure 3.4. Transmission electron micrographs of terminal bronchial epithelium from 

representative lungs of B6.A.D. {Ahr''''Naf) mice following sub-chronic inhalation 

exposures to average concentrations of JP-8 jet fuel for 1 hr/day over a period of 7 

days: (A) 0 mg/m^; (B) 26 mg/m^; (C) 48 mg/m^; and (D) 118 mg/m^. Note epithelial 

necrosis (N) and the dilation of intercellular junctions (arrows) that may have lead to 

the formation of perivascular edema (PE). There is also evidence of Clara cell (CC) 

vacuolization of smooth endoplasmic reticulum (S), lamellar-like inclusion bodies (IB), 

and irregular shaped apices (AP). There was also evidence of luminal debris. Adjacent 

ciliated cells (CL) appeared to be unaffected. Magnification bars are as indicated. 



86 

DISCUSSION 

The sub-chronic pulmonary response of male B6.A.D. (/l/ir''/Nat') mice to JP-8 jet 

fuel inhalation was investigated to determine the toxicological effects of aerosol 

concentrations below permissible occupational exposure levels. Mice were nose-only 

exposed to atmospheres of 0 to 118 mg/m^ for 1 hr per day over a period of seven days, 

to further test the hypothesis that JP-8 concentrations below OHSA, NAVOSH, and 

AFOSH's PEL of 350 mg/m^ will induce lung injury. At 24 to 30 hr after the final 

exposure, pulmonary function and respiratory permeability were measured on 

anesthetized mice and then randomly assigned for bronchoalveolar lavage or 

histopathology. It was observed that sub-chronic exposure to relatively low 

concentrations of JP-8 aerosol can induce lung injury, which was progressive in nature 

as compared to the acute model (Chapter 1). Significant changes in physiologic, 

cellular, and biochemical endpoints of pulmonary toxicity consistently occurred at 

average JP-8 exposure concentrations as low as 48 mg/m^, in a dose-dependent manner 

These biomarkers of pulmonary toxicity were specifically emphasized by microscopic 

and ultrastructural morphological analyses of distal lung tissue. However, the observed 

alterations within the lung were not severe enough to alter pulmonary function. 

JP-8 exposure resulted in a significant increase in pulmonary clearance of''*"Tc-

DTPA after average exposure concentrations of 7, 48, and 118 mg/m^ (Table 3.2) 

suggesting an increase in alveolar permeability. There were elevated levels of BALF 

total protein and LDH following average exposure concentrations of 48, and 118 
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mg/m^, but not 7 mg/m^. In support of these findings, light microscopy revealed the 

appearance of pulmonary edema, interalveolar infiltration of red blood cells (Fig. 3.1) 

and ultrastructural evaluation demonstrated the vacuolization of capillary endothelium 

(Fig. 3.3), following exposures greater than 26 mg/m^. At this time and without 

supporting morphological data, the ''"Tc-DTPA results for the 7 mg/m^ exposure are 

inconclusive. 

The increase in respiratory permeability leading to the onset of pulmonary edema is 

perceived to be initiated by JP-8 targeting distal airway epithelium. This hypothesis is 

supported by microscopic evaluation of revealing areas of denuded terminal airways 

and perivascular edema. Ultrastructural examination of bronchiolar epithelium also 

revealed the appearance of dilated intercellular junctions, necrotic Clara cells, and 

perivascular edema (Fig. 3.4), which are all supported by BALF increases of total 

protein and LDH. The initial targeting of terminal airways is supported by two animal 

models of kerosene aspiration, in which progressive bronchiolitis was observed (Scharf 

et al. 1981; Scharf and Prinsloo, 1982). Furthemiore, the acute response study 

observed no ultrastructural signs of alveolar damage, but there was the appearance of 

bronchiolar epithelial vacuolization and necrosis (Fig.3.3). 

In contrast to the acute study, JP-8 exposure induced a BALF decrease in alveolar 

macrophage population and NAG activity. This implies that sub-chronic jet fuel 

exposure is also directly toxic to alveolar macrophages and can decrease macrophage 

activation, thereby causing a suppression of pulmonary defense mechanisms. This 

finding is supported by the work Suleiman who exposed isolated alveolar macrophages 
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or lysosomes to straight chain alkanes or aromatics (Suleiman, 1987). It was oserved 

that nonane had a LC50 value of 5 mM, while decane, benzene, and toluene all had 

values of 10 mM. All hydrocarbons tested induced a dose-dependent release of 

cathepsin D and cathepsin B from alveolar macrophages. Cellular damage and 

lysosomal enzymes release appeared to be related to increased lipid peroxidation and 

decreased cell respiration. In addition, the hydrocarbons were more potent inducers of 

cathepsin D and cathepsin B release from isolated lysosomes. This suggests that 

hydrocarbons diffuse into cellular membranes and can directly induce extracellular and 

intracellular membrane destruction, which alters lysosomal and mitochondrial function. 

The effect of JP-8 inhalation on alveolar macrophages could exacerbate lung injury 

by inducing or enhancing the opportunity for a secondary bacterial or viral infection. 

Early pulmonary clearance of Staphylococcus aureus is effected almost exclusively by 

alveolar macrophages (Green and Kass, 1964). Mouse models of kerosene aspiration 

have demonstrated an impairment in pulmonary clearance of Staphylococcus aureus 

that correlates with the severity of hydrocarbon pneumonitis (Burley and Huber, 1971; 

Nouri et al., 1983). Bacterial replication exceeded clearance at 24 hr after an acute 

episode of kerosene aspiration, with clearance returning to normal by 96 hr. These 

reports suggest that inhalation of JP-8 or related hydrocarbon aerosols can impair 

bacterial clearance by depleting alveolar macrophages. The risk of obtaining a 

secondary infection should then be dependent upon the degree of alveolar macrophage 

toxicity and related tissue injury. 



89 

Chronic inhalation studies need to be designed in order to confirm the pathogenesis 

and long-term consequences of JP-8 induced lung injury and to determine what 

adaptive/repair processes are initiated. However, these results do demonstrate that low 

concentrations of JP-8 aerosol can induce lung injury in a mouse model and as 

described in Chapter 1, military personnel are routinely exposed to respirable aerosols. 

The combined results of sub-chronic and acute inhalation provide evidence that OHSA, 

NAVOSH, and AFOSH's vapor-based PEL of 350 mg/m^ and STEL of 1,800 mg/m^ 

for petroleum fuels should be re-evaluated, with respect to respirable aerosols. 



90 

CHAPTER 4 

N-TETRADECANE AS AN INDIRECT MARKER FOR PULMONARY 
CLEARANCE OF JET-PROPULSION FUEL 8 IN MICE 

The appropiate techniques to assess pulmonary toxicity resulting from inhalation 

exposure have been debated over the past 20 years. Inhalation experiments present the 

investigator with the most difficulty in terms of expressing the dosage that is being 

tested. Dose is considered administered if the agent enters and remains in the 

respiratory tract regardless of absorption, since the lumina of the alveoli are outside the 

body and transfer across the alveolar membrane would have to occur to bring the agent 

into the body. The actual dose that the subject receives is related to the atmospheric 

concentration, individual respiratory physiology, and duration of the exposure. 

There are five general types of inhalation exposure systems (Phalen, 1984): whole 

body or immersion; head only; nose or mouth only; lung only, and panial lung. 

Endotracheal entubation, tracheostomy, and intratracheal instillation are examples of 

lung only exposure systems. They have the major advantages of providing precise 

control of dose delivered and containment of hazardous material. However, they have 

numerous disadvantages. They include: by-passing the upper respiratory tract, which 

can influence the amount of test substance that reaches the lower airways; interference 

with normal pulmonary function by disrupting airflow characteristics; unwanted 
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complications related to trauma caused by surgical or invasive procedures required; and 

loss or depression of respiratory tract defenses. The major disadvantage with 

intratracheal instillation is that the exposure is artifical and fails to simulate the actual 

events and distribution of dose that would be expected to occur by inhalation. 

The advantages of nose-only exposure system include the limitation in the number 

of pathways of entry of material into the animal. The exposure systems are also 

designed to limit the contamination of inspired test atmosphere air with expired air, 

which prevents the dilution on test concentration. Disadvantages include that animals 

are restrained in holding tubes. This restraint can introduce stress due to confinement 

and heat that can interfere with normal blood flow and ventilation. Care must also be 

taken in sampling the test atmosphere, because the distribution of aerosol particle size 

can be modified due to impaction on the surface of the exposure system near the 

breathing zone. However, the overriding advantage with inhalation exposure systems is 

that they simulate the normal physiologic distribution, retention, and clearance of 

inhaled test atmospheres. 

The major disadvantage of nose-only inhalation may be the lack of precise control 

over the actual dose delivered and deposited within the respiratory tract. Chapters 2 

and 3 describe the pulmonary responses to nose-only inhaled JP-8 aerosol 

concentrations ranging from 5 to 118 mg/m^. The questions that remain are what is the 

concentration of JP-8 that must deposit in the lung to elicit a toxicological response and 

is toxicity a function of pulmonary clearance. This study was designed to determine the 

pulmonary retention and clearance of JP-8 following either acute or sub-chronic 
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exposure, while avoiding the use intratracheal instillation and hazardous radioactive 

labelling. A method of tissue extraction and analysis by gas chromatography-mass 

spectrometry (GC-MS) was developed to indirectly determine pulmonary retention and 

clearance of JP-8 following inhalation exposure. 
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MATERIALS AND METHODS 

Animals 

Male B6.A.D. (A/ir^/Nat*) mice, 25-35 g, were randomly assigned to each exposure 

group. The B6.A.D. (A/ir'VNat') mice were derived from stock maintained at the 

University of Arizona and have been described in Chapters 2 and 3. All mice were 

housed in the AAALAC approved animal facility of the Department of Animal 

Resources at the University of Arizona Health Sciences Center Animal, four mice per 

pan in a level 4 microisolation room, and fed ad libitum. 

Jet Fuel Aerosol Generation and Animal Exposures 

JP-8 jet fuel aerosol generation and characterization were performed as described in 

Chapter 2. Aerosol characterization results are listed in Table 4.1. To determine the 

acute pulmonary clearance of JP-8, mice were exposed for one hour to an average 

concentration of 143 mg/m^. To determine the sub-chronic pulmonary clearance of JP-

8, mice were exposed for one hr per day over a period of seven days to either an 

average concentration of 40 mg/m^ or 110 mg/m^ in order to simulate a non-toxic and 

toxic exposure, respectively, based on Chapter 3 results. Three mice per exposure 

group were randomly assigned to be sacrificed at 3, 15, 30, 45, or 60 minutes following 

the end of the acute exposure and an additional three mice were sacrificed at 75 
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minutes following the end of both sub-chronic exposures. Each exposure group was 

repeated for a final A'^of six at each time point. 

Sample Preparation 

Mice were sacrificed by a lethal intramuscular injection of the ketamine HCl, 

xylaxine, and acepromazine maleate anesthetic mixture (described in Chapter 2) at 

times ranging from 3 to 75 minutes following the last JP-8 exposure. Trachea and 

lungs were removed intact, weighed, and diced. Preliminary studies determined that 

were no differences in JP-8 lung content between saline perfused and non-perfused lung 

preparations. Lungs were then homogenized in four times weight volumes of 

phosphate buffered saline (pH 7.4; Sigma, St. Louis, MO). This resulted in a 20% 

(w/v) lung homogenate, using six passes with a teflon glass homogenizer. Following 

homogenization, homogenates were transferred to glass centrifuge tubes and an equal 

volume of w-hexane (GC-grade; Sigma, St. Louis, MO) was added. Samples were then 

vortexed and centrifuged at 1800 x g for 30 minutes at 4 °C. After centrifligation, 1 ml 

of supernatant was transferred to a glass vial, 90 ^ig/ml of toluene (Burdick & Jackson, 

Muskegon, MI) was added as an internal standard, and samples were stored at -20 °C 

until analyzed. Standards were prepared as described by spiking lung homogenates 

with a range of 0 to 1,000 |ig of JP-8 diluted in w-hexane. 

Samples of blood and urine were also collected at necropsy following sub-chronic 

exposures and transfered to individual glass centrifuge tubes. JP-8 was extracted from 

blood with the addition of four volumes of w-hexane. JP-8 was extracted from urine 
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with the addition of an equal volume of w-hexane. Blood and urine samples were then 

vortexed and centrifliged at 1800 x g for 30 minutes at 4 °C. Toluene internal standard 

were then added as described above. 

GC-MS Analysis 

The chromatographic separation of JP-8 from extraction samples was performed on 

a capillary 8060 gas chromatograph (Finnigan, San Jose, CA) and a DB-5MS capillary 

column (30 m x 0.25 mm i.d., 0.25 |im film thickness; J&W Scientific, Folsom, CA). 

Representative peaks from JP-8 were detected and quantified using a MD800 mass 

spectrometer (Finnigan, San Jose, CA). The column was operated at an initial 

temperature of 50 °C for five minutes, programmed to 200 °C at 5 °C/min, and then 

held at 200 °C for five minutes. The injector and detector were maintained at 200 °C 

and the carrier gas was helium. Masses were scanned from 50 to 300 amu for the 

duration of each analysis. JP-8 content was indirectly determined by the presence n-

tetradecane (Cu) and quantified by the Cu to toluene peak area ratio, using Masslab 3.0 

software (Finnigan, San Jose, CA), and normalized to lung weight. The system was 

checked daily using w-hexane as a blank and then 100 |ig/ml of JP-8 or Cu (Sigma, St. 

Louis, MO) diluted in w-hexane with toluene internal standard. This methodology was 

developed in the laboratories of Dr. Dean Carter, with Mike Kopplin and Dr. Dave 

Barber, and the Analytical Core of the Southwest Environmental Health Science 

Center. 
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All data are presented as mean ± SD. Pulmonary clearance curves were generated 

by plotting JP-8 versus time and extrapolating the best-fit exponential curve using CA-

Crickett Graph III software (Computer Associates, Indiana, NY). Clearance half-life 

(ti/2) was determined from the following equations; 

C = C°« and Ua = 0.693/K 

where C is the concentration of JP-8 in the lung at a given time (t), C° is the 

concentation of JP-8 in the lung at the end of the last inhalation exposure, and K is the 

apparent first-order elimination rate constant. 
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RESULTS 

JP-8 Analysis in Lung 

Figure 4.1 illustrates the gas chromatograph for JP-8, which illustrates a major 

content of w-alkanes (Wolfe et al., 1996). Figure 4.2 illustrates the mass spectra for 

toluene internal standard, w-tridecane, and /j-tetradecane (CM) which were used as 

qualitative and/or quantitative measures of JP-8 lung content. Preliminary studies 

determined that Ci4 content was the most sensitive marker for JP-8 content in the lung 

(Figures 4.3 and 4.4). Sensitivity for the described methodology was indirectly 7 ^ig 

JP-8 per gram of lung tissue, which was consistent with previous analyses of 

hydrocarbons in animal tissues (Zahlsen, et al., 1992). Cm content as an indirect 

marker for JP-8 was verified with the mass spectrum of known Cm (Figure 4.5). A 

representative gas chromatograph of JP-8 standard extracted from lung tissue illustrates 

the presence of Cm (Figure 4.6) which was verified by mass spectrometry (Figure 4.7). 

The standard curve for JP-8 lung content was prepared by indirectly quantifying Cm to 

toluene internal standard peak area ratio versus known amounts of JP-8 added to lung 

homogenates (Figure 4.8). This standard curve was used to quantify JP-8 lung content 

following inhalation exposures in mice. 
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JP-8 Analysis in Blood and Urine 

The GC-MS methcxdology was also used to qualitate JP-8 content in blood and 

urine. JP-8 content in the blood or urine of mice exposed to JP-8 was below the limit of 

detection for this methodology. The limit of detection for this extraction system was 5 

Hg/ml of sample. In addition, no unknown peak patterns were detected that could have 

indicated the presence of metabolites as compared to control. 

JP-8 Clearance 

The time-course of changes in JP-8 lung tissue after cessation of a one hour 

inhalation exposure to 143 mg/m^ of aerosolized JP-8 was determined over a period of 

60 minutes (Figure 4.9). JP-8 content appeared to decrease by first order kinetics, 

which was confirmed by exponential curve fit {K > 0.9). Extrapolation from the 

exponential curve fit indicated that the half-life for the pulmonary clearance of JP-8 

was 43 minutes, following acute inhalation exposure (Table 4.1). The time-course of 

changes in JP-8 lung tissue after cessation of sub-chronic inhalation exposure displayed 

similar first order exponential decreases over a period of 75 minutes. The pulmonary 

half-life following a seven day average non-toxic JP-8 exposure of 40 mg/m^ increased 

to 49 minutes (Figure 4.10; Table 4.1). Meanwhile, the pulmonary half-life following a 

seven day average toxic JP-8 exposure of 110 mg/m^ further increased to 57 minutes 

(Figure 4.11; Table 4.1). 
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Figure 4.1. Representative total ionization chromatograph of 100 lig/ml JP-8 diluted in 

hexane with 90 [ig/ml toluene as an internal standard. The retention time for toluene 

was 3.985 minutes, which was not included in this view. The major peaks at 15.429, 

18.755, 21.839, 24.715, and 27,416 minutes correspond to undecane, dodecane, 

tridecane, tetradecane, and pentadecane, respectively (Wolfe et al,, 1996), The GC-MS 

conditions are as described in Materials and Methods, 
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Figure 4.2. Mass spectrum chromatographs of the 3 .985 (upper), 21.839 (middle), and 

24.715 (lower) minute peaks from the total ionization chromatograph illustrated in 

Figure 4.1. The mass spectra correspond to toluene (toluene), tridecane (middle), and 

tetradecane, based on known standards. The GC-MS conditions are as described in 

Materials and Methods. 
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Figure 4.3. Representative total ionization chromatograph of lung homogenate 

prepared from a mouse 15 minutes following an acute JP-8 exposure of 40 mg/m^. The 

22.278 and 25.429 minute peaks correspond to tridecane and tetradecane resulting from 

JP-8 (see Figure 4.1) exposure, respectively. The toluene internal standard had a 

retention time of 4.243 minutes, which was not included in this view. The GC-MS 

conditions are as described in Materials and Methods. 



102 

ia»i 

• V 

SeanEK 
t.ir«3 

¥m11« A^T^P* ^P® iqe 11^1^117122 127 147^^ 
57 

ScanEK 
829 

93 Si 
«9 70 

73 65 

74 77 
•1 
-XXt 86 to "«;«'\^"^ioti(H '!» "'v* 'a '?* '«< '"'f 

tOO-i 
Se«ia« I.IM 

SI 'V«, ,v/', \7« 77^ »4^\«8 ~ ^ .05 VV^115^"i27, .12»^I2«.1» t3S142 I 

so eo as 70 7s u too IPS 110 US l» I2S 130 135 140 1«5 tiO 

Figure 4.4. Mass spectrum ciiromatographs of the 25 .429 (upper), 22.278 (middle), and 

4.243 minute peaks from the total ionization chromatograph illustrated in Figure 4.3. 

The mass spectra correspond to tetradecane (upper), tridecane (middle), and toluene, 

based on known standards. The GC-MS conditions are as described in Materials and 

Methods. 



103 

190 
IL 

70 
69 

Sc«)EH 
9.74«6 

83 
82 ! 112 "3 '27 140 141 

-M-
M w „ '0 ao 90 ICQ 110 no 130 140 150 160 1T0 t»0 190 

Figure 4.5. Mass spectrum chromatograph of the 25.362 minute peak from the total 

ionization chromatograph (not shown) of 76 jig/ml of n-tetradecane standard diluted in 

hexane. The GC-MS conditions are as described in Materials and Methods. 
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Figure 4.6. Representative total ionization chromatograph of mouse lung homogenate 

standard spiked with 100 p.g of JP-8. The chromatograph has the characteristic peak 

pattern of JP-8, as compared to Figure 4.1. The toluene internal standard had a 

retention time of 4.276 minutes, which was not included in this view. The GC-MS 

conditions are as described in Materials and Methods 
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Figure 4.7. Mass spectrum chromatographs of the 25 .196 (upper) and 4.276 minute 

peaks from the total ionization chromatograph illustrated in Figure 4.6. The mass 

spectra correspond to tetradecane (upper) and toluene, based on known standards. The 

GC-MS conditions are as described in Materials and Methods. 
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Figure 4.8. The standard curve for JP-8 lung content as determined by GC-MS 

analysis. Mouse lung homogenates were spiked with 20 to 1,000 [ig of JP-8 and content 

was indirectly determined by the tetradecane peak area to toluene peak area ratio. The 

GC-MS conditions are as described in Materials and Methods. Data are expressed as 

mean ± SD; A^= 3. 
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Figure 4.9. Time-course of changes in JP-8 content in lung tissue following cessastion 

of acute inhalation exposure to 143 mg/m^ of aerosolized JP-8. JP-8 content was 

indirectly determined by extrapolation from the standard curve illustrated in Figure 4.8. 

a n d  n o r m a l i z e d  t o  l u n g  w e t  w e i g h t .  D a t a  a r e  e x p r e s s e d  a s  m e a n  ±  S D ;  N =  6 .  
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Figure 4.10, Time-course of changes in JP-8 content in lung tissue following cessastion 

of a non-toxic sub-chronic inhalation exposure to 40 mg/m^ of aerosolized JP-8. JP-8 

content was indirectly determined by extrapolation from the standard curve illustrated 

i n  F i g u r e  4 . 8 .  a n d  n o r m a l i z e d  t o  l u n g  w e t  w e i g h t .  D a t a  a r e  e x p r e s s e d  a s  m e a n  ±  S D ;  N  

= 6. 
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Figure 4.11. Time-course of changes in JP-8 content in lung tissue following cessastion 

of a toxic sub-chronic inhalation exposure to 110 mg/m^ of aerosolized JP-8. JP-8 

content was indirectly determined by extrapolation from the standard curve illustrated 

in Figure 4.8. and normalized to lung wet weight. Data are expressed as mean ± SD; N 
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Table 4.1 

Summary of JP-8 Aerosol Characteristics'^ and Pulmonary Clearance Rates 

Treatment 

Group 

Acute 

i N = 6 )  

Sub-chronic 

(^=6) 

Sub-chronic 

( /V=6) 

'^mean ± SD; 

®Time-integrated mass concentration 

^MMAD, median mass aerodynamic diameter 

Extrapolated from exponential curve fits of Figures 4.9, 4.10, and 4.11, respectively 

^5g, geometric standard deviation 

JP-8 Exposure MMAD Pulmonary Clearance 

Concentration® of JP-8^ 

(mg/m') (|im) (Sg'') Slope Half-life (min) 

143 ±19 1.7 ±0.4 2.4 43 

40 ±7 1.6 ±0.3 2.5 49 

110 ±15 1.7 ±0.4 2.5 57 
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DISCUSSION 

As discussed in the introduction to this chapter, one of the difficulties associated 

with inhalation exposures is determining the actual dose of test material that deposits in 

the lung. The present studies were perfomed to develop a non-radioactive method of 

determining JP-8 lung content and clearance pattern following nose-only inhalation 

exposure to respirable aerosols. GC-MS analysis of Ch lung content was found to be 

an adequate method for indirectly quantifying time-course changes in JP-8 lung content 

following inhalation of aerosolized JP-8. 

The disadvantage with utilizing an indirect method for quantification of JP-8, in 

biological tissues, is the lack of sensitivity. Under the present exposure conditions, JP-

8 could not be detected in blood or urine following sub-chronic exposures. Previous 

work by Mattie and colleagues could not detect the presence of JP-8 in blood, but could 

detect unidentified JP-8 metabolites in urine (Mattie et al., 1995). However, rats in that 

study where exposed to a minimum JP-8 concentrations of 750 mg/kg daily for 90 days 

by oral gavage. For comparison, only 225 fig of JP-8 per gram of wet lung weight was 

present immediately following an acute inhalation exposure of 143 mg/m^. Sensitivity 

of the present indirect method of JP-8 quantification is further complicated by the 

complex composition of JP-8. JP-8 is composed of over 70 compounds that each are at 

least 1% of the total volume (Air Force, 1990). One of the largest individual 

components of JP-8 is Cu, but it is only 5%. Sensitivity in detecting JP-8 is initially 

decreased by a factor of 20, when using Cu as an indirect marker. 
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The half-life of JP-8 in mouse lung was calculated to be about 43 minutes after an 

acute inhalation exposure of 143 mg/m^. This acute exposure was shown to induce 

lung injury in Chapter 2. However, the effects were not observed until at least 24 hours 

after exposure, while the clearance rate was determined immediately following 

exposure. This relatively rapid rate of clearance is consistent with the kinetics of 

aliphatic hydrocarbons in blood, liver, and kidney reported by Zahlsen et al., (1992). 

C6 to Cio alkanes were either below or near the limits of detection at 12 hours following 

inhalation exposure. The half-life of JP-8 lung content increases slightly by six minutes 

following a non-toxic sub-chronic exposure to 40 mg/m^. This 14% increase in half-

life may be due to repeated exposure causing increased partitioning into cellular 

membranes as decribed for alkanes (Johannsson et al., 1981; Pope and Dubro, 1986; 

Pope et al., 1989). 

The approximate 25% increase in the half-life for JP-8 lung content after a sub-

chronic inhalation exposure of 110 mg/m^ may be of more significance. As decribed 

in Chapter 3, a sub-chronic JP-8 exposure to 48 mg/m^ or greater results in lung injury. 

Pulmonary clearance of JP-8 may be retarded by the onset of perivascular edema. This 

results in a net movement of interstitial and vascular fluid into the lung, which was 

supported by BALF increases in total protein and morphological indication of edema. 

Acute JP-8 exposure was also shown to induce alveolar macrophage infiltration and 

activation (Chapter 2), while sub-chronic exposure was shown to be cytotoxic to 

alveolar macrophages (Chapter 3). This suggests that alveolar macrophages may have 

an initial role in the uptake and clearance of JP-8, as alveolar macrophages are known 
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to have a major function of clearing foreign material from the lung (Gordon and 

Hughes, 1997). It is not definite that alveolar macrophages remove JP-8 or related 

hydrocarbons, but the loss of alveolar macrophage population and function could 

potentially prolong the half-life of JP-8 lung content. 

This study is believed to provide new information on the pulmonary kinetics of JP-8 

aerosol inhalation by using C14 as a marker for JP-8 lung content. The pulmonary half-

life of JP-8 was determined to be relatively rapid following either acute or sub-chronic 

exposure (43 to 57 min.). Pulmonary clearance of JP-8 following toxic sub-chronic 

exposure was also shown to be retarded in manner that was consistent with previously 

described JP-8 induced lung injury. The pulmonary clearance rates of JP-8 further 

suggest that inhalation exposure to aerosolized JP-8 can result in lung injury that is 

independent of JP-8 pulmonary retention. 
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CHAPTER 5 

JET-PROPULSION FUEL 8 EXPOSURE DECREASES BRONCHL\L 
EPITHELIAL BARRIER FUNCTION 

The major function of an epithelium is to provide a barrier between the environment 

and the tissue it covers. The boundary between these regions is formed by tight 

junctions that join adjacent cells to form a continuous barrier. They encircle the lateral 

portion of each cell just beneath the apical surface. Tight junctions effectively control 

paracellular movement of ions and fluid, which is important for the maintenance of 

transepithelial concentration gradients. Studies using freeze-fracture electron 

microscopy have shown that tight junctions are typically multistranded, but their form 

is not homogenous throughout the airways (Welsh, 1987). Tight junctions between 

ciliated cells are relatively homogenous, while junctions between ciliated cells and non-

ciliated cells contain fewer fibrils. The mean number of fibrils for all tight junctions 

consistently decreases as the airways become smaller. The fewer number of fibrils in 

these junctions typically correlates with increased permeability (Madara and 

Dharmsathaphom, 1985). 

Differences in airway epithelial tight junctions may be important for local variations 

in fluid permeability and regulation of barrier function. Thus, small changes to the 

structure or function of tight junctions may lead to significant changes in paracellular 

permeability. Human and animal studies have shown that the loss of epithelial barrier 
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function is a common characteristic to a variety of pathophysiologic conditions in the 

airways (Boucher et al., 1988). In addition to promoting fluid movement from 

interstitial regions into air spaces, the loss of barrier integrity may facilitate the 

movement of antigenic, infectious, or toxic environmental agents from the lumen into 

pulmonary tissues. Therefore, integrity of epithelial junctions and paracellular transport 

may be important factors in the susceptibility to and degree of toxicant-induced tissue 

injury. 

The distal airways of the peripheral lung have been the primary focus of 

pathological changes associated with environmental pollutant exposure and with 

allergic airways disease (Bmsasco et al., 1990). As described in Chapters 2 and 3, JP-8 

inhalation exposure appears to result in the targeting of distal airways for damage. JP-8 

exposure resulted in the observation of enhanced respiratory permeability to ''"Tc-

DTPA, which can be considered a loss of epithelial barrier function or an increased 

paracellular permeability (DeSanctis, et al., 1990). In addition, morphologic evaluation 

revealed dilated airway epithelial intercellular junctions and perivascular edema, which 

are also typical observations of impaired barrier function. 

Investigations on the modulation of pulmonary epithelial barrier function have 

utilized cell culture systems (Yu et al., 1994a, 1994b, 1996; Rochat et al., 1988; Simon 

et al., 1986; Sugahara et al., 1986), due to limitations in the ability to control for the 

complex set of cell-cell interactions that occur in vivo. In order to investigate the 

effects of JP-8 exposure on airway epithelial barrier function, an in vitro culture system 

was adapted to measure paracellular permeability. The objective of this study was to 
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determine if JP-8 inhalation preferentially damages bronchial epithelia by initially 

modulating barrier function. 
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MATERIAL AND METHODS 

Culture of Human Bronchial Epithelial Cell Line 

BEAS-2B cells, an SV-40 transformed human bronchial epithelial cell line, were 

obtained as gift from the laboratory of Dr. Dean Carter (University of Arizona). The 

cells were originally obtained from American Type Culture Collection (ATCC # CRL-

9609, Rockville, MD) at passage 37 and were used between passages 52 and 70. Cells 

were grown in serum-free modified Lechner and LaVeck (LHC) medium (see Appenix 

B for detailed description of culturing solutions used) at an initial density of 3 x 10^ to 

5 X lO' cells/cm^ following previously described procedures (Lechner and LaVeck, 

1985). Cell cultures were maintained on 75 cm^ polystyrene tissue culture flasks 

(Bectin Dickinson, Lincoln Park, NJ) precoated with VAF solution (30 [ig/ml; Vitrogen 

100 collagen, Celtrix, Santa Clara, CA; 10 [ig/ml human fibronectin; Calbiochem, La 

Jolla, CA; 10 |ig/ml bovine serum albumin; Sigma, St. Louis, MO; LHC basal medium) 

and incubated at 37 °C in a humidified 5% CO2 atmosphere. The medium was change 

every two to three days until cells reached 80 to 90% confluence. Cells were 

subcultured for experiments by rinsing with calcium/magnesium free phosphate 

buffered saline (PBS-PD; Sigma, St. Louis, MO). The rinse was replaced by trypsin-

EDTA-polyvinylpyrrolidine (PVP) (5% trypsin; Sigma, St. Louis, MO; 1% PVP; 

Biofluids, Rockville, MD), 10 ml/flask. Cell cultures were re-incubated for five 

minutes or until 90% of the cells detached. Trypsinization was stopped by adding 3 ml 
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of soybean trypsin inhibitor (Boehringer-Mannheim, Indianapolis, IN). The cell 

suspension was transferred to a centrifuge tube and centrifuged at 350 x g for 5 

minutes. The cell pellet was resuspended in PBS-PD and centrifuged again for 5 

minutes. The cell pellet was then resuspended in modified LHC medium. Cells were 

then subcultured for experiments as described below. 

Measurement of Cytotoxicity 

Cytotoxicity was determined by the colorimetric sodium 3'-[l-[(phenylamino)-

carbonyl]-3,4-tetrazolium]-6/s(4-methoxy-6-nitro)benzene-sulfonic acid hydrate (XTT) 

reduction assay as previously described (Roehm et al., 1991). BEAS-2B cells were 

cultured as described above. Cells were replanted on VAP precoated 96 well plates 

(Bectin Dickinson, Lincoln Park, NJ) at a density of 8 x 10^ cells/well in 100 |j,l of 

medium. Twenty-four hours after plating, cells were dosed with 50 |il of poly-L-lysine 

(PLL; Sigma, St. Louis, MO), JP-8, n-tetradecane (Cu), saline vehicle for PLL, or 0.1% 

ethanol (EtOH) vehicle for JP-8 and Cu. Eight hours after dosing, 50 |il of XTT 

solution (3 mg/ml XTT and 18 |ig/ml phenazine methosulfate (PMS) in PBS was added 

to each well. Cells were then incubated for an additional four hours and viability was 

determined by measuring the reduction of XTT to a formazan. Formazan formation 

was quantified by measuring its absorbance at 480 nm on a Biolinx 2.20 plate reader 

(Dynatec Laboratories, Chantilly, VA). Results were expressed as percent of control 

viability for two cell passages at six replications each (N of 2). 
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Measurement of Barrier Function 

The measurement of epithelial barrier function was adapted from the work of Yu 

and colleagues (Yu et. al, 1996). BEAS-2B cells were cultured as described above. 

The cells were replanted at a density of 2 x 10^ to 3 x lO' cells per Transwell 

polycarbonate insert (0.4 p.m pore size, 6.5 mm diameter; Costar, Cambridge, MA) 

which were precoated with Vitrogen ICQ (50 |il/insert; overnight) and VAF (15 min 

before planting). The modified LHC-9 medium on the apical (0.2 ml) and basal (0.35 

ml) sides of the cells was changed every two days. Experiments were performed on 

confluent cell cultures. Confluence was verified when cells prevented the diffusion of 

apical medium to the basal side. Confluence was also monitored histologically by 

fixing extra cell monolayers with 10% neutral buffered formalin (Sigma, St. Louis, 

MO) and removing the insert membrane for Diff-Quik staining (Dade Diagnostics, 

Aguada, PR), on days when medium was changed for experimental cells. Each 

experiment used wells of cultured cells in quadruplicate and was perfomed in four 

different cell line passages (N of 4). 

Cells were exposed by replacing apical medium with 0.2 ml of non-lethal dosing 

solutions of PLL, JP-8, Cu, or vehicles (as determined by XTT assay and described 

above). PLL is a polycationic permeability enhancing molecule that serves as a 

positive control (Yu et al., 1994a). Cells were exposed for one hour and then inserts 

were placed in new 24-well plates prefilled with 0.35 ml/well fresh medium at 37 °C. 

Apical medium was removed and replaced with 0.2 ml of medium containing 0.25 

jiCi/ml ^H-mannitol (20 Ci/mmol, I mCi/ml; NEN, Boston, MA) at 37 °C. Paracellular 
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flux in the apical (lumen) to basolateral direction was calculated from the radioactivity 

in 10 |il samples of basal solution removed over a two hour incubation period. Samples 

were taken at 0 (immediately after addition of radioactive medium), 0.5, 1, 1.5, and 2 

hours for the acute study and at 12, 24, and 48 hours for the recovery study. Yu and 

colleagues previously determined that there is not a significant difference in flux 

measurements between the two directions (Yu et al., 1994b). 

To determine cumulative flux in each experiment, samples were taken from all four 

wells at each time point and for all four passages of cells. Measures of permeability in 

each well were considered to be dependent values that were averaged to arrive at the 

value for each passage. The flux values for each passage were averaged to arrive at the 

mean value for each time point. 

Radioactivity was determined by liquid scintillation counting (Beckman LS 5000, 

Fullerton, CA) and was corrected for counting efficiency by subtracting time 0 results. 

Paracellular flux of mannitol was calculated from the following simplified formula; 

F = (C X VtouiA^sampie)(a X SA)/(area x t) = nmol/cm^/h 

where F is the average flux across the cell layer between time 0 and each time point (t), 

C is the radioactivity in the apical sample (DPM), V,oiai is the volume of the solution in 

the basal side at the time of sampling, Vsampie is the volume of the sample taken, a is a 

constant that equals 0.17 nCi/DPM, SA is the specific activity of the '"'C-mannitol (5 x 

lO'^ nmol/|iCi), and area is the surface area of the insert filter (0.33 cm^). Cumulative 

flux data are expressed as nmol mannitol/cm^ at each measurement time. There was no 
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compensation for variations in hydrostatic pressure caused by sampling from the basal 

side without replacement, so the results may inherent bias. 

Statistical Analysis 

Cytotoxicity data are presented as mean ± SD and paracellular flux data are 

presented as mean ± SE. Differences between means for group data were tested for 

significance as described in Chapter 2 and p values < 0.05 were considered significant 

as compared to vehicle controls. 
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RESULTS 

Cytotoxicity 

To exclude cellular damage as a factor in barrier function experiments, cytotoxicity 

was estimated by measuring the bioreduction of XTT to a formazan. Following 

exposure of BEAS-2B cells to PLL for 12 hours at 2.5 or 5.0 (ig/ml, no significant 

differences from saline vehicle-exposed cells were observed in formazan production 

(Table 5.1). In contrast, significant decreases in formazan production were observed 

following PLL concentrations of 7.5 and 10 |ig/ml, amounting to 78 and 35% of control 

formation, respectively. Following exposure of cells to JP-8 or Cm for 12 hours at 0.17, 

0.33, 0.50, or 0.67 mg/ml, no significant differences in formazan production were 

observed from 0.1% ethanol vehicle-exposed cells (Table 5.1). Formazan formation 

was at least 95% percent of control for all JP-8 and Cu exposures. Based on these 

results, PLL concentrations of 1.25, 2.5, and 5.0 |ig/ml were chosen as positive 

controls for paracellular permeability experiments and JP-8 or Ci4 concentrations of 

0.17, 0.33, 0.50, or 0.67 mg/ml for test exposures. 

Effects on BEAS-2B barrier integrity 

The dose-related effects of one hour exposures of BEAS-2B cells to 0, 1.25, 2.5, or 

5.0 Hg/ml PLL on the paracellular flux of mannitol during a two hour incubation period 

immediately following the end of exposure are summarized in Table 5.2. At PLL 
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concentrations of 2.5 and 5.0 ^ig/ml, significant increases in flux were observed that 

reached 48% and 71% above control, respectively, at two hours post-exposure. Similar 

results were observed for cumulative paracellular flux of mannitol after PLL exposure, 

with concentrations of 2.5 and 5.0 )ig/ml eliciting enhanced permeability (Figure 5.1). 

The dose-related effect of one hour exposures to 0, 0.17, 0.33, 0.50, or 0.67 mg/ml 

JP-8 on the paracellular flux of mannitol during the same two hour incubation period 

are summarized in Table 5.3. At JP-8 concentrations of 0.50 and 0.67 mg/ml, 

significant increases in flux were observed that reached 48% and 71% above control, 

respectively, at the end of the incubation period. The effect of C14, a major constituent 

of JP-8, on BEAS-2B paracellular permeability was more profound than JP-8. 

Tetradecane concentrations of 0.17, 0.33, 0.50, and 0.67 significantly enhanced 

permeability by 36%, 42%, 63%, and 68%, respectively, over control (Table 5.4). 

Similar results for both JP-8 and Ch were observed for cumulative paracellular flux of 

mannitol respective exposures (Figures 5.2 and 5.3, respectively). 

If the concentrations of PLL, JP-8, and Cu used in this study were truly non-

cytotoxic, changes in paracellular permeability should recover to control values. 

Therefore, the above experiments were repeated using the highest concentrations of 

PLL, JP-8, and Ch and measuring flux after 12, 24, and 48 hour incubation periods. 

The effects on BEAS-2B paracellular permeability reached a maximum at 12 hours, 

enhancing permeability by 276%, 367%, and 376% over control for 5.0 |ig/ml PLL, 

0.67 mg/ml JP-8, and 0.67 mg/ml Cu, respectively (Figure 5.4). Paracellular 

permeability then returned to control values for all treatment groups by 48 hours. 
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Table 5.1 

Effect of PLL, JP-8, or Cu Treatment on BEAS-2B Cellular Bioreduction of XTT to a 

Formazan as a Measure of Cytotoxicity'^ 

PERCENT OF CONTROL FORMAZAN PRODUCTION® 

Exposure Concentration 

0 [ig/ml 2.5 |ig/ml 5.0 |ig/ml 7.5 |ig/ml 10 |ig/ml 

PLL 100 ±0.02 98.7 ±0.05 98.0 ± 0.03 76.7±0.03» 34.8±0.01* 

Exposure Concentration 

0 mg/ml 0.17mg/ml 0.33 mg/ml 0.50mg/ml 0.67 mg/ml 

JP-8 100 ±0.03 99.2 ± 0.05 98.0 ±0.04 97.7 ±0.06 96.0 ±0.05 

Ci4 100 ±0.03 99.5 ±0.03 99.2 ±0.04 96.5 ±0.03 95.0 ±0.04 

'^mean±SD;A^=2 

® Formation measured during the last 4 h of a 12 h exposure to PLL, JP-8, or Ch 

^Statistically significant difference from respective control group mean; p < 0.05 
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Table 5.2 

Mannitol Flux Across Confluent BEAS-2B Cell Cultures at Specific Time Intervals 

During a 3 hour Incubation in the Presence or Absence of PLL"^ 

Mannitol Flux (nmol/cm^) 

Time Interval (h) 

0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 

control 0.17 ±0.02 0.19 ±0.02 0.20 ±0.01 0.21 ±0.02 

1.25 |J.g/ml 0.19 ±0.04 0.18 ±0.02 0.21 ±0.01 0.25 ± 0.04 

2.5 |ig/ml 0.21 ±0.02 0.27 ±0.01* 0.30 ±0.01* 0.31 ±0.02» 

5.0 fig/ml 0.26 ± 0.02* 0.30 ±0.02* 0.34 ±0.02* 0.36 ±0.02* 

^mean ± SEM; N = 4 

* Statistically significant difference from control mean at the given time interval; p < 

0.05 
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Table 5 .3 

Mannitol Flux Across Confluent BEAS-2B Cell Cultures at Specific Time Intervals 

During a 3 hour Incubation in the Presence or Absence of 

Mannitol Flux (nmol/cm^/h) 

Time Interval (h) 

0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 

EtOH control 0.19 ±0.03 0.19 ±0.02 0.20 ±0.01 0.21 ±0.01 

0.17 mg/ml 0.21 ±0.02 0.22 ±0.01 0.21 ±0.01 0.23 ±0.01 

0.33 mg/ml 0.23 ±0.03 0.22 ± 0.02 0.24 ± 0.02 0.24 ±0.01 

0.50 mg/ml 0.23 ± 0.02 0.23 ±0.01 0.25 ±0.01* 0.27±0.01* 

0.67 mg/ml 0.24 ±0.02 0.26 ±0.02* 0.28 ±0.03* 0.32 ±0.02* 

"^mean ± SEM; N  =  4  

* Statistically significant difference from control mean at the given time interval; p < 

0.05 
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Table 5.4 

Mannitol Flux Across Confluent BEAS-2B Cell Cultures at Specific Time Intervals 

During a 3 hour Incubation in the Presence or Absence of Ci/' 

Mannitol Flux (nmol/cm^/h) 

Time Interval (h) 

0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 

EtOH control 0.19 ±0.02 0.21 ±0.02 0.19±0.01 0.19 ±0.02 

0.17 mg/ml 0.19 ±0.02 0.22 ±0.03 0.25 ±0.01 0.26 ±0.01* 

0.33 mg/ml 0.22 ± 0.03 0.24 ± 0.02 0.27 ±0.02* 0.27 ±0.01* 

0.50 mg/ml 0.24 ± 0.02 0.27 ±0.02* 0.30 ±0.02* 0.31 ±0.01* 

0.67 mg/ml 0.25 ±0.03 0.29 ± 0.02* 0.32 ±0.01* 0.32 ±0.02* 

^mean±SEM;A/=4 

* Statistically significant difference from control mean at the given time interval; p < 

0.05 
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Figure 5.1. The effect of increasing concentrations of PLL on the cumulative flux of 

mannitol during the 2 hr incubation period. Each group contains four different passages 

of BEAS-2B cells. Cumulative flux was based on flux data in Table 5.2. Data are 

e x p r e s s e d  a s  m e a n  ±  S E M ;  N = 4 .  
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Figure 5.2. The effect of increasing concentrations of JP-8 on the cumulative flux of 

mannitol during the 2 hr incubation period. Each group contains four different passages 

of BEAS-2B cells. Cumulative flux was based on flux data in Table 5.3. Data are 

expressed as mean ± SEM; N = A. 
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Figure 5.3. The effect of increasing concentrations of n-tetradecane on the cumulative 

flux of mannitol during the 2 hr incubation period. Each group contains four different 

passages of BEAS-2B cells. Cumulative flux was based on flux data in Table 5.4. 

Data are expressed as mean ± SEM; = 4. 
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Figure 5.4. The effect of PLL, JP-8, and Ch on the flux of mannitol during the 48 hr 

incubation period. Each group contains four different passages of BEAS-2B cells. 

Flux at 2 hr was taken from Tables 5.1, 5.2, and 5.3. Data are expressed as mean ± 

SEM; A^=4. 
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DISCUSSION 

Exposure of bronchial epithelial cells or cell lines to hydrocarbons has not been 

previously studied. Experiments on acute and sub-chronic JP-8 inhalation described in 

Chapters 2 and 3 suggest that the early stages of lung injury commence with a loss of 

airway epithelial barrier function. In vivo results demonstrated enhanced respiratory 

permeability, dilated intercellular junctions, and pulmonary edema. This study was 

designed to examine the direct effect of JP-8 on bronchial epithelial barrier function 

and its reversibility, in order to test the sub-hypothesis that JP-8 inhalation will initiate 

lung injury by decreasing airway epithelial barrier function. 

The polycationic molecule PLL was selected as a positive control for the effects on 

barrier function because previous studies have demonstrated its ability to enhance 

paracellular permeability, in epithelial culture systems (Yu et al., 1994a, 1994b, 1996). 

Human bronchial epithelial (BEAS-2B) cells, grown on porous polycarbonate inserts, 

were exposed to increasing non-cytotoxic concentrations of PLL for one hour and then 

incubated with mannitol for two hours immediately following the exposure. The results 

demonstrated that PLL induced dose-dependent increases in paracellular permeability, 

which were consistent with previous studies on human or canine bronchial epithelial 

cells (Yu et al., 1994a, 1996). BEAS-2B cells were then exposed to increasing non-

cytotoxic concentrations of JP-8 or C14, a major component of JP-8, in the same manner 

as PLL. The results indicated that both JP-8 and Cu illicit dose-dependent decreases in 

barrier function, as indicated by increasing paracellular permeability to mannitol. 
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Subsequent experiments demonstrated that the impairment of barrier function, induced 

by non-cytotoxic PLL, JP-8, or Cu, intensifies for at least 12 hours post-exposure and 

returns to normal function by 48 hours. 

The direct mechanism(s) by which epithelial barrier function can be altered 

endogenously or exogenously is/are not understood. It has been postulated that tight 

junctions and paracellular permeability may be impaired through activation or 

disruption of contractile microfilaments within the cytoskeleton (Madara et al., 1987). 

Interaction of cationic species, such as PLL or inflammatory mediators, with the 

negatively charged glycocalix of cell membranes is also thought to modulate 

paracellular permeability (Yu et al., 1994a). Since JP-8 is primarily a mixture of non-

polar hydrocarbons, its effect on barrier function should be independent of these ionic 

interactions. As briefly discussed in Chapter 2, JP-8 is comprised of straight chain 

alkanes that are capable of intercalating within membrane bilayers. Upon dissolution 

into membranes, the alkanes can inhibit normal cellular activity by disturbing lipid-lipid 

and lipid-protein interactions. 

Disruption of cytoskeletal microfilaments and membrane homeostasis may involve 

lipid peroxidative mechanisms. In vivo and in vitro experiments on the effect of ozone 

or NO2 inhalation have observed alterations in bronchial and bronchiolar epithelial tight 

junction structure that resulted in increased paracellular permeability (Gordon et. al, 

1986, 1989; Yu et al., 1994b; Madden et al., 1993; Alpert et al., 1990). These studies 

observed increased lipid peroxidation that appeared to be associated with tight junction 

degradation and increased epithelial permeability. While JP-8 is not considered an 
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oxidant like ozone and NO2, petroleum products and hydrocarbons, within JP-8, have 

been observed to initiate lipid peroxidation within cellular membranes of alveolar 

macrophages (Suleiman, 1987) and the endoplasmic reticulum of hepatocytes (Rao and 

Pandya, 1978). The alteration of bronchial epithelial membranes by lipid peroxidation 

may be one mechanism that allows other pathological effects (e.g. enzyme leakage, 

edema, and necrosis) to emerge as a consequence of JP-8 inhalation. 

In conclusion, tight junctions have an integral role in the formation and function of 

epithelial barriers within many tissues. One of the primary functions of airway 

epithelia is to provide a barrier between the environment and pulmonary tissues. 

Exposure to JP-8 or Ch was observed to increase BEAS-2B paracellular permeability, 

presumably through the alteration or degradation of tight junction structure. These data 

indicate that non-cytotoxic exposure to JP-8 or C14 exert a noxious effect on airway 

epithelial barrier function. Loss of bronchial epithelial integrity precludes and may 

initiate the pathologic alterations, described in Chapters 2 and 3, to bronchiolar and 

alveolar epithelia following JP-8 inhalation. 
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CHAPTER 6 

OVERALL SUMMARY AND DISCUSSION 

The findings presented and discussed in this dissertation support the hypothesis that 

the inhalation of respirable aerosols of JP-8, at concentrations below permissible 

occupational levels, will induce pulmonary toxicity. As decribed in Chapter 1, the 

current safety standards set by AFOSR, NAVOSH, and OSHA for JP-8 are a PEL of 

350 mg/m^ and a STEL of 1,800 mg/m^. In summary; (1) The adverse effects of JP-8 

aerosol inhalation, following acute exposure to 50 or 113 mg/m^, were found to include 

physiological, biochemical, cellular, and morphological alterations within the lung. 

The primary site of morphological damage was observed to distal airway epithelia and 

Clara cells in particular. (2) Acute inhalation studies utilizing the B6.K.DXAh/,^af) 

congenic mice and its parent strain disproved the sub-hypothesis that aryl hydrocarbon 

hydroxylase responsiveness modulates the severity of JP-8 induces lung injury. This 

finding was supported by collaborative sub-chronic studies on JP-8's effect on the 

immune system (Harris et al., 1997a). (3) Sub-chronic inhalation studies, similar to the 

acute studies, found the adverse effects of JP-8 inhalation to be progressive in nature as 

compared to the acute findings. Alterations in lung morphology progressed to include 

moderate areas of perivascular edema, areas of distal airway denudation, and 

vacuolization to alveolar type II epithelial cells and adjacent endothelia. (4) GC-MS 

analysis for JP-8 lung content, using Cu as an indirect marker, found the pulmonary 
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clearance half-life to vary between 43 and 57 minutes, depending on both duration and 

concentration of inhalation exposure. The pulmonary clearance rate of JP-8 also 

suggested that JP-8 induced lung injury was independent of lung retention. (5) Based 

on JP-8 aerosol characterization, it could be predicted that JP-8 would predominately 

deposit within distal airways by sedimentation. It was further postulated that JP-8 

would initiate lung injury by targeting distal airways, as observed in acute studies. In 

vitro exposure of the BEAS-2B human bronchial epithelial cell line to non-cytotoxic 

concentrations of JP-8 or Cu induced dose-dependent decreases in epithelial barrier 

function, that were reversible. The BEAS-2B study supports the postulate that JP-8 

initiates pulmonary toxicity by increasing airway epithelial permeability. 

The combined data from these studies demonstrate that acute inhalation exposure to 

low concentrations of aerosolized JP-8 can induce pulmonary toxicity as illustrated in 

Figure 6.1. Based on MMAD data (Table 2.1, 4.1), JP-8 predominately deposits within 

bronchial to bronchiolar epithelia by sedimentation and has a clearance half-life of 43 

minutes. JP-8 targets airway epithelium by dissolving through the epithelial lining 

fluid, which leads to preferential absorption and biotransformation by Clara cells. JP-8 

and/or its metabolite(s) disrupts intracellular and membrane homeostasis which leads to 

increased respiratory permeability (Table 2.2). The initiation of increased respiratory 

permeabiliy and decreased barrier function is supported by the BEAS-2B study (Table 

5.3; Figure 5.5). Within 24 hours, increased respiratory permeability allows JP-8 

increased access to the interstitium and the onset of Clara cell necrosis (Figure 2.3), 

edema (Table 2.3), and alveolar macrophage activation and inflitration (Table 2.3, 2.4). 
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At this point the alveolar region is relatively unaffected, except for an apparant increase 

in the number and size of sufactant secreting lamellar bodies (Figure 2.3). This may be 

indicative of a feedback mechanism, in which alveolar type II epithelial cells upregulate 

sufactant production to compensate for airway alterations. As supported by the BEAS-

2B study (Figure 5 .4) and studies of kerosene aspiration (Scharf et al., 1981, Scharf and 

Prinsloo, 1982), acute JP-8 inhalation exposure should result in lung injury that is 

reversible. 

Sub-chronic or repeated exposure results in the progression of lung injury as 

illustrated in Figure 6.2. Sub-chronic exposures to JP-8 initially produces lung injury 

as described above for acute inhalation, except that clearance half-life increases with 

dose. However, JP-8 is cytotoxic to alveolar macrophages and sub-chronic exposure 

results in a decreased alveolar macrophage population (Table 3.4). Furthermore, 

repeated JP-8 exposure progresses to include denudation of bronchiolar airways (Figure 

3.2) and increased areas of perivascular edema (Figure 3.2). Bronchiolar damage can 

lead to collapsing of distal airways which can initiate atelectasis-like collapsing of 

alveolar spaces and pulmonary edema (Figure 3.1). 

Alveolar type II epithelial cells continue to have the appearance of increased 

lamellar body size and number Figure (3.3), which further supports a feedback or 

compensation pathway. It has been shown that instillation of hydrocarbon substances 

can lead to reduction in surfactant activity, causing an increase in alveolar surface 

tension (Huxtable et al., 1964; Giammona, 1967). Kerosene is also thought to denature 

pulmonary surfactant, which can lead to atelectasis or a collapsing of the lung (Scharf 
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and Prinsloo, 1982; Zucker et al., 1989). This is consistent with the atelectasis-like 

injuries observed in both acute and sub-chronic studies (Figure 2.1, 3.1). This could 

explain the apparent increased lamellar body size and number. Alveolar type II 

epithelial cells may be activated, secondary to JP-8 insult, to upregulate surfactant 

production in order to compensate for denaturing and airway damage. Increased 

surface tension would then be offset and explain the absence of changes in pulmonary 

function (Table 2.2, 3.2). This line of evidence is supported by artificial surfactant 

therapy being efficacious in the treatment of hydrocarbon-induced lung injury in sheep 

(Widner et al., 1996). Prolonged or increasing concentration of exposure may 

overwelm type II epithelial cell capabilities. This could lead to pulmonary dysfunction 

as described for kerosene aspiration (Scharf et al., 1981) or the vacuolization of type II 

cells and adjacent endothelia (Figure 3.3). 

Upon chronic exposure or high concentrations of JP-8, airway injury could progress 

into formation of bronchopneumonia, bronchiolitis, and bronchitis. These disease 

states have been observed with various models of hydrocarbon or solvent exposure 

(Scharf and Prinsloo, 1982, Billings and Howard, 1994; Widner et al., 1996). Airway 

alterations could stimulate alveolar injury and collapse that cause changes in pulmonary 

function and fibrosing alveolitis (Billings and Howard, 1994). Likewise, the 

combination of chronic exposure and alveolar macrophage toxicity can result in a state 

of immunonsuppression. Chronic JP-8 exposure, like hydrocarbon exposure, could 

increase the risk of chronic primary and secondary respiratory infections (Eade et al., 

1974), as alveolar macrophages are essential in the removal of airborne viruses and 
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bacteria. The culmination of chronic JP-8 exposure could be the synergism of multiple 

pulmonary lesions that result in chronic lung disease and immunodeficiency. The 

extent of lung injury and its reversibility would be dependent on both the concentration 

and incidence of JP-8 exposure. 

The effects of chronic JP-8 inhalation would not be limited to the respiratory tract. 

JP-8 induced alveolar macrophage toxicity would result in suppression of both 

pulmonary clearance and immune function. Major alterations in immune function that 

are long lasting may result in an increased likelihood of development of cancer or 

autoimmune diseases. If an individual is immunocomprised due to JP-8 exposure, it 

could result in an individual that is more susceptible to infectious disease as well as an 

individual that may be predisposed to the development and/or progression of 

maglignancy and autoimmune disease. Repetitive exposures may not allow time for the 

immune system to recover thereby magnifying the effects of exposure. 

Chronic or life-time inhalation studies need to be designed in order to determine the 

pathogenesis and progression of JP-8 induced lung injury and potential adaptive 

processes. While questions remain about the etiology of JP-8 induced pulmonary 

toxicity, these studies are the first to demonstrate that exposure to respirable aerosols 

are present during military operations and that permissible levels of JP-8 aerosol 

exposure can induce pulmonary toxicity in mice. As recommended by the National 

Research Council (NRC, 1996), the present data provide evidence that the PEL of 350 

mg/m^ and the STEL of 1,800 mg/m^ for more volatile petroleum distillates, such as JP-

8, should be re-evaluated with regard to respirable aerosols. 
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NKi RECEPTOR ACTIVATION PREVENTS HYDROCARBON-INDUCED 
LUNG INJURY IN MICE 
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The presence of tachykinin-containing sensory nerve fibers, within the airways of 

mammals, has been demonstrated by radioimmunoassay and immunohistochemistry 

(Lundberg, et al, 1984). Substance P is a member of the tachykinin family of 

neuropeptides, which are widely distributed in the peripheral and central nervous 

systems (Otsuka and Yoshioka, 1993). Exposure of airways to mechanical or chemical 

irritants, such as capsaicin and formalin, results in protective reflex responses such as 

bronchoconstriction, increased vascular permeability, vasodilatation, mucus secretion, 

and enhanced mucociliary activity (Otsuka and Yoshioka, 1993). These actions are 

mediated through plasma membrane bound neurokinin receptors (NK,, NK2, and NK3) 

that have seven transmembrane domains and are G-protein coupled (Nakanishi, 1991). 

Substance P has the highest affinity for the NK, receptor. The pulmonary effects of 

substance P have been shown to be inhibited by CP-96,345, a non-peptide NK, receptor 

antagonist (Sakamoto et al., 1993). Furthermore, autoradiographic, immunochemical, 

and receptor binding studies have demonstrated that NK, receptors are localized at both 

basal and apical sites on airway epithelium from the trachea to the respiratory 

bronchioles (Frossard and Advenier, 1991; Ichikawa et al., 1995; Naline et al., 1996). 

While NK, receptor activation has been shown to enhance vascular permeability, 

recent studies suggest that NK, receptor activation may protect against enhanced airway 

epithelial permeability. Yu and co-workers (Yu et al., 1996) demonstrated that 

substance P administration had a protective effect on ozone-induced permeability in 

primary human and canine bronchial epithelial cells, which was predominately 

mediated through NK, receptors. DeSanctis and co-workers (DeSanctis et al., 1990) 
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showed that substance P depletion in rats produced a decrease in airway transepithelial 

electrical potential difference and enhanced permeability to "^c-DTPA. These studies 

were based on Rangachari and McWade's (Rangachari and McWade, 1985) postulate 

that substance P or NK, receptor activation may modulate epithelial permeability via 

paracellular anion flux. Yu and co-workers concluded that substance P, through NKj 

activation, functions to maintain bronchial epithelial barrier integrity under conditions 

of environmental or toxicant challenge. In a rat model of occupational hydrocarbon 

exposure, Pfaff and co-workers (Pfaff et al., 1995, 1996) demonstrated that JP-8 

inhalation decreases pulmonary epithelial barrier function which was mediated by 

suppression and/or depletion of substance P release. 

Recent evidence suggests that neurokinin (NK) receptor activation may have a 

protective role in maintaining lung integrity when challenged by airborne toxicants 

such as sulfur dioxide, ozone, acrolein, or hydrocarbons (Killingsworth et al, 1996; Yu 

et al.; 1996, Turner et al., 1993; Pfaff et al., 1995). To investigate the effect of NK, 

receptor activation on JP-8 induced lung injury, B6.A.D. (i4/i//Nat*) mice received sub-

chronic exposures to JP-8 jet fuel, similar to those described in Chapter 3. The research 

objective was to investigate the potential modulatory effects of NKj receptor activation 

and antagonism on hydrocarbon-induced lung injury, with an emphasis on bronchiolar 

airways. 



145 

METHODS 

Animals 

Twelve, 25-35 g, male B6.A.D. (y4/i/^/Nat') mice were randomly assigned to each 

exposure group. The B6.A.D. (AA/^/Nat') mice were derived from stock maintained at 

the University of Arizona and have been described in Chapters 2, 3, and 4. All mice 

were housed in the AAALAC approved animal facility of the Department of Animal 

Resources at the University of Arizona Health Sciences Center, four mice per pan in a 

level 4 microisolation room, and fed ad libitum. 

Exposure system and animal treatments 

JP-8 exposures were performed as described in Chapters 2 and 3. JP-8 

concentration and aerosol characterization results are summarized in Table A.l. Mice 

were exposed for one hr per day over a period of seven days to an average target 

concentration of 50 mg/m^ The results described in Chapter 3 indicate that exposures 

as low as 50 mg/m' induce consistent pulmonary toxicity. Control animals were 

exposed to ambient air (0 mg/m^). 

To test the effect of a NK, receptor activation on JP-8 induced pulmonary toxicity, 

the selective NK, receptor agonist [sar®, met(02)"]-substance P (Sigma, St. Louis, MO) 

was chosen (Yiamouyiannis et al., 1995). Mice receiving agonist treatment were 

administered 1 (J.M of SP in saline for 15 min immediately following an average JP-8 
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exposure of 52 mg/m^. The concentration of SP was based on the work of Joos and co

workers (Joos et al., 1987). This was the highest concentration of NKl agonist which 

did not cause bronchoconstriction in normal or asthmatic subjects. Negative control 

animals were exposed to ambient air followed by saline vehicle or SP treatment. 

Positive control animals were exposed to an average concentration of 53 mg/m^ JP-8, 

which was immediately followed by 15 min of aerosolized saline. To obtain insight on 

the potential role of NK, receptor activation in protecting against hydrocarbon-induced 

lung injury, it was decided to antagonize endogenous activation with CP-96,345 (Pfizer, 

Groton, CT). CP-96,345 (NK, receptor antagonist) pretreated mice were administered 

a 2.5 mg/kg (saline vehicle) i.p. injection 15 min prior (Castagliuolo et al., 1997) to an 

average JP-8 exposure of 48 mg/m^. Control mice were pretreated with CP-96,345 as 

described and exposed to ambient air. Mice exposed to ambient air alone or to JP-8 jet 

fuel alone have been previously described in Chapters 2 and 3 and were omitted from 

this study to avoid redundancy. 

Pulmonary function and respiratory permeability 

Pulmonary function and respiratory permeability measurements were performed as 

previously described in Chapter 2. 
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Bronchoalveolar lavage 

Immediately following respiratory permeability testing, nine animals per exposure 

group were randomly assigned for bronchoalveolar lavage. Bronchoalveolar lavage 

analyses were also performed as previously described in Chapter 2. 

Lung Morphology 

Immediately following alveolar permeability testing, three animals per exposure 

group were randomly assigned for pulmonary morphological evaluation. Lung tissues 

were obtained and prepared for microscopic and ultrastructural anaylses of morphology 

as described in Chapter 2. 

Statistical Analysis 

All data are presented as mean ± SD. Differences between means for group data 

were tested for significance as described in Chapter 2. 
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RESULTS 

Pulmonary function and respiratory permeability 

At 24 to 30 hr after the final exposure, there were no significant changes in dynamic 

compliance or total pulmonary resistance (Table A.2). However, at 24 to 30 hr after the 

last exposure, there was a significant increase in respiratory permeability (= 115%) to 

mice exposed to an average concentration of 53 mg/m' and receiving aerosolized saline 

administration (JP-8 + sal), as compared to mice exposed to ambient air and receiving 

aerosolized saline (0 + sal) or aerosolized [sar^, met(02)"]-substance P (0 + SP) and 

mice pretreated with CP-96,345 and exposed to ambient air (CP + 0; Table A.2). The 

increase in respiratory permeability to ''"Tc-DTPA was prevented in mice exposed to 

an average JP-8 concentration of 52 mg/m^ and receiving aerosolized [sar^, met(02)"]-

substance P administration (JP-8 + SP). Conversely, CP + JP-8 mice were observed to 

have an exacerbated increase in respiratory permeability (= 50%) as compared to the 

JP-8 + sal group. 

Bronchoalveolar lavage fluid analysis 

There were significant increases in both BALF total protein (= 110%) and LDH (= 

180%) levels for the JP-8 + sal group, which demonstrates edema and cellular death as 

compared to 0 + sal, 0 + SP and CP + 0 control groups (Table A.3). As with respiratory 

permeability, [sar^, met(02)"]-substance P administration following each JP-8 exposure 
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prevented an increase in BALF levels of both total protein and LDH. BALF total 

protein increase was not exacerbated in the CP + JP-8 group, but LDH was exacerbated 

by approximately another 110% as compared to the JP-8 + sal group. There appeared 

to be a significant reduction in alveolar macrophage activity as indicated by the 

decrease in BALF NAG activity (= 45%) within JP-8 + sal mice (Table A.3). The 

decrease in NAG activity was not exacerbated in the CP + JP-8 group, but the decrease 

was prevented in the JP-8 + SP group. 

BALF total cell counts significantly decreased (= 20%) within the JP-8 + sal group 

as compared to control groups (Table A.4). The BALF decrease in total cell numbers 

was exacerbated by approximately another 30% in the CP + JP-8 group as compared to 

JP-8 + sal mice. Once again, the administration of [sar^, met(02)"]-substance P 

following JP-8 exposures prevented the decrease in BALF cell numbers. There were no 

changes in BALF neutrophil or lymphocyte populations for all treatment groups. The 

alveolar macrophage population was significantly decreased in the JP-8 + sal group and 

was exacerbated in the CP + JP-8 group (Table A.4). The decrease in BALF alveolar 

macrophage population was prevented in the JP-8 -i- SP group. 

Morphological evaluation 

Light microscopic examination of 0 + SP mice revealed tissues within normal limits 

(Fig. A.IB, A.2B) as compared to Chapter 3. Evaluation of 0 + sal and CP -t- 0 group 

mice were also within normal limits. Micrographs for 0 + sal and CP + 0 treatment 

groups were similar to the 0 + SP treatment group and therefore were omitted to 
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prevent redundancy. Examination of JP-S + sal mice revealed focal areas of pulmonary 

edema and alveolar air space collapse (Fig. A.IA). Evaluation of distal airways was 

characterized by the appearance of apical cytoplasmic blebbing and exfoliation (Fig. 

A.2A). There was also the indication of perivascular edema and sub-endothelial edema 

(not shown). All histologic evidence of lung injury was absent in JP-8 + SP mice (Fig. 

A.IC, A.2C). Examination of the alveolar region and distal airways of JP-8 + SP mice 

revealed tissues that were similar to 0 + SP mice (Fig. A.IB. A.2B). In contrast, CP + 

JP-8 mice had morphologic evidence of enhanced lung injuries as compared to JP-8 + 

sal mice. Microscopic evaluation of the alveolar region CP -i- JP-8 mice revealed dense 

areas of pulmonary edema with the intra-alveolar infiltration of red blood cells and 

alveolar collapsing (Fig. A.ID). Apical cytoplasmic blebbing and exfoliation of 

bronchiolar epithelium was also apparent (Fig. A.2D). In contrast to JP-8 -f- sal mice, 

there appeared to be sporadic collapsing of terminal airways adjacent to uncollapsed 

airways (Fig. A.2D). This observation is consistent with the pathogenesis of atelectasis. 

The severity of perivascular and sub-endothelial edema also appeared to increase (not 

shown), but this was not quantified. 

Electron microscopy focused on alveolar type U epithelial cells and terminal airway 

epithelium for all treatment groups. As with light microscopy, ultrastructural 

evaluation of lung tissues from 0 + SP and CP + 0 exposure groups revealed no 

indication of toxicity (Fig. A.3B, A.4B). There were no differences between 0 + SP 

and CP + 0 control groups, so once again photomicrographs for CP + 0 mice were 

omitted to prevent redundancy. Examination of the JP-8 + sal exposure group revealed 
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an apparent increase in the number and size of surfactant producing lamellar bodies, 

within alveolar type II epithelial cells (Fig. A.3A). There was also the appearance of 

lamellar inclusions bodies that appeared to be secondary lysosomes containing 

intracellular debris, under higher magnification (not shown). Affected type 11 epithelial 

cells were also characterized by dilation and/or vacuolization of endoplasmic reticulum. 

As with previous work, there were also scattered areas of diffuse vacuolization of 

adjacent endothelium with sub-endothelial edema (Fig. A.3A). In contrast, 

ultrastructural evaluations of the JP-8 + SP exposed mice were absent of toxicological 

changes to alveolar type 11 epithelium and capillary endothelium (Fig. A.3C). The only 

indication of JP-8 exposure was the appearance of an increase in the size, but not in the 

number of lamellar bodies. Endothelial and alveolar type II epithelial alterations in CP 

+ JP-8 exposed mice were observed to be slightly more severe than those of JP-8 -t- sal 

mice. However, alveolar type II epithelial injury progressed to include intranuclear 

inclusion bodies and cells absent of lamellar bodies with organelle vacuolization (Fig. 

A.3D). The occasional intranuclear inclusion bodies were of an unknown osmiophilic 

granular-like structure. 

As with light microscopy and ultrastructural evaluation of alveoli, terminal 

bronchiolar epithelium remained within the normal limits for 0 + SP and CP + 0 control 

tissues (Fig. A.4B). Examination of the JP-8 + sal group revealed terminal airway 

changes that were moderate in respect to incidence and severity. Bronchiolar 

alterations were characterized by the dilation of intercellular junctions and nuclear 

membranes (Fig. A.4A). Also apparent were areas of isolated cytoplasmic 
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vacuolization of smooth endoplasmic reticulum within non-ciliated epithelial cells 

(Clara cells) leading to the appearance of necrosis and lamellar inclusion bodies (Fig. 

A.3A). As suggested by light microscopy, the epithelial changes appeared to have lead 

to the formation of perivascular edema (Fig. A.3A). Ciliated epithelial cells appeared 

relatively unaffected, except for changes to intercellular junctions and nuclear 

membranes. In conu-ast, examination of bronchiolar epithelium from JP-8 + SP treated 

mice revealed the absence of toxicological alterations consistent with control groups 

(Fig. A.4C). As opposed to both JP-8 + SP and JP-8 + sal treatment groups, CP + JP-8 

exposed mice had more progressive alterations within bronchiolar lining cells. 

Intercellular cytoplasmic vacuolization of endoplasmic reticulum was clearly more 

diffuse within Clara cells, but also within basal and ciliated epithelial cells (Fig. A.4D). 

For the first time, there were indications of necrotic basal and ciliated epithelial cells. 

Nuclear alterations within Clara cells caused the appearance of less-dense chromatin 

staining, which could be indicauve of the onset of necrosis. 
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Table A. 1 

JP-8 Aerosol Characteristics for NK, Agonist and Antagonist Treatment Groups^ 

Treatment JP-8 Exposure MMAD^ 

Group Concentration® 

(mg/m^) (|im) (5g°) 

0^ sal'' 0.0 0.0 0.0 

JP-8 + sal 53 ±8 2.2 ± 0.7 2.5 

0-1-SP° 0.0 0.0 0.0 

JP-8 + SP 52 ±8 2.5 ± 0.7 1.7 

CP"-(-0 0.0 0.0 0.0 

CP -t- JP-8 48 ±6 2.5 ± 0.2 1.8 

'^mean ± SD; N = 1 ^Time-integrated mass concentration 

^MMAD, median mass aerodynamic diameter °5g, geometric standard deviation 

^ mg/m^ exposure to ambient air ''15 min saline vehicle 

°15 min [sar®, met(02)"]-substance P (1 |iM) "CP-96,345 (2.5 mg/kg i.p.) 
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Table A.2 

Effect of NK, Agonist or Antagonist on JP-8 Induced Changes in Pulmonary Function 

and Respiratory Clearance of''"Tc-DTPA'^ 

Treatment Group Dynamic Compliance Resistance '^c-DTPA 

(ml/cmHjO/kg) (cmHjO^kg/L/sec) (%/min) 

0 + sal 3.5 ± 0.7 13.6±3.1 0.42 ±0.15 

JP-8 + sal 3.6 ± 0.9 16.2 ±2.2 0.92 ±0.14* 

0 + SP 3.4 ± 0.7 16.1 ±5.4 0.43 ±0.11 

JP-8 + SP 3.210.8 16.9 ±5.9 0.46 ±0.19 

CP + 0 3.6 ± 0.7 14.0 ±3.4 0.47 ± 0.06 

CP + JP-8 3.7 ±0.9 11.8 ±3.6 1.36 ±0.18** 

^mean±SD; A^= 12 

* Statistically significant difference from 0 + sal, 0 + SP, CP + 0, and JP-8 + SP group 

means; p < 0.05 

**Statistically significant difference from all other group means; p < 0.05 
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Table A.3 

Effect of NK, Agonist or Antagonist on JP-8 Induced Changes in B ALF Biomarkers of 

Lung Injury^ 

Treatment Group Total Protein 

(Ug/ml) 

LDH 

(U/ml) 

NAG 

(U/1) 

0 + sal 

JP-8 + sal 

0 + SP 

JP-8 SP 

CP-hO 

CP JP-8 

30 ±7 

75 ±4* 

35 ±9 

35 ±5 

37 ±5 

81 ± 11* 

46 ±5 

161±15* 

58 ± 4 

57 ± 7 

41 ± 9 

341± 6** 

1.5 ±0.2 

0.8 ± 0.4* 

1.3 ±0.3 

1.5 ±0.5 

1.6 ±0.2 

0.8 ±0.3* 

mean ± SD; N = 9 

* Statistically significant difference from 0 + sal, 0 + SP, CP + 0, and JP-8 + SP group 

means; p < 0.05 

**Statistically significant difference from all other group means; p < 0.05 
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Table A.4 

Effect of NKi Agonist or Antagonist on JP-8 Induced Changes in B ALF Cell Number 

and Differential* 

Treatment Group Cell Number Macrophage Neutrophil Lymphocyte 

(X lOVml) (X 107ml) (X 107ml) (X 107ml) 

0 + sal 4.2 ±0.8 4.15 ±0.05 0.01 ±0.01 0.04 ± 0.02 

JP-8 + sal 3.3 ±0.6* 3.25 ± 0.02* 0.02 ±0.01 0.03 ±0.01 

0 + SP 4.5 ± 0.9 4.45 ± 0.02 0.0 ±0.0 0.05 ± 0.02 

JP-8 + SP 4.4 ±0.7 4.24 ± 0.04 0.02 ±0.01 0.14 ±0.04 

CP + 0 4.0 ±0.8 3.94 ±0.01 0.0 ± 0.0 0.06 ±0.01 

CP + JP-8 2.4 ± 0.9** 2.34 ±0.01** 0.01 ±0.01 0.05 ±0.01 

'^mean ± SD; N = 9 

* Statistically significant difference from 0 + sal, 0 + SP, CP + 0, and JP-8 -f- SP group 

means; p < 0.05 

••Statistically significant difference from all other group means; p < 0.05 
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Figure A.I. Representative photomicrographs of the alveolar region from B6.A.D. 

{Ahi^/Naf) mice, illustrating the effect of NKi agonist or antagonist treatment on sub-

chronic inhalation exposure to JP-8: (A) JP-8 + sal; (B) 0 + SP; (C) JP-8 + SP; and (D) 

CP + JP-8. Hematoxylin and eosin stain; 440x original magnification. 
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Figure A.2. Representative photomicrographs of bronchiolar airways from B6.A.D. 

{Ah/fNaf) mice, illustrating the effect of NKi agonist or antagonist treatment on sub-

chronic  inha la t ion  exposure  to  JP-8 ;  ( / I )  JP-8  +  sa l ;  (B)  0  +  SP;  (C)  JP-8  SP;  and  (D)  

CP + JP-8. Hematoxylin and eosin stain; 275x original magnification. 
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Figure A.3. Transmission electron micrographs of alveolar type II epithelial cells (E2) 

from representative lungs of B6.A.D. {Ahr''/Naf) mice, illustrating the effect of NKi 

agonist or antagonist treatment on sub-chronic inhalation exposure to JP-8: (A) JP-8 + 

sal; (B) 0 + SP; (Q JP-8 + SP; and (D) CP + JP-8. Note the vacuolization of capillary 

endothelium (EN) and development of sub-endothelial edema (SE). Alveolar type 11 

epithelial cell alterations appear to begin with the increase in size and number of 

lamellar bodies (L) and progressing to the vacuolization of intracellular organelles (O). 

Magnification bars are as indicated. 
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Figure A.4. Transmission electron micrographs of bronchiolar epithelium from 

representative lungs of B6.A.D. {Ahr'^/Naf) mice, illustrating the effect of NKi agonist 

or antagonist treatment on sub-chronic inhalation exposure to JP-8; (A) JP-8 + sal; (5) 0 

+ SP; (C) JP-8 + SP; and (D) CP + JP-8. Note that ciliated epithelial cells (CL) 

remained normal while vacuolization of smooth endoplasmic reticulum (S) was present 

within Clara cells (CC) from JP-8 + sal exposure. The exacerbation of injury by CP-

96,345 included the presence of necrotic basal cells (NB) and ciliated cells (NC). 

Magnification bars are as indicated. 
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DISCUSSION 

The present study demonstrates that sub-chronic administration of saline, [sar^, 

met(02)"]-substance P, or CP-96,345 alone had no direct effect on B6.A.D. iAh//Naf) 

murine lung physiology or morphology as compared to results described in Chapter 3. 

Sub-chronic inhalation of JP-8 produced lung injury consistent with that described in 

Chapter 3 and a previous study in rats observed that sub-chronic JP-8 inhalation results 

in decreased BALF substance P levels that correlate with lung injury (Pfaff et al., 

1995). A regimen of NKj receptor activation by [sar®, metCOj)"]-substance P following 

JP-8 inhalation exposures prevented the development of lung injury. In contrast, 

antagonism of endogenous NK, receptor activation by CP-96,345 pretreatment 

exacerbated the jet fuel-induced lung injury. 

The acute pulmonary response to inhaled JP-8 in B6.A.D. (Ah/ZNaf)  mice was 

characterized in Chapter 2 by a targeting of bronchiolar epithelium. Bronchiolar 

epithelial injury included the vacuolization of smooth endoplasmic reticulum, 

degranulization, and necrosis of Clara cells. In a similar sub-chronic study described in 

Chapter 3, the severity of bronchiolar epithelial injury increased with progression of the 

injury to include deterioration within the alveolar-capillary barrier. Clara cells appear 

to be the initial target for JP-8 jet fuel-induced lung injury, which is consistent with 

Chapters 2 and 3. These observations suggest that JP-8 induced lung injury may be 

mediated through Clara cell metabolic activity. These findings also suggest that NK, 
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receptor activation may protect against this lung injury by either decreasing access or 

by modulating the metabolism of JP-8 within Clara cells. 

NK, receptors could decrease the access of toxicants to Clara cells by modulating 

the composition or movement of the epithelial lining fluid. NKi receptor activation is 

known to stimulate bronchial mucus secretion (Rogers et al., 1989) and mucociliary 

activity (Jain, et al., 1993; Schlosser et al., 1995). Linderberg has also shown that 

toxicant exposure can increase mucociliary beat, which is partially mediated by 

substance P activation of NKi receptors (Lindberg, 1986). The mucous layer of the 

epithelial lining fluid is responsible for trapping particulate matter and ciliary beat, 

within the aqueous layer, is responsible for the movement of the mucus layer. This 

results in the pulmonary clearance of foreign compounds via the mucociliary escalator. 

Increased mucous secretion could increase the solubility of hydrocarbons within the 

epithelial lining fluid and effectively dilute the concentration of hydrocarbons which 

can gain access to airway epithelia. A concomitant increase in ciliary beat frequency 

would also enhance the movement of the jet fuel-containing mucous layer into larger 

airways, which appear to be less susceptible to hydrocarbon-induced injury (Scharf et 

al., 1981; Scharf and Prinsloo, 1982). Stimulated ciliary beat frequency could also 

prevent hydrocarbon-induced injury by enhancing JP-8 clearance. 

The metabolism of xenobiotics within the lung often leads to toxicity, although 

certain pulmonary cells are more readily damaged than others. This differential 

susceptibility can result from cell specific differences in xenobiotic activation and 

detoxification. Clara cells are known to be the primary site for cytochrome P-450 



167 

mediated xenobiotic biotransformation in the lung and are most readily damaged as a 

consequence of the bioactivation of many pulmonary toxicants (Baron and Voight, 

1990; Cohen, 1990). In vitro experiments have shown that straight chain hydrocarbons 

can inhibit cytochrome P-450 mediated detoxification pathways (Rabovsky et al., 

1986). To our knowledge the effect of NK, receptor activation on metabolic activities 

within Clara cells has not been studied. However, substance P has been shown to 

modulate metabolic activity in other cellular systems. Ekstrom and co-workers have 

shown that substance P influences polyamine metabolism in salivary glands by 

increasing ornithine decarboxylase activity (Ekstrom et al., 1989) and others have 

shown that substance P can stimulate arachidonic acid metabolism and NADPH 

oxidase activity in neutrophils or alveolar macrophages (Murris-Epsin et al., 1995; 

Serra et al. 1988). The mechanism by which substance P modulated cellular 

metabolism in those studies was not completely understood, but it was believed to be 

NKi receptor mediated. NK, receptor activation could modulate Clara cell metabolism 

by stimulating oxidation of JP-8, which could lead to the formation of metabolites 

which are more readily cleared from the lung and less toxic. Conversely, CP-96,345 

pretreatment could be exacerbating lung injury by depleting endogenous NK, receptor 

activation of detoxification pathways. 

The most consistent hypothetical mechanism by which substance P and NK, 

receptor activation prevents toxicant-induced lung injury is through the maintenance of 

airway epithelial barrier function. Capsaicin pretreatment to deplete substance P has 

been shown to exacerbate acrolein- and ozone-induced airway epithelial denudation. 
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necrosis, and inflammation (Turner et al., 1993; Tumer-Kock et al., 1996). Yu and co

workers have shown that NK, receptor activation protects and maintains epithelial 

barrier function from ozone in primary human and canine bronchial epithelial cells (Yu 

et al., 1996). Furthermore, Killingsworth and co-workers observed a protective effect 

by substance P in a rat model of sulfur dioxide-induced chronic bronchitis 

(Killingsworth et al., 1996). NK, receptor activation may be protecting against 

hydrocarbon and other toxicant-induced lung injuries through a common mechanism 

for maintaining bronchiolar epithelial barrier function. In support of this hypothesis. 

Chapter 4 describes JP-8 induced decreases in epithelial barrier function by enhancing 

^H-mannitol permeability in the BEAS-2B cell line. However, the mechanism of 

tachykinin protection remains to be determined and may end up being a combination of 

pulmonary actions elicited by NK, receptor activation. 

In summary, this data provides further evidence that tachykinins and NK, receptor 

activation may be involved in pathophysiological processes which protect the lung from 

injury induced by environmental or occupational toxicants. The actions of NK, 

receptor activation appear to predominately protect airway epithelial integrity, 

particularly the Clara cell. However, further experiments with an emphasis on in vitro 

systems need to be designed to determine mechanism of protection. 



169 

APPENDIX B 

MODIFIED LHC MEDIUM AND FLASK COATING SOLUTION 
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MEDIUM COMPONENTS FOR ADDITION TO LHC BASAL MEDIUM 

LHC basal medium (Bio-Fluids, Rockville, MD) 

human recombinant Epidermal Growth Factor (EGF; Intergen, Purchase, NY) 

20 mM HEPES buffered saline, (HBS; Bio-Fluids) 

Ethanolamine/phosphoethanolamine (P/E; Bio-Fluids) 

Retinoic acid (RA; Bio-Fluids) 

Triiodothyronine (Tj; Bio-Fluids) 

Hydrocortisone (Bio-Fluids) 

Bovine pituitary extract (BPE; Bio-Ruids) 

Insulin (Sigma. Sl Louis, MO) 

Transferrin (TF; Sigma) 

Epinephrine (Sigma) 

Gentamycin (Sigma) 

Bovine serum albumin (BSA; Sigma) 

Penicillin/Streptamycin (Sigma) 

MAKING MODIFIED LHC MEDIUM 

BSA Stock: 

100 mg BSA in 100 ml HBS 

Stock 4: 
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0.04 g FeS04-7H20, 12.2 MgCU ^HjO, 0.44 g CaCl2-2H,0, and 0.5 ml conc. HCl in 

final volume of 1 L ddHjO 

Stock U; 

0.683 g ZnS04-7H20 in final volume of 1 L ddHjO 

Calcium Stock: 

1.29 g CaCU in final volume of 1 L ddHjO 

EGF Stock: 

100 \ig EGF, 2 ml BSA stock, 18 ml HBS 

TF Stock: 

500 mg TF, 10 ml BSA stock, 90 ml HBS 

Epinephrine Stock: 

100 mg epinephrine, 100 ml 10 mM Hcl 

RA Stock; 

1 pi 3.3 mM RA. 999 |il DMSO 

Trace Elements Stock: 

1 ml 3.0 mM selenium 
1 ml 0.1 mM manganese 
1 ml silicone solution (1.42 mg Na2Si03'9H20 in 100 ml ddHiO) 
1 ml molybdenum solution (12.4 mg (NH4)6Mo7024-4H20 in ICX) ml ddH^O) 
1 ml vanadium solution (5.9 mg NH4VO3 in 100 ml ddHjO) 
1 ml nickel solution (1.3 mg NiS04-6H20 in 1(X) ml ddHjO) 
1 ml tin solution (1.1 mg SnCU ^HjO in 1(X) ml ddHjO) 
1 ml conc. HCl 
Bring total volume to 1 L in ddHiO 

Add the Following to 500 ml of LHC Basal Medium to Make Modified LHC Medium 
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5 mi Stock 4 
0.5 ml Stock 11 
0.35 ml Calcium Stock 
1.25 ml Insulin Stock 
0.1 ml Hydrocortisone 
0.5 ml EGF Stock 
1.0 ml TF Stock 
2.5 ml P/E Stock 
0.25 ml Epinephrine Stock 
0.05 ml RA Stock 
0.05 ml Tj Stock 
0.5 ml 50 mg/ml Gentamycin 
5.0 ml Trace Elements Stock 
2.5 ml BPE 
2.5 ml 10,000 U/ml Penicillin/Streptamycin 

VAF FLASK COATING SOLUTION 

1 ml Vitrogen-lOO collagen (Celtrix, Santa Clara, CA) 
10 ml BSA (10 mg/ml) 
1 mg bovine plasma fibronectin (Calbiochem, La Jolla, CA) 

Coating flasks is done by adding minimal volume of VAF solution (3 ml/75 cm") to 

cover planting surface area 10 to 15 minutes prior to planting cells. Transwell inserts 

are coated with 50 pil of diluted Vitrogen-lOO (1:9 in 70% ethanol) 24 hours before 

treating with VAF solution. 
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