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Detection of Paracrine Factors in Oxidant Lung Injury 

A. Keith Tanswell 

ABSTRACT 

It is well recognized that the oxidant gases ozone and 
nitrogen dioxide cause lung injury at high concentrations 
and, as such, are considered to be "hazardous" air pollu­
tants. What is not known is the upper limit of their concen­
tration in ambient air that can be tolerated without causing 
lung injury. This uncertainty is due, in major part, to a lack 
of sensitive and noninvasive tests that can identify the pres­
ence of early lung injury after exposure to oxidant gases. 

The hypothesis underlying the studies reported in this 
document was that the changes in cell populations that oc­
cur in the lung after oxidant lung injury are due to the local 
generation of lung-cell-specific growth factors, and that 
these factors should leak into the blood stream in sufficient 
quantities to allow their identification. Once identified, 
such factors could be used as early markers of oxidant 
injury. 

The question asked in the design of these studies was: "Is 
oxidant lung injury associated with the appearance in 
blood of factors that enhance lung cell growth, as tested in 
a cultured lung cell bioassay?" Groups of rats were exposed 
to either 1 ppm ozone, 85 percent oxygen, or air, and sam­
ples of plasma, lung washings, and lung tissue were col­
lected at intervals over a two-week period. These samples 
were tested for their effect on the DNA synthesis of purified 
populations of three major lung cell types (pneumocyte, fi­
broblast, and endothelial cell) in culture. The concentra­
tions of the two oxidant gases used in these studies were 
selected on the basis of their known effect on these cell 
types in the intact animal. The collected samples were 
tested either whole or after separation into various frac­
tions, determined by the preference of the sample's constit­
uents for an alkaline or acidic environment. This fraction­
ation procedure was included because simple testing of 
crude samples may not always reveal the presence of biolog­
ically active material because both growth stimulators and 
growth inhibitors may be present in the same sample. 

The results from testing whole samples confirm that fac­
tors that enhance DNA synthesis by all three lung cell types 
do appear in blood and lavage after exposure to 1 ppm 
ozone or 85 percent oxygen. 

A. Keith Tanswell, Lawson Research Institute, St. joseph's Health Centre, 268 
Grosvenor Street, London, Ontario, Canada N6A 4V2 

These factors appear to be distinct for each lung cell type, 
in that the timing of maximal activity in the collected sam­
ples differs for each cell type. The time at which they ap­
pear in blood bears a close temporal relationship with cel­
lular changes reported to occur in the whole lung of 
similarly exposed animals. 

A fairly simple set of experiments is required to charac­
terize these factors further; this should allow for the devel­
opment of a two-step procedure for processing samples 
from a more extensive study in order to determine the speci­
ficity of such factors for oxidant lung injury, and whether 
or not they are present with very low dose exposures. 

INTRODUCTION 

The U.S. Environmental Protection Agency (EPA) estab­
lishes National Ambient Air Quality Standards for "criteria'' 
air pollutants, and has broad authority to adopt emission 
standards for any source of "hazardous" air pollutants. 
These include the oxidant gases nitrogen dioxide (N02) 

and ozone (03). Nitrogen dioxide is a common environ­
mental pollutant derived from a variety of sources, includ­
ing automotive and other combustion engine emissions, 
cigarette smoke, gas and wood-burning stoves, as well as 
coal-burning plants (Horvath et al. 1970; Shy 1973; Kaldor 
et al. 1984). Nitrogen dioxide acts as a major precursor for 
the formation of 0 3 , a photochemical oxidant that results 
from the reaction of nitrogen oxides and hydrocarbons in 
the presence of sunlight. A major difficulty for the EPA in 
setting ambient air quality standards for oxidant gases such 
as N02 and 0 3 is the lack of sensitive markers of oxidant 
lung injury applicable to large populations. Disturbance of 
pulmonary function, to a degree that can be detected by rou­
tine pulmonary function tests, requires a significant degree 
of lung injury. Ideally, standards should be set to prevent 
the early cellular alterations that precede detectable altera­
tions of lung function. In some instances, such alterations 
might be detected very early in the course of oxidant injury 
to the lung by the use of radioactive probes for detection of 
altered alveolar epithelial and endothelial lining transport 
(Jefferies et al. 1984). The complexity of the required equip­
ment, the use of radioactive isotopes, and the invasiveness 
of the procedure preclude the use of this technique in the 
large populations necessary to define optimal ambient air 
quality standards. 
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Inhalation of sublethal concentrations of N02 and 0 3 , 

under well-controlled experimental conditions, causes 
damage to pulmonary alveolar architecture. The cellular 
changes observed have been well documented and con­
trasted (Crapo et al. 1984; Evans 1984) to the changes ob­
served after the inhalation of a third oxidant gas, oxygen 
(02). Oxygen is not an environmental pollutant, as such, 
but is a well-documented cause of destructive lung injury 
in laboratory animal models and in human patients whore­
quire 0 2 supplementation for various pneumopathies. Of 
these three oxidant gases, 0 2 has been studied most exten­
sively in small animal experiments; this provides a data 
base against which the effects of other oxidant gases can be 
compared and contrasted (that is, it can act as a "gold stan­
dard" for dosimetric studies of 0 3 and N02). The intracel­
lular events that underlay cellular 0 2 injury are better un­
derstood and documented (Freeman and Tanswell 1985) 

than are the events of either 0 3 or N02 injury. In vitro 
studies suggest that 0 3 damage occurs not only as a conse­
quence of the oxidation of membrane constituents, but also 
results from the inhibition of several key intracellular en­
zymes and the depletion of the intracellular glutathione 
pool (Freeman and Mudd 1981; VanderZee et al. 1987). It 
is probable that many, although not all, of the mechanisms 
of cellular injury, defense, and repair are shared by all three 
oxidant gases. 

Inhalation of sublethal concentrations of all three oxidant 
gases (02 , 0 3 , N02) results in type I pneumocyte destruc­
tion, followed by type II pneumocyte hyperplasia and inter­
stitial thickening, with an increase of fibroblasts (Crapo et 
al. 1984; Evans 1984). Oxygen, and to some extent 0 3 (but 
not N02), causes capillary damage, followed by endothelial 
cell hyperplasia during the repair process. These differ­
ences in effect on the capillary bed reflect the chemical 
reactivities of the three gases, with the most reactive (N02) 

tending to target areas closer to the point of inhalation than 
does the least chemically reactive gas (02), which exerts its 
major effects more distally along the respiratory tract. Were 
sufficient unreacted N02 to reach the capillary bed, it 
would be expected to react with endothelial cells, and to 
cause significant physical and metabolic changes, as indi­
cated by the in vitro studies of Patel and Block (1986). 

The biological control mechanisms by which type II 
pneumocyte and lung fibroblast hyperplasia occur after ox­
idant lung injury have not been established. It is even un­
clear if the stimulus to cellular hyperplasia comes from lo­
cal events within the lung, or is a result of some systemic 
response to oxidant inhalation. Experiments of nature, 
duplicated in laboratory animals, suggest (at least for 0 2) 

that the stimulus for cell division arises locally, since vas­
cular shunts leading to systemic cyanosis do not reduce the 
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proliferative changes observed (Miller et al. 1970; Jentzen et 
al. 1984). Potential local mechanisms include the release of 
growth factors by lung cells in response to oxidant injury, 
or from lymphocytes and phagocytes attracted to the lung 
by the injury. It is also possible that there is chronic inhibi­
tion of cell division, which is lost after oxidant injury. 
Lastly, oxidant-injured lung cells may secrete basement 
membrane of a modified composition that encourages cell 
division. There is good evidence from the work of others 
(Bitterman et al. 1982; Elias et al. 1985) that alveolar 
macrophage-derived polypeptide paracrine growth factors 
may influence fibroblast hyperplasia after oxidant injury. 
My colleagues and I have recently demonstrated the release 
of apparently autocrine growth factors by lung fibroblasts 
exposed to oxidant stress in vitro (Tzaki et al. 1988), and 
had previously demonstrated the in vitro release of para­
crine growth factors by oxidant-stressed lung fibroblasts 
that were active against tumorous pneumocyte cell lines 
and primary cultures of adult lung pneumocytes (Tanswell 
1983; Freeman and Tanswell 1985). 

Since type II pneumocyte and fibroblast hyperplasia are 
early events in oxidant lung injury, the detection of any 
paracrine or autocrine growth factors that control such cel­
lular changes would be an excellent marker of early oxidant 
lung injury. There is experimental evidence of the early re­
lease of such factors from an ipsilateral oxygen-exposed 
lung, which affects an air-exposed contralateral lung in 
double intubation experiments (Motlagh et al. 1969). To be 
of practical value, they would have to be detectable in se­
rum, rather than in lung lavage, to maintain a low level of 
invasiveness. The early increase in epithelial and endo­
thelial layer permeability that is observed with some ox­
idant injuries suggests that water-soluble polypeptide 
growth factors would have access to the circulation, and 
should thus be detectable in the blood with a sufficiently 
sensitive assay. 

AIMS 

The specific aim of this project was to test four hy­
potheses: 

1. That growth factors affecting type II pneumocytes, lung 
fibroblasts, and, possibly, lung endothelial cells are de­
tectable in blood after exposure to 0 3 . 

2. That the appearance of any such growth factors shows 
a temporal correlation with expected proliferative 
changes that occur in the lung parenchyma. 

3. That similarly conducted studies with another oxidant 
gas (02) reveal qualitatively, though not quantitatively, 
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similar findings; that is, that growth-factor release is de­
termined by the degree and duration of oxidant injury, 
rather than by the specific oxidant involved. 

4. That any such growth factor can be characterized by 
preparative electrofocusing, molecular-weight sizing, 
and target cell type specificity. This would allow a sim­
ple two-step procedure to be developed for handling 
multiple samples from a more extensive analysis. 

The initial proposal was to collect both plasma and lung 
lavage from exposed animals. The lavage was included in 
the study because growth factors derived from the lung pa­
renchyma might be expected to appear in the lavage shortly 
before, or at the same time as, their appearance in plasma. 
At the request of the HEI Health Research Committee, lung 
homogenate was also collected from all exposed animals for 
concurrent assay. 

This modified original proposal predicted that a three­
year time frame would be necessary for the complete inves­
tigation of this specific aim. Unfortunately, a misperception 
between the investigator and the granting agency resulted 
in a two-year funding period for a three-year project. The in­
vestigator was unaware of this time restriction until late in 
the second year of funding. Consequently, the project is 
only two-thirds completed, and testing of the fourth hy­
pothesis listed above could not be done. Unfortunately, the 
late date at which the misperception became evident did 
not allow sufficient time to restructure the experimental de­
sign. A two-year time frame would have meant limiting the 
study to a single oxidant gas, and performing a more re­
stricted analysis. Such an approach would not allow an 
evaluation of the specificity of observed responses to a sin­
gle oxidant gas, and would significantly reduce the poten­
tial value of such studies. Since each cell preparation yields 
all three cell types tested, no time would have been saved 
by restricting the analysis to a single cell type. 

Two years into the project, progress was essentially as 
predicted in the original application. The initial screening 
of crude samples for growth factors had been virtually com­
pleted, as had the majority of the electrofocusing studies. 
Samples had been fractionated by high-performance liquid 
chromatography (HPLC), through a sizing column, but they 
awaited assay. A summary of the progress during the term 
of these studies is shown in Table 1. 

METHODS 

OVERALL PLAN 

The experiments intended for these studies followed a 
plan of four successive steps: 

Table 1. Summary of Progress in Assay of Samples 
from Ozone- and Oxygen-Exposed Animals Against 
Three Lung Cell Types 

Cell Type 

Pneu- Fibro- Endo-
Analysis 

Bioassay 
(03) 

Bioassay 
(Oz) 

Preparative 
electrofocusing 
fractionation 
(03) 

Preparative 
electrofocusing 
fractionation 
(Oz) 

a C = crude. 

Sample 

Plasma (C)a 
Plasma 

(D + Hl)c 
Lavage 
Homogenate 

Plasma (C) 
Plasma 

(D+ HI) 
Lavage 
Homogenate 

Plasma 
Lavage 
Homogenate 

Plasma 
Lavage 
Homogenate 

b X = all groups completed. 

c D + HI = dialyzed and heat inactivated. 

d Z = most groups completed. 

mocyte blast thelia! 

xt X X 

X X X 
X X X 
X X X 

X X 

X X X 
X X 
X X 

X X X 
X X zd 
X X z 

X X z 
X X 
X X 

Step 1. Determine if exposure to the oxidant gases results 
in the detectable release, into the collected samples, of fac­
tors that enhance DNA synthesis by lung cells. 

a. Expose adult male rats to 1 ppm 0 3 , 85 percent 0 2, or 
air for two weeks and collect plasma, lung lavage, and 
lung homogenate on days 3, 5, 7, and 14 of exposure. 

b. Test all crude samples for effect on DNA synthesis by iso­
lated lung fibroblasts, endothelial cells, and pneumo­
cytes in vitro. Also test plasma samples after heat inacti­
vation and dialysis. 

Step 2. Use pooled aliquots of samples, from individual 
time points, to identify the fractionation procedures most 
likely to enrich the yield of any such factors. 

a. Subject pooled samples from each time point of each ex­
posure group to broad-range preparative electrofocus­
ing. Test each fraction in triplicate against each of the 
above lung cell types for effect on DNA synthesis. 

b. Use the bioactivity profiles obtained to determine that 
fractions from preparative electrofocusing should be 
combined for further separation by HPLC through a siz-
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ing column. Test all resultant fractions in triplicate 
against the relevant cell types. 

Step 3. Separate aliquots of individual original crude sam­
ples by sequential preparative electrofocusing and HPLC. 
Assay predetermined fractions for the presence of growth 
factors against the three lung cell types. 

Using the information obtained from the two fraction­
ation steps above, subject all the original samples to sequen­
tial preparative electrofocusing and HPLC. Only fractions 
identified as bioactive in the first round of studies (step 2) 
would be used for these definitive bioassays. Confirm by 
statistical analysis that growth factors of specific molecular 
weights and isoelectric points appear in blood in response 
to inhalation of oxidant gases at concentrations above those 
observed in blood after inhalation of air alone. 

Step 4. Determine further physical and biological charac­
teristics of any growth factors identified as active against 
one or more of the three lung cell types. 

Further characterize fractions that show significant ef­
fects on lung cell DNA synthesis by sensitivity to proteo­
lytic enzymes, solvents, heat treatment and dithiothreitol. 
Examine specificity against a variety of cell types. 

ANIMAL EXPOSURES 

All exposures were conducted with Charles River's CD 
strain male rats of 400 ± 25 gm at the onset of exposure. Rats 
were selected as the animal model for these studies because 
of their documented sensitivity to both 0 3 and 0 2 , and be­
cause of the detailed descriptions of rat lung architectural 
changes after inhalation of both oxidant gases (Crapo et al. 
1980; Evans 1984} that are available from the literature. 

Ozone exposures were conducted under the auspices of 
Dr. Elaine Grose at the Health Effects Laboratory of the En­
vironmental Protection Agency, Research Triangle Park, 
NC. Animals were exposed to either air or 1 ppm 0 3 for up 
to 14 days, and 10 animals from each group were killed by 
inhalation of excess halothane for sample collection at 
three, five, seven, or fourteen days from the onset of ex­
posure. 

Oxygen exposures were conducted on site in the animal 
facilities of the Lawson Research Institute. Animals were 
exposed to either air or 85 percent 0 2 for up to 14 days, and 
10 animals from each group were killed by inhalation of ex­
cess chloroform for sample collection at three, five, seven, 
or fourteen days from the onset of exposure. 

The choice of a 14-day exposure period was based on 
comparative morphological data from rats exposed to both 
gases (Crapo et al. 1980; Evans 1984}; these data demon­
strated that hyperplasia of pneumocytes and fibroblasts had 
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occurred by this time point for both gases. The choice of 
three-, five-, and seven-day intermediate time points was ar­
bitrary, but a minimum of four time points was felt to be es­
sential. Microscopic examination of lung tissues identifies 
when a cellular response has occurred, but does not iden­
tify the timing of the signal that initiated that cellular re­
sponse. To further complicate prediction of optimal timing 
for sample collection, the detection of growth factors in 
plasma depends not only on the timing of peak tissue con­
centrations, but also on when the capillary bed is suffi­
ciently permeable to allow such factors to enter the blood 
stream. 

The selection of 0 3 as the oxidant pollutant for these 
studies was based on its greater reactivity, at the alveolar 
level, than N02 . Since the sensitivity of the assay system 
was unknown at the start of these studies, the best chance 
of growth-factor detection lay with the gas producing the 
greatest pneumocyte and fibroblast hyperplasia at levels 
close to those currently experienced during peak periods of 
atmospheric pollution. The use of02 as the second oxidant 
gas was based on the desire to have a gold standard against 
which to compare future experimental data. The sublethal 
doses of 85 percent 0 2 and 1 ppm 0 3 were selected based 
on morphologic and morphometric reports (Crapo et al. 
1980; Evans 1984} that suggested that these doses would 
produce similar degrees of type II pneumocyte hyperplasia 
over a two-week exposure period. 

The decision to have the 0 3 exposures conducted off-site 
had the disadvantages of using animals from different gene 
pools and transporting samples over long distances across 
a national border. These disadvantages seemed to be out­
weighed by the benefits of having an established, well­
controlled exposure chamber immediately available, rather 
than having to set up a system on site. The size of the ex­
posure facility allowed all animals to be exposed to filtered 
air or 0 3 during a single two-week period. Animals were 
housed individually in stainless-steel Rochester-type inha­
lation chambers of 0.33 m 3 . Exposure to 1 ± 0.1 ppm 0 3 

(1,960 ± 0.01 J.!g/m3 ) occurred for 23 hours per day, with the 
other hour each day used for cage cleaning and so forth. 
Chamber air was maintained at 76.9° ± 1.9°F and relative 
humidity at 43.5 ± 6.9 percent, with a flow rate of 1 cham­
ber volume per minute. Oxygen was supplied from stock 
gas cylinders, previously analyzed and verified, to a silent 
arc generator (model 0345-0, Orec, Phoenix, AZ) set at 0.25 
A. The resulting 0 3 was injected into the chamber supply 
air upstream of a metering orifice. The turbulent flow 
through the orifice provided good mixing and a stable dis­
tribution of the 0 3 in the chamber. Ozone flow was moni­
tored and regulated by a mass flow controller (model FC 
260, Tylan, Carson, CA) sized for midrange flow at the 
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desired chamber concentration, and located in the injec­
tion line just upstream of the orifice plate. An 0 3 monitor 
(model8002, Bendix, Lewisburg, WV) was calibrated prior 
to the exposure. The analyzer sampled the air in the breath­
ing zone of the animals. Output from the analyzer was 
recorded by a strip-chart recorder and was simultaneously 
provided to a reverse-feedback chamber-concentration con­
trol circuit. The control circuit compared the measured 0 3 

concentration to the output of the variable potentiometer, 
which represented the desired 0 3 concentration. It then 
adjusted the voltage to the mass flow controller to vary the 
0 3 flow as required. Response time for the circuit was set 
to provide control at the desired 0 3 level while providing 
for rapid startup and shutdown. 

The 0 2 exposures were conducted on site at the Lawson 
Research Institute. The exposure system used has been de­
scribed in detail in a previously published report (Tanswell 
and Freeman 1987). Each animal was housed in a 30 x 30 
x 15 em plastic chamber with inlet and outlet gas ports. All 

exposures were conducted in pairs, with one chamber 
receiving air and the other receiving 85 percent 0 2 . Each 
pair of chambers was housed in a thermostatically con­
trolled incubator to maintain chamber temperature at 22° ± 

PC. Chambers were bored to allow insertion of a ther­
mocouple thermometer and a hygrometer. The relative hu­
midity within the chambers was 85 ± 2 percent, and flow 
rates were maintained to keep chamber carbon dioxide con­
centrations below 0.05 percent. The 85 percent 0 2 concen­
tration was set using a commercial gas blender, but cham­
ber carbon dioxide and 0 2 concentrations were confirmed 
at regular intervals using an ABL gas measurement system 
(Radiometer, Copenhagen, Denmark). The commercial gas 
blender had to be introduced into the system because of 
wall-pressure fluctuations, which led to marked variability 
in 0 2 concentrations from a simpler blending system, as 
identified by periodic gas sampling. This led to some delay 
in completion of the 0 2 exposures, sample collection, and 
analysis. 

SAMPLE COLLECTION AND PREPARATION 

At sacrifice all animals were weighed, then assigned a 
code number that was used to identify collected samples of 
plasma, lung lavage, and lung homogenate. A detailed 
description of the methods used for sample collection and 
preparation for bioassay is given in Appendix A. 

BIOASSAY 

All samples were tested against purified preparations of 
fetal rat (day 20 of gestation, with term at 22 days) lung type 

II pneumocytes, lung fibroblasts, and lung vascular bed en­
dothelial cells. Fetal cell types were used for bioassay in 
preference to adult cell types for a number of reasons, in­
cluding: 

1. Adult rat type II cells do not divide in culture, and only 
relatively small numbers can be obtained from each ani­
mal. Since thousands of bioassays were involved in this 
project, the use of primary adult rat cultures would be 
prohibitively expensive and time-consuming. Any fac­
tors identified with fetal target cells could ultimately be 
selectively tested against adult cells at a later date. 

2. Adult rat pulmonary endothelial cells have been very 
difficult to obtain and maintain in culture in most inves­
tigators' hands. 

3. Having used fetal and adult lung fibroblast cultures on 
a routine basis over many years, I have found that adult 
lung cultures are associated with a much greater inter­
and intraassay variability than are fetal lung cell cul­
tures. 

4. The fetal lung is obtained from a sterile environment 
within the amniotic sac, and culture loss or bioassay ar­
tifact due to contamination is infrequent. 

Details of the preparation techniques used for each of the 
purified cell types are provided in Appendix B. 

EFFECT OF SAMPLE ADDITION ON LUNG CELL 
DNA SYNTHESIS 

The effect of sample addition on DNA synthesis by iso­
lated fetal rat lung cell types was assessed by incorporation 
of 3H-thymidine into DNA. The fetal lung cells were ini­
tially grown from plating in Eagle's minimal essential cul­
ture medium (subsequently called medium) with 10 per­
cent fetal bovine serum (subsequently called serum), then 
growth-arrested during exponential growth by removal of 
serum (for plasma samples) or a reduction to 2 percent se­
rum (for samples of lavage or homogenate). The sample was 
added for a 48-hour time period in the presence of 0.5 
~-tCi/ml 3H-thymidine (New England Nuclear, Lachine, 
Quebec). This relatively prolonged incubation period was 
designed to provide a gross screening assay of the in­
tegrated response to added samples (Tzaki eta!. 1988). At 
the end of this incubation period the cells were washed 
with fresh medium, and 3H-thymidine incorporation into 
DNA was measured by the method of Greenstein and associ­
ates (1984). The cell monolayer was washed twice with cold 
phosphate-buffered saline, then twice with cold 10 percent 
trichloracetic acid and once with ethanol:ether (3:1). The 
culture well was then air-dried and the precipitated cellular 
residue (including DNA) was solubilized with 0.2 N so-
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dium hydroxide. After 15 minutes an aliquot was removed 
for addition to a counting vial, with 5 ml of Aquasol-2 (New 
England Nuclear) and 50 J.tl of glacial acetic acid, for beta­
counting (Tracor Analytic, Elk Grove Village, IL). 

INITIAL SCREENING BIOASSAYS 

Each sample (plasma, lavage, or homogenate) from the 10 
animals, diluted as described in Appendix A, at each time 
point, for each of the four exposure groups, was assayed 
against each cell type (pneumocyte, fibroblast, and en­
dothelial) as an initial screen for activity. Plasma samples 
were also tested after dialysis across a membrane with a mo­
lecular weight exclusion limit of 3,500 and heat treatment 
at 56°C, for 30 minutes. This choice of temperature and time 
for heat inactivation of the plasma was based on the obser­
vation (Miyazaki et al. 1985) that an inhibitor of epithelial 
cell growth, normally present in rat serum, can be inhibited 
by such treatment. The use of both crude and treated 
plasma samples was intended to overcome problems with 
dialyzable and heat-labile growth inhibitors normally pres­
ent in adult rat serum, without missing potentially heat­
labile or very low molecular weight mitogens present in the 
samples. Ideally, the samples would have had the effects of 
heat treatment and dialysis examined separately as well as 
in combination, but this was not feasible given the large 
number of samples handled in the limited time available. 
The 3H-thymidine incorporation into DNA for each sample 
was expressed as a percentage of the incorporation (cpm) 
into DNA by control cells to which an equal volume of sus­
pension buffer, but no sample, had been added. 

PREPARATIVE ELECTROFOCUSING 

After fractionation by preparative electrofocusing, col­
lected samples were also studied for bioactivity against 
each of the lung cell types. With 240 samples, it was not 
feasible in the time available to electrofocus every sample, 
and to bioassay each of the resultant 7,200 fractions against 
each of the cell types. Aliquots of the original plasma, la­
vage, and homogenate samples were, therefore, pooled for 
animals exposed to each gas for each time point. To further 
reduce sample numbers, day-5 and day-7 samples were 
combined for these fractionation studies. These 48 pooled 
samples were fractionated individually, and tested in tripli­
cate against each cell type for effect on 3H-thymidine incor­
poration into DNA in the presence of 2 percent serum. 
Results were expressed as a percentage of the incorporation 
by control cells, not exposed to any sample, as described 
earlier. The methodological details of sample fractionation 
by preparative electrofocusing are provided in Appendix C. 
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HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 

Bioactive preparative electrophoresis fractions were fur­
ther separated through a sizing column using HPLC, as de­
scribed in Appendix C. Bioassay of these fractions awaits 
completion. 

STATISTICAL ANALYSIS 

All values are shown as the mean ± SEM, unless other­
wise stated. Significance (p < 0.05) was determined by anal­
ysis of variance, followed by both Dunnet's two-sided test 
and Duncan's multiple-range test. The Dunnet test was 
generally the more sensitive, and significant differences 
shown below have been determined with this method un­
less otherwise stated. 

A flaw in the design of these studies, from a statistical 
perspective, was the use of .animals from different gene 
pools for exposure to 0 3 and to 0 2 , as discussed above. 
This precluded direct comparison between animals ex­
posed to the two oxidant insults. While the appearance of 
apparent growth factors, with common physical character­
istics, in samples from animals exposed to either oxidant 
gas would suggest involvement of a common biological 
mechanism, the timing and degree of such responses could 
certainly be modified as much by the characteristics of the 
animals as by the characteristics of the oxidant gas. 

The results from crude samples obtained from air­
exposed animals showed no significant differences be­
tween groups from the four different time points, and these 
values have been combined for statistical analysis and pre­
sentation. All results from the assa~ of crude samples are 
shown as percent differences from control cells not exposed 
to sample. 

The only definitive analyses proposed in the original pro­
posal were comparisons between groups at step 1 and step 
3 described in the Overall Plan section. Such an analysis 
would include results from all individual animals. It had 
not been the original intent to conduct a statistical analysis 
at step 2. The use of pooled material, for the first preparative 
electrofocusing and HPLC fractionations, was not only in­
tended as a mechanism to reduce the total number of assays 
conducted, but also as a means of minimizing the effects 
due to variations among animals. Aberrant peaks of activity 
from any one animal would be diluted 10-fold in the pooled 
sample. Any peaks of activity observed after fractionation 
would, therefore, be more likely to represent a general re­
sponse in the majority of animals. The fractionations con­
ducted during step 2 were only designed to produce 
qualitative information from which apparently bioactive 
fractions could be selected for a second fractionation 
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through a s1zmg column. However, the results of the 
preparative electrofocusing fractionations have been sub­
jected to a statistical analysis for the purposes of presenta­
tion. Such an analysis is certainly subject to criticism for 
the very reason that it was chosen as a screening tool; that 
is, the use of pooled material will minimize error due to in­
dividual variation among animals. 

Samples for electrofocusing studies were hatched for bio­
assay, analysis, and data presentation by sample type and 
target cell. Each batch consisted of 576 assays, of which 36 

assays were of control cells. All samples from animals ex­
posed to air were fractionated separately for each exposure 
period. The profiles obtained at bioassay were similar for 
all air groups tested against one cell type. The mean of each 
triplicate analysis for each fraction was, therefore, calcu­
lated and used to derive an overall mean for any particular 
fraction for the combined air groups. Once again, all results 
were expressed as a percentage of the activity observed in 
control cells not exposed to added sample. A few batches 
of assays were not completed (see Table 1), and no statistical 
analysis is presented for these batches. These instances 
have been identified in the respective figure legends. 

RESULTS 

OZONE EXPOSURE 

The effect of 0 3 exposure on body weight, left lung 
weight, and left lung weight:body weight ratio x 103 are 
shown in Table 2. As would be expected, the animals ex­
posed to air gained weight over the two-week exposure 
period, while those exposed to 0 3 had a significantly re­
duced weight gain. The left lung weight did not change sig-

nificantly over two weeks for the air-exposed group. The 
OTexposed animals had significantly heavier lungs, and 
greater lung weight:body weight ratios, than did the air­
exposed animals as early as three days from the onset of ex­
posure, and throughout the exposure period. Visual inspec­
tion of the lungs on removal resulted in one animal from the 
air-exposure group being discarded from the analysis due 
to a blotchiness of the lung surface. 

INITIAL SCREENING OF THE SAMPLES FROM THE 
AIR AND OZONE EXPOSURES 

The results of the initial screening of all samples from the 
0 3 and air exposures against all three lung cell types is 
shown in Figure 1, with the air-exposed group containing 
samples from all 39 animals. 

Crude plasma caused a profound inhibition of 3H-thy­
midine incorporation into DNA of all three cell types, ir­
respective of the group from which the plasma was ob­
tained. This was reversed by the dialysis and heat treatment 
of plasma samples. 

Pneumocyte DNA synthesis (as indicated by an increase 
of3H-thymidine incorporation) was significantly increased 
by the addition of plasma from animals exposed to 1 ppm 
0 3 for five days and for seven days, compared with the ef­
fect of plasma from air-exposed control animals. 

Lung fibroblast DNA synthesis was also significantly in­
creased by the addition of plasma from animals exposed to 
1 ppm 0 3 for seven days and for 14 days, compared with 
plasma from air-exposed control animals. 

Lung endothelial cell DNA synthesis was not signifi­
cantly different in the presence of plasma samples from air­
or 03-exposed animals. 

A small, but significant, stimulatory activity for pneuma-

Table 2. Effect of 1 ppm Ozone or Air Exposure over Two Weeks on Rat Left Lung Weight, Body Weight, and Left 
Lung Weight:Body Weight (LLW:BW) Ratioa 

Days of Exposure to Ozone or Air 

Parameter Group Day 3 Day 5 Day 7 Day 14 

Body weight Air 382 ± 29b,c 397 ± 26b 388 ± 13b,c 433 ± 19 
(gm) 03 363 ± 18c 379 ± 23b,c 391 ± 23h 402 ± 22h 

Left lung weight Air 0.97 ± O.lOd 0.94 ± 0.12d 0.92 ± o.o8d 1.08 ± 0.16d,e 
(gm) 03 1.20 ± 0.158 1.19 ± 0.198 1.18 ± 0.308 1.44 ± 0.14 

LLW:BW Ratio Air 2.54 ± 0.22f 2.37 ± o.29f 2.38 ± 0.23f 2.49 ± 0.31f 
(X 103) 03 3.29 ± 0.29g,h 3.16 ± 0.68g,h 3.03 ± o.8oh 3.58 ± 0.26g 

~Data r~present mean ± SD (n ~ 10, except for the day-7 air group, where n ~ 9). 
Matchmg superscripts (b through h) indicate no significant difference by Duncan's multiple-range test. 
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Figure 1. The effect of added plasma, lavage, or homogenate from animals exposed to air (n ~ 39) or 0 3 (n ~ 9 or 10) for 3, 5, 7, or 14 days on DNA synthesis 
by lung fibroblasts, endothelial cells, or pneumocytes in vitro. All results are shown as a percentage of the activity observed in control cells not exposed to 
added sample, and expressed as the mean ± SEM. * ~ p < 0.05, for estimation of differences from the air group. 

cytes was present in lavage from 0 3-exposed animals at the 
same time points that stimulatory activity was present in 
plasma. However, after 14 days of 0 3 exposure, the lavage 
contained pneumocyte inhibitory activity. Analysis of un­
fractionated lavage and homogenate samples did not other­
wise reveal the presence of any 03-related stimulators of 
DNA synthesis for any of the cell types, except for small 
amounts of endothelial cell stimulatory activity in homoge­
nate from animals exposed to 0 3 for three days, and inhibi­
tory activity in lavage from animals exposed to 0 3 for five 
days. 
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ELECfROFOCUSING OF SAMPLES FROM THE AIR 
AND OZONE EXPOSURES 

Our experience from in vitro studies of lung-cell-derived 
growth factors has been that the assay of crude biological 
materials in initial screening studies, such as those above, 
can give false-negative results from the masking of stimula­
tory activity by inhibitors that are also present in the mate­
rial (Tanswell1983; Tzaki et al. 1988). This problem is over­
come by sample fractionation, which can be achieved in a 
variety of ways. In the next step of this study, pooled sam­
ples from each exposure time point were fractionated by 
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Figure Za. The effect of preparative electrofocusing fractions from pooled 
plasma of animals exposed to air or to 0 3 for 3, 5 + 7, or 14 days on DNA 
synthesis by type II pneumocytes in vitro. Each data point represents the 
mean value for a triplicate assay of each fraction. All results are expressed 
as a percentage of the activity observed in control samples not exposed to 
added sample. Values significantly different (p < 0.05) from sample-free con­
trol values are indicated by solid symbols. 3H-Tdr ~ 3H-thymidine. 
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Figure Zb. The effect of preparative electrofocusing fractions from pooled 
lavage of animals exposed to air or to 0 3 for 3, 5 + 7, or 14 days on DNA 
synthesis by type II pneumocytes in vitro. Each data point represents the 
mean value for a triplicate assay of each fraction. All results are expressed 
as a percentage of the activity observed in control samples not exposed to 
added sample. Values significantly different (p < 0.05) from sample-free con­
trol values are indicated by solid symbols. 3H-Tdr ~ 3H-thymidine. 

preparative electrofocusing. This technique has the follow­
ing advantages: it is unlikely to denature biologically active 
samples, it characterizes active fractions in terms of their 
isoelectric point (pH1), and it simultaneously "cleans up" 
active fractions for subsequent molecular-weight estima­
tions by removal of many unwanted proteins. Fractionation 
has the disadvantage that a stimulatory factor may not only 
appear more active after the removal of inhibitory factors, 
but it may also appear less active because of its separation 
from cofactors for growth or from other synergistic growth 
factors. A widely held theory of growth factor activity is that 
cell division occurs in response to a (progression) growth 
factor only after the cell has been primed to respond by an­
other (competence) growth factor. One factor, separated by 
fractionation, may appear inactive in the absence of the 
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Figure Zc. The effect of preparative electrofocusing fractions from pooled 
homogenate of animals exposed to air or to 0 3 for 3, 5 + 7, or 14 days on 
DNA synthesis by type II pneumocytes in vitro. Each data point represents 
the mean value for a triplicate assay of each fraction. All results are expressed 
as a percentage of the activity observed in control samples not exposed to 
added sample. Values significantly different (p < 0.05) from sample-free con­
trol values are indicated by solid symbols. 3H-Tdr ~ 3H-thymidine. 

other. It is for this reason that 2 percent serum is included 
in the assay medium, since it will generally supply suffi­
cient competence and progression factors to allow activity 
of an unknown factor to be recognized. For these reasons, 
it is rarely possible to calculate the net effect of a fraction­
ated material and come up with the same effect seen with 
unfractionated material. 

Alterations of pneumocyte DNA synthesis by fractionated 
plasma, lavage, and homogenate from air- and 0 3-exposed 
animals are shown in Figures 2a, Zb, and 2c, respectively. 
Control (air-exposure) plasma has stimulatory activity in 
fractions 7 through 15 that represents a pHI range of 5.3 to 
6.7. Neither control lavage nor homogenate fractions has any 
stimulatory activity. The profiles of preparative electro­
focusing fractions shown in Figures 2a through 2c suggest 
that the stimulation of pneumocyte DNA synthesis ob­
served in the original screening studies can be attributed to 
activity that electrofocuses to fraction 14 ± 1 (identified by 
the arrow in the figures), representing a pHI of 6.6. This ac­
tivity can be seen in day-3 and days-5 + 7 plasma and in 
day-3 lavage from the Orexposure groups. Control homog­
enate fraction 14 ± 1 has inhibitory activity that disappears 
by days 5 + 7 of 0 3-exposure; this could reflect a superim­
posed stimulatory activity. All samples from day-14 0 3-

exposed animals showed a wide range of fractions that were 
inhibitory to pneumocyte DNA synthesis. This was compat­
ible with the results observed in the initial screening pro­
cedure. 

Alterations of lung fibroblast DNA synthesis by fraction­
ated plasma, lavage, and homogenate from air- and Or 
exposed animals are shown in Figures 3a, 3b, and 3c, 
respectively. Control plasma has stimulatory activity in 
fractions 7 through 17. This is lost by three days of 0 3 ex-
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Figure 3a. The effect of preparative electrofocusing fractions from pooled 
plasma of animals exposed to air or to 0 3 for 3, 5 + 7, or 14 days on DNA syn­
thesis by lung fibroblasts in vitro. Each data point represents the mean value 
for a triplicate assay of each fraction. All results are expressed as a percentage 
of the activity observed in control samples not exposed to added sample. 
Values significantly different (p < 0.05} from sample-free control values are 
indicated by solid symbols. 3H-Tdr = 

3H-thymidine. 
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Figure 3b. The effect of preparative electrofocusing fractions from pooled 
lavage of animals exposed to air or to 0 3 for 3, 5 + 7, or 14 days on DNA syn­
thesis by lung fibroblasts in vitro. Each data point represents the mean value 
for a triplicate assay of each fraction. All results are expressed as a percentage 
of the activity observed in control samples not exposed to added sample. 
Values significantly different (p < 0.05} from sample-free control values are 
indicated by solid symbols. 3H-Tdr = 3H-thymidine. 

posure. and is replaced by an inhibitory activity in fraction 
13 ± 1, representing a pHI of 6.5. This activity is widely 
distributed among the samples from the 0 3-exposed 
animals, being present in lavage at day 14 of exposure and 
in homogenate on days 3, 5 + 7, and 14. The stimulatory ac­
tivity that was observed in the initial screening of plasma 
from animals exposed to 0 3 for seven and 14 days must de­
rive from the stimulator of DNA synthesis that is evident in 
fractions 15 ± 2 (arrow in figures) of the days-5 + 7 0 3-
exposure plasma and lavage collections. While there is also 
a suggestion that this activity may be present in the day-14 
03-exposure plasma, showing stimulatory activity in frac­
tion 13, this is difficult to distinguish from the control 
plasma profile because of overlapping inhibition. This is 
most evident in fractions 17 and 18. 

Studies of endothelial-cell DNA synthesis (Figures 4a, 
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Figure 3c. The effect of preparative electrofocusing fractions from pooled 
homogenate of animals exposed to air or to 0 3 for 3, 5 + 7, or 14 days on 
DNA synthesis by lung fibroblasts in vitro. Each data point represents the 
mean value for a triplicate assay of each fraction. All results are expressed 
as a percentage of the activity observed in control samples not exposed to 
added sample. Values significantly different (p < 0.05} from sample-free con­
trol values are indicated by solid symbols. 3H-Tdr = 3H-thymidine. 

4b, and 4c) have not been completed for all study groups, 
since the endothelial cell yields from each preparation are 
less than the other cell types and grow more slowly than do 
the fetal lung fibroblasts or pneumocytes. Initial screening 
studies did not reveal any 0 3-related stimulatory activity in 
the plasma collections, but the completed plasma fraction­
ation analyses (Figure 4a) show the presence of stimulatory 
activity in the plasma from animals exposed to 0 3 for five 
and seven days. This occurred in fractions 6 through 13, cor­
responding to a pHr range of 5.3 to 6.4. The partially com­
pleted analyses of fractionated lavage and homogenate sam­
ples are shown in Figures 4b and 4c. 

OXYGEN EXPOSURE 

The effects of 85 percent 0 2 exposure on body weight, 
left lung weight, and left lung weight: body weight ratio x 
103 are shown in Table 3. Body weights were lighter, and 
lung weights heavier, for animals exposed to 0 2 at all time 
points. Because the size of the exposure system did notal­
low all 0 2 exposures to be conducted simultaneously, as 
had been the case for 0 3, it was not possible to evaluate the 
effect of exposure on growth. As with the 0 3 exposures, the 
exposure to 85 percent 0 2 resulted in significant increases 
in the left lung weight: body weight ratio at all time points. 

INITIAL SCREENING OF SAMPLES FROM THE AIR 
AND OXYGEN EXPOSURES 

The results ofthe initial screening are shown in Figure 5. 
Crude plasma was again seen to cause a profound inhibi­

tion of 3H-thymidine incorporation into DNA, which was 
reversed by dialysis and heat treatment. 

Pneumocyte DNA synthesis was significantly increased 
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Figure 4a. The effect of preparative electrofocusing fractions from pooled 
plasma of animals exposed to air or to 0 3 for 3, 5 + 7, or 14 days on DNA 
synthesis by lung endothelial cells in vitro. Each data point represents the 
mean value for a triplicate assay of each fraction. All results are expressed 
as a percentage of the activity observed in control samples not exposed to 
added sample. Values significantly different (p < 0.05) from sample-free con­
trol values are indicated by solid symbols. 3H-Tdr = 

3H-thymidine. 

by the addition of heat-inactivated and dialyzed plasma 

from animals exposed to 0 2 for 14 days, or of lavage from 

animals exposed to 0 2 for seven or 14 days. 

Fibroblast DNA synthesis was not significantly affected 

by the addition of 0 2-exposure plasma or homogenate sam­

ples, but addition of lavage from animals exposed to 0 2 for 

seven days caused a significant increase in fibroblast DNA 

synthesis. 

Endothelial cell DNA synthesis was significantly in­

creased by the addition of heat-inactivated and dialyzed 

plasma from animals exposed to 0 2 for 14 days. The effects 

of unfractionated lavage and homogenate await analysis. 

ELECfROFOCUSING OF SAMPLES FROM THE AIR 
AND OXYGEN EXPOSURE 

Alterations of pneumocyte DNA synthesis by fractionated 

plasma, lavage, and homogenate are shown in Figures 6a, 
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Figure 4b. The effect of preparative electrofocusing fractions from pooled 
lavage of animals exposed to air or to 0 3 for 3, 5 + 7, or 14 days on DNA syn­
thesis by lung endothelial cells in vitro. Each data point represents the mean 
value for a triplicate assay of each fraction. All results are expressed as a per­
centage of the activity observed in control samples not exposed to added 
sample. Statistical analysis has not been conducted since all assays of this 
batch are not yet complete. 3H-Tdr = 3H-thymidine. 
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Figure 4c. The effect of preparative electrofocusing fractions from pooled 
homogenate of animals exposed to air or to 0 3 for 3, 5 + 7, or 14 days on DNA 
synthesis by lung endothelial cells in vitro. Each data point represents the 
mean value for a triplicate assay of each fraction. All results are expressed 
as a percentage of the activity observed in control samples not exposed to 
added sample. Statistical analysis has not been conducted since all assays 
of this batch are not yet complete. 3H-Tdr = 3H-thymidine. 

Table 3. Effect of 85 Percent Oxygen or Air Exposure over Two Weeks on Rat Left Lung Weight, Body Weight, and 

Left Lung V\'eight:Body Weight (LLW:BW) Ratioa 

Days of Exposure to Oxygen or Air 

Parameter Group Day 3 Day 5 Day 7 Day 14 

Body weight Air 414 ± 23b 385 ± 32b.c 398 ± 38b.c 421 ± 47b 

(gm) Oz 363 ± 31c 357 ± 54c 355 ± 65c 351 ± 61c 

Left lung weight Air 1.17 ± 0.13d 1.23 ± o.28d.e 1.25 ± 0.26d.e 1.29 ± 0.21d.e.f 

(gm) Oz 1.39 ± 0.14d.e.f 1.44 ± 0.21e.f 1.88 ± 0.32 1.51 ± 0.31f 

LLW:BW Ratio Air 2.85 ± 0.37g 3.24 ± 0.71g h 3.18 ± 0. 75g.h 3.12 ± 0. 79g 

(X 10 3 ) Oz 3.84 ± 0.41 h 4.09 ± 0.56; 5.36 ± 0.83 4.32 ± 0.66; 

' Data represent mean ± SD (n = 10). 
b :-..latching superscripts (b through i) ind1cate no significant difference by Duncan's multiple-range test. 

11 



-<( 
z 
0 

0 
1-z 
z 
0 

~ 
et: 
0 
a.. 
et: 
0 
(.) 
z 
w 
z 
0 
~ 
>­
I 
I-
I 

I 
I") 

200 

tOO 

0 

200 

100 

0 

200 

tOO 

PLASMA va PNEUMOCYTES 

• PI.ASUA (D++I) • 
0 PI.ASUA (CIIJDE) 

• , 
~ft n n n 

AIR 5 7 14 

PLAStAA va LUNG FlBROBLASTS 

• PlASMA (D+HI) 
0 PlASWA (CRUDE) 

n n n n n 
AIR 5 7 14 

PLASMA va LUNG ENOOTHEL.1AL CEllS 

• PI.ASUA (D++I) • 
0 PI.ASUA (CIUII!) 

Detection of Paracrine Factors in Oxidant Lung Injury 

HOMOGENATE AND LAVAGE va PNEUMOCYTES 
1SO 

• HOt.IOCENATE • • 0 LAVADE 
100 

0 
5 7 14 

HOUOQENAl[ AND LAVADE w WNO FIBROBLASTS 
--~---------------------------, 

• HOUOCENATE 
1:10 0 LAVADE 

tOO 

• 

HOMOGENATE AND LAVAGE w LUNG ENDOTHEUAL CEU.S 
200T---------------------------~ 

• HOt.tOGENATE 
tSO 0 LAVADE 

tOO 

0 
AIR 5 7 14 o~~AI~R~--~J--~5~~7~--1~4~ 

DAYS OF EXPOSURE TO 85~ 02 
Figure 5. The effect of added plasma. lavage. or homogenate from animals exposed to air (n ~ 40) or 0 2 (n ~ 10) for 3, 5, 7, or 14 days on DNA synthesis 
by lung fibroblasts or pneumocytes in vitro. (Results from studies with endothelial cells are not all available.] All results are shown as a percentage of the 
activity observed in control cells not exposed to added sample, and expressed as the mean ± SEM. • ~ p < 0.05, for estimation of differences from the air group. 

6b, and 6c, respectively. Plasma from the air-exposed Cana­
dian animals (used in the 0 2 study) was less potent than 
was observed in the plasma from air-exposed U.S. animals 
(used in the 0 3 study), presumably reflecting gene pool 
differences. The profile was, however, qualitatively, if not 
quantitatively, similar. The appearance of the stimulatory 
activity in fraction 14 ± 1 that was observed in the 0 3 
studies was again seen in the 0 2 samples, but it appeared 
later in the time course of the exposure, as would be sug­
gested from the initial screening studies. It was not evident 
until day 14 in plasma, but was evident in days-5 + 7 and 
day-14 lavage samples (arrows in figures). 

12 

Alterations of fibroblast DNA synthesis by fractionated 
plasma, lavage, and homogenate are shown in Figures 7a, 
7b, and 7c, respectively. As with the pneumocyte studies, 
plasma from the Canadian control animals was less potent 
than plasma from their U.S. counterparts, though the con­
trol profiles are, again, qualitatively similar. As with the 0 3 
studies, there is the appearance of stimulatory activity at 
fraction 15 ± 1 in plasma, though somewhat earlier, at day 
3 (arrow in figure). The days-5 + 7 0 2 profile could almost 
be overlaid on the day-14 0 3 profile, with possible stimula­
tory activity being masked by inhibitory activity (most evi­
dent in fractions 17 and 18). The day-14 0 2-plasma profile 
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Figure 6a. The effect of preparative electrofocusing fractions from pooled 
plasma of animals exposed to air or to 0 2 for 3, 5 + 7, or 14 days on DNA 
synthesis by type II pneumocytes in vitro. Each data point represents the 
mean value for a triplicate assay of each fraction. All results are expressed 
as a percentage of the activity observed in control samples not exposed to 
added sample. Values significantly different (p < 0.05) from sample-free con­
trol values are indicated by solid symbols. 3H-Tdr ~ 3H-thymidine. 

appears to have returned to the pattern observed in samples 
from air-exposed animals. No stimulatory activity was ob­
served in fractionated lavage or homogenate. 

Alterations of endothelial cell DNA synthesis by fraction­
ated plasma are shown in Figure 8. The control (air­
exposure) fractions show no significant stimulatory activ­
ity, as was seen with the 0 3 study. 

DISCUSSION AND CONCLUSIONS 

FIRM CONCLUSIONS 

Because the project was only two-thirds completed, firm 
conclusions can be drawn only from the initial screening 
of crude samples (Figures 1 and 5). These are: 

1. Exposure to both 1 ppm 0 3 and 85 percent 0 2 results in 
the appearance of factors in rat plasma that modify DNA 
synthesis by lung cells in vitro. Specifically, pneumo­
cytes and fibroblasts respond to plasma from 0 3-

exposed animals, and pneumocytes and endothelial 
cells respond to plasma from 0 2-exposed animals. 

2. The appearance of these factors in plasma is related to 
the duration of exposure to the oxidant gas, and bears a 
temporal relationship to the morphologic changes in the 
lung reported by others using the same exposure pro­
tocols (Crapo et a!. 1984; Evans 1984). 

3. Stimulatory activity for pneumocytes is also evident in 
lavage from both 0 2- and Orexposed animals, occur­
ring at the same time (or slightly earlier) in the course 
of exposure as stimulatory activity in plasma. Lavage 
from 0 2-exposed animals also contains stimulatory ac-
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Figure 6b. The effect of preparative electrofocusing fractions from pooled 
lavage of animals exposed to air or to 0 2 for 3, 5 + 7, or 14 days on DNA 
synthesis by type II pneumocytes in vitro. Each data point represents the 
mean value for a triplicate assay of each fraction. All results are expressed 
as a percentage of the activity observed in control samples not exposed to 
added sample. Values significantly different (p < 0.05) from sample-free con­
trol values are indicated by solid symbols. 3H-Tdr ~ 3H-thymidine. 
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Figure 6c. The effect of preparative electrofocusing fractions from pooled 
homogenate of animals exposed to air or to 0 2 for 3, 5 + 7, or 14 days on DNA 
synthesis by type II pneumocytes in vitro. Each data point represents the 
mean value for a triplicate assay of each fraction. All results are expressed 
as a percentage of the activity observed in control samples not exposed to 
added sample. Values significantly different (p < 0.05) from sample-free con­
trol values are indicated by solid symbols. 3H -Tdr ~ 3H -thymidine. 

tivity for lung fibroblasts, which was not seen with 
crude lavage from Orexposed animals. 

4. The factors that stimulate DNA synthesis by pneumo­
cytes, fibroblasts, and endothelial cells have apparent 
molecular weights exceeding 3,500, and the plasma fac­
tors are heat-stable at 56°C. 

INTERPRETATION 

While these preliminary results are exciting, in that there 
may indeed be circulating growth factor markers of early ox­
idant lung injury, there are, inevitably, a number of uncer­
tainties remaining. 

The source of any growth factors appearing in plasma in 
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Figure 7a. The effect of preparative electrofocusing fractions from pooled 
plasma of animals exposed to air or to 0 2 for 3, 5 + 7, or 14 days on DNA syn­
thesis by lung fibroblasts in vitro. Each data point represents the mean value 
for a triplicate assay of each fraction. All results are expressed as a percentage 
of the activity observed in control samples not exposed to added sample. 
Values significantly different (p < 0.05) from sample-free control values are 
indicated by solid symbols. 3H-Tdr ~ 3H-thymidine. 

response to oxidant lung injury was not addressed in these 
experiments. This will have to await characterization of 
these factors; after that, lung tissue can be oxidant-injured 
in vitro and the release of the same factors studied. For the 
purposes of defining a circulating marker of oxidant injury, 
the source of a factor in blood is not important, as long as 
the appearance of the factor is a sensitive index of oxidant 
lung injury. Characterization is required before a protocol 
can be devised that will test the sensitivity of such a marker 
at low levels of exposure to inhaled oxidants. 

The issue of whether the observed changes are a non­
specific response to stress, or a specific response to oxidant 
injury, was also not addressed by this protocol, although 
the appearance of activity in lavage samples at the same 
time as, or preceding, the appearance of activity in plasma 
samples makes a nonspecific response less likely. It is pos­
sible that any effects observed in lavage are due to leakage 
of blood into airways during oxidant injury. In biological 
terms their source may be unimportant, in that they are 
present at a potential site of action. 

Analysis of homogenate samples was not helpful, and in­
deed had not been included in the original proposal be­
cause of (1) concerns that basement membrane proteins 
would exert a sufficient inhibitory effect to mask bioactivity 
in crude material; (2) difficulties of interpretation due to 
tissue-derived activity and activity present in contaminat­
ing blood; and (3) difficulties in designing an extraction 
protocol for uncharacterized factors. The only recognized 
mitogens, other than insulin, that enhance DNA synthesis 
by isolated adult type-II pneumocytes in vitro are epider­
mal growth factor and insulin-like growth factors I and II 
(A.K. Tanswell, unpublished observations). These growth 
factors, and many other peptides, can only be extracted un­
der acid conditions, and it is for this reason that 1 M acetic 

14 

Detection of Paracrine Factors in Oxidant Lung Injury 

z 200 0 

;;;: 
0: 
0 
"-
0: 150 0 
0 

" u 

I 100 
.'f 
d 
0 

--' 50 
0 
go 
z 
0 
0 

0 
"" 

AIR I DAY 3 85% 0 2/ DAY 5+ 7 85% op DAY 14 85% 0~ 
I 
I I I I 

I I I I 
I I I I 

I I I I 
I I I 

~~ ~1 \h ~ I !¥ 
I I 

I I I 
I I I I 

I I I I 
I I I I 

I I I I I I I I 

1 1 0 20 30 1 1 0 20 30 1 10 20 30 1 10 20 30 

FRACTION NUMBER 

10 

8 I 
I 

7 --'-
I-
"-

5 

4 

Figure 7b. The effect of preparative electrofocusing fractions from pooled la­
vage of animals exposed to air or to 0 2 for 3, 5 + 7, or 14 days on DNA synthe­
sis by lung fibroblasts in vitro. Each data point represents the mean value for 
a triplicate assay of each fraction. All results are expressed as a percentage 
of the activity observed in control samples not exposed to added sample. 
Values significantly different (p < 0.05) from sample-free control values are 
indicated by solid symbols. 3H-Tdr ~ 3H-thymidine. 
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Figure 7c. The effect of preparative electrofocusing fractions from pooled 
homogenate of animals exposed to air or to 0 2 for 3, 5 + 7, or 14 days on DNA 
synthesis by lung fibroblasts in vitro. Each data point represents the mean 
value for a triplicate assay of each fraction. All results are expressed as a per­
centage of the activity observed in control samples not exposed to added 
sample. Values significantly different (p < 0.05) from sample-free control 
values are indicated by solid symbols. 3H-Tdr ~ 3H-thymidine. 

acid was chosen for the extraction of lung homogenates. It 
is still possible that the use of an acid extraction technique 
failed to extract the factors evident in plasma and lavage, 
though it is more likely that stimulatory activity, which 
should have been present because of blood contamination, 
was masked by other inhibitory compounds present in the 
extract. Meaningful data from the homogenate samples may 
be generated once the molecular weight and pH, of in­
dividual factors are known, so that samples can be ap­
propriately fractionated prior to analysis. 

INFERENCES FROM FRACTIONATION DATA 

A stimulator of pneumocyte DNA synthesis, with an ap­
parent pHI of 6.6, appears in pooled plasma from animals 
exposed to either 0 3 or 0 2 . The timing of the appearance 
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Figure 8. The effect of preparative electrofocusing fractions from pooled 
plasma of animals exposed to air or to 0 2 for 3, 5 + 7, or 14 days on DNA syn­
thesis by lung endothelial cells in vitro. Each data point represents the mean 
value for a triplicate assay of each fraction. All results are expressed as a per­
centage of the activity observed in control samples not exposed to added 
sample. Statistical analysis has not been conducted since all assays from this 
batch are not yet completed. 3H-Tdr ~ 3H-thymidine. 

of this factor corresponds to the appearance of stimulatory 
activity in unfractionated plasma. Stimulatory activity, 
with the same pH,, also appears in lavage at the same time 
as, or preceding, the appearance of stimulatory activity in 
plasma. No direct quantitative comparison can be made be­
tween animals exposed to different oxidant gases because 
they were derived from different gene pools, as evidenced 
by differences in the bioactivity of plasma from air-exposed 
control animals. In qualitative terms, however, there does 
seem to be evidence that the same factor appears in the air­
ways and plasma of animals in response to both oxidant in­
juries. 

The data from the fibroblast studies are more difficult to 
interpret. There was no activity against fibroblasts in the 
studies with crude plasma from 0 2-exposed animals, yet it 
was present in plasma from animals exposed to 0 3 for 
seven or 14 days. Conversely, there was stimulatory activity 
in crude lavage from 0 2-exposed animals, but not from OT 
exposed animals. A stimulatory factor in fraction 15 ± 2 
was evident in day-3 plasma from 0 2-exposed animals, and 
in days-5 + 7 plasma and lavage from 0 3-exposed animals. 
Interpretation of other groups was complicated by poor 
separation from the inhibitory materials present in fractions 
17 and 18. Interpretation may become much simpler when 
results from fractionation in a second dimension (by size) 
become available. As stated earlier, studies of biological 
materials against lung fibroblasts can be confusing because 
of the presence of closely balanced inhibitory and stimu­
latory factors that may require complex separation tech­
niques. 

The results from the endothelial cell studies of fraction­
ated samples are too preliminary to allow any inferences to 
be drawn. 

REPRODUCIBILITY OF RESULTS 

The assay system used here has highly reproducible 
results. For all three cell types, the 99 percent confidence 
limits for 3H-thymidine incorporation into DNA into 
sample-free control cells were 95 to 105 percent of the mean 
incorporation. Time did not allow duplication of all sample 
assays, but all responses identified by asterisks in Figures 
1 and 5, and those fractions identified by arrow in the other 
figures, have been reassayed, and the original responses 
were duplicated. The magnitude ofresponses observed are 
within an appropriate biological range, since a 10-fold in­
crease in cell number over six days requires something less 
than a 50 percent daily increase in DNA synthesis. 

COMPATIBILITY OF RESULTS WITH ORIGINAL 
HYPOTHESES 

To date, the hypotheses in the first and second original 
aims have been confirmed by the initial screening studies. 
The incomplete fractionation data available so far are com­
patible with the hypotheses in the third and fourth original 
aims, particularly with respect to the pneumocyte studies. 

Completion of these studies would first require analysis 
of the sizing column fractions. It would then be possible to 
address the question of whether a factor, of known size and 
pH,, appears in each individual plasma sample in re­
sponse to inhalation of 0 3 or 0 2 . The fractionations have 
been completed, and only the bioassays remain outstand­
ing. This same material could then be studied in a conven­
tional fashion to determine whether it is a protein, as ex­
pected, and to provide additional physical characteristics. 
Lastly, any factors could be tested against a wide range of 
cell types for target cell specificity. 
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APPENDIX A. Sample Preparation 

SAMPLE COLLECTION 

Plasma 

The abdominal aorta was exposed and blood was with­
drawn through an 18-gauge needle into a 10-m] syringe 
(prechilled to 4°C) containing 3.8 percent sodium citrate, to 
give approximately one volume of citrate to nine volumes 
of blood. This blood was gently transferred to a 15-ml cen­
trifuge tube for centrifugation at 2,000 x g for 15 minutes 
at 4°C to separate plasma and erythrocytes. The plasma was 
aspirated and recentrifuged at 22,000 x g for 50 minutes to 
remove any residual red cell contamination, and then was 
recalcified with 20 mM calcium chloride. The final volume 
was recorded with the animal's code number, and the 
plasma was frozen at - 70°C in siliconized glassware prior 
to lyophilization. Siliconized glassware was used to prevent 
the well-recognized problem of growth factor adherence to 
uncoated glass. 

Lung Lavage 

After the removal of blood, a neck incision was made and 
the trachea was identified. A wide-bore plastic tube was 
tied into the trachea, and the lungs were lavaged three con­
secutive times with 5 ml phosphate-buffered saline. The 
combined lavage fluids from each animal were centrifuged 
at 300 x g for 10 minutes at 4°C to remove contaminating 
cells. The supernatant was carefully decanted, labeled with 
the animal's code number, and stored frozen at -70°C in 
siliconized glassware prior to lyophilization. 

Lung Homogenate 

The left lung was excised, weighed, and made 20 percent 
with 1 M acetic acid for tissue disruption by homogeniza­
tion on ice. The homogenate was centrifuged at 1,000 x g 
for 10 minutes at 4°C to separate insoluble material, and 
the supernatant was carefully decanted and stored frozen 
at -70°C in siliconized glassware prior to lyophilization. 

Sample Transport 

Samples from North Carolina were shipped to London, 
Ontario, on dry ice, and were placed at -70°C on arrival. 

SAMPLE DILUTIONS 

Assay of these samples for the presence of growth factor 
activity required that they be diluted with cell culture 

medium for application to cultured cells. The choice of an 
appropriate sample dilution was completely arbitrary, 
given the absence of similar previous experiments on 
which to base a selection. The final choices were deter­
mined by the volume of sample material available for study, 
and a need to have a sufficient amount of the sample avail­
able for resuspension at an increased concentration if 
necessary. 

Plasma 

Plasma was resuspended to its original volume (approxi­
mately 4.5 ml) in distilled water (dH20) and then filtered 
two times through a 0.22-l.lm syringe filter. It was then 
diluted to 10 percent with culture medium for bioassay. 

Lavage 

Lavage was resuspended in 5 ml dH20 and dialyzed 
across a dialysis membrane, with a 3,500 molecular weight 
exclusion limit, against an excess of dH20. The dialysis 
was conducted over 72 hours, at 4°C with three changes of 
dH20. After dialysis the lavage was lyophilized and 
resuspended in 2 ml phosphate-buffered saline. The sam­
ples were diluted to 10 percent with culture medium con­
taining 2 percent serum for bioassay. 

Homogenate 

Homogenate was resuspended in 5 ml 1 M acetic acid, 
sonicated for 30 seconds, and centrifuged at 1,000 x g for 
10 minutes. The supernatant was dialyzed (as for lavage) 
against an excess of 1 M acetic acid. After dialysis the sam­
ples were lyophilized, then resuspended in 5 ml phos­
phate-buffered saline. This was diluted to 10 percent with 
culture medium containing 2 percent serum for bioassay. 
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APPENDIX B. Preparation of Cells for Bioassay 

PREPARATION OF A MIXED LUNG 
CELL SUSPENSION 

Timed gestation Sprague-Dawley rats were killed on day 
20 of gestation by chloroform excess. Five litters were used 
for each preparation. The uterine horns were immediately 
exposed through an abdominal incision, and the fetuses 
were removed after intrauterine decapitation. The bodies 
were placed in calcium- and magnesium-free Hank's bal­
anced salt solution (HBSS) at 4°C. The lungs were excised, 
dissected free of major airways, and pooled. These lungs 
were minced into 1- to 2-mm2 fragments, washed in HBSS, 
and then stirred at 20°C in HBSS containing 0.05 percent 
trypsin, 0.02 percent ethylenediaminetetraacetic acid 
(EDTA), and 50 Jlg/ml DNAase, until the tissue was com­
pletely dispersed. The protease activity was neutralized 
with the addition of serum to 10 percent of total volume, 
and the suspension passed through 100-!lm mesh nylon 
bolting cloth. The filtered cell suspension was then 
pelleted at 300 x g for 10 minutes. The characteristics of 
mixed cell cultures prepared in this way have been de­
scribed in detail elsewhere (Tanswell et al. 1983). 

PREPARATION OF ORGANOTYPIC CULTURES 

The cell pellet was resuspended in medium with Earle's 
salts, 50 Jlg/ml gentamycin, 2.5 Jlg/ml amphotericin B, and 
1 percent nonessential amino acids containing 10 percent 
serum and plated in a 25-cm2 culture flask for a 50-minute 
differential adherence at 37°C. During this time lung fibro­
blasts, but few other lung cells, attached. The nonadherent 
cells were removed and pelleted, then allowed to stand for 
60 minutes at 37°C before being resuspended in 1.3 ml fresh 
medium with 10 percent serum. This cell suspension was 
applied as 50 Ill aliquots to 24 cm3 x 1 cm3 gelatin sponges 
saturated with medium with 10 percent serum. After one 
hour the culture flasks containing the sponges (8 per flask) 
had culture medium added to float the sponges, which 
were then left to incubate at 37°C overnight. The sponges 
were used the next day for type II pneumocyte purification. 
The original flask, containing cells that had passed through 
the sponge, was used for endothelial cell purification. 

TYPE II PNEUMOCYTE PURIFICATION 

Crganotypic cultures prepared in this way in my labora­
tory contain primarily pneumocytes, with some residual fi­
broblast contamination (Simpson et al. 1985). The gelatin 
sponges were dissolved with 1 percent collagenase in 
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HBSS. After the addition of serum to 10 percent by volume, 
the released cells were pelleted at 300 x g for 10 minutes. 
These were resuspended in fresh medium with 10 percent 
serum and incubated at 37°C for 15 minutes to allow any re­
sidual fibroblasts to attach. Nonadherent cells were plated 
in medium with 10 percent serum and then grown to conflu­
ence. The flask was split 1:3 with 0.05 percent trypsin:0.02 
percent EDTA and replated after another 15-minute 
differential adherence step. These cells were grown to con­
fluence in the second passage with medium and 10 percent 
serum; L-valine was replaced by D-valine in the medium to 
prevent fibroblast growth. The type II pneumocytes were 
then removed from the flasks with 0.05 percent trypsin:0.02 
percent EDTA for use in the bioassay. This is a minor 
modification of the method described by Post and associ­
ates (1984). Purity of the type II cell population at the time 
of assay was 90 to 95 percent, as assessed by indirect immu­
nofluorescent staining for surfactant apoproteins, and by 
light microscopy following tannic acid and polychrome 
staining for lamellar body identification. 

ENDOTHELIAL CELL PURIFICATION 

The flasks that had originally housed the organotypic 
cultures were used for endothelial cell purification, since 
these pass through gelatin sponges without adhering. They 
do, however, adhere to the bottom of the culture flasks. The 
flasks were washed with medium plus 10 percent serum to 
remove nonadherent lymphocytes. Adherent cells were re­
moved from the flasks with 0.2 percent recrystallized tryp­
sin in HBSS (without EDTA). The combined cell suspen­
sions from five flasks (20 ml) were placed in a vertical50-ml 
centrifuge tube and diluted 1:1 with medium containing 10 
percent serum. After 30 minutes of unit gravity sedimenta­
tion at 20°C, the suspension was gently aspirated until only 
the bottom 2.5 ml remained. This was diluted 1:1 with 2.5 
ml of medium containing 10 percent serum, and was al­
lowed to stand for an additional 30 minutes of unit gravity 
sedimentation. The upper 2.5 ml was gently aspirated and 
discarded. The lower 2.5 ml was diluted 1:1 with medium 
and plated over one hour to allow any residual fibroblasts 
to adhere. The nonadherent cells were replated and grown 
to confluence. At confluence, the cells were split 1:3 after 
a further 15-minute differential adherence step, and then 
were maintained in D-valine medium, to eliminate fibro­
blasts, with 10 percent serum for the second passage. The 
endothelial cells were removed from the flasks with 0.05 
percent trypsin:0.02 percent EDTA, and then replated in 
fresh medium with 20 percent serum until use in the bioas­
say. Characteristics of this endothelial cell population have 
been reported elsewhere (Olson and Tanswell1987). The av-
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erage purity of the cell population at the time of assay was 
95 percent, as assessed by indirect immunofluorescent 
staining for factor VIII antigen and for angiotensin-convert­
ing enzyme. 

LUNG FIBROBLAST PURIFICATION 

Adherent cells from the differential adherence step with 
the mixed cell suspension were predominantly fibroblasts. 
The adherent cells were grown to confluence in medium 
with 10 percent serum, then trypsinized and split 1:3 with 
a 15-minute differential adherence step (only adherent cells 
being retained). At confluence, the fibroblasts were tryp­
sinized for use in the bioassay. Contamination with type II 
pneumocytes and endothelial cells was less than 5 percent 
by the time of bioassay. 

APPENDIX C. Preparative Electrofocusing 

Aliquots of resuspended homogenate and plasma sam­
ples (100 J.d), and of lavage samples (50 ~I), were pooled for 
animals exposed to each gas for 3, 5 + 7, and 14 days. The 
pooled materials were dialyzed against three changes of an 
excess of 1 percent glycine for 72 hours at 4°C. After dialy­
sis, the sample was aspirated and made up to 1 ml (days 3 
and 14) or 2 ml (days 5 + 7) with distilled deionized water 
(ddH20) to which was added 95 ml of ampholine solution 
(ddH20 containing 0.28 ml of each of the LKB ampholines 
pH 4 to 7 and pH 5 to 7, 0.55 ml of the LKB ampholine pH 
9 to 11, and 3.8 ml of the LKB ampholine pH 3.5 to 10) and 
4 g of LKB 2117-510 Ultrodex. Flat-bed electrophoresis in 
this granulated gel was conducted over 20 hours at 10°C at 
5 watts constant power (with the voltage set at the maximal 
setting of 2500 V and the current set at the maximal setting 
of 250 rnA) in an LKB Multiphor apparatus. Cooling was 
supplied by a Haake G thermostatic circulator. 

At the end of the separation period, a fractionating grid 
was pressed into the slurry and each of the 30 compart­
ments were collected with a spatula into a BioRad disposa­
ble minicolumn. Each column was washed overnight with 
2 ml of phosphate-buffered saline at pH 7.0, and the eluate 
was dialyzed against ddH20 and then lyophilized. Frac­
tions were then taken up in 2 ml (plasma), 800 ~I (lavage), 
or 1 ml (homogenate) of medium. These volumes were 
diluted 10-fold for bioassay. Each fraction of each sample 
was tested in triplicate for 3H-thymidine incorporation into 
DNA, as described earlier. 

The linearity of the gradient obtained in this system was 
ascertained by using three separate runs over the course of 
these experiments, and by determining the pH of individual 
fractions. Each of the 30 lanes was removed with a spatula, 
then suspended in 1 ml of ddH20 adjusted to a pH of 7.0. 
Adjacent lanes were combined and their average pH 
recorded. Results are shown in Figure C.1. A fourth-order 
polynomial regression analysis was conducted by the 
method ofleast squares, and this regression line (r = 0.998) 
was included in all data plots. 

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 

Preparative electrofocusing fractions 12 through 16 from 
each exposure group were subjected to a further separation 
by size using a Waters (Milford, MA) HPLC with a Protein 
Pak 300SW column and a Protein Pak 125 column in series, 
and phosphate-buffered saline at pH 7.4 at 0.5 ml!minute as 
the mobile phase. 

A sample separation of molecular weight standards by 
this column series is shown in Figure C.1, where the eluate 
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Figure C.l. The left figure shows the separation of isoelectric point stan­
dards by the separation system used in these experiments. Data points repre­
sent the values obtained for three separate runs over the course of these ex­
periments. The linear regression line shown was calculated from these 
values by the method of least squares. The right figure shows an example of 
molecular weight standard separation by the HPLC column system used in 
these experiments. Standards were selected to demonstrate separation in the 
20,000 to 40,000 range in which the putative growth factors observed in these 
experiments are expected to fractionate. The regression line was calculated 
by the method of least squares. 

was monitored by absorbence at 280 nm. A third-order 

polynomial regression analysis was conducted by the 

method of least squares, and this regression line (r = 0.995) 

has been included in the figure. 
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INTRODUCTION 

A Request for Applications (RFA 84-3), which solicited 
proposals for studies on "Mechanisms of Oxidant Toxicity," 
was issued by the HEI in the summer of 1984. In response 
to the RFA, Dr. A. Keith Tanswell, from The Research Insti­
tute of St. Joseph's Hospital in London, Ontario, Canada, 
submitted a proposal entitled, "Detection of Paracrine Fac­
tors in Oxidant Lung Injury." The HEI approved the two-year 
project and authorized a total expenditure of $128,093. The 
project began in October 1985, and the final report was ac­
cepted by the Health Review Committee in April 1988. 

The Health Review Committee's Report is intended to 
place the Investigator's Report in perspective as an aid to the 
sponsors of the HEI and to the public. 

THE CLEAN AIR ACT 

The U.S. Environmental Protection Agency (EPA) sets 
standards for oxidants (and other pollutants) under Section 
202 of the Clean Air Act, as amended in 1977. Section 
202(a)(1) directs the Administrator to "prescribe (and from 
time to time revise) ... standards applicable to the emission 
of any air pollutant from any class or classes of new motor 
vehicles or new motor vehicle engines, which in his judg­
ment cause, or contribute to, air pollution which may 
reasonably be anticipated to endanger public health or wel­
fare." Sections 202(a)(3) and 202(b)(1) impose specific re­
quirements for reductions in motor vehicle emissions of 
certain oxidants (and other pollutants) and provide the EPA 
with limited discretion to modify those requirements. 

The determination of the appropriate standards for emis­
sions of oxidants depends, in part, on an assessment of the 
risks to health that they present. Research on mechanisms 
of oxidant injury, including the possible role of lung­
specific growth factors, can contribute to such risk assess­
ment and, therefore, to informed regulatory decision­
making. 

In addition, Section 109 of the Clean Air Act provides for 
the establishment of National Ambient Air Quality Stan­
dards to protect the public health. The current standards in­
clude those for ozone and nitrogen dioxide. Research on 
mechanisms of oxidant injury can also contribute to the as­
sessment of the appropriateness of the standards. 

BACKGROUND 

Oxidants represent a class of pollutants derived primarily 

from the combustion of fossil fuels and the atmospheric 
reaction of combustion products with oxygen, catalyzed by 
sunlight. In acute animal experiments, the inhalation of 
high concentrations of oxidants, such as nitrogen dioxide or 
ozone, results in pulmonary edema, inflammation, and 
hyperplasia of constituent cells (U.S. Environmental Protec­
tion Agency 1986). The relation of these oxidant-induced 
effects to either ambient levels of pollutants or to chronic 
pulmonary disease, such as fibrosis, has yet to be deter­
mined. Information on the cellular mechanisms and bio­
chemical mediators of acute, oxidant-induced injury would 
contribute to our understanding of these relationships. 

After exposure to sublethal concentrations of nitrogen di­
oxide, ozone, or another oxidant, oxygen, examination of 
lung parenchymal tissues reveals cellular damage followed 
by repair; type II epithelial cells, fibroblasts, and endo­
thelial cells proliferate in response to the insult (Crapo et 
a!. 1984; Evans 1984). The time course and the reaction of 
different cell types depend on the particular oxidant and its 
associated physicochemical properties. 

Currently, an active area of investigation in cell biology 
is the identification of growth factors, primarily polypep­
tides, which modulate cellular growth (reviewed in Gospo­
darowicz 1983; Wahl and Carpenter 1987). Cells synthesize 
and secrete these growth factors, which are utilized either 
locally by neighboring cells (paracrine action) or by the cell 
of origin (autocrine action) (Sporn and Todaro 1980). Not all 
factors, however, appear to be secreted, and cell disruption 
may be necessary for the release of some factors. Although 
growth factors can be found in the blood, they are often as­
sociated with other proteins; whether these binding pro­
teins serve to inactivate, clear, or deliver growth factors to 
distant target sites is unknown. 

Target cells have been identified by their biological re­
sponses and by the presence of specific cell-surface recep­
tors (Wahl and Carpenter 1987). The receptor not only deter­
mines the sensitivity of the target cell, but also dictates the 
type of biological response. Often, the response of punative 
target cells is used to indicate the presence of a particular 
growth factor. However, because the specificity of the re­
sponse resides, in part, with the receptor, care should be ex­
ercised in the interpretation of the results. For example, 
alpha-transforming growth factor and epidermal growth 
factor, which are two distinctly different factors, bind to the 
same receptor, and their effects are indistinguishable in a 
bioassay. 

In addition to their mitogenic activity, growth factors can 
inhibit cell proliferation as well as influence cell functions 
unrelated to growth. For example, under different condi­
tions, beta-transforming growth factor either stimulates or 
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inhibits the growth offibroblasts (Roberts et al. 1985). What 
ultimately determines the response of a target cell to a par­
ticular growth factor is unknown, but it has been postulated 
that the context of the factor, in relation to other mediators, 
governs the outcome (Sporn and Roberts 1988). Thus, in­

dividual polypeptides represent characters in a code or 
"language;' which cells translate (Sporn and Roberts 1988). 

Several advances in cell biology have contributed to the 
rapidly expanding data base on growth factors. Highly puri­
fied preparations of polypeptides have been obtained using 
techniques such as affinity chromatography and high­
pressure liquid chromatography. The purified molecules 
can be sequenced and structural characteristics analyzed. 
Such preparations can be used to generate antibodies, 
monoclonal in some cases, that can be used for detection 

and quantification by radioimmunoassay or for localization 
by immunocytochemistry. Finally, techniques of molecular 
biology have been used to generate greater amounts of pep­
tide for study, to sequence genes, and to derive probes that 
have been used to detect cellular sites of synthesis. 

Growth factors that stimulate epithelial, endothelial, or 
fibroblast cells could be active during oxidant-induced pul­
monary hyperplasia. Epidermal growth factor (Carpenter 
and Cohen 1979), acidic- and basic-fibroblast growth factors 
(Thomas and Gimenez-Gallego 1986; Folkman and Klags­

burn 1987), insulin-like growth factors (D'Ercole 1987), 

platelet-derived growth factor (Ross and Vogel 1978; Scher 
et al. 1979), alpha- and beta-transforming growth factors 
(Roberts and Sporn 1985), and interleukin 1 (Schmidt et al. 
1982) have been shown to stimulate proliferation of one or 

more of these cells. Whether or not these factors have para­
crine or autocrine roles during oxidant-lung injury is un­
known. Alternatively, other, as yet unidentified, mediators 
of pulmonary cell growth may be present during this 
process. 

Numerous studies have investigated proliferation of lung 
fibroblasts or pneumocytes after exposure to fibrogenic 
agents. Macrophages have been reported to release para­
crine factors that either stimulate or inhibit fibroblast 
proliferation (Leibovich and Ross 1976; Bitterman et al. 
1982; Lugano et al. 1984; Elias et al. 1985; Lemaire et al. 
1986). Fibroblasts may also release autocrine factors after 
oxygen exposure (Jones et al. 1987; Tzaki et al. 1988). 

Oxygen-exposed fibroblasts also secrete a paracrine factor 
for pneumocytes (Tanswell 1983). However, these various 
factors have not been isolated to purity and, thus, are not 
fully characterized. 

Despite all the information that has been compiled about 
specific growth factors, the physiological role of growth fac­
tors in the organism is not known (Gospodarowicz 1983). 

Most experiments have been conducted using cultured 
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cells, and it has been extremely difficult to determine the 
role of these peptides in physiological or pathological 

processes. Problems encountered by researchers include 
the complexity of the mediator "language" and the likeli­
hood that other factors that regulate growth have yet to be 
discovered. Sorting out the roles of growth factors during 
embryonic growth and differentiation, normal cell turn­

over, or repair following injury is difficult, but has impor­
tant implications for understanding the pathological coun­
terparts to normal processes. 

JUSTIFICATION FOR THE STUDY 

The HEI sought proposals that would improve our under­
standing of the relationship between oxidant injury and 

lung disease. One area of particular interest to the Institute 
was the identification of cellular mediators of oxidant in­
jury. Growth factors were considered promising candidates 
for investigation because oxidant exposure is associated 
with parenchymal cell hyperplasia. 

Dr. Tanswell proposed to determine if plasma and lung la­
vage fluid derived from rats exposed to atmospheres con­
taining 85 percent oxygen possessed mitogenic activity 
against type II pneumocytes, lung fibroblasts, and pulmo­
nary endothelial cells. Dr. Tanswell further proposed that 

mediators of cell growth, once identified, could ultimately 
be used as markers of oxidant-induced lung injury. The HEI 
Research Committee was impressed with the experience of 
the investigator in defining growth factors for type II pneu­
mocytes and with the available cell culture facilities. There 
were, however, no preliminary data suggesting that in vivo 
hyperoxic exposure causes growth factor production. The 
committee thought that the proposal warranted a feasibility 
study. To address the goals of the RFA more effectively, the 
Research Committee requested that in vivo exposures to 
ozone and examination of lung tissue homogenates be 
added to the study. 

OBJECTIVES AND STUDY DESIGN 

The goal of the project was to test the hypothesis that 
hypertrophy of the lung after oxidant injury with ozone or 

oxygen is due to local generation of lung-specific growth 
factors. Specifically, the objectives were to: 

1. Measure the putative growth factors affecting type II 
pneumocytes, lung fibroblasts, or lung endothelial cells 
in blood, bronchoalveolar lavage fluid, or lung tissue 

homogenates after exposure to ozone or oxygen. 

2. Demonstrate a temporal correlation between the appear-
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ance of any such growth factors and the expected 
proliferative changes occurring in the lung parenchyma. 

3. Show that growth factor release is determined by degree 
and duration of oxidant injury, rather than by any spe­
cific oxidant. 

4. Characterize any identified growth factor(s) by prepara­
tive electrofocusing, molecular weight sizing, and target 
cell specificity. 

To test the hypothesis, rats were exposed to 85 percent ox­
ygen or to 1 part per million ozone for up to two weeks. 
Blood plasma, lung homogenates, and lung lavages were 
examined for the ability to stimulate 3H-thymidine incor­
poration into cultured fetal rat lung endothelial cells, fibro­
blasts, and type II pneumocytes. Crude plasma and dia­
lyzed heat-treated plasma were tested for growth-promoting 
activity. The plasma, lung homogenates, and lung lavages 
were fractionated by preparative isoelectric focusing, and 
the ability of these fractions to stimulate 3H-thymidine in­
corporation was determined. 

TECHNICAL EVALUATION 

AITAINMENT OF STUDY OBJECTIVES 

Animal exposures and the sampling of blood, lung la­
vage, and lung tissue were completed. The crude, as well 
as fractionated, samples from ozone- or oxygen-exposed 
animals were tested on pneumocytes and fibroblasts. The 
response of endothelial cells to crude or fractionated sam­
ples was not completely assayed. Not all of the objectives 
outlined in the original proposal to HEI were achieved due 
to the exploratory nature of the study. 

METHODS AND STUDY DESIGN 

The Investigator's Report provides the rationale for choos­
ing particular experimental procedures. However, alterna­
tive approaches could have been used to address the hy­
pothesis; these are discussed below under Remaining 
Uncertainties and Implications for Future Research. 

STATISTICAL AND DATA ANALYSIS 

A comparison between the responses to ozone and oxy­
gen was not an objective of this study, and although the in­
vestigator makes some general statements combining the 
oxygen and ozone results, he is careful not to make direct 
comparisons between the responses to the two oxidants. Di­
rect statistical comparison of the responses to oxygen and 
ozone could be made, but only if the differences between 
the two air-exposed control groups were adjusted. 

Some of the laboratory analyses followed a protocol that 
precluded a complete estimate of the variance. For the elec­
trofocusing, the samples were pooled in order to reduce to 
a manageable number the total number of assays. The pool­
ing of samples should give approximately the same mean 
as the average of individual assays. However, it obscures the 
contribution of interanimal variation to the analytical error. 
Since the variation among animals dominates the analyti­
cal error, the analytical error may be a gross underestimate. 

RESULTS AND INTERPRETATION 

The investigator states that the results from unfraction­
ated plasma, lavage, or tissue homogenate samples show 
that: 

1. Exposure to ozone or oxygen results in the appearance 
of factors in rat plasma that modify DNA synthesis by 
type II pneumocytes, lung fibroblasts, and lung endo­
thelial cells. 

2. The appearance of these factors is related to the duration 
of exposure to the oxidant gas, and bears a temporal rela­
tion to the morphologic changes reported by others using 
the same exposure protocols. 

3. Lavage from animals exposed to oxygen or ozone con­
tains stimulatory activity for pneumocytes, whereas la­
vage from animals exposed to oxygen, but not ozone, 
contains activity for lung fibroblasts. 

4. The factors that stimulate DNA synthesis by pneumo­
cytes and fibroblasts have apparent molecular weights 
exceeding 3,500 and are heat-stable at 56°C. 

Interpretation of these findings, as acknowledged by the 
investigator, requires additional experimentation. For ex­
ample, no stimulatory bioactivity was detected in the lung 
homogenates. The absence of a response in the bioassay, 
however, does not necessarily imply the absence of a growth 
factor. The marked inhibition of 3H-thymidine incorpora­
tion into all test cell types by crude plasma may be due to 
the presence of factors with inhibitory functions. This inhi­
bition could also be due to a cytotoxic effect of complement, 
which is inactivated at 56°C. 

With respect to the fractionated samples, specific growth 
factor activity related to oxidant exposure was not defini­
tively demonstrated, although the investigator inferred that 
a particular fraction, corresponding to an isoelectric point 
(pHr) of 6.6, promoted DNA synthesis. Additional fractions, 
however, also appeared to contain stimulatory activity, but 
their significance was not discussed by the investigator. 
Furthermore, in plasma from air-exposed animals, growth­
promoting activity was apparent (see Figures 2a, 3a, 6a, 
and 7a), implying that the presence of activity was not spe­
cific to oxidant exposure. 
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The investigator's claim that the factors appear in the la­
vage prior to, or at the same time as, their appearance in 
plasma is not fully supported by the data. In the case of the 
ozone-plasma-fibroblast group, stimulatory activity is pres­
ent, but it is not detected in the ozone-lavage-fibroblast as­
say. In contrast, in the oxygen-exposed animals, stimulatory 
activity for fibroblasts is present in the lavage sample, but 
not in the plasma sample. Furthermore, in the ozone experi­
ment, the pHr of the more acidic peak on day 3 differs for 
plasma and lavage (Figure 2a versus Figure 2b), suggesting 
the possibility of two different factors. 

REMAINING UNCERTAINTIES AND 
IMPLICATIONS FOR FUTURE RESEARCH 

The hypothesis of this study is reasonable and testable. 
Both the completed work and the proposed high-pressure 
chromatography steps clearly indicate that the investigator 
realizes that the definitive proof of the hypothesis is the 
eventual isolation and characterization of the growth 
factor(s). 

In future studies, alternative approaches can be used to 
assess the role of growth factors in oxidant-induced hyper­
plasia. Because a number of well-characterized factors are 
already known to have a mitogenic effect on the cell types 
of interest, experiments can be conducted to screen for the 
activity of these factors. Highly specific antibodies, recep­
tor assays, and, in some cases, eDNA probes, are currently 
available and can be used to determine if any of these factors 
are present during oxidant injury. 

Determining the presence of a new factor represents a 
greater challenge, but consideration should be given to the 
autocrine or paracrine modes of action in the experimental 
design. Although it may ultimately be desirable to use the 
presence of a growth factor in the circulation as a marker 
of oxidant exposure or early lung injury, isolating the factor 
from the blood and relating its presence specifically to ox­
idant exposure are both extremely difficult. Purification of 
growth-promoting factors from potential lung cell sources 
may be more efficient. As the investigator points out, the 
use of crude tissue homogenates creates difficulties in 
purification procedures. However, current or improved cell 
culture techniques can be used for short-term culture of 
cells derived from lung parenchymal tissue; these, in turn, 
can be tested for growth-promoting activity. 

CONCLUSIONS 

The investigator presents evidence that some stimulatory 
material is present in dialyzed, heat-treated plasma from 
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rats exposed to high levels of oxidants. Some activity is also 
present in lung lavage. The investigator recognizes that, due 
to the presence of lung edema in the oxidant-exposed 
animals, it is not possible to deduce the exact source (that 
is, lung-derived or blood-borne) of any factor detected. The 
presence of inhibitors and the complexity of the design 
contribute to the difficulty of drawing conclusions about 
the specificity or temporal relation of a growth factor to ox­
idant injury. Although the data are preliminary and the bio­
logical significance of the observed changes is uncertain, 
the hypothesis is worthy of pursuit. 

REFERENCES 

Bitterman PB, Rennard SI, Hunninghake GW, Crystal RG. 
1982. Human alveolar macrophage growth factor for fibro­
blasts: Regulation and partial characterizations. J Clin In­
vest 70:806-822. 

Carpenter G, Cohen S. 1979. Epidermal growth factor. Annu 
Rev Biochem 48:193-216. 

Crapo JD, Barry BE, Chang LY, Mercer RR. 1984. Alterations 
in lung structure caused by inhalation of oxidants. J Toxicol 
Environ Health 13:301-320. 

D'Ercole AJ. 1987. Somatomedians/insulin-like growth fac­
tors and fetal growth. J Dev Physiol 9:481-495. 

Elias JA, Rossman MD, Zurier RB, Daniele RP. 1985. Human 
alveolar macrophage inhibition of lung fibroblast growth: 
A prostaglandin-dependent process. Am Rev Respir Dis 
131:94-99. 

Evans MJ. 1984. Oxidant gases. Environ Health Perspect 
55:85-89. 

Folkman J, Klagsburn M. 1987. Angiogenic factors. Science 
235:442-447. 

Gospodarowicz D. 1983. Growth factors and their action in 
vivo and in vitro. J Pathol 141:201-233. 

Jones MB, King RJ, Kuel TJ. 1987. Production of a growth fac­
tor(s) by fibroblasts from the lungs of ventilated premature 
baboons and oxygen-exposed adult hamsters. Am Rev 
Respir Dis 135:997-1001. 

Leibovich SJ, Ross R. 1976. A macrophage-dependent factor 
that stimulates the proliferation of fibroblasts in vitro. Am 
J Pathol 84:501-512. 

Lemaire I, Beaudoin H, Dubois C. 1986. Cytokine regula­
tion of lung fibroblast proliferation. Am Rev Respir Dis 
134:653-658. 



Lugano EM, Dauber JH, Elias JA, Bashey RI, Jimenez SA, 
Daniele RP. 1984. The regulation of lung fibroblast prolifer­
ation by alveolar macrophages in experimental silicosis. 
Am Rev Respir Dis 129:767-771. 

Roberts AB, Anzano MA, Wakefield LM, Roche NS, Stern 
DF, Sporn MB. 1985. Type beta transforming growth factor: 
A bifunctional regulator of cell growth. Proc Natl Acad Sci 
USA 82:119-123. 

Roberts AB, Sporn NB. 1985. Transforming growth factors. 
Cancer Surv 4:683-705. 

Ross R, Vogel A. 1978. The platelet-derived growth factor. 
Cell 14:203-210. 

Scher CD, Shepard RC, Antoniades HN, Stiles CD. 1979. 
Platelet-derived growth factor and the regulation of mam­
malian cell cycle. Biochim Biophys Acta 560:217-241. 

Schmidt JA, Mizel SB, Cohen D, Green I. 1982. Interleukin 
1: A potential regulator of fibroblast proliferation. J Im­
munol 128:2177-2182. 

Sporn MB, Roberts AB. 1988. Peptide growth factors are 
multifunctional. Nature 332:217-219. 

Sporn MB, Todaro GJ. 1980. Autocrine secretion and malig­
nant transformation of cells. N Engl J Med 303:878-880. 

Tanswell AK. 1983. Cellular interactions in pulmonary oxy­
gen toxicity in vitro: I. Hyperoxic induction of fibroblast 
factors which alter growth and lipid metabolism of pulmo­
nary epithelial cells. Exp Lung Res 5:23-35. 

Thomas KA, Gimenez-Gallego G. 1986. Fibroblast growth 
factors: Broad spectrum mitogens with potent angiogenic 
activity. Trends Biochem Sci 11:81-84. 

Tzaki MG, Byrne PJ, Tanswell AK. 1988. Cellular interac­
tions in pulmonary oxygen toxicity in vitro: II. Hyperoxia 
causes adult rat lung fibroblast cultures to produce appar­
ently autocrine growth factors. Exp Lung Res 14:223-240. 

U.S. Environmental Protection Agency. 1986. Air Quality 
Criteria for Ozone and Other Photochemical Oxidants, Vol. 
1. Report EPA-600/8-84020AF. Environmental Criteria and 
Assessment Office, Research Triangle Park, NC. 

Wahl MI, Carpenter G. 1987. Role of growth factors and their 
receptors in the control of normal cell proliferation and can­
cer. Clin Physiol Biochem 5:130-139. 

25 









LIST OF HEI PUBUCATIONS "l_I7[ .::::;,;:;;..__--------ret 

Special Reports 
Title 

Gasoline Vapor Exposure and Human Cancer: Evaluation of Existing Scientific Information 
and Recommendations for Future Research 

Automotive Methanol Vapors and Human Health: An Evaluation of Existing Scientific Information 
and Issues for Future Research 

Gasoline Vapor Exposure and Human Cancer: Evaluation of Existing Scientific Information 
and Recommendations for Future Research (Supplement) 

Research Reports 
Report 
No. 

1 

2 

3 

4 

5 

Title 

Estimation of Risk of Glucose 6-Phosphate Dehydrogenase-Deficient 
Red Cells to Ozone and Nitrogen Dioxide 

Disposition and Metabolism of Free and Particle-Associated 
Nitropyrenes After Inhalation 

Transport of Macromolecules and Particles at Target Sites for 
Deposition of Air Pollutants 

The Metabolic Activation and DNA Adducts of Dinitropyrenes 

An Investigation into the Effect of a Ceramic Particle Trap on the 
Chemical Mutagens in Diesel Exhaust 

Principal 
Investigator 

M. Amoruso 

J. Bond 

T. Crocker 

F.A. Beland 

S.T. Bagley 

6 Effect of Nitrogen Dioxide, Ozone, and Peroxyacetyl Nitrate on 
Metabolic and Pulmonary Function 

D.M. Drechsler-Parks 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

DNA Adducts of Nitropyrene Detected by Specific Antibodies 

Effects of Inhaled Nitrogen Dioxide and Diesel Exhaust on 
Developing Lung 

Biochemical and Metabolic Response to Nitrogen Dioxide­
Induced Endothelial Injury 

Predictive Models for Deposition of Inhaled Diesel Exhaust 
Particles in Humans and Laboratory Species 

Effects of Ozone and Nitrogen Dioxide on Human Lung 
Proteinase Inhibitors 

Neurotoxicity of Prenatal Carbon Monoxide Exposure 

Effects of Nitrogen Dioxide on Alveolar Epithelial Barrier Properties 

The Effects of Ozone and Nitrogen Dioxide on Lung Function 
in Healthy and Asthmatic Adolescents 

Susceptibility to Virus Infection with Exposure to Nitrogen Dioxide 

Metabolism and Biological Effects of Nitropyrene and 
Related Compounds 

J.D. Groopman 

J.L. Mauderly 

J.M. Patel 

C.P. Yu 

D.A. Johnson 

L.D. Fechter 

E.D. Crandall 

J.Q. Koenig 

T.J. Kulle 

C.M. King 

Publication Date 

September 1985 

May 1987 

January 1988 

Publication 
Date 

August 1985 

February 1986 

February 1986 

August 1986 

January 1987 

April1987 

April1987 

May 1987 

June 1987 

July 1987 

August 1987 

September 1987 

October 1987 

January 1988 

January 1988 

February 1988 

Copies of these reports can be obtained by writing to the Health Effects Institute, 215 First Street, Cambridge, MA 02142. 



=-----::----------~ 
LIST OF HEI PUBLICATIONS 1-E[ 

Research Reports 
Report 
No. 

17 

18 

19 

20 

21 

Title 

Studies on the Metabolism and Biological Effects of Nitropyrene 
and Related Nitro-polycyclic Aromatic Compounds in 
Diploid Human Fibroblasts 

Respiratory Infections in Coal Miners Exposed to Nitrogen Oxides 

Factors Affecting Possible Carcinogenecity of Inhaled Nitropyrene 
Aerosols 

Modulation of Pulmonary Defense Mechanisms Against Viral and 
Bacterial Infections by Acute Exposures to Nitrogen Dioxide 

Maximal Aerobic Capacity at Several Ambient Concentrations of 
Carbon Monoxide at Several Altitudes 

Principal 
Investigator 

V.M. Maher 

M. Jacobsen 

R.K. Wolff 

G.J. Jakab 

S.M. Horvath 

Publication 
Date 

March 1988 

July 1988 

August 1988 

October 1988 

December 1988 

Copies of these reports can be obtained by writing to the Health Effects Institute, 215 First Street, Cambridge, MA 02142. 



m HEALTH EFFECfS INSTITUTE 215 First Street, Cambridge, Massachusetts 02142 (617) 491-2926 

Research Report Number 22 February 1989 




