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For more than ten years, the Health Effects Institute has been an independent and 
unbiased source of information on the health effects of motor vehicle emissions. 
HEI studies all major pollutants, including regulated pollutants (such as carbon 
monoxide, ozone, nitrogen dioxide, and particulate materials), and unregulated 
pollutants (such as diesel engine exhaust, methanol, and aldehydes). To date, HEI 
has supported more than 120 projects at institutions in North America and Europe. 

HEI receives half its funds from the Environmental Protection Agency and half 
from 28 manufacturers and marketers of motor vehicles and engines in the U.S. 

,..,.u,.,.... .. "'"' the Institute exercises complete autonomy in setting its research 
ties and in disbursing its funds. An independent Board of Directors governs the 
Institute. Research Committee and the Review Committee serve '""''-'-ULI--'-'-'-'-LH'--•-U 

tary scientific purposes and draw distinguished scientists as The results 
of HEI-funded studies are made available as Research Reports, which contain 
the investigator's report and the Review Committee's evaluation of the work's scien
tific and regulatory relevance. 
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Ozone is a major component of urban smog. It is a highly reactive gas formed when emissions from mobile 
and industrial sources react in the presence of sunlight. The current National Ambient Air Quality Standard 
for ozone is 0.12 parts per million (ppm), and compliance requires that this level not be exceeded for more 
than one hour once per year. Presently, at least one-third of the population of the United States lives in areas 
that do not comply with the ozone standard. 

In addition to concerns about the effects of ozone on lung function, researchers have questioned whether 
ozone has the potential to produce changes in airway cells that could result in cancer. The Health Effects Insti
tute sponsored the present study to determine whether ozone exposure might influence a critical step in the 
development of lung cancer by increasing the frequency of early, precancerous changes in cell structure. 

APPROACH 

Epithelial cells line the airways of the lung. Because most human cancers arise from epithelial cells, research
ers frequently study the changes induced when these cells are treated with carcinogens (cancer-causing 
agents). Dr. David Thomassen and coworkers examined the ability of ozone to alter the structure and growth 
characteristics of epithelial cells from rat tracheas in ways consistent with precancerous changes. The fre
quency of such alterations was counted in rat tracheal epithelial cells exposed in culture under various condi
tions: that is, a single 40-minute exposure to ozone (0.7 or 10 ppm), multiple ozone exposures (0.7 ppm, twice 
weekly for five weeks), or exposure to ozone (0.7 ppm) either before or after treatment with the known chemical 
carcinogen MNNG. Such alterations were also counted in tracheal epithelial cells removed from rats exposed 
to ozone (0.12, 0.5, or 1 ppm) for six hours per day, five days per week, for one to four weeks. 

RESULTS AND IMPLICATIONS 

Rat tracheal epithelial cells exposed once to ozone in culture exhibited the same frequency of precancerous 
changes as did control cells exposed to clean air. Tracheal epithelial cells cultured from rats that breathed 
ozone also showed similar frequencies of altered cells as those from rats exposed to clean air. There are ques
tions about whether the test procedure used in these comparisons was sufficiently sensitive to detect small 
changes in the number of altered cells. In contrast, the frequency of altered cells increased twofold after multi
ple exposures of cultured cells to ozone. There was also the suggestion of an increased frequency of such cells 
in cultures treated first with MNNG and then with multiple exposures to ozone. Interpretation of the increase 
in altered cells after multiple ozone exposures is complicated by the fact that the results may have been in
fluenced by the cell culture conditions. A single exposure of cells to ozone before MNNG treatment either 
decreased the frequency of altered cells or had no effect, depending on the carcinogen concentration. 

The negative results for cells exposed in rats and the variable findings for cells exposed in culture do not allow 
firm conclusions to be drawn regarding the effects of ozone. Rather, they illustrate the strong influence of ex
perimental variables, such as the timing, duration, and conditions of exposure, on the outcome of studies of 
the effects of ozone on the frequency of precancerous changes. 

This Statement is a summary, prepared by the Health Effects Institute (HE!) and approved by the Board of Directors, of a research project sponsored by HE! from 
1988 to 1990. This study was conducted by Dr. David G. Thomassen and associates at the Lovelace Biomedical and Environmental Research Institute. The complete 
report (The Role of Ozone in Tracheal Cell Transformation, Research Report Number 50) can be obtained from the Health Effects Institute, 141 Portland Street, Suite 
7300, Cambridge, MA 02139 (Telephone: 617-621-0266). The Research Report contains both the detailed Investigators' Report and a Commentary on the study prepared 
by the Institute's Health Review Committee. THOMASSEN 50 
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R. D. 

This project examined the potential role of ozone as are
spiratory carcinogen by characterizing its ability to induce 
or modulate the preneoplastic transformation of rat tracheal 
epithelial cells. The chemical reactivity of ozone and the 
types of damage it can cause suggest that it may have a role 
in environmental carcinogenesis. Previous reports have de
scribed an increase in the incidence and number of lung 
tumors per animal in strain A mice exposed to ozone. How
ever, the role of ozone in the development of the tumors has 
not been clear. Ozone also has been reported to act alone 
and synergistically with ionizing radiation to induce 
changes related to neoplasia in primary hamster embryo 
cells and in the mouse C3H/10T1/2 cell line in culture. Few 
other studies have examined the direct cytotoxic or trans
forming effects of ozone after in vivo or in vitro exposure 
of cells, and no studies have been reported on the compara
tive effects of ozone on respiratory cells exposed in vivo or 
in vitro. 

The induction of early preneoplastic changes in popula
tions of rat tracheal epithelial cells by carcinogens can be 
detected and quantified in vitro after exposures in vivo or 
in vitro of tracheal epithelial cells. This cell culture and 
transformation system was used to characterize the trans
forming potency of ozone. 

Tracheal epithelial cells were isolated from Fischer-
344/N rats that had been exposed for six hours per day, five 
days per week for one, two, or four weeks to 0, 0.12, 0.5, or 
1.0 parts per million (ppm)* ozone (sea-level equivalents). 
Cell populations were examined in culture for increases in 
the frequency of preneoplastic variants. Rats to 
ozone did not exhibit an increase in the frequency of 
preneoplastic tracheal cells, although exposed tracheas did 
exhibit dose-dependent morphological changes. 

Rat tracheal epithelial cells were given single, 40-minute 
in vitro exposures to concentrations of ozone that did not 

Correspondence may be addressed to Dr. David G. Thomassen, Inhalation 
Toxicology Research Institute, Lovelace Biomedical and Environmental Re
search Institute, P.O. Box 5890, Albuquerque, NM 87185. 

* A list of abbreviations appears at the end of this report for your reference. 
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result in any detectable decrease in effi-
0.7 and to concentrations that 

resulted in approximately a 40% decrease (a}Jproximateh 
10 ppm). Exposed cultures were examined for increases in 
the frequency of preneoplastic variants. The results of these 
experiments, like those for the in vivo experiments de
scribed above, suggest that a single ozone exposure does not 
induce preneoplastic variants of rat tracheal epithelial 
cells. In contrast, cultures of rat tracheal cells exposed to 0.7 
ppm ozone twice weekly for about five weeks exhibited ap
proximately a twofold increase in the frequency of pre
neoplastic variants compared with control cultures. 

Rat tracheal epithelial cells also were exposed to highly
or weakly-transforming doses of the direct-acting chemical 
carcinogen, N-methyl-N'-nitro-N-nitrosoguanidine, and to 
0.7 to 0.8 ppm ozone and examined for ozone-modulated al
terations in the frequency of transformation. When a single 
ozone exposure preceded the high level of carcinogen ex
posures, the transforming potency of the subsequent car
cinogen exposure was reduced. When single carcinogen 
exposures preceded multiple ozone exposures, there was 
no statistically significant interaction between the effects of 
ozone and the carcinogen on transformation. 

These results demonstrate that under some conditions 
ozone can induce preneoplastic variants of rat tracheal epi
thelial cells. In addition, depending on the sequence or 
combinations of exposures, ozone can reduce, or possibly in
crease, the transforming potency of the carcinogen N-methyl
N'-nitro-N-nitrosoguanidine for rat tracheal cells in culture. 

Ozone, a reactive form of oxygen, is a 
of photochemical smog and creates a oo,tmlti<aJ 

ard for humans. Upon u..u.'-<1-'-'auiJ.u., 

gering a large array 
mary target organ (Lippmann 
exposure, ozone increases resistance, in-
jures bronchiolar ciliated and I alveolar 
epithelia, and induces inflammation. Short-term exposures 
to ozone also impair mechanisms for inactivat-

and infectious agents. With pro-
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longed exposure, pulmonary airway resistance may remain 
elevated, the epithelium undergoes repopulation with cells 
(Clara cells in airways and II cells in alveoli) that are 
more resistant to ozone injury, some inflammation persists, 
and fibrogenic activity begins in the mucosal connective 
tissue. 

Determining the carcinogenic potential of an environ
mental pollutant such as ozone is of critical importance to 
human health. The chemical reactivity of ozone and the 
types of damage it causes both in vivo and to cells in vitro 
provide a basis for suggesting a role for ozone as an initiator 
or promoter of carcinogenesis. Ozone is able to interfere 
directly with the plasma membrane by oxidizing sulfhydryl 
or amine groups on proteins protruding from the membrane 
(Mudd and Freeman 1977). Ozone also can oxidize intracel
lular enzymes and susceptible groups of low molecular 
weight molecules, such as glutathione. Reactions of ozone 
with lipids can generate hydrogen peroxide and a chain of 
free radicals leading to the formation of lipid peroxides 
(Menzel 1984). These radical intermediates and peroxides 
are highly reactive and potentially toxic. The oxidative 
stress of an ozone exposure can be enhanced by a concomi
tant inflammatory response leading to the generation of ac
tivated oxygen-species and products of arachidonic acid 
breakdown (Fantone and Ward 1982). These molecules are 
also genotoxic and can interact with and damage DNA 
(Freeman and Crapo 1982; O'Brien 1985). 

Few studies have examined the direct genotoxic effects of 
ozone on cells in vivo or in vitro. The inductions of chro
mosomal aberrations by ozone in vivo in peripheral blood 
lymphocytes (Zelac et al. 1971a,b), and in vitro in cultured 
fibroblasts (Guerrero et al. 1979), have been reported as 
measures of ozone-induced genotoxicity. Mutational effects 
of ozone also have been demonstrated in Escherichia coli 
(Hamelin and Chung 1975a,b), Drosophila virilis (Erdman 
and Hernandez 1982), and Saccharomyces cerevisiae (Du
beau and Chung 1979, 1982). However, in each of these 
studies the relevance of the endpoints and the cells that 
were used with respect to respiratory carcinogenesis are not 
clear. 

Two studies with mice, a strain that develops sponta-
neous lung adenomas in up to 50% of animals, resulted in 
an increase in the incidence and the number of lung ade
nomas per animal after exposure to ozone (Hassett et al. 
1985; Last et al. 1987). In contrast, no ozone-induced effects 
were seen in Swiss Webster mice, which do not display as 
high an incidence of spontaneous lung tumors as A/J mice 
(Last et al. 1987). Both of these reports also described the 
modulating effects of ozone on urethan-induced lung 
tumors that appeared to differ depending on the treatment 
protocol. Hassett and coworkers (1985) described an in-
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crease in the average number of lung tumors per animal 
when mice were given urethan repeatedly after weekly ex
posures to ozone. However, when animals were given a sin
gle dose of urethan and exposed to ozone every other 
no effect was seen. Last and colleagues (1987) observed a de
crease in the number of lung tumors in mice given daily ex
posures to ozone after a single, large dose of urethan. Differ
ences in the timing of the ozone and urethan treatments 
may have been responsible for the apparently contradictory 
effects of ozone in these studies. 

Witschi (1988) recently reviewed the data from these two 
reports and concluded that there was little evidence to im
plicate ozone directly as a pulmonary carcinogen. However, 
it was noted that these and other studies provide evidence 
suggesting that ozone may act to enhance or inhibit lung tu
mor development, depending on the ozone and carcinogen 
exposure sequence. 

Finally, ozone (5 ppm for five minutes) has been shown 
to act alone and synergistically with ionizing radiation to 
induce changes in culture related to neoplasia in primary 
hamster embryo cells and in the preneoplastic mouse cell 
line, C3H/10T1/2 (Borek et al. 1986, 1989). The animal stud
ies discussed above may not support a role for ozone as 
a complete pulmonary carcinogen; however, this in vitro 
study, despite its use of fibroblastic cells in culture, sug
gests that ozone is capable of inducing some changes that 
may be involved in multistage carcinogenesis. 

As indicated by the studies of Borek and associates (1986, 
1989), cell culture systems and studies with isolated cells 
potentially are very useful experimental models. The most 
relevant cell culture systems employ cells from the target 
tissues for the carcinogen or carcinogens of interest. The rat 
tracheal epithelial cell culture and transformation system 
provides a useful model for studying early, preneoplastic 
events characterizing the role of potential respiratory epi
thelial carcinogens, such as ozone, in multistage carcino
genesis. 

The rat tracheal epithelial cell transformation system is a 
useful model for studies of neoplastic progression in vivo 
or in vitro and serves as a model for the development of 
bronchial tumors in humans. More than any other segment 
of the respiratory tract of rodents, the rat trachea resembles 
the human bronchus (Kendrick et al. 1974). Both contain 
cartilage, compound mucous glands, and goblet cells. 
These components are either sparse or nonexistent in the 
bronchi of inbred rats, mice, and hamsters, but are typical 
of the human bronchus. 

Carcinogenesis studies of rat tracheal epithelial cells can 
be carried out totally in vitro using culture conditions that 
permit the proliferation of normal rat tracheal epithelial 
cells (Thomassen et al. 1983, 1986). The first detectable 
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stage in the neoplastic progression of rat tracheal epithelial 
cells in culture is the formation of large colonies of altered 
cells, termed enhanced growth variants, which are resistant 
to serum-mediated squamous differentiation. Normal rat 
tracheal epithelial cells are exposed to carcinogens in vitro 
using culture conditions that allow their proliferation. Af
ter allowing for the carcinogen-induced changes, the cul
ture medium is replaced with a medium that permits the 
proliferation of enhanced growth variants, but not normal 
cells. The frequency of variants induced in these experi
ments can be quantified by dividing the number of variants 
by the number of colony-forming cells at risk. In these 
studies, culture conditions that support the proliferation of 
carcinogen-induced preneoplastic variants, but not normal 
cells, are used to select variants after carcinogen treatment. 

The induction of preneoplastic variants of rat tracheal ep
ithelial cells can also be quantified in vitro after cells have 
been exposed to known or suspected carcinogens either in 
vivo (Marchak et al. 1977, 1978; Thomassen et al. 1989) or 
in vitro (Thomassen et al. 1986). After in vivo exposures, 
rat tracheal epithelial cells are isolated and plated in vitro 
by the method described above. Altered cells are found spe
cifically in sections of tracheas with moderate to severe 
atypia, as measured by conventional cytological and 
histopathological criteria (Marchak et al. 1982). These cells 
become malignant after further proliferation in vitro and 
form squamous cell carcinomas when injected into suitable 
hosts (Pai et al. 1983). 

The in vivo studies described above, examining the 
potential role of ozone in respiratory carcinogenesis (Has
sett et al. 1985; Last et al. 1987; Witschi 1988), suggest that 
although ozone is not a complete respiratory carcinogen, it 
may play a role in modulating respiratory carcinogenesis. 
The in vitro studies described above (Borek et al. 1986) also 
suggest that ozone may be capable of inducing some 
changes involved in multistage carcinogenesis. The present 
study was designed for the following purposes: (1) to char
acterize the transforming potency of ozone for normal respi
ratory epithelial cells by quantifying the frequency of 
ozone-induced preneoplastic variants of rat tracheal epithe
lial cells exposed to ozone in vivo or in vitro; and (2) to de
termine whether ozone can modify the transforming 
potency of a known chemical carcinogen, N-methyl-N'
nitro-N-nitrosoguanidine (MNNG), for the preneoplastic 
transformation of normal rat tracheal epithelial cells. 

SPECIFIC AIMS 

This project examined the cytotoxic effects and the trans
forming potency of ozone on respiratory epithelial cells in 

vivo and in vitro, either alone or in combination with the 
known chemical carcinogen, MNNG. These two hypothe
ses were tested: (1) Ozone can induce preneoplastic trans
formation of rat tracheal epithelial cells exposed to ozone 
in vivo or in vitro; and (2) Ozone can interact synergisti
cally with MNNG, resulting in a more-than-additive induc
tion of preneoplastic transformation of rat tracheal epithe
lial cells. 

The project was initiated in response to the Health Effects 
Institute's Request for Applications 86-1, "Genotoxic, Carci
nogenic, and Cocarcinogenic Effects of Ozone." 

A goal of this project was to expose normal rat tracheal 
epithelial cells to ozone, either in vivo or in vitro, and to 
quantify the frequency of preneoplastic variants in the ex
posed populations using an in vitro assay. An additional 
goal was to quantify the frequency of preneoplastic variants 
induced by combined in vitro exposures to ozone and 
MNNG, using two different treatment regimens. These regi
mens included a single, brief ozone exposure followed by 
a single MNNG exposure and a single MNNG exposure fol
lowed by multiple ozone exposures. 

METHODS 

EXPERIMENTAL DESIGN 

Ozone-Induced Rat Tracheal Epithelial Cell 
Transformation in Vivo 

Male Fischer-344/N rats were exposed by inhalation to 0, 
0.24, 1.0, or 2.0 mg/m3 ozone (0, 0.12, 0.5, or 1.0 ppm sea
level equivalents), for six hours per day, five days per week, 
for one, two, or four weeks. (The Institute is located at an 
elevation of 1,728 m, where the average barometric pressure 
is 625 mm Hg, or 82% of sea-level atmosphere.) Concentra
tions of ozone were chosen to correspond with those used 
in a National Toxicology Program carcinogenesis study 
with rats and mice. After exposure, rat tracheal epithelial 
cells were isolated and examined in culture for ozone
induced increases in the frequency of preneoplastic vari
ants. Tracheas from each exposure also were examined 
histologically for morphological changes. The experimen
tal groups and the numbers of animals in each group are 
outlined in Table 1. 

Ozone-Induced Rat Tracheal Epithelial Cell 
Transformation in Vitro 

Rat tracheal epithelial cells were isolated from male 
Fischer-344/N rats and plated in a serum-free medium that 
allowed normal rat tracheal epithelial cell proliferation. 
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Table 1. Experimental Used to Examine 
Transforming of Inhaled Ozone 

Ozone 
Number of Rats Used 

Concentration a Duration Cell 
Transformation 

0 1 4 2 
2 4 2 
4 4 2 

0.12 1 4 2 
2 4 2 
4 4 2 

0.50 1 4 2 
2 4 2 
4 4 2 

1.00 1 4 2 
2 4 2 
4 4 2 

a Sea-level equivalents. 

Approximately 20 hours after plating, cultures were ex
posed to ozone and examined for increases in the frequency 
of preneoplastic variants. Two concentrations of ozone were 
used in these studies: (1) concentrations that overlapped 
with peak levels of environmental exposure (0.6 to 0.8 ppm 
[ = 0.5 to 0.7 ppm sea-level equivalents] for 40 minutes); and 
(2) a concentration that resulted in approximately 50% cy
totoxicity (10.3 ppm [ = 8.6 ppm sea-level equivalents] for 40 
minutes). These concentrations of ozone will be referred to 
as 0.7 and 10 ppm in the remainder of the text. Actual con-

The Role of Ozone in Tracheal Cell Transformation 

centrations used in individual experiments will be indi
cated in data tables. 

A 50% cytotoxic dose of MNNG (approximately 0.045 
was used as a positive control for the induction of 

preneoplastic variants. Each experiment was conducted at 
least twice. A complete listing of the experiments irnrnl'"'"'"' 

in vitro exposures of rat tracheal epithelial cells to ozone 
described in this report is shown in Table 2. 

Combined Exposures of Rat Tracheal ...... lf." ...... L'"' ..... ., .... Cells 
to Ozone and MNNG in Vitro 

Rat tracheal epithelial cells were isolated from male 
Fischer-344/N rats and plated in a serum-free medium per
mitting normal rat tracheal epithelial cell proliferation. Ap
proximately 20 hours after plating, cultures were entered 
into one of two treatment regimens. In some experiments, 
cultures were exposed to a "low" concentration of ozone (0.7 
ppm for 40 minutes) and then exposed to either highly or 
weakly transforming doses of MNNG (approximately 0.2 
~g/mL or approximately 0.045 ~g/mL, respectively). The 
frequency of preneoplastic variants in these cultures was 
determined after a five-week selection period. The timing 
of exposures in these experiments represents the standard 
use of the rat tracheal epithelial cell transformation assay 
(Thomassen et al. 1986). In other experiments, cultures 
were exposed to weakly transforming doses of MNNG 
(0.045 ~g/mL) and were exposed subsequently to a low con
centration of ozone twice weekly for five weeks (total of nine 
exposures). The multiple ozone exposures were given con
currently with the normal selection for preneoplastic vari
ants. This multiple exposure regimen is similar to that pre-

Table 2. In Vitro Exposures of Rat Tracheal Epithelial Cells to Ozone and MNNG 

Combined Ozone and MNNG 
MNNG Alone 

Ozone Alone 0. 7 ppm Ozone 0. 7 ppm Ozone Approximately 
Approximately Approximately + Approximately + Approximately 50% Cytotoxic Dose 

9 Exposures 50% 90% 90% Cytotoxic 50% Cytotoxic MNNG + 9 Exposures 
Experiment Control 0.7 ppm 10 ppm 0.7 ppm Cytotoxic Dose Cytotoxic Dose Dose MNNG Dose MNNG 0. 7 ppm Ozone 

OZT1 X X 

VT3 X X X 

VT4 X X X X 

VT7 X X 

VT11A X X X 

VT12 X X X X 

VT14A X X X 

VT14B X X X 

VT15 X X X X 

VT16 X X X X X 

VT17 X X xa X 

VT18 X X xa X 

a Data from VT17 and VT18 are not included in Table 6 because all cultures exposed to MNNG also were given nine 40-minute exposures to buffer during 
the five weeks of selection for preneoplastic variants as a control for the ozone exposures. 

4 



G. Thomassen et al. 

described for initiation-promotion studies that have 
been conducted with both rat tracheal epithelial cells and 
other cells in culture (Nettesheim et al. rat 
tracheal epithelial cells given multiple exposures to ozone 
may respond differently than cells a 
posure, the multiple exposure re~:nnLen 
transforming (Nettesheim et al. 
periment, cultures were examined for ozone-mediated in
creases or decreases in the frequency of MNNG-induced 
preneoplastic transformation. Each experiment was repeated 
a minimum of two times. A complete listing of the experi
ments involving in vitro exposures of rat tracheal epithelial 
cells to MNNG or ozone and MNNG described in this report 
is shown in Table 2. 

PROCEDURES 

Animals and Maintenance 

Male Fischer-344/N rats were obtained from the Institute's 
specific pathogen-free breeding colony. All rats were seven 
to nine weeks old, and those used for inhalation studies 
were randomized by weight. All rats were housed in barrier
maintained colony housing until being killed for in vitro 
experiments, or until being acclimatized in exposure cham
bers. Animals were housed in polycarbonate cages with fil
ter tops and sterilized hardwood bedding. Feed (Wayne Lab 
Blox, Allied Mills, Chicago, IL) and tap water were pro
vided ad libitum. Rooms were maintained at 20°C to 22°C, 
with a relative humidity of 40% to 60%, and a 12-hour 
light-dark cycle. 

Rats being exposed to ozone by inhalation were housed 
continuously in individual wire cages, within glass and 
stainless steel chambers (Hazelton HC-1000, Hazelton Sys
tems, Aberdeen, MD) beginning one week before the start 
of ozone exposures. Feed and water were provided ad libi
tum. Chambers were maintained at 19°C to 26°C, with 40% 
to 60% relative humidity and 5 cfm airflow, and on a 12-
hour light-dark cycle. Bacteriostatic cageboard was changed 
daily and chambers were washed weekly. 

Cells and Cell Culture 

Rat tracheal epithelial cells were isolated by a procedure 
described by Thomassen and associates (1986). Cells for in 
vitro exposures were isolated from several animals and 
pooled. Cells isolated from animals exposed to ozone in 
vivo were isolated from individual animals and were not 
pooled. Cells were isolated from four animals in each ex
posure group to determine cytotoxicity and transformation. 
Animals were killed by carbon dioxide asphyxiation; their 
tracheas were removed, filled with 1% Pronase solution 
(protease type XIV, Sigma Chemical Co., St. Louis, 

and incubated for 16 to 20 hours at 4°C. Rat tracheal epithe
lial cells were rinsed from the tracheas 
gauze with cold Ham's F12 medium 
NY) containing 15 mM 
ethanesulfonic acid '"'".,.,~.,...,.,,....,.." 

(100 units/mL) and str1:mtomtvci.n 
search Products, Lenexa, trachea 
yielded 3 to 6 x 105 cells, of which more than 95% were via
ble, as indicated by Trypan dye exclusion (Gray et al. 
After centrifugation, cells were resuspended in a serum
free medium, plated in 100-mm-diameter tissue culture 
dishes (Corning Glass Works, Corning, and incubated 
at 37°C in a humid atmosphere containing 5% carbon diox
ide and 95% air. 

The serum-free medium used for primary cultures of rat 
tracheal epithelial cells, which was described by Thomas
sen and colleagues (1986), is composed of Ham's F12 me
dium supplemented with 15 mM HEPES buffer (pH 7.3), 0.8 
mM calcium chloride (final concentration) (ultrapure, Al
pha Products, Danvers, MA), 1% (v:v) bovine pituitary ex
tract prepared from whole pituitaries (Pel Freeze, Rogers, 
AK), as previously described by Bertolero and associates 
(1984), 3 mg/mL bovine serum albumin (fraction V, Sigma 
A 4503), 1 nM cholera toxin (Sigma), 5 ng/mL epidermal 
growth factor (Collaborative Research, Waltham, MA), 50 
J.!M ethanolamine (Sigma), 0.3 J.!M hydrocortisone (Sigma), 
5 J.!g/mL insulin (Calbiochem, La Jolla, CA), 50 J.!M phospho
ethanolamine (Sigma), and 5 J.!g/mL transferrin (Sigma). 

Exposures and Measurements of Ozone Exposure 
Atmospheres 

Ozone was generated for inhalation exposures from com
pressed air using OREC (Ozone Research and Equipment 
Corp., Phoenix, AZ) and Sander (model IV) ozone genera
tors. An OREC generator was used to generate ozone for in 
vitro exposures from house air filtered through a type H 
ultrafilter (Mine Safety and Appliances Co., Pittsburgh, 
PA). Ozone concentrations were monitored using factory
calibrated Mast (model 727-3, Mast Development Co., 
Davenport, IA) and Dasibi (model1003-AH, Dasibi Environ
mental Corp., Glendale, CA) monitors. At the end of the 
study, the calibration of all monitors was rechecked against 
a factory-calibrated Dasibi monitor (model 1003-AH), 
kindly provided by Dasibi for that purpose, and all monitors 
were found to read within 10% of the calibrated monitor. 
Ozone concentrations were recorded a Linear 0141 Strip 
Chart Recorder (Linear Instrument Corp., Reno, 

Rat tracheal epithelial cell cultures were exposed to 
ozone by rocking the cultures in an atmosphere containing 
ozone so that attached cells were alternately covered by the 
medium or exposed to air. For exposures, the serum-free 
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culture medium was replaced with 5 mL per dish of 
calcium- and magnesium-free phosphate-buffered saline 
(GIBCO). Culture dishes were placed without their lids at 
room temperature in a polycarbonate modular incubator 
chamber (Billups-Rothenberg, Del Mar, CA) whose interior 
had been siliconized with Surfa Sil (Pierce, Rockford, 
The chamber was rocked at approximately 10 cycles per 
minute during exposures. Cultures were exposed for desig
nated intervals (10, 20, or 40 minutes) plus an additional 
five minutes before timing began to allow the ozone concen
tration in the exposure chamber to reach approximately 
75% of its maximal level. Control cultures were rocked at 
room temperature with saline for the same amounts of time 
as for corresponding ozone-exposed cultures. 

Ozone entered the chamber from the ozonizer through a 
port at the top of the chamber, which had been modified by 
the insertion of a plexiglass deflector plate. The ozone was 
exhausted to the ozone monitor through a port in the side 
of the chamber. Teflon tubing was used to conduct ozone 
into and out of the exposure chamber. A 4-L dilution flask 
with an adjustable air inlet was placed in-line between the 
ozonizer and the exposure chamber and provided an extra 
degree of control for generating low concentrations of ozone 
with a generator designed to produce high (defined as 
greater than 10 ppm) concentrations. 

Histopathology 

The toxic effects of inhalation exposure to air or ozone 
were determined histologically by sampling tracheas from 
each exposure group one day after the final exposure. Mor
phological assessment of the tracheal epithelium in vivo 
was conducted on two rats from each exposure group. 
Tracheas were excised immediately after death and fixed in 
10% neutral buffered formalin. After fixation, a cross
section of the proximal trachea and another from the mid
trachea were embedded in paraffin, sectioned at 4 to 6 
microns, and stained with hematoxylin, eosin, and aldan 
blue (pH 2.7) for light microscopic examination. 

Cytotoxicity Assays 

The cytotoxic response of rat tracheal epithelial cells to 
ozone was determined in preliminary experiments using 
colony-forming assays to identify exposure levels that did 
and did not reduce the colony-forming efficiency of rat tra
cheal epithelial cells for use in subsequent cell transforma
tion assays. In these initial experiments, cultures were ex
posed to one or more combinations of different ozone 
concentrations and exposure times. The colony-forming ef
ficiencies of cells in these cultures were compared to those 
in unexposed, concurrent controls. Approximately 5,000 
cells were plated in each 100-mm diameter culture dish, 
and cultures were exposed to ozone after 20 hours. After 10 
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days, cultures were fixed with 70% ethanol and stained 
with 10% aqueous Giemsa, and the number of colonies 
with at least 30 cells was determined (the of colo
nies contained at least 200 cells) (see Figure 
forming efficiencies (the fraction of plated cells that survived 
and formed colonies) ranged from 1% to 8% for untreated 
controls (4.3 ± 0.4% [mean± SE] for controls for the 24 
transformation experiments reported here). The data were 
used to calculate the relative colony-forming efficiency of 
cells in exposed versus control cultures. 

Transformation Assays 

Rat tracheal epithelial cells were plated and treated in the 
method described above using a number of cells sufficient 
to produce 150 to 250 colonies per dish after treatment. For 
example, in experiments that involved exposures to highly 
toxic concentrations of MNNG, the number of cells plated 

Figure 1. Photomicrographs of (A) rat tracheal epithelial cell colonies 10 
days after plating 3,000 primary tracheal cells in a 60-mm-diameter dish with 
serum-free medium; (B) premmplastic variants of rat tracheal epithelial 
cells 35 days after exposure of primary culture to MNNG and selection for 
preneoplastic variants; and (C) nontransformed rat tracheal epithelial cell 
colony remaining 35 days after exposure of primary culture to MNNG and 
selection for preneoplastic variants. Panels in the right column are magni
fied x 120. 
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per dish was increased by up to 10-fold to adjust for MNNG
induced cell killing. Four days after plating, selection for 
preneoplastic variants was begun by replacing the serum
free medium with a selective medium containing serum 
(Ham's F12 medium containing 5% fetal bovine serum 
number 97F-0501, Sigma], 1 J.,Lg/mL insulin, 0.3 hydro
cortisone and antibiotics) (Thomassen et al. 1983, 1986). 
The culture medium was changed twice each week for five 
weeks. The cultures were fixed and stained by the method 
described above and scored for variants by the method pre
viously described (Thomassen et al. 1983). 

Under these culture conditions, normal rat tracheal epi
thelial cells enlarge and appear squamous-like as their rate 
of proliferation decreases. The cells either detach from their 
dishes after one to two weeks or persist without prolifera
tion. Colonies previously described as Type III or IV trans
formants (Kitamura et al. 1986) were scored as transformed 
colonies (see Figure 1). These colonies were large, baso
philic (Giemsa stain), had a high cell density, and consisted 
primarily of closely packed, small round cells with high 
nuclear: cytoplasmic ratios. In addition, many of these colo
nies revealed two to four stratified layers of poorly differen
tiated cells and cells with features of keratinocyte differen
tiation, as evidenced by abundant tonofilament bundles, 
well developed desmosomes, and occasional keratohyaline 
granules. Frequencies of transformation were calculated by 
dividing the total number of variants by the total number of 
colony-forming cells at risk. The total number of colony
forming cells at risk was equal to the average number of 
colonies per dish, determined from parallel cytotoxicity as
says, multiplied by the total number of dishes in the trans
formation assay (Thomassen et al. 1983). Frequencies of 
transformation were calculated using data from a minimum 
of two experiments per condition. 

Statistical Analyses 

Transformation data, such as that obtained in this study, 
usually involves counting the number of transformed colo
nies for a known number of colony-forming cells in a dish. 
Because the total number of transformed colonies is often 
small, it is necessary that a statistical analysis take into ac
count the nature of the statistical distribution of the num
bers of transformed colonies. The Poisson distribution is an 
appropriate way to describe such variations in this study be
cause there were relatively few transformed colonies, and 
the occurrence of a transformed colony was a relatively rare 
event among the colony-forming cells in each dish. Further
more, the distribution of transformants in rat tracheal epi
thelial cell transformation assays has been shown to be Pois
son (Thomassen et al. 1983). 

If we consider the number of transformed colonies to be 
Poisson-distributed, then the probability of observing X 

colonies is e- where X= 0, 1, 2, ... , for a known 
number of colony-forming cells in a dish, and A. is the mean 
of the Poisson distribution. We take into account the Pois
son distribution through a technique known as log-linear 
modeling, which is a special case of generalized linear 
models (McCullagh and Neider This technique al
lows us to analyze Poisson-distributed data using methods 
analogous to analysis of variance and linear regression. 
Usual analysis of variance and linear regression techniques 
are actually just examples of generalized linear models 
used when data are considered to be normally distributed. 
Another type of generalized linear model is probit analysis, 
which is used for binomially distributed data. 

In log-linear models, the log of the mean of the Poisson 
distribution,/.., is modeled as a linear function ofthe factors 
and covariates of the experimental design, as in analysis of 
variance or linear regression. The covariates included in 
the model in the studies described here were the type of ex
posure (ozone, MNNG, or ozone and MNNG) and in
dividual experiments. Log-linear models differ from the 
usual linear models in that the variance of the estimated 
mean values depends on the estimated mean value. This 
leads to a weighted analysis of the data, with the weights 
depending on the variance of the estimated means. Because 
of their relatively larger variance, experiments with low 
numbers of transformants have less influence on the final 
estimated mean value than experiments with high numbers 
of transformants. Computations of mean values in log
linear models must be made using an iterative technique, 
in which the observations are reweighted at each step, de
pending on the currently estimated mean value. This con
trasts to computations in analysis of variance and linear 
regression, which require a single step. In our application 
of log-linear models it is also necessary to take into account 
the number of colony-forming cells on a dish in order to 
model the transformation frequency, rather than the num
ber of transformants. This is done by calculating the log of 
the estimated mean divided by the number of colony
forming cells, and is a standard technique in log-linear 
models that include an offset in the model. Because the log 
of the transformation frequencies is being calculated, the 
differences between groups is naturally expressed as a rela
tive risk of one group in relation to another group. 

Each experiment had one control group and up to three 
exposure groups. Because experiments were conducted at 
different times, the model was adjusted for changes in the 
control incidence among experiments. After all the above 
parameters were estimated, a likelihood ratio test was con
ducted to determine whether the residual variation was 
larger than would be estimated for Poisson-distributed data. 
Such extra-Poisson variation affects the parameter estimates 
for the model and often, to a larger the estimates of 
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the standard errors of the parameters. It was assumed that 
this additional error was due to variation between 
ments, and that its variance should be added to the Poisson 
variance in the model. If X is a Poisson random 
variable with extra variation, where A, then E[log 

A and = a 2 + 1/A. It was assumed that a 2 

was the same for all groups in this Methods for es-
UHM . .!.L.LH5 a 2 have been described Breslow (1984). 

To determine statistical each treated group 
was to its own control, and a relative risk was es
timated. The relative risks were multiplied the concur
rent control frequencies of transformation to obtain the 
values for the corresponding treated cultures. Statistical 
significance was determined from the 95cyo confidence 
limits for each relative risk. Relative risks were considered 
statistically significant if the 95% confidence interval did 
not overlap with 1.0. 

RESULTS 

CYTOTOXIC AND TRANSFORMING POTENCY 
OF INHALED OZONE FOR RAT TRACHEAL 
EPITHELIAL CELLS 

Exposure ofrats to 0, 0.12, 0.5, or 1.0 ppm ozone (sea-level 
equivalents) for one, two, or four weeks did not result in sys
tematic concentration- or time-dependent alterations in the 

The Role of Ozone in Tracheal Cell Transformation 

frequency of preneoplastic cells in the isolated rat tracheal 
epithelial cell 3). The data were ana-

as a two-factor log-linear model, and neither of the 
main effects, ozone nor duration of exposure, nor the inter
action between the two, were (p The 
overall mean of transformation observed in these 
experiments ± 0.01%) was similar to the average back-
ground frequency of transformation observed in our labora
tory in over 90 experiments over a period of more than three 
years (0.14 ± 0.02%; data). The colony-form
ing efficiency data in Table 3 were analyzed using two-way 
analysis of variance. The duration of the exposure was 
statistically significant (p but the effect of ozone 
and the interaction between ozone and the duration of 
exposure were not statistically significant (p>0.05). Al
though the duration of exposure was significant, it is not 
important to the outcome of this for two reasons. 
First, the variation was small, with an average colony
forming efficiency of 4.5% for week one of exposure, 5.5% 

for two weeks of exposure, 5.9% for four weeks of exposure, 
and with a standard error of 0.36% on these averages. Sec
ond, experiments were corrected for any variation in colony
forming efficiency because that factor was measured in 
each experiment. 

No exposure-related alterations were evident in the prox
imal or mid tracheal sections from rats exposed for one, two, 
or four weeks to 0 or 0.12 ppm ozone. 

Ozone-induced alterations were restricted to the surface 

Table 3. and Transforming Potency of Inhaled Ozone for Rat Tracheal Epithelial Cellsa 

Ozone 
Concentration b 

0 
0.12 
0.5 
1.0 

0 
0.12 
0.5 
1.0 

0 
0.12 
0.5 
1.0 

Length of 
Exposurec 

1 

2 

4 

Colony-Forming 
Efficiencyd 

4.4 ± 0.6 
3. 7 ± 0.4 
5.3 ± 0.4 
4.4 ± 0.4 

5.2 ± 0.6 
5.5 ± 1.0 
4.9±1.1 
6.2 ± 0.7 

6.6 ± 0.8 
4.9±0.7 
6.4 ± 0.6 
5.6 ± 0.5 

Total 
Colony-Forming 

Cells at Risk 

14,500 
13,200 
20,200 
17,800 

21,000 
21,600 
19,500 
24,900 

26,900 
26,400 
35,000 
30,400 

Frequency of 
Total Transformation d' 8 

Variants X 103) 

19 1.4±0.3 
8 0.8 ± 0.4 

14 0.8 ± 0.4 
15 0.9 ± 0.3 

13 0.6 ± 0.2 
24 1.0 ± 0.1 
16 0.9±0.1 
20 0.7 ± 0.4 

29 1.3 ± 0.3 
30 1.3 ± 0.3 
36 1.0 ± 0.4 
33 1.2 ± 0.4 

a Cells were isolated from animals exposed to ozone by inhalation and examined in culture for colony formation and preneoplastic transformation. Twenty-
three dishes with 5,000 cells each were plated from each animal. 

b Sea-level equivalents. 

c Six hours per day, five days per week. 

d Mean ± SE of individual experiments, with cells from four rats in each group. 
8 Total variants/total colony-forming cells at risk. 
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and midtracheal sections 
from rats to 0.5 or 1.0 ppm ozone. The most severe 
morphologic changes took in rats for two or 
four weeks to 1.0 ppm ozone. The ozone-induced lesions in 
the tracheal in these rats consisted of focal areas 

u. .... ,~u~u,.5 of the and loss 
of cilia, occasional necrosis and exfoliation of individual 
epithelial cells, and a few and luminal neu
trophils. Lesions in the tracheal 
distributed across and nonc;artilagirw 
tions of the trachea and involved appnJximatteJ.y 
75% of the luminal surface epithelium. Similar lesions 
were also evident in the rats exposed to 1.2 ppm for one 
week, except for a noticeable absence of epithelial cell 
necrosis and exfoliation. 

Rats exposed to 0.5 ppm ozone for one, two, or four weeks 
had a few widely scattered, focal areas of attenuation and 
loss of cilia on the surface epithelium lining the proximal 
and midsections of the trachea. No epithelial cell necrosis, 
exfoliation, or inflammation was microscopically evident 
in the sections examined from these animals. In addition, 
less than a third of the surface of the epithelium was al
tered. 

CYTOTOXIC RESPONSE OF RAT TRACHEAL 
EPITHELIAL CELLS TO OZONE EXPOSURE 
IN VITRO 

The cytotoxic response of rat tracheal epithelial cells ex
posed to ozone in culture was determined to identify expo
sures that did or did not reduce the colony-forming efficiency 
of cultured cells used in cell transformation experiments. 
Compared with concurrent controls, rat tracheal epithelial 
cells exposed to 10 ppm ozone for 40 minutes exhibited sig
nificant reductions in colony-forming efficiency (p< 0.05, 
Student's t test). However, rat tracheal epithelial cells ex
posed to 0.7 ppm ozone did not exhibit any time-dependent 
alterations in colony-forming efficiency (Table 4). As are
sult, 40-minute exposures to 10 ppm and 0.7 ppm ozone 
were used in all subsequent experiments and are defined as 
"high" and "low" exposures, respectively. 

PRENEOPLASTIC TRANSFORMATION OF RAT 
TRACHEAL EPITHELIAL CELLS BY SINGLE 
OZONE EXPOSURES IN VITRO 

Single exposures of rat tracheal epithelial cells to ozone 
in vitro did not induce preneoplastic variants. Cultures of 
rat tracheal epithelial cells exposed to high levels of ozone 

ppm for 40 minutes) had no higher frequency of preneo
variants than concurrent controls exposed to air (rel-

Control 
10 minutes, air 
20 minutes, air 
40 minutes, air 
10 minutes, 0. 7 ppm 
20 minutes, 0. 7 ppm 
40 minutes, 0.7 ppm 
10 minutes, 10 ppm 
20 minutes, 10 ppm 
40 minutes, 10 ppm 

1.00 
0.89 ± 0.01 
1.00 ± 0.03 
1.00 ± 0.01 
1.06 
1.08 
1.02 ± 0.16 
0.81 ± 0.27 
0.80 ± 0.08 
0.63 ± 0.13 

a Rat tracheal epithelial cells were exposed to ozone or air approximately 
20 hours after plating. Ozone concentrations were 0. 7 ± 0.1 ppm and 
10.3 ± 0.1 ppm (mean± SE). 

b Mean colony-forming efficiency ( ± SD) relative to untreated controls. No 
SD shown indicates a single determination, 10- and 20-minute groups had 
two determinations performed, and 40-minute groups had five to seven 
determinations performed. 

ative risk 0.9 to 1.4, 95% confidence interval) (Table To 
ensure that carcinogen-induced transformation could be 
detected after exposure to concentrations of a carcinogen 
that reduced the colony-forming efficiency of rat tracheal 
epithelial cells approximately 40%, rat tracheal epithe
lial cells were exposed to a 40% cytotoxic dose of MNNG, 
a carcinogen whose transforming potency for rat tracheal 
epithelial cells has been well characterized (Thomassen et 
al. 1983, 1986). This exposure induced statistically signifi
cant increases in the frequency of preneoplastic variants 
compared with concurrent controls (relative risk= 2. 2 to 
3.9, 95% confidence interval) (Table 6). It should be noted 
that although the absolute frequencies of transformation in 
both treated and control cultures varied considerably be
tween experiments, the frequencies of transformation in 
MNNG-treated cultures were greater than in their concur
rent controls in every case. Exposure to low doses of ozone 
(0.7 ppm) also were not transforming for rat tracheal epithe
lial cells in vitro (relative risk= 0.7 to 1.1, 95% confidence 
interval) (Table 

Very little extra-Poisson variation was observed in these 
experiments. The largest amount of variation observed was 
for experiments involving the transformation of rat tracheal 
epithelial cells by MNNG. However, even for these 
ments, extra-Poisson variation did not the sig
nificance of any of the reported results. Differences between 
cultures treated with MNNG and control cultures did not 
decrease as a result of extra-Poisson variation, and vari
ances decreased 
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Table 5. Preneoplastic Transformation of Rat Tracheal Epithelial Cells by a Single Exposure to 10 ppm Ozone 

Colony-Forming Total Dishes Frequency of 
Total Efficiency Colony-Forming Total Without Transformation b Relative 

Dishes Cells at Risk Variants Variants X 103) Riske 

54 0.83 890 1 53 1.1 
93 2.85 5,530 33 65 6.0 
42 0.70 3,530 1 41 0.3 
42 2.10 10,600 16 27 1.5 
42 2.10 12,300 25 27 2.0 

1.1 1.3) 
Control Groups 
OZT1 59 0.82 2,370 2 57 0.8 
VT3 98 4.75 29,170 156 33 5.3 
VT11A 62 0.94 2,240 0 40 0.0 
VT14A 82 3.10 15,300 28 64 1.8 
VT14B 80 3.45 16,630 26 60 1.6 

a Cells were exposed to ozone (mean concentration± SE was 10.3 ± 0.1 ppm) or air for 40 minutes approximately 20 hours after plating. The mean relative 
survival± SE of ozone-exposed rat tracheal epithelial cells was 0.63 ± 0.05. 

b Total variants/total colony-forming cells at risk. 

c Estimate of risk relative to concurrent controls, as indicated by matching experiment designations. Values in parentheses are 95% confidence interval. 
Group exposed to ozone not significantly different from control groups (p > 0.05). 

PRENEOPLASTIC TRANSFORMATION OF RAT 
TRACHEAL EPITHELIAL CELLS BY SINGLE 
EXPOSURES TO OZONE ALONE AND IN 
COMBINATION WITH MNNG 

Single exposures of rat tracheal epithelial cells to ozone 
in vitro reduced their susceptibility to subsequent MNNG-

induced preneoplastic transformation (Table 8). Rat tra
cheal epithelial cells were exposed to low concentrations of 
ozone (0.7 ppm for 40 minutes), followed immediately by 
exposure to highly or weakly transforming doses of MNNG 
in experiments designed to detect ozone-modulated changes 
in MNNG-induced transformation. Cultures of rat tracheal 

Table 6. Preneoplastic Transformation of Rat Tracheal Epithelial Cells by a 50% Cytotoxic Dose of MNNG 

Colony-Forming Total Dishes Frequency of 
Total Efficiency Colony-Forming Total Without Transformation b Relative 

Dishes Cells at Risk Variants Variants Riske 

MNNG Exposures 
VT3 50 0.79 24,650 189 2 7.7 
VT11A 39 0.67 3,140 11 29 3.5 
VT12 37 1.34 6,730 14 24 2.1 
VT14A 40 1.80 8,640 21 25 2.4 
VT14B 41 1.93 9,500 29 24 3.1 
VT16 38 3.57 16,280 6 34 0.4 

2.9 (2.2, 3.9) 
Control 
VT3 98 4.75 29,170 156 33 5.3 
VT11A 40 0.94 2,240 0 40 0.0 
VT12 35 2.20 5,390 1 34 0.2 
VT14A 82 3.10 15,300 28 64 1.8 
VT14B 80 3.45 16,630 26 60 1.6 
VT16 40 4.96 11,900 4 37 0.3 

a Cells were exposed to MNNG or buffer for four hours approximately 20 hours after plating (mean relative survival± SE was 0.6 ± 0.04). 

b Total variants/total colony-forming cells at risk. 

c Estimate of relative risk to concurrent controls, as indicated by matching experiment designations. Values in parentheses are 95% confidence interval. 
Group exposed to MNNG significantly higher than control groups (p < 0.05). 
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Table 7. Preneoplastic Transformation of Rat Tracheal Epithelial Cells by a Single Exposure to 0.7 ppm Ozone 

Colony-Forming Total Dishes Frequency of 
Total Efficiency Colony-Forming Total Without Transformation b Relative 

Experimenta Dishes (%) Cells at Risk Variants Variants Riske 

Ozone 
VT4 30 6.00 9,000 5 26 0.6 
VT7 43 3.06 6,580 8 36 1.2 
VT12 39 2.30 6,280 6 33 1.0 
VT15 39 2.90 6,970 8 33 1.2 

0.9 1.1) 
Control Groups 
VT4 36 5.76 10,3 70 10 31 1.0 
VT7 41 2.68 5,490 9 32 1.6 
VT12 35 2.20 5,390 1 34 0.2 
VT15 42 3.80 9,580 19 26 2.0 

a Cells were exposed to ozone (mean concentration± SE was 0. 7 ± 0.1 ppm) or air for 40 minutes approximately 20 hours after plating (mean relative sur
vival± SE was 1.02 ± 0.07). 

b Total variants/total colony-forming cells at risk. 

c Estimate of risk relative to concurrent controls, as indicated by matching experiment designations. Values in parentheses are 95% confidence interval. 
Group exposed to ozone not significantly different from control groups (p > 0.05). 

epithelial cells exposed to doses of MNNG that reduced 
colony-forming efficiency by approximately 90% exhibited 
large increases in the frequency of preneoplastic variants 
compared with concurrent controls (relative risk= 13 to 19, 
95% confidence interval) (Table 8). In contrast, cultures ex-

posed to ozone immediately before exposure to MNNG had 
a statistically significant reduction in their frequency of 
MNNG-induced transformation (relative risk= 0.6 to 0.8, 
95% confidence interval) (Table 8). No extra-Poisson varia
tion was observed in these experiments. The data in Table 

Table 8. Preneoplastic Transformation of Rat Tracheal Epithelial Cells by Combined Exposure to 0. 7 ppm Ozone 
Followed by a 90% Cytotoxic Dose of MNNG 

Colony-Forming Total Dishes Frequency of 
Total Efficiency Colony-Forming Total Without Transformationb Relative 

Experimenta Dishes Cells at Risk Variants Variants X 103) Riske 

Ozone + MNNG Exposures 
VT4 36 1.12 20,160 111 2 5.5 
VT15 40 0.09 2,160 69 14 31.9 
VT16 41 1.06 26,080 42 19 1.6 

0.7 (0.6, 0.8)d 
MNNG Exposures 
VT4 37 0.86 15,910 124 0 7.8 
VT15 42 0.07 1,760 73 13 41.5 
VT16 40 1.01 24,240 61 9 2.5 

15 (13' 19)8 

Control Groups 
VT4 36 5.76 10,3 70 10 31 1.0 
VT15 42 3.80 9,580 19 26 2.0 
VT16 40 4.96 11,900 4 37 0.3 

a Approximately 20 hours after plating, cells were exposed either to ozone (mean concentration± SE was 0.7 ± 0.2 ppm) for 40 minutes and immediately 
to MNNG for four hours (mean relative survival± SE was 0.12 ± 0.05), or to air and then MNNG, or to air and then buffer. 

b Total variants/total colony-forming cells at risk. 

c Estimate of risk relative to concurrent controls, as indicated by matching experiment designations. Values in parentheses are 95% confidence intervals. 

d Group exposed to ozone and MNNG was significantly lower than group exposed to MNNG alone (p < 0.05). 
8 Group exposed to MNNG was significantly higher than control group (p < 0.05). 
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8 also were analyzed as a two-factor 
the data for ozone exposure for expennrre:nts 
(found in Table 7) to the data in Table 8. The interaction term 
for ozone and MNNG was not (p = 
as the main effects of ozone and MNNG were sigmltic<mt 
(p<0.001). 

little effect on the transforming potency of subsequent ex
posures to doses of MNNG that reduced colony-forming ef
ficiency by 40%. As with the results de
scribed above and in Table 6, this level of MNNG resulted 
in a significantly higher frequency of transformation in ex
posed cultures, compared with concurrent controls (rela
tive risk= 1.9 to 5.1, 95% confidence interval) (Table 9). 
Preexposure of cultures to ozone did not change the fre
quency of MNNG-induced transformation (relative risk= 0.8 
to 1.2, 95% confidence interval) (Table 9); however, the 
overall relative risk of 0.9 is consistent with the ozone-me
diated decrease in MNNG-induced transformation noted 
above. Very little extra-Poisson variation was observed in 
these experiments. The data in Table 9 were analyzed as a 
two-factor experiment by adding the data for ozone expo
sure for experiment VT-12 (found in Table 7) to the data in 
Table 9. There was no significant interaction (p = 0.9) be
tween ozone and MNNG, and the main effect of ozone was 
not significant (p = 0.7), although the main effect of MNNG 
was significant (p = 0.005). 

The Role of Ozone in Tracheal CeH Transformation 

PRENEOPLASTIC TRANSFORMATION OF RAT 
TRACHEAL EPITHELIAL CELLS BY MULTIPLE 
EXPOSURES TO OZONE ALONE OR IN 
COMBINATION WITH MNNG 

Multiple exposures of rat tracheal epithelial cells to 
ozone in vitro induced variants. Rat tracheal 
epithelial cell cultures to ozone 
0.7 ± 0.01 ppm, mean ± SE) twice each week for five weeks 
(nine 40-minute exposures) had approximately twofold in
creases in their frequencies of variants com
pared with concurrent controls (relative risk 1.5 to 2 .1, 
95% confidence interval) (Table 10). Some cultures were ex
posed to a single weakly transforming dose of MNNG (ap
proximately 40% cytotoxicity) 20 hours after plating, before 
initiating ozone exposures, to determine whether multiple 
ozone exposures would promote MNNG-induced transfor
mation. This treatment regimen resulted in frequencies of 
transformation that were consistent with independent, 
rather than synergistic, effects of ozone and MNNG on 
transformation (Table 10). Very little extra-Poisson variation 
was observed in these experiments. 

The data in Table 10 also were analyzed as a two-factor 
experiment. The interaction between MNNG and ozone was 
not significant (p = 0.2), whereas the main effects were both 
significant (p < 0.001). This suggests that MNNG and ozone 
are acting independently, which for a log-linear model 

Table 9. Preneoplastic Transformation of Rat Tracheal Epithelial Cells by Combined Exposure to 0. 7 ppm Ozone 
Followed by a 50% Cytotoxic Dose of MNNG 

Total 
Experimenta Dishes 

Colony-Forming 
Efficiency 

Ozone + MNNG Exposures 
VT12 33 1.60 
VT16 42 3.57 

MNNG 
VT12 37 1.30 
VT16 38 3.57 

Cont:rol 
VT12 35 2.20 
VT16 40 4.96 

Total 
Colony-Forming Total 

Cells at Risk Variants 

7,390 10 
17,990 10 

6,730 14 
16,280 6 

5,390 1 
11,900 4 

Dishes 
Without 
Variants 

25 
33 

24 
34 

34 
37 

Frequency of 
Transformation b 

1.4 
0.6 

2.1 
0.4 

0.2 
0.3 

Relative 
Riske 

0.9 1.2)d 

3.1 (1.9, 5.1)e 

a Approximately 20 hours after plating, cells were exposed either to ozone (mean concentration± SE was 0.8 ± 0.25 ppm) for 40 minutes and immediately 
to MNNG for four hours (relative survival± SE was 0.66 ± 0.04), or to air and then MNNG, or to air and then buffer. 

b Total variants/total colony-forming cells at risk. 

c Estimate of risk relative to concurrent controls, as indicated by matching experiment designations. Values in parentheses are 95% confidence intervals. 

d Group exposed to ozone and MNNG was not significantly different from group exposed to MNNG alone (p > 0.05). 
8 Group exposed to MNNG alone was significantly higher than control group (p < 0.05). 
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Table 10. Preneoplastic Transformation of Rat Tracheal to a 50% 
Cytotoxic Dose of MNNG Followed 

Dishes 
Total Total Without Relative 

Variants Variants Riske 

41 1.00 4,930 39 18 7.9 4.4 
35 2.26 11,095 17 21 1.5 

Buffer+ Ozone 
VT17 41 3.45 8,490 34 22 4.0 2.5 (1.8, 3.4} 
VT18 42 3.33 9,790 9 37 0.9 

MNNG + Air Exposures 
VT17 42 1.12 5,630 17 29 3.0 2.9(2.1,4.1) 
VT18 45 1.89 11,880 24 28 2.0 

Buffer + Ai:r Exposures 
VT17 41 2.65 6,520 10 33 1.5 
VT18 43 5.36 4,520 2 41 0.4 

a Cells were exposed to MNNG (relative survival± SD was 0.39 ± 0.05) or buffer for four hours approximately 20 hours after plating. Cultures then were ex
posed to ozone (mean concentration± SE was 0. 7 ± 0.01) or air for 40 minutes, twice each week, beginning three days after exposure to MNNG, for a total 
of nine exposures. 

b Total variants/total colony-forming cells at risk. 

c Estimate of risk relative to concurrent controls, as indicated by matching experiment designations. Values in parentheses are 95% confidence intervals. 
Groups exposed to MNNG and ozone, ozone alone, and MNNG alone were each significantly different from the buffer control groups (p < 0.05). 

means that the relative risks estimated for ozone and MNNG 
are multiplied together to estimate the relative risk of com
bined exposure (2 .5 x 2 .9 The estimated relative risk 
for combined exposure was 4.4, which is lower than, but not 
statistically different from, the product of the relative risks. 
Another way of combining the main factors is to add the ex
cess relative risk (relative risk 1) of ozone and MNNG toes
timate the excess relative risk of combined exposure. The 
sum of the excess relative risks for MNNG and ozone was 
3.39, and an excess relative risk of 3.44 was estimated for the 
combined exposure. The similarity of these numbers indi
cates that this estimate is also consistent with the data. 

The major findings from both in vivo and in vitro experi
ments are as follows: 

1. Single exposures of rat tracheal epithelial cells to ozone 
in vitro (0.7 or 10.0 ppm ozone for 40 minutes) did not 
increase the frequency of preneoplastic variants in the 
exposed populations. 

2. Single exposures of rat tracheal epithelial cells to ozone 
in vitro (0.7 ppm for 40 reduced the transform-
ing potency of a 30%. 

3. Multiple exposures of rat tracheal epithelial cells to 
ozone in vitro (0.7 ppm twice each week for five weeks) 
increased the frequency of preneoplastic variants in the 
exposed populations. 

4. Multiple exposures of rat tracheal epithelial cells to 
ozone in vitro (0.7 ppm twice each week for five weeks) 
had an additive or, possibly, multiplicative effect on the 
transforming potency of a single MNNG exposure given 
before the ozone exposures. 

5. Multiple exposures of rats to ozone inhalation (0.12, 
0.5, or 1;0 ppm for six hours per day, five days per week 
for one, two, or four did not increase the fre
quency of preneoplastic variants in populations of rat 
tracheal epithelial cells isolated from exposed animals. 

These studies demonstrated that exposure of normal rat 
tracheal epithelial cells to ozone in vitro can either increase 
or decrease the frequency of preneoplastic variants in the 
eXlJOE>ed P'-'J-'U.AUl.H-'J'A"' ae1pei1U1ng on the duration, 

eXlPO;SU:lg rats to 
concentrations of ozone that 

were exposures in vitro, did not 
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affect the variants in 
tions of tracheal cells isolated from animals. 

of these studies was to 
that would be useful in the car·cu10gen:tc 
associated with exposure to ozone. The results pr,estmt.ed 
here information that can be used to evaluate bet-
ter the role of ozone in and 
will be useful in the to 
characterize better that role. However, the results also illus-
trate the of the risk from ex-
posure to an environmental such as ozone, for 
which human exposures are in dura-
tion, concentration, and coexposure with other noter1ti1il 

Brief exposures to ozone (5 

been "'".,."""""'""'c-~ 
OYY>hrur. and mouse 

In contrast, in the extJerimen1ts 
exposures to ozone or 10 ppm for 

did not induce 
mary cultures of rat tracheal an 

t.,..o.nnonro~r of transformation was not ob-

IGI-J~U.l\G.l.H:!..I. cells were to 
ozone, the exposures were not without effect. 

to 10 ppm ozone for 40 minutes reduced the 
of cells 

40%, whereas exposure to 
minutes had no detectable effect on the colmw-tor·milng 

There are several differences between the 
.. .--.-.ru-. ... 1-r.rl here and those of Borek and uU.Hv<..l.);LLvCI 

versus .::>wcu~Hu:u. 
and the ozone concentration and ex-

posure were not for the 
differences in response. The conditions used in the 
ments described here should result similar 
ozone for 40 or greater 

minucte1>} total exposures than those described 
associates (5 ppm ozone for five 

However, differences the types of cells used in these 
two studies may have been for the observed 
differences in response. Borek and used 

passage or prEmE~op,las:tic 
fibroblastic whereas the present 
vpLUJLv~.HCU cells. Basic differences in the ·.-ac•-n.n.n""'""" 

fibroblastic and cells to ozone could exist. The 
types of to transform fibroblastic cells 
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also may be very different from 
those ro,.,,.,.,..o.-1 

an 
vA 1JLa.uauua for the observed differences. 

1-JH:tur:n.l•uu. of the noted differences is 

here involved exposures of cells to 
ozone within hours after their isolated from 
animals. In contrast, the cells 
studies Borek and associates 
animals either or years 

before their exposure. Isolated cells may 
lose in vivo functions or an--

tioxidant that protect them from environmen
tal insults such as ozone exposure. cultures of rat 
tracheal cells still may possess near-normal lev-
els of their in vivo defense 20 hours after isola-
tion. However, hamster C3H/10T1/2 and 
rat tracheal cells extJos;ed 
of five weeks may have 
els of these defense 
nisms may have been 
ness to ozone exhibited 
Additional studies ~'"',,.,..,.,.,,,...,.,,.,....,..., 

.UHA~U,J:-H''-'' but not ozone expo-
sures resulted in transformation of rat tracheal 
epnnen.al cells suggests that these cells may 
greater total exposure to ozone to induce.,..,..,..,...,.,..,,""'"' 
ants than the cells used Borek and 
However, the expennne:nts ""'7~n ... -torl 

trans:torming potency of either sin-
or ozone exposures of rat tracheal 

cells at different times after their isolation are "0"'""' 1~"'rl 

define more the number of exposures 
transformation and the of the 
exposures. 

In addition to these the target size of transfor-
" Or"'""!"","; U•C>UCJ~LH..H.v cells in cultures 

sure is 
of transformation based on the initial number 
of cells at risk may not acc:un:~.teJ.y rE3pres€mt 
the true transformation Studies also are needed 
to determine the effect on transformation 
ch;lmws in the number of cells at risk. The 1HULLUiuL" 
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sure itself was not for the increase 
transformation observed in cultures multi-
ple ozone exposures. The of transformation in 
the buffer controls in these n-v·no:,i.,-,nr">,+o were the 

same as those for other 
ments. Previous studies also have 
demonstrated that exposures of rat tracheal 
thelial cells to the tumor promoter 

the five weeks of selection for preneo-
car·ciilOg:en exposure did not affect the 

annougn these expo-

it should be noted that exposures 
of rat tracheal cells in culture did not transform 
the cells, these exposures were not without effect. 

concentrations of ozone reduced the 
of whereas 

exposures to low concentrations reduced the tra:nstm~mmg 
potency of MNNG exposures. 

"~LJCLVU.F,.U this discussion has focused on many 
differences between the results of Borek and coworkers 

and those from the present it should be em-
pnas:Lzea that ozone can induce neoplasia-related cn,an)~es 
in normal rat tracheal cells, hamster 
cells, and C3H/10T1/2 cells, differences in the num-
ber or nature of ozone exposures. These results 
suggest that exposure to environmental ozone should be 
considered a risk factor for the of res:piJrat(Jry 
cancer. 

Guerrero and associates that ozone more 
than 1.0 ppm for one induced dose-related increases 
in chromosomal aberrations in cultured human fe-
tal fibroblasts. As discussed these cells had 
been in culture for months 37 cells were be-
fore their exposure to ozone. Mutational effects of ozone 
have been demonstrated in Escherichia coli and 

virilis 

However, the relevance of the cells used in these 
other studies or of the of the exposures 
(for 30 ppm ozone for three 50 ppm ozone 
in water for 30 to 90 minutes, 0.1 ppm ozone in water for 60 

to those used in this cannot be determined. 

to ozone in vitro did not transform these 
exposures did result in increases in the trE10Utentcv 
LA'-'''-'~-'·''-'-"'LL'-' cells, the same exposures 

exposure conditions had d.nlrnLatJtca:H) 
lack of a transformation response in of tracheal 

.... ~L.LL'-'"·· .... .u cells isolated from rats to ozone 
two, or four weeks total exposure was 
of ozone for six hours per five per 

was in view of the increased + .... o .. rn·'''""'"" 

transformation in cultures of rat tracheal eplttltettal 
nine times over a 

exposure was 0.7 ppm of ozone for 40 minutes, for nine ex-
In of the ozone-induced 

eXTJm;ed tracheas, intracellular for 
and cell transformation still may 

nlr<>to.rto,,-j from critical ozone-induced UUl.ULUf'>'-" 

and 

rather than in vitro. Chronic exposure 
epltlJlelJmrn to ozone can result in an or tolerance 
response in which the may exhibit an increased 
resistance to ozone-induced transformation 

The results of our in vivo in contrast with the 
results of our in vitro transformation do not 
suggest that exposure to environmental ozone is a 
cant risk factor in the of cancer. It 
is to note, 
cells can be transformed inhalation exposures to car-
cirlo~~erts such as ci~~ar·eti:e smoke weeks of exposure; 
Thomassen et al. or radon progeny 
Thomassen et al. In addition, the 1m''""''"'"' 

tracheas isolated from animals to ozone 
tion indicates that the ozone exposures did affect the tra
cheal the lack of a transformation re
sponse in tracheal cells isolated from animals to 
ozone is not due to the of inhaled carcino
gens to transform tracheal cells or to a lack of exposure of 
the tracheal in these studies to inhaled ozone. 

charatctt:~ri:?:in.g the intracellular effects 
of inhaled ozone 

The interactive effects of ozone and other agents in caus-

vitro did not increase the 
cheal cells in the exposures of 

'-'tJ"'U·''-''"'-'U cells to ozone ppm ozone for 40 
transtorrninLg potency of the MNNG 

exposures that followed these ozone exposures 
30%. In contrast, C3H/10T1/2 cells to ozone 

before exposure to gamma-rays neither enhanced nor re-
duced the transformation response 

et al. the reason for this effect is not 
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ex1po:smlg rat tracheal epJlthleli;aJ cells to ozone may 
induce enzymes involved in the of MNNG-induced 
damage. This does not seem because the 
cytotoxic response of rat tracheal cells to MNNG 
in these studies was the same in cultures to 
ozone or air. the preexposure of rat tracheal 
epithelial cells to ozone could alter the of cells 
through the cell which in turn, alter the cells' 
responsiveness to MNNG. The and transformation 
effects of MNNG for C3H/10T1/2 cells have been shown to be 
cell cycle-dependent It is not known 
whether MNNG-induced transformation of rat tracheal 
thelial cells exhibits a similar cell 

Although single exposures of rat tracheal epithelial cells 
to 10 ppm ozone did not induce transfor
mants, they did reduce the colony-forming efficiency of ex
posed cells. Differences in the time-dependent colony
forming efficiency and transformation responses of cells to 
chemical carcinogens have been described for BALB/3T3 
cells in culture (Saffiotti et al. These findings suggest 
that carcinogen-induced damage responsible for reducing 
colony-forming efficiency and for cells may be 
different, and, have different susceptibilities to repair. 
Characterizing the effect of ozone exposures on DNA repair 
and on inducing repair enzymes in rat tracheal epithelial 
cells may provide an for the inhibitory effect of 
ozone on MNNG-induced transformation. 

Single exposures of hamster cells or C3H/10T1/2 
cells to ozone after exposure to gamma rays resulted in an 
increased frequency of which was consis
tent with a synergistic interaction between the agents 
(Borek et al. 1986). In contrast, the interaction from expos
ing rat tracheal epithelial cells to MNNG and then to ozone 
for multiple exposures was not statistically significant. 
Thus, depending on the cells used, the sequence of 
exposures, or the combination of exposures, ozone can 
potentially have a effect, a effect, or no ef-
fect on the transforming of other carcinogens. 

Similar results have been described for the 
effects of ozone on tumor development in laboratory 
animals. Strain mice of urethan after 
weekly exposures to ozone developed more lung tumors 
than mice in or control groups 
(Hassett et al. These results were consistent with a 
synergistic interaction between ozone and urethan. In con
trast, when mice were exposed to a small dose of 
urethan before exposures to ozone, no increase in 
the incidence oftumors was observed when with 
mice exposed to urethan et al 
more, mice to a dose of urethan before 
daily exposures to ozone had a lower incidence of 
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tumors than animals to urethan 
Thus, as with the effects of ozone on the pn:Jw~otHa:s

...,a•~""'"''"'.u cells in vitro, in 
vivo exposures to ozone can have a ef-

or no effect on the of 

The suggest that environmental ex-
posure to ozone may present a significant health risk with 
respect to the of cancer in humans. The 
observation that ozone exposures can in-
duce variants of rat tracheal epithelial cells 
in culture suggests that ozone-induced damage can initiate 
the progression of respiratory epithelial cells to 
neoplasia. In contrast, the observation that protracted, daily 
exposures of rats to ozone did not increase the frequency of 
preneoplastic tracheal cells, although similar ozone con
centrations were transforming in vitro, suggests that ozone 
may not be capable of initiating neoplastic progression in 
vivo. These contradictory results have several 
...,.._.,,"'.._''"'''"' interpretations that need to be considered when 
extrapolating the effects of ozone in experimental systems 
to effects on humans: cells may respond differently to 
ozone in vitro and in vivo; (2) the effective concentrations 
of ozone the tracheal cells may be different in vitro 
and in vivo; and (3) the nature of ozone-induced damage 
may on the duration and frequency of ozone ex
posures. The reported here and information 
available in the literature cannot distinguish between these 

P""""'~'-'·'"''-'-"''"'"· However, it is interesting to speculate on these 
~--"'--''""H'-'-'-L-'-U~"" and their potential ramifications in estimating 
human risk from exposure to ozone. 

Differences in the responsiveness or total exposure of tra
cheal epithelial cells to ozone in vitro and in vivo would not 
be the presence of the mucous over 

in vivo and the very different cell 
gel)metries in vivo and in vitro. However, as previously dis
cussed, variants of tracheal cells 
can be induced in vivo rats to cigarette smoke 

uu.un•"'"''"'" et al. or radon progeny (Thomassen et al. 
the in vivo environment of the rat tracheal 

thelium does not the induction of ur1Bn1BOlOl8lStlC 
variants. 

differences in the ef-
fects of ozone exposure on the transformation of tracheal ep-
ithelial cells culture increased or decreased fre-
qwsnc:ies of on the and 

of exposure. Similar effects of treatment fre-
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quency were described when the role of 
ozone in the induction of mouse lung tumors (Hassett et al. 
1985; Last et al. Most human exposures to con
centrations of ozone are both and of relatively 
short duration. If human responsiveness to ozone is deter
mined not dose but also the duration and fre
quency of exposure, the risk of transformation of tracheal 
cells from biweekly exposures to ozone in culture may pre
dict more accurately the human risk from exposure to ozone 
than the results of the chronic in vivo exposures. Chronic 
exposure of the respiratory epithelium to ozone can result 
in an adaptive or tolerance response in which the epithe
lium has an increased resistance to ozone-induced damage 
and, potentially, a resultant decrease in ozone-induced 
transformation (Dungworth 1989). Thus, preneoplastic 
variants of the tracheal epithelium might have been in
duced by in vivo ozone exposures if they had been less fre
quent and of shorter duration. To interpret accurately these 
data and determine the human risk from exposure to ozone, 
we must understand the differences in responsiveness of re
spiratory epithelium and respiratory epithelial cells to 
ozone as a function of the frequency and duration of ozone 
exposures. 

The findings of this study and other studies on the role 
of ozone in neoplastic and preneoplastic transformation in 
vivo and in vitro demonstrate that there is a critical need 
for additional information on the effect of variables of the 
exposure protocol, the biological systems used, and the bio
logical endpoints with respect to the projected risk from ex
posure to ozone. Although the data provided by this study 
and the findings ofWitschi (1988) suggest a possible cancer 
risk for humans from exposure to ozone, these data cer
tainly are not conclusive. The neoplastic or preneoplastic 
responses of cells or tissues to ozone depended not only on 
the species or cell types used but also on the timing, dura
tion, and conditions of exposure. 
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In the summer of 1986, the Health Effects Institute 
issued a for to solicit 

on "Genotoxic, 
genic Effects of Ozone." David G. 
tion Toxicology Research Institute, Lovelace Biomedical 
and Environmental Research Institute in New 
Mexico, submitted a proposal entitled "The Role of Ozone 
in Tracheal Cell Transformation'' in response to this RFA. 
The experiments he were designed to determine 
whether ozone produced early, precancerous cellular 
changes. HEI approved a two-year study in March 1987, and 
the project began in March 1988. Total expenditures were 
$230,681. The Investigators' Report for the project was sub
mitted for review in October 1990. The revised report was 
received in March 1991 and was accepted by the Health Re
view Committee in April 1991. 

During the review of the Investigators' Report, the Review 
Committee and the investigators had the opportunity to ex
change comments and to clarify issues in the Investigators' 
Report and in the Review Committee's Commentary. The 
Health Review Committee's Commentary is intended to 
place the Investigators' Report in perspective, as an aid to 
the sponsors of the HEI and to the public. 

REGULATORY BACKGROUND 

The U.S. Environmental Protection Agency (EPA) sets stan
dards for oxidants (and other pollutants) under Section 202 
of the Clean Air Act, as amended in 1990. 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 judgment cause, 
or contribute to, air pollution which may reasonably be 
anticipated to endanger public health or welfare." Section 
202(a), (b)(1), (g), and (h) and Section 207(c)(4), (5), and (6) 
impose specific requirements for reductions in motor vehi
cle emissions of certain oxidants (and other pollutants) and, 
in some cases, provide the EPA with limited discretion to 
modify those requirements. 

In addition, Section 109 of the Clean Air Act provides for 
the establishment of National Ambient Air Quality Stan
dards (NAAQS) to protect the public health. The current 

* A list of abbreviations appears at the end of the Investigators' Report for 
your reference. 

million 
for ozone is 0.12 parts per 

. This standard is met when the number of 
per year with maximum average concentrations 

above 0.12 ppm is to or less than one. Section 181 of 
the Act classifies the 1989 nonattainment areas aocoJrcnng 
to the degree that they exceed the and assigns a 
mary standard attainment date for each classification. 

Because determining the standards for emis-
sions of oxidants and their precursors depends, in part, on 
an assessment of the health risks that they present, research 
into the health effects of ozone in studies like this one is es
sential to the informed regulatory decision-making re
quired by the Clean Air Act. 

SCIENTIFIC BACKGROUND 

The protective ozone layer in the upper atmosphere 
shields the earth from the sun's harmful ultraviolet radia
tion. However, at lower elevations, ozone is a pollutant; it 
is the major component of photochemical smog. At ground 
level, ozone is a major health concern because it is highly 
reactive, and, at high concentrations, can injure tissues and 
cells (U.S. Environmental Protection Agency 1986, 1991b). 

Ozone is not emitted directly into the atmosphere, but is 
formed by complex photochemical reactions between nitro
gen oxides and certain species of hydrocarbons, termed 
"volatile organic compounds," in the presence of sunlight. 
Both volatile organic compounds and nitric oxide are pres
ent in motor vehicle and industrial emissions (U.S. Environ
mental Protection Agency 1991b). Another source of vola
tile organic compounds is evaporative emissions from fuel 
lines and gasoline tanks. Because the reactions that pro
duce ozone are stimulated both sunlight and high tem
perature, peak ozone concentrations occur during the 
warmer times of the year. 

The current NAAQS for ozone is 0.12 ppm, a level not to 
be exceeded for more than one hour once per year. In 1990, 
daily one-hour maximum ozone levels ranged from 0.06 
ppm in the cleaner sites of the United States to 0.3 ppm in 
Los Angeles and San Bernadino counties in California (U.S. 
Environmental Protection Agency 1991a). Ozone is the most 
pervasive air pollutant in the United States, with an esti
mated 66.7 million people living in counties that do not 
meet the ozone standard (U.S. Environmental Protection 
Agency 1991b). Broad peaks of ozone, reaching 0.1 ppm and 
higher, sometimes lasting for 8 to 12 have been de
tected both in the United States and in the Netherlands. Ex
posures like these can continue for several consecutive 
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during a summer air pollution 
1986; Van Bree et al. 1990). 

(Rombout et al. 

After a short description of some of ozone's effects on re
spiratory function in humans and to the lungs of lab
oratory animals, this section will focus on (1) the mecha
nisms by which ozone can cause cell damage; (2) ozone's 
ability to induce benign lung tumors in mice; (3) ozone's 
ability to produce cell changes associated with cancer de
velopment; and (4) changes in tracheal epithelial cells in 
culture that reflect their conversion to precancerous and 
cancerous cells. 

Because of its high reactivity, ozone has the potential to 
produce cellular changes that could result in cancer. How
ever, there is presently no firm evidence linking ozone ex
posure with the development of cancer (Witschi 1988, 

1991). 

EFFECTS OF OZONE EXPOSURE ON HUMANS 
AND LABORATORY ANIMALS 

People exposed to ambient air containing ozone at the 
level of the current standard can experience transient 
decreases in lung function during outdoor exercise or 
recreation (McDonnell et al. 1983; Lippmann 1989; Horst
man et al. 1990). Because ethical constraints limit human 
ozone exposures in clinical studies to levels under 0.5 ppm, 
laboratory animals are used to evaluate the effects of pro
longed exposure to higher ozone concentrations. Such stud
ies show that ciliated epithelial cells at the important junc
tion between conductive airways and the respiratory region 
of the lung are injured in rats exposed to either 0.12 or 0. 25 

ppm ozone for 12 hours per day for six weeks (Barry et al. 
1985, 1988). In vitro studies show that exposure to approxi
mately 1 ppm ozone results in cell damage and a loss of 
ciliated cells in rat tracheal epithelial tissue (Nikula and 
Wilson 1990), and decreased production of proteins that 
confer the characteristic viscosity to mucus (Last and Kaizu 
1980). Injury to ciliated cells and changes in the properties 
of mucus can decrease the lung's ability to remove foreign 
particles. 

CELL DAMAGE CAUSED BY OZONE 

Ozone is one of the most powerful oxidants. Because of 
its high reactivity, ozone has the potential to damage cells 
by several mechanisms (summarized by Mustafa 1990). 

These include the formation of free radicals (compounds 
containing one or more unpaired electrons) and reactive in
termediates; the initiation of lipid peroxidation chain reac
tions; the induction of inflammation; and the alteration of 
membrane permeability. 

Ozone itself is not a free radical. When dissolved in the 
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aqueous environment of cells, ozone decomposes to pro
duce hydrogen peroxide and the superoxide (02 -) and 
hydroxyl (OH) radicals, which can initiate reactions that 
damage cells. Ozone's reaction with the lipid component of 
cell membranes produces lipid peroxides that may also in
duce cell damage. Because highly reactive radicals are 
short-lived and susceptible to cellular defense mecha
nisms, Goldstein (1979) and Pryor (1991) proposed that if 
ozone exposure results in damage to genetic material, it is 
the products of oxygen radical attack on cell membranes 
that are responsible for damage at more distant sites, such 
as the cell nucleus. 

Inhaling ozone can cause inflammation of lung tissue. As 
a result, the inflammatory cells that migrate to the affected 
tissue add to the damage initiated by ozone by releasing ad
ditional oxygen free radicals and destructive enzymes (Es
terline et al. 1989; Mustafa 1990; Weitzman and Gordon 
1990). Ozone also can attack the protein component of cell 
membranes, increasing cell permeability and weakening 
the barrier that prevents the passage of molecules across the 
membrane (Mustafa 1990). 

DOES OZONE PLAY A ROLE IN TUMOR 
DEVELOPMENT AND CARCINOGENESIS? 

The only evidence that ozone might actually play a role 
in tumor development is that, under some experimental 
conditions, it induces benign lung tumors in mice. In early 
studies on ozone's toxicity to laboratory animals, neoplasia 
and inflammation were seen in mice exposed to pollutant 
mixtures containing relatively high concentrations of 
ozone (estimated at 1 to 4 ppm) generated from artificial 
smog (Kotin and Falk 1956; Kotin et al. 1958; Nettesheim et 
al. 1970). In contrast, lifetime exposures of hamsters to syn
thetic smog did not result in respiratory tract tumors (Net
tesheim et al. 1975). 

Swiss Webster mice exposed intermittently to 2.5 to 4.5 

ppm ozone in air for 75 or 120 days developed tracheal epi
thelial lesions and a statistically significant increase in the 
number of benign lung adenomas (Werthamer et al. 1970; 

Penha and Werthamer 1974). However, the high concentra
tions of ozone used in these studies make it difficult to ex
trapolate the results to human exposures. 

More recently, ozone has been shown to induce benign 
lung tumors in A/J mice, a strain with a high spontaneous 
incidence of lung tumors. The proportion of mice with lung 
tumors was significantly higher in the A/J mice exposed to 
0.5 ppm ozone for six months than in the control animals 
exposed to air (Hassett et al. 1985). Last and coworkers 
(1987) exposed both and Swiss Webster mice to 0.4 and 
0.8 ppm ozone intermittently for 18 weeks. Compared with 
unexposed control ozone exposure did not change 
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the frequency of tumors in Swiss Webster mice. However, 
A/J mice displayed an increase in both the number of 
animals with adenomas and the number of tumors per lung 
after exposure to 0.8 ppm ozone. Interpreting the impor
tance of the lung tumors in mice poses a dilemma because 
it is difficult to evaluate ozone's potential to induce tumors 
from observations made primarily in the most susceptible 
strain of one species. In addition, Witschi (1991) has sug
gested that the positive results may not have been due en
tirely to a substantial increase in lung adenomas in mice 
exposed to ozone, but rather to abnormally low tumor inci
dences in control mice not exposed to ozone. 

Both groups of investigators (Hassett et al. 1985; Last et 
al. 1987) examined the effect of chronic ozone exposure on 
the development of chemically-induced lung tumors. Mice 
exposed to 0.5 ppm ozone intermittently for six months and 
injected with the carcinogenic chemical urethan after each 
exposure developed an increased number of lung adenomas 
compared to mice treated with urethan but not ozone. The 
investigators suggested that ozone acted as a cocarcinogen 
with urethan. When the investigators changed their ex
perimental protocol they obtained different results. Mice 
injected only once with urethan, before intermittent ex
posure to 0.3 ppm ozone, did not show an increased tumor 
frequency, compared to animals treated only with urethan 
(Hassett et al. 1985). Last and colleagues (1987) injected 
Swiss Webster and A/J mice with urethane once, and one 
day later exposed them to 0.4 or 0.8 ppm ozone for 18 weeks. 
Under these conditions, both strains of mice displayed dose
dependent decreases in the number of tumors per lung; 
however the decrease in Swiss Webster mice was not sta
tistically significant. The results of Hassett and colleagues 
(1985) and Last and coworkers (1987) suggest that the ex
perimental design used to study the effects of ozone expo
sure on tumor development plays a large role in the results 
thar are obtained (Witschi 1991). 

Current theories postulate that carcinogenesis is a mul
tistage process (reviewed by Harris 1991). Initiation, the first 
step in tumor formation, is characterized by alterations in 
DNA, the genetic material of the cell. At the later stage of 
tumor promotion, proliferation and clonal expansion of ini
tiated cells take place. Increased cell proliferation raises the 
probability of additional genetic damage by enlarging the 
number of cells with altered DNA (Harris 1991). A cascade 
of ozone-initiated reactions may damage DNA, induce cell 
proliferation, or both. 

EFFECTS OF OZONE ON DNA 

DNA can be damaged by alterations in chromosomes 
(which contain DNA) and by the crosslinking of DNA. 
These reactions have been demonstrated in vitro and in 

cells isolated from humans and laboratory animals that in
haled ozone. 

Damaged chromosomes were found in peripheral blood 
lymphocytes isolated from hamsters exposed to 0. 2 ppm 
ozone for five hours (Zelac et al. 1971a,b). Merz and associ
ates (1975) observed single-strand DNA breaks in lympho
cytes isolated from human subjects exposed to 0.5 ppm 
ozone for six or ten hours. However, these results were not 
confirmed McKenzie and coworkers (1977), who exposed 
human subjects to a slightly lower ozone concentration (0.4 
ppm) for a shorter time (four hours). Rithidech and cowork
ers (1990) isolated alveolar macrophages with damaged 
chromosomes after exposing rats for six hours to ozone lev
els of 0.12 to 0.80 ppm. The investigators proposed that the 
damage resulted from breaks in single-stranded DNA. Al
though airway epithelial cells, rather than alveolar macro
phages, are the major cells at risk for the induction of lung 
cancer, the damage to macrophages may be predictive of ep
ithelial cell damage. 

Chromosomal damage also can occur by breaks in double 
stranded DNA (Wolff et al. 1976). Although Guerrero and 
colleagues (1979) reported that lymphocytes isolated from 
humans exposed to 0.5 ppm ozone for two hours showed 
no chromosomal abnormalities, they did observe a dose
dependent increase in this type of DNA damage in human 
fetal lung cells exposed in vitro for one hour to ozone con
centrations ranging from 0.25 to 1 ppm. Studies such as 
those summarized above suggest that exposure to ozone 
may result in altered DNA and cause genetic damage by 
producing breaks in either single- or double-stranded DNA. 

Chromosomal alterations induced by exposure to ozone 
may reflect an interaction between nuclear components and 
the products of ozone's reaction with cell membranes, such 
as malonaldehyde (Goldstein 1979; Steinberg et al. 1990; 
Pryor 1991). This reactive compound can form crosslinks in 
vitro between DNA molecules (Reiss et al. 1972) and be
tween DNA and histones, a class of proteins found in the 
cell nucleus (Goldstein 1979). If these crosslinks formed in 
vivo, DNA replication might be abnormal. Malonaldehyde 
has also been implicated as an initiator of carcinogenesis in 
mouse skin (Shamberger et al. 1974). 

In addition to DNA damage produced the products, 
such as malonaldehyde, of ozone's reaction with cell mem
branes, hydroxyl free radicals may be a causal factor in DNA 
strand breaks in target cells exposed to hydrogen peroxide 
in vitro (reviewed by Weitzman and Gordon 1990). Hydro
gen peroxide is produced when ozone dissolves in water, 
and Goldstein (1973) has shown that rats and mice exposed 
to ozone produce hydrogen peroxide in their red blood 
cells. Hydrogen peroxide, formed extracellularly, penetrates 
efficiently into target cells, and may generate destructive 
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hn-~~"""" 1 radicals within the cell near the DNA. Whether 

this reaction occurs in vivo is not levels of en
aogei10llS antioxidant defenses may prevent the reaction. 

OF OZONE ON PROLIFERATION 

Cancer research has focused on chemicals 
that do not act on DNA, but which 

unden~:~Jnlg division is much more at risk 
for mutations than a cell and Gold 1990; 

Cohen and Ellwein 1990; Preston-Martinet aL 1990; Harris 
1991). Both in vivo et aL 1981; Goldstein et aL 
and in vitro (Gindhart et aL studies have implicated 
oxygen free radicals in tumor a later stage of car-
cinogenesis characterized increased cell proliferation. 
Free radicals produced ozone's reaction with respiratory 
epithelium and released infiltrating inflammatory cells 
may be responsible for the enhanced cell proliferation in 
the lungs of animals that inhaled ozone (Bils and 
Christie 1980). Changes in the proliferative properties of 
cells and their subsequent development of a tumor-forming 
capacity are collectively referred to as malignant transfor
mation, or simply, transformation (Darnell et aL 1986). 

EFFECfS OF OZONE ON TRANSFORMATION 
IN VITRO 

Because transformation can be carried out entirely in cell 
culture, it is widely used as an analogue of cancer induc
tion in animals et aL Transformation pro
ceeds through a succession of changes that convert a nor
mal cell into one with altered properties. The cellular 
changes most germane to Dr. Thomassen's study are mor
phological changes (changes in a cell's shape and structure) 
and an increased proliferative capacity, 

Borek and colleagues were the first to study the trans
forming properties of ozone (Borek et aL 1986, 

They exposed primary hamster cells and mouse fi
broblasts in culture to two classical transforming agents, 
gamma radiation and ultraviolet radiation, and to ozone (5 
or 6 ppm for five or ten minutes). The exposed cells ex
hibited morphological changes, grew in multiple layers, 
and did not undergo the characteristic loss of proliferative 
capacity common to normal cells as they form intercellular 
contacts. 

Combined exposures to gamma radiation and ozone re
vealed that the experimental protocol affected the eventual 
outcome. Exposing cells to ozone after treatment with 
gamma rays a enhancement 
of radiation-induced transformation. In contrast, an addi-

24 

tive level of transformation was seen in cells ex1JOE>ect 
ozone before radiation et aL 1986, 

effects on transformation also were obtained in cells ex-
to ultraviolet et aL 

Transformation and ozone, 
alone or was inhibited vitamin E, an antiox
idant that can protect cells from the harmful effects of free 
radicals. the imresitil2<ltoJrs prOlJOE;ed 
tion ozone and ultraviolet 
part, et aL 

The mechanism which transformation took place was 
explored next Borek and associates . They trans
ferred DNA from ozone-transformed cells to unexposed 
cells and observed morphologic evidence of neoplastic 
transformation. The investigators proposed that DNA was a 
target in ozone-induced transformation, and that this trans
formation involved the activation of dominant transforming 
genes that were expressed when transferred into unexposed 
cells. 

TRANSFORMATION OF TRACHEAL EPITHELIAL 
CELLS IN VITRO 

Because most human cancers arise from epithelial cells 
(Higginson and Muir 1973; Cairns 1975), researchers have 
used these cells grown in culture as a model system for 
studying genetic and other cellular changes caused ex
posure to carcinogens. 

Invasive cancer is preceded early, or preneoplastic, 
changes in cells (Nettesheim and Barrett 1984). Marchak 
and colleagues (1977, 1978) cultured epithelial cells isolated 
from rat tracheas that had been implanted into the backs of 
rats ofthe same species and exposed in vivo to a carcinogen. 
(This technique is called heterotopic tracheal transplanta
tion and is described in the next section.) Marchak and as
sociates (1977, 1978) observed a marked increase in the cells' 
ability to proliferate in culture after in vivo exposure to the 
carcinogen. After 400 in culture, the cells produced 
carcinomas when they were injected into rats. The investi
gators proposed that exposing the cells in vivo caused initi
ation, and these processes then proceeded slowly, in vitro, 
to the stage where they were able to induce tumor forma
tion. They also suggested that the increased ability of the 
cells to proliferate in culture may be an important early 
change associated with transformation. Nettesheim and 
Barrett (1984) referred to the cells with an increased growth 
capacity as enhanced-growth variants. The variant cells dif
fered in shape from normal cells and continued to divide 
after normal cells ceased proliferation. 

Thomassen and associates 
hanced variants anne<are,d ex-
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erties before 
these cells were also referred to as variants. 
Steele and also noted the appearance of 

characteristic of 
transformation after rat tracheal ._, ~-J-'-U . .L<:;J..u::u 

culture with a series of chemical Thus, the use 
of tracheal epithelial cells in culture has allowed the iden
tification of cellular changes that occur after in vivo or in 
vitro exposure to carcinogens. 

The present Dr. Thomassen and is a 
continuation of their investigations of preneoplastic trans
formation in rat tracheal epithelial cells and represents the 
first attempt to study ozone's effects on tracheal epithelial 
cells exposed in vivo and in vitro. 

JUSTIFICATION THE STUDY 

Ozone inhalation can trigger a cascade of events in the ep
ithelial cells that line the respiratory tract. Several of these 
events potentially can cause cellular changes leading to car
cinogenesis. Therefore, it is crucial to determine the carci
nogenic potential of ozone in order to help resolve uncer
tainties regarding its possible effects at ambient levels of 
exposure. Under RFA 86-1, "Genotoxic, Carcinogenic, and 
Cocarcinogenic Effects of Ozone," HEI solicited applica
tions for laboratory studies addressing the question of 
whether exposure to ozone affects the risk of cancer. Appli
cations were requested to explore whether prolonged ex
posure to ozone in concentration ranges relevant to ambient 
conditions leads to preneoplastic or neoplastic changes, 
and to identify which of the diverse effects associated with 
low-level (less than 1 exposures may play prominent 
roles in processes leading to cancer. The HEI Health Re
search Committee identified free radicals, inflammation, 
genotoxicity, repair, and immunosuppression as 
candidates of interest for mechanistic studies of carcino
genesis. Ozone's potential interaction with other ~-JV.l..l.'-'''a.nt" 

was also of interest. 

Three studies were supported the Institute under RFA 
86-1. Two of the studies Carmia Borek and David 
Thomassen) tested the capacity of ozone to transform cells 
in vivo and in vitro. A third study (Donaldson et al. 1991) 

investigated the ability of inflammatory leukocytes from 
ozone-exposed rats to injure pulmonary epithelial cells. 
Through support of these research projects, the Institute in
tended to address uncertainties the car
cirlo~~er.tlcitv of ozone at ambient concentrations. 

Dr. Thomassen and his to use a rat 
trachea model to the transtorming potency of ozone 
and two known cm~ciJ0.0)4er1s on tracheal cells. 
Cells were to be in vivo and in vitro, either to ozone 

...,,.,..,.,;~,.,.,.,,..~A alone, or to ozone combination with car-

-,.,~--~---, the in vivo exposures were to be per
tracheal 

tracheas from donor rats are J.HJ.~-J.l':'u . .u.Gu subcut<ln~3mlsl 

the backs rats ofthe same strain. This . ., .. .,,h,~;,.,,, 

allows easier access to tracheal cells for subse
quent exposure to ozone, carcinogens, or both. This tech
nique also allows the same cells to ozone in vivo 
to be studied in vitro. After either in vivo or in vitro ex
posures, cell cultures would be examined for the presence 
of preneoplastic cell variants an in vitro transformation 
assay. 

The tracheobronchial epithelium is a primary interface 
with the environment, and the vast of lung cancers 
arise from the cells lining the large passages (Galofre 
et al. 1964; Mass and Kaufman 1984). An advantage of the 
model proposed Dr. Thomassen and colleagues is that 
the epithelial lining of the rat trachea consists of the same 
cell types present in human airways, down to the level of 
bronchioles (Reznik-Schuller 1983). Therefore, preneoplas
tic developments in the upper airways of the rat may be 
comparable to those preceding lung tumor in 
humans. Dr. Thomassen was experienced in the study of 
neoplastic transformation of tracheal epithelial cells in cul
ture (Thomassen et al. 1983, 1985; Thomassen as 
well as with the tracheal transplant procedure, having 
worked with Dr. Paul Nettesheim, in whose laboratory the 
technique was developed. 

The overall of the study was to determine 
whether ozone induces preneoplastic changes in rat tra
cheal epithelial cells, either as a direct carcinogen, or 
acting as a cocarcinogen in concert with the known car
cinogens, MNNG and 

The investigators to expose rat tracheal 
lial cells to two or three levels of each of the three agents, 
both in vivo the and in 
vitro, and to examine cells in vitro for the presence of 
preneoplastic variants. also to expose rat tra
cheal epithelial cells to the combined effects of ozone and 
carcinogens, both in the in vivo 
vitro. 

model and in 
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tensive, the surgery was complicated, and the exposures re
quired extensive technician time. In addition, it was diffi
cult to obtain a reproducible release of carcinogen in the 
transplants, and it was uncertain whether the entire surface 
of tracheal epithelium was exposed to consistent levels of 
ozone. During this study, Dr. Thomassen and colleagues ob
tained tracheal epithelial cells from normal rats exposed to 
ozone (which were part of another project at the Institute). 
Because of preliminary results obtained on cell transforma
tion with these cells, Dr. Thomassen suggested that he ex
pose additional rats that had not been operated on to a range 
of ozone levels. The HEI Health Research Committee 
agreed, and recommended that Dr. Thomassen substitute 
the inhalation of ozone by this group of animals in place of 
the tracheal transplant exposures. The Research Committee 
also agreed with the investigator's proposal to discontinue 
testing benzo[a]pyrene and to focus on MNNG. 

IN VITRO EXPOSURE AND PRENEOPLASTIC 
TRANSFORMATION OF RAT TRACHEAL 
EPITHELIAL CELLS 

Single Expmmres to Ozone 

Rat tracheal epithelial cell preneoplastic transformation 
was studied after a single exposure to ozone alone. Cells 
were exposed for 40 minutes to either 0.7 or 10 ppm ozone. 
The latter concentration produced approximately 50% cyto
toxicity. 

The ability of ozone to transform rat tracheal epithelial 
cells was unknown. Therefore, the cells were treated with 
MNNG (whose transforming potency for these cells is well 
established) at a concentration that also produced 50% cy
totoxicity. Thus, MNNG served as a positive control for the 
induction of preneoplastic variants. The investigators rea
soned that, if preneoplastic transformation could be identi
fied with a known carcinogen at a concentration that pro
duced 50% cytoxicity, the possible transforming activity of 
a compound of unknown potency also might be detected at 
a similar level of cytotoxicity. 

Cytotoxicity was measured by determining the rat tra
cheal epithelial cells' reduced ability to form colonies in 
culture. Proliferating rat tracheal epithelial cells form ag
gregates, called colonies, that can be seen by light micros
copy. Cells that do not survive treatment with an agent, 
such as ozone or MNNG, cannot divide repeatedly to form 
a growing colony of cells in culture. Therefore, determining 
the number of cell colonies in a culture dish provides a reli
able indication ofthe number of cells that survive a particu
lar treatment (Nettesheim and Barrett 1984). 

After determining the cytotoxicity levels of the ozone 
concentrations to be used, preneoplastic transformation 
was measured using the assay system described below. 
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nl!.a.u.u_!l'·u:::; and Combined Exnosmres Ozone 
and MNNG 

Rat tracheal epithelial cell preneoplastic transformation 
was studied after (1) a single exposure to ozone followed 
MNNG; (2) exposure to MNNG followed by multiple ex
posures to ozone; and (3) multiple exposures to ozone 
alone. Rat tracheal epithelial cells in culture were exposed 
to ozone and MNNG using two different experimental con
ditions. In the first series of experiments, cells were ex
posed to ozone (0.7 or 0.8 ppm) for 40 minutes, and then to 
either strongly or weakly cytotoxic doses of MNNG ( approx
imately 0.2 and 0.045 ~-tg/ml of culture medium, respec
tively). Control cultures received either no additions or 
MNNG alone. In a second series of experiments, cells were 
first exposed to the lower concentration of MNNG, and then 
to 0.7 ppm ozone for 40 minutes, twice weekly for five 
weeks. In this series of experiments, cells also were exposed 
to 0.7 ppm ozone alone, for 40 minutes, twice weekly for 
five weeks. Control cell cultures received either no addi
tions or MNNG alone. At the conclusion of each experimen
tal period, cell cultures were examined for changes in the 
frequency of preneoplastic variants using the assay system 
described below. 

IN VIVO EXPOSURE FOLLOWED BY IN VITRO 
PRENEOPLASTIC TRANSFORMATION OF RAT 
TRACHEAL EPITHELIAL CELLS 

Groups of rats inhaled 0.12, 0.50, or 1.0 ppm ozone for 
six hours per day, five days per week for one, two, or four 
weeks. A control group of rats inhaled only filtered air. 
Tracheal epithelial cells were isolated after each exposure 
interval and examined in vitro for the number of preneo
plastic variants. Tracheas from each group also were exam
ined for changes in morphology using standard histological 
methods. 

ASSAY PROCEDURE FOR DETECTION OF 
PRENEOPLASTIC VARIANTS 

The first detectable change in the progression of rat tra
cheal epithelial cells in culture to the preneoplastic state is 
the formation of large colonies of altered cells with an en
hanced ability to proliferate. Normal tracheal epithelial 
cells do not proliferate well in a culture medium that is 
selective for the growth of preneoplastic variants and even
tually either detach from the surface of culture dishes or 
persist without proliferation. After five weeks in a selective 
medium, the cultures were examined, and the numbers of 
large colonies of small, proliferating cells were counted. 
These new cells, which continued to proliferate, were inter-
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preted as having undergone preneoplastic alterations 
mura et al. 1986). 

The frequency of preneoplastic cell transformation was 
obtained by dividing the total number of variants the 
number of colony-forming cells considered to be "at risk of 
transformation;' or simply "at risk:' The number of colony
forming cells at risk was obtained multiplying the aver
age number of colonies per dish by the number of dishes 
in the transformation assay. 

The in vitro experiments in which rat tracheal epithelial 
cells received a single exposure to ozone were conducted 
in a culture medium permissive for the proliferation of nor
mal cells. The cells remained in this medium for four days 
to allow the fixation and expression of ozone-induced 
changes in the initiated cells. The culture medium then was 
replaced with a medium that was selective for the prolifera
tion of those cells that had begun to undergo preneoplastic 
changes; the cell cultures remained in this medium for five 
weeks. At the end of this period, the investigators deter
mined the number of preneoplastic variants in both control 
and treated cultures. 

In the in vitro experiments that examined the effect of 
multiple ozone exposures, the initial exposure of rat tra
cheal epithelial cells to ozone was carried out in a medium 
permissive for the growth of normal cells. After four days, 
the culture medium was replaced with one that was selec
tive for the proliferation of preneoplastic variants. The addi
tional exposures to ozone were conducted in this selective 
medium over a five-week period. 

In the in vivo exposures, the preneoplastic transforma
tion of rat tracheal epithelial cells isolated from tracheas of 
rats that had inhaled ozone was assayed by first culturing 
cells in a medium permissive for the growth of normal cells. 
The medium then was replaced with one that was selective 
for the growth of preneoplastic variants; this culture was 
continued for five weeks. 

TECHNICAL EVALUATION 

ATTAINMENT OF STUDY OBJECTIVES 

The overall goals of the study were to assess ozone's abil
ity to induce preneoplastic transformation of rat tracheal 
epithelial cells in vitro, either alone or in combination with 
MNNG, and to determine whether the frequency of pre
neoplastic transformation of rat tracheal epithelial cells in
creased after rats inhaled ozone. 

The investigators successfully completed a series of in 
vitro experiments to determine the frequency of preneo
plastic transformation of rat tracheal epithelial cells after 

single exposures to two concentrations of ozone, or after a 
single exposure to ozone before the addition of MNNG. The 
following aspects of the originally proposed protocol were 
not completed: First, extensive dose-response data relat
ing ozone exposure and cytotoxicity were not presented 
because the investigators found that concentra
tions of ozone (10 ppm) produced cytotoxicity. Second, 
ozone was not tested together with a second carcinogen, 
benzo[a]pyrene. Third, rat tracheal epithelial cells were not 
exposed in vitro to high and low levels of ozone and MNNG 
in different sequences. At the suggestion of the HEI Re
search Committee, the originally proposed exposures of 
heterotopic tracheal transplants were replaced with in vivo 
inhalation studies in Fisher-344 rats. 

ASSESSMENT OF METHODS AND STUDY DESIGN 

The experiments were generally well conceived and per
formed. However, several methodological issues hamper in
terpretation of the results. These include sensitivity of the 
in vitro transformation assay, variability of the assay, 
changes in the conditions of cell culture used for multiple 
ozone exposures, and the lack of a concurrent positive con
trol in the in vivo studies. 

Because ozone's potential as a transforming agent was un
known, the investigators exposed rat tracheal epithelial 
cells in vitro to either ozone or MNNG at concentrations 
producing 50% cytotoxicity. They chose this approach by 
reasoning that preneoplastic transformation by ozone 
might be detectable if the dose had the same cytotoxic 
potential as a compound (MNNG) whose transforming abil
ity was known. However, even at the 50% cytotoxicity level, 
MNNG induced a relatively low (but statistically signifi
cant) frequency of preneoplastic variants. This raises con
cerns about the sensitivity of the in vitro assay, and whether 
it accurately detects changes in the frequency of preneo
plastic transformation of rat tracheal epithelial cells. 

Sensitivity of the in vitro assay system is also an issue in 
the experiments assessing ozone's ability to induce preneo
plastic transformation after exposure of rats to the gas in 
vivo. Because the rats were not exposed to an agent that en
hanced transformation (a positive control), we do not know 
whether the assay system was able to detect low levels of 
variants that might have been induced in vivo. 

The variability of the assay is also a potential concern be
cause variations in transformation frequency were often 
greater within a group receiving the same treatment than 
between groups receiving different treatments. The basis 
for this variability is not known; however, the investigators 
speculate that it may have been due to variability in the cell 
populations they isolated from different groups of animals. 
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The investigators dealt with this by ""'""'""'·"''i'"',.., 

only control and treated groups within individual experi-
ments, and their conclusions on an overall pattern 
of responses from LH~<LUf-'LU vAfJCiJl.LH.LCiLHi'lo 

the course of the rat tracheal epithelial cells 
were to ozone under different culture conditions. 
During exposure of rat tracheal cells to ozone over 
a five-week in a medium selective for the growth of 
preneoplastic variants (in place of a single exposure in 
medium permissive for growth of normal cells), normal 
cells could have continued to for a relatively fi
nite period of time. Therefore, the actual number of trans
formation-susceptible cells could have increased, so that 
the calculation of preneoplastic transformation frequencies 
based on the initial number of colony-forming cells at risk 
prior to ozone exposure may be inaccurate. Changing the 
culture conditions for the multiple exposure experiments 
added a technical variable that is difficult to interpret. 

STATISTICAL METHODS 

The experimental protocols were carefully organized and 
thoroughly controlled. To determine the statistical sig
nificance, each treatment group was compared to its own 
control; most of these results are expressed in terms of the 
"relative risk" of preneoplastic transformation, a compre
hensible, standardized ratio index for comparing one ex
posure group to another. To calculate relative risk, the in
vestigators used the method of log-linear modeling, which 
is discussed in great detail in their report. Log-linear 
modeling produces tests of main effects (dose, duration) 
and statistical interaction (dose x duration) based on likeli
hood ratios, rather than on variance ratios. Because the log
arithm of the transformation frequencies is modeled, the 
differences between groups are expressed as a relative risk 
for one group in relation to another. 

The results of experiments in which tracheal epithelial 
cells were exposed to ozone before being treated with either 
high (Table 8) or low (Table 9) cytotoxic doses of MNNG 
were analyzed by two-way log-linear modeling. In the ex
periment using high doses of MNNG, the interaction be
tween ozone and MNNG was not significant; however, the 
main effects of MNNG (an increase in the frequency of 
preneoplastic variants) and ozone (a reduction in the fre
quency of MNNG-induced transformation) were signifi
cant. In the experiment using low doses of MNNG, both the 
interaction between ozone and MNNG, and the effect of 
ozone itself (a reduction in MNNG-induced transformation) 
were not significant; however, the main effect of MNNG (an 
increase in the frequency of preneoplastic variants) was sig
nificant. The experiments in which multiple ozone ex-
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posures followed treatment with MNNG utilized a T"''""-"'"'" 

analysis that indicated no statistical interaction between 
ozone and MNNG, indicating that their effects were inde
pendent, rather than synergistic. 

RESULTS AND INTERPRETATIONS 

The investigators used a well-characterized cell culture 
model for their initial studies of preneoplastic transforma
tion. Dr. Thomassen and colleagues 1985) and other 
investigators (Marchak et al. 1977, 1978; Nettesheim and and 
Barrett 1984; Steele eta. 1989) have characterized changes 
in cell morphology and growth characteristics that occur 
during the progression of rat tracheal epithelial cells from 
normal to preneoplastic and neoplastic states. Dr. Thomas
sen is the first to attempt to use this model as a quantitative 
method for assessing ozone's potential for inducing preneo
plastic changes in rat tracheal epithelial cells. However, the 
results were heavily dependent on factors such as the tim
ing, duration, and conditions of exposure. 

Single Exposure to Ozone in Vitro 

When the researchers exposed rat tracheal epithelial 
cells once to 0.7 or 10 ppm ozone for 40 minutes in vitro, 
they found no difference in the frequency of preneoplastic 
transformation, compared to control cells that were not ex
posed to ozone. The failure to detect changes in the fre
quency of preneoplastic transformation after a single ex
posure to 10 ppm ozone may have been due to ozone's 
inability to induce transformation under these experimen
tal conditions. Alternatively, failure to detect changes in 
preneoplastic transformation at an ozone concentration 
that killed 50% of the rat tracheal epithelial also may have 
been due to the assay's inability to detect low levels of vari
ants, and to its variability. 

Exposing rat tracheal epithelial cells to ozone before 
treating them with a highly cytotoxic dose of MNNG de
creased the frequency of preneoplastic transformation com
pared to cells treated with MNNG alone. Ozone may have 
altered the cells' progression through their cycle of division 
and quiescence. If this occurred, rat tracheal epithelial cells 
may have been less responsive to the carcinogen if it was 
added at a period of the cell cycle different from that for 
control cells treated with MNNG alone. The investigators 
did not detect a lower frequency of preneoplastic transfor
mation when the cells were exposed to 0.8 ppm ozone be
fore treatment with a lower dose of MNNG. This may have 
been due to a decreased frequency of preneoplastic trans
formation in the presence of the lower dose of MNNG. 
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Two experimental an apparent in-
crease in the variants over that 
of controls: exposures of rat tracheal eolthelLal 
cells to 0.7 ppm ozone and exposures to 0.7 ppm 
ozone after rat tracheal cells were treated with 
MNNG. 

A characteristic feature of these was 
that the highest levels of preneoplastic transformation ap
peared in cell cultures with a relatively small number of 
cells at risk. The investigators interpreted the preneoplastic 
transformation in the individual cell colonies as indepen
dent events. However, the initial area of preneoplastic trans
formation within a small cell population in a culture dish 
may have increased the probability of a second transforma
tion event in that dish. Terzaghi and Little (1976) and Borek 
(1980) observed that the number of cells in a culture dish 
affected the transformation of another type of cell in culture 
(human skin or embryonic mouse fibroblasts). These inves
tigators reported that transformation decreased when the 
number of surviving cells exceeded a certain level. Farber 
and Rubin (1991) summarized the results of studies showing 
that transformation frequency is inversely proportional to 
the number of cells in culture. Therefore, the number of 
cells at risk may have played a role in the frequency of 
preneoplastic transformation. 

The cell culture conditions may also have affected the fre
quency of preneoplastic transformation attained after mul
tiple ozone exposures. The investigators have observed that 
preneoplastic variants are relatively resistant to ozone's cy
totoxic effects (D.G. Thomassen, unpublished data). There
fore, increased preneoplastic transformation after multiple 
exposures may have reflected an enhanced survival of spon
taneously occurring variants (variants that appear in the 
absence of ozone). The survival of variants may have been 
favored because the cells were exposed to ozone in a medium 
that was selective for the growth of preneoplastic variants. 
Spontaneous transformation in this system can depend heav
ily on cell culture conditions and when the selection condi
tions for variants are imposed. The dynamics of spontane
ous variant induction and variant expression for this system 
are poorly understood. 

There is an additional problem in interpreting the results 
of experiments that measure the effect of multiple ex
posures to ozone after treating rat tracheal epithelial cells 
with MNNG. The investigators compared the frequency of 
preneoplastic transformation in two experiments using this 
experimental protocol with such transformation induced by 
MNNG alone. Although one experiment with MNNG and 
ozone produced an enhanced frequency of preneoplastic 

the other showed either no 
slight decrease. When the results of the two eX]Jer·irn.ents 
were the relative risk of Oflcni3DTJlastlc 
mation was greater in the ozone plus MNNG ,....,..,-,{-,,,...,. 

cause a large result more than offset a smaller nega
tive result. These results may be due to of the 
assay and do not support the conclusion 
that multiple exposures to ozone increased MNNG-induced 
preneoplastic transformation. 

Dr. Thomassen and his colleagues found no difference in 
the frequency of preneoplastic transformation between rat 
tracheal epithelial cells isolated from control rats breathing 
clean air and rats that inhaled ozone. However, some cell 
damage occurred because the investigators observed severe 
morphological changes in specific areas of tracheas from 
rats that had been exposed to 1 ppm ozone for two or four 
weeks. 

There are several possible reasons for ozone's apparent 
inability to induce an increased frequency of preneoplastic 
transformation. First, ozone indeed may not transform tra
cheal epithelial cells in vivo. Second, the inability to detect 
an increased frequency of preneoplastic transformation af
ter rats inhaled ozone may have been due to assay insensi
tivity. Third, after being exposed to ozone for three to five 
days, humans and animals develop a tolerance or adapta
tion to its effects (Lippmann 1989). Adaptation may have 
produced new epithelial cells resistant to ozone (Ospital 
1985). An additional possibility is that the protective layer 
of mucus lining the airways may have prevented the gas 
from reaching the epithelial cells. 

REMAINING UNCERTAINTIES AND 
IMPLICATIONS FOR FUTURE 

Conditions of in vitro ozone exposure and cell culture 
should be more thoroughly investigated. Although multi
ple 40-minute exposures of rat tracheal epithelial cells to 
ozone in a medium selective for the growth of preneoplastic 
variants appeared to increase preneoplastic transformation 
frequency, a single 40-minute exposure of rat tracheal epi
thelial cells in the medium permissive for the growth of 
normal cells did not. Additional experiments might exam
ine the effect of longer single exposure periods, several 
ozone concentrations, and multiple exposures to ozone in 
the permissive medium. Dr. Thomassen and his colleagues 
obtained evidence suggesting that the frequency of preneo
plastic transformation increased when multiple exposures 
of rat tracheal epithelial cells to ozone in vitro followed 
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treatment with MNNG. However, because the investigators 
did not test the effect of a single exposure to ozone on cells 
pretreated with MNNG, it is uncertain whether multiple ex
posures are required. 

Additional research is needed to determine the appropri
ate conditions for multiple exposures of animals to ozone 
in vivo. The possible development of tolerance to ozone 
over the one- to four-week exposure period may have af
fected the results obtained in the subsequent in vitro trans
formation assay. Therefore, acute exposures in vivo should 
be carried out for four days or less, as well as for longer 
periods. In addition, animals also should be exposed by in
halation to a compound that is known to induce rat tracheal 

epithelial cell preneoplastic transformation. The inclusion 
of such a positive control would validate the assay used to 
detect the formation of preneoplastic variants. 

Although the use of heterotopic tracheal transplants was 
abandoned because of technical difficulties, this model 
provides an attractive method for exposing cells to oxidants 
and carcinogens in vivo, and should be investigated further. 
The model provides easy access to tracheal epithelial cells, 
and the cells that are exposed in vivo can be studied in 
vitro. 

CONCLUSIONS 

Dr. Thomassen and his colleagues investigated ozone's 
potential to induce preneoplastic transformation of rat tra
cheal epithelial cells in vivo and in vitro. Ozone's potential 
cocarcinogenic activity was determined by investigating its 
ability to modulate preneoplastic cell transformation pro
duced by MNNG in vitro. 

Under the conditions of the in vivo studies, ozone did not 

induce preneoplastic transformation of rat tracheal epithe
lial cells. The possible limitations of the assay procedure 
suggest that a firm conclusion be reserved until additional 
information on assay sensitivity, or results derived from a 
different assay method, become available. 

Some of the in vitro results suggest that ozone might in
crease the incidence of preneoplastic transformation under 
appropriate conditions. It is not surprising that a reactive 
gas such as ozone would affect epithelial cells exposed 
repeatedly to the gas in culture. However, these experiments 
need confirmation because the results may have been af
fected by the cell culture method used during ozone ex
posure. Because other in vitro results showed either no ef
fect or decreased preneoplastic transformation, another 
conclusion from the in vitro studies is that the experimental 
protocol plays a major role in determining ozone's ability to 
induce preneoplastic transformation. 
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