Ozone-induced toxicity in experimental animals

and isolated cell systems

by Lars E Gustafsson & lan Cotgreave

The scope of this section is extensively covered by the
document Air Quality Criteria for Ozone and Related
Photochemical Oxidants published by the Environmen-
tal Protection Agency (EPA) in the United States (1).
The literature on animal experiments on exposure to
ozone is vast, and it was felt not within the scope of this
report to make a full review. Instead, emphasis has been
put on literature covering principles and on more recent
literature, especially that dealing with the mechanisms
underlying various effects of ozone, such as proinflam-
matory effects, effects of low concentrations in vivo, and
effects on primates.

Effects on respiratory system morphology

Changes in lung morphology constitute a very early sign
of the effects of ozone, but the dose required to elicit
such changes varies between species, and also within
species. An important issue is how animal data can be
related to the effects of ozone on humans. Many studies
have been performed on rodents. The modeling of data
obtained from studies on rodents suggests that existing
anatomical differences within primates would cause the
rodents to be more sensitive to damaging effects of the
gas in the distal airways and alveoli (2). Therefore, stud-
ies on nonhuman primates are of importance. Earlier
studies have used rather high concentrations of ozone
and have put considerable emphasis on effects on alveo-
lar cells. Recent data indicate, however, that bronchiolar
celis might be the most sensitive cell group. An impor-
tant advancement in striving to reduce variability in re-
sults is the systematic microdissection of identical air-
way segments between different animals and the use of
double-blind and automated techniques for morphologi-
cal evaluations (2).

Affected cells and sites

The most striking effects of ozone occur in the proximal
alveolar region and in the most distal parts of the air-
ways, the respiratory bronchioles.

Effects on lung morphology in primates

When exposed to an ozone conceniration of 300 pg - m=,
8 h a day for 6 or 90 d, the Macaque monkey exhibits

significant nasal epithelial lesions with ciliated cell
necrosis, diminished cilia number, and hyperplasia of
Clara cells (3).

When the Macaque monkey was exposed to 300 or
600 g - m= for 8 h a day for 6 or 90 d, hyperplasia and
hypertrophy of nonciliated cuboidal epithelial cells were
observed in terminal and respiratory bronchioles (4). The
effect was fully developed already at the lowest dose
rate, since there was no further increase with increased
ozone concentration or exposure time. Intraluminal ac-
cumulation of macrophages was also seen in the respira-
tory bronchioles. The validity of the results was under-
lined by the use of systematic microdissection and the
identification of matching bronchiolar segments in con-
trol and exposed animals.

Effects on morphology in other species

A study employing identical concentration-versus-time
exposures to ozone and to the combination of ozone and
nitrogen dioxide has been reported for rats (5). The cell
proliferation in larger, as well as peripheral, airways was
monitored after bromo-deoxy-uridine had been incorpo-
rated into airway cells, which were continuously infused
subcutaneously by miniosmotic pumps. Alveolar cell la-
beling was unaltered by 400 and 1600 pug - m™ of ozone,
whereas a marked effect was seen in the bronchiolar
cells. The large airway cells showed increased labeling
only at the highest dose rates. There was a clear synergy
with nitrogen dioxide for the effect on airway epithelium.
Hypertrophy and hyperplasia were verified by electron
Microscopy.

In both juvenile and adult rats, epithelial alterations
were observed after exposure to an ozone concentration
of 500 ug - m= for 12 h a day for six weeks. The lesions
were localized to the proximal parts of the most periph-
eral parts of the lungs, namely, in the proximal alveolar
region (6). A decrease in the surface area of type I epi-
thelial cells of alveoli was noted; the cells also doubled
in number and increased in thickness. In addition, the
number of type II cells and alveolar macrophages in-
creased. No age-related difference in sensitivity was
seen. In addition, adult animals showed an increased
number of tissue macrophages, a clear sign of inflamma-
tion. Adult animals were also exposed to 240 pg - m
and showed significant changes in the number and size
of alveolar type I cells already at this exposure level. The
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findings are consistent with a dose dependently increased
turnover rate of alveolar cells and show that the effect
occurs already at 240 ug - m~,

Rats (Jck:Wistar, male, 8 weeks old) exposed to an
ozone concentration of 800 ug-m= continuously for
14 d showed a 214% increase in lung cytochrome P,
2B1, the major pulmonary P, enzyme in rats (7). A
hypertrophy of Clara cells, the unciliated cuboidal cells
of terminal bronchioles, was seen in histological sec-
tions. The Clara stained immunologically positive for
P,so 2B1. The appearance of a cell type intermediate in
morphology between types I and II alveolar cells was
also seen in proximal alveolar regions, and these cells
also expressed P, 2B1. The data suggest that ozone
exposure may activate P,s,-mediated xenobiotic metabo-
lism in pulmonary epithelial cells and that ozone expo-
sure leads to alveolar cell metaplasia.

At higher ozone concentrations (1400 to 6000 ug -
m~) several studies have shown effects on alveolar cells,
with a decrease in the number of the flat type I cells and
hyperplasia of type II (lamellar bodies containing) cells
clearly evident. The lamellar bodies were shown to be
uneven in density, as well as undergoing hypersecretion
into the alveoli, suggesting increased secretion of sur-
factant.

In the rat, bronchiolar epithelium exhibits changes
when exposed to inhaled ozone at 500 ug - m= (8). The
effects included loss of surface area contributed by cilia,
a decrease in the luminal surface area contributed by
Clara cells, and a decrease in the number of brush cells
per square millimeter of bronchiolar basement mem-
brane.

When rats were exposed to 1900 pg - m= of ozone
for 3 d, ciliary damage and necrosis occurred in the
trachea, with a concomitant increased density of inter-
mediate cells and an increased thymidine labeling index
(9). After 60 d of exposure the only remaining effect was
shortened cilia of the ciliated cells. At 42 d postexposure
no effect remained.

Another study (10) showed that cell renewal takes
place at an increased rate, as indicated by thymidine
incorporation, in rats exposed to 700 or 1000 pg - m~ of
ozone (30-day-old male Sprague-Dawley rats exposed
continuously up to 8 d). The increase in thymidine incor-
poration occurred during the first 2 d of exposure and
returned to base line at day 4. This first “wave” of in-
crease was due to thymidine incorporation in all types of
alveolar cells. Animals which received an increase in
ozone exposure from 700 to 1000 or 1400 ug - m= from
day 4 showed a second “wave” of increase in thymidine
incorporation. The second increase was mainly due to
thymidine incorporation into type II alveolar cells. This
finding shows that, despite the initial adaptation, a new
response can be evoked by a second “wave” of ozone if
the concentration is higher.
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The effects of long-term ozone exposure on pulmo-
nary morphology has been studied in rats and mice in
conjunction with the NTP study on the potential carcino-
genesis of ozone (11). Rats were exposed for two years
to ozone at 240, 1000 or 2000 pg - m~ for6 haday,5d a
week for 104 weeks. No effects on alveolar cell mor-
phology were seen in control animals. The animals ex-
posed to 240 pg - m3, both males and females, exhibited
minimal, but significant, alveolar cell metaplasia. The
changes were further enhanced at higher concentrations
of ozone. Mild, but significant infiltration of histiocytes
(macrophages) into alveoli and interstitial fibrosis were
noted at 1000 and 2000 pg - m3,

Comparison between ozone and oxygen toxicity

Detrimental effects of ozone on alveolar cells occur at
200 pg - m=, which is only slightly above current am-
bient background levels (12). Another gas which is toxic
at concentrations only slightly above background levels
is oxygen. It is well known that prolonged exposure to
twice the normal concentration of oxygen in inspired air
causes pulmonary injury with functional impairment in
humans (13). Exposure of primates (baboons) to 60%
oxygen (ie, three times the normal concentration) for two
weeks with subsequent eight weeks of recovery led to
significant morphological changes (14). Changes noted
directly after exposure included increases in type I alve-
olar cells and macrophages and signs of interstitial fibro-
sis. The fibrosis progressed further during the eight-week
recovery period. These alveolar changes are similar to
those observed in Macaque monkeys exposed to ozone,
as has already been described. If it is assumed that the
defense mechanisms against oxygen and ozone are simi-
lar, the effects of low concentrations of ozone on mor-
phology in animals are, therefore, likely to have a high
degree of relevance for humans, for whom similar stud-
ies cannot be performed for ethical reasons.

Summary

Alveolar macrophages proliferate in rats exposed to an
ozone concentration of 200 mg - m~ of ozone. Effects on
bronchiolar cells also occur at the lowest ozone level
tested, 200 mg - m=, and these effects indicate both a
growth of and an increased number of epithelial cells.
This response was still seen 4 d after the cessation of a
3-d exposure, and it was thus not a transient response.
Macrophages proliferate and changes occur in
bronchiolar cells, with consequent overgrowth into
alveoli, also in primates, and these effects might have
implications both as to an understanding of the
mechanisms behind direct ozone lesions in the lung and
an understanding of indirect effects such as increased
sensitization to allergens and hypersensitivity to
bronchoconstrictor agents. Thus an increased number of
macrophages, which is seen both in the alveoli and in the



interstitial tissue, increases the possibilities for these cells
to adsorb allergens and present them to cells of the
immune system. This phenomenon facilitates an increase
in the development of antibodies.

The morphological changes and biochemical mea-
surements performed provide evidence of increased rates
of cell division, and this increase may be important in
that it increases the possibilities for a malignant transfor-
mation of lung cells. Oxygen, another gaseous oxidant,
is toxic to animal and human lung already at twice the
normal ambient level. Considering the similarity between
the defense against the mechanism of action and ozone
and oxygen effects, the toxicity of ozone in animals at
levels only slightly above ambient levels might be rele-
vant to the estimation of toxicity in humans. Indeed,
morphological changes are seen in monkeys exposed for
more than 60 d at ozone levels near the present ambient
concentrations. Likewise, in mice subjected to life-long
ozone exposure, morphological changes and fibrosis are
present in increased frequency in the exposed groups.
The fibrosis also remains despite the cessation of ozone
exposure. Therefore, the morphological changes must be
regarded as a nontransient, long-term effect.

Host defense mechanisms

Host defense mechanisms of the lung are directed either
at transporting foreign material out of the lungs, or at
inactivating the offending material at the place of intru-
sion. The elimination from alveoli is mainly accom-
plished through the action of alveolar macrophages, or
through diffusion or penetration of matter into the lung
parenchyma, where recruited macrophages and other in-
flammatory cells engulf it. Above the alveolus the bron-
chial mucociliary transport mechanisms are of major
importance, and the concerted actions of cilia and the
secreted mucous lining fluid are necessary for transport.
These mechanisms are nonspecific, whereas specific
immunological mechanisms can be activated both in
the parenchyma and in bronchi with the emergence of
inflammatory cells and mediator and cytokine release.
The response may involve both the action of preformed
antibodies and a long-term activation of antibody for-
mation.

Mucociliary clearance

For normal mucociliary clearance it is necessary that
normal mucous production occurs, that ciliary cells
function normally, and that mucus membrane function
and lung morphology are normal (15, 16). Ozone inha-
lation can result in increased mucous secretion, but, if
other pulmonary functions are disturbed, for example,
by smooth muscle contraction or inflammation with
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consequent invasion of the mucosum by white blood
cells, the net effect may be negative for a person with,
for example, an accumulation of mucus in the airways
(13). The numbers of ciliated cells in the terminal bron-
chioli of rats are decreased by the inhalation of ozone at
a concentration of 500 pug - m= for 12 h a day for six
weeks (7). The surface area contributed by ciliated cells
in the bronchioli is also diminished. These effects are
equivalent in adult and newborn rats. Such effects on
morphology might impair ciliary transport mechanisms
in a long-term perspective, despite having a short-term
stimulatory influence.

In hamsters, in vivo exposure to the gas for 3 h at
200 pg - m~ does not alter ciliary beating frequency
when assessed postexposure in vitro (17). However, the
inhalation of combinations of ozone and sulfuric acid, or
ozone and nitrogen dioxide, have been found to inhibit
ciliary beating and mucociliary transport (15). In rabbits,
exposure to 1200 plg - m= for 2 h causes retarded particle
clearance (18). In rats, combined exposure to 120 pg -
m? for 13 h a day, in combination with spikes of
500 pg - m= for 9 h a day, for 5 d a week with a total
duration of six weeks causes the pulmonary retention of
asbestos fibers to increase (19). Increased and decreased
clearance have been found in rabbits, the former in expo-
sures to 200 and 1200 pg- m™ and the latter at
2400 pg - m (20). It is possible that the variation in
response type is due to the presence or absence of effects
on glycoprotein secretion (1). Glycoprotein is a compo-
nent of mucus, and its increase is a sign of increased
mucous secretion. The increased secretion would be ex-
pected to carry foreign material out of the airways more
rapidly.

Thus the most sensitive effects of ozone on host
defense are the stimulation of clearance at 200 ug - m=
in rabbits and the inhibition of clearance at 500 pg - m=
in rats.

Alveolar macrophages

Alveolar macrophages increase in number, decrease in
their ability for phagocytosis, decrease bactericidal activ-
ity, and diminish superoxide production upon exposure
to ozone. The concentration dependency of these effects
varies (1). In general effects can occur at 200 pg - m
and seem well established at 500 pg - m=. A recent in
vivo study in rats showed that a one-week exposure to
200 ug - m increased alveolar macrophage numbers, as
well as macrophage enzyme activities in rats (21). Of
importance for other effects of the gas might be that the
mitotic index of macrophages is increased at 540 pig - m=
(12) and at 1600 pg - m= (18, 22). The number of lava-
gable macrophages increases at concentrations from 200
t0 2000 Wg - m~, but can be unaffected or even decreased
at concentrations ranging from 1600 pg - m= up, perhaps
as a sign of more drastic cytotoxicity at the higher con-
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centrations. This is of importance for choosing and eval-
uating exposure concentrations.

Immunologic mechanisms

The effect of short-term ozone exposure on antibody
response and on the thymus was investigated in mice
(23). Mice were continuously exposed to an ozone con-
centration of 800 ug - m= and 1600 yg - m= for 1, 3, 7
or 14 d. Already from day 1 and throughout the expo-
sure, both concentrations caused an increase in relative
lung weight per body weight, and from day 3 and on
there was a significant decrease in relative thymus
weight. In addition, spleen weights were depressed at
all time points by the higher concentration of ozone,
whereas at 784 g - m= there was a drop only on day
14. The ability to develop an antibody response to sheep
red blood cells was also reduced by the higher concen-
tration of ozone, and this effect was seen already after
the first day of exposure. Thus an immunodepressant
effect of ozone exposure was found in parallel with the
induction of an inflammatory response (edema and
weight increase) in the Tungs. The authors concluded
that the impairment was due to a suppressed T-cell re-
sponse, since the response to other antigens, independ-
ent of T-cells, was normal.

The action of ozone on the thymus and on pulmonary
lymph nodes has been investigated in mice during acute
and subchronic inhalation (24). Female mice (CD-1)
were exposed to 1400 Lg - m™ for 20 h a day for 1 to
28 d. The thymus showed an atrophic response, whereas
the mediastinal lymph nodes showed a hyperplastic re-
sponse, with the presence of blastic cell forms. The atro-
phy in the thymus was especially seen in the cortical
regions, and it was markedly reversed if the adrenal
glands had been removed before ozone exposure, This
finding might suggest that steroid hormones, or some
other factor derived from the adrenals, are involved in
the ozone-induced depressant effect on the thymus. The
removal of the thymus reduced the hyperplastic response
caused in the mediastinal lymph nodes in response to
ozone exposure. The lungs showed signs of oxidant inju-
1y, with terminal bronchiolitis and alveolitis evident and
with the infiltration of white blood cells, septal thicken-
ing, type I cell damage, type II cell proliferation, and
macrophage accumulation. It seems likely that mediators
from the lungs caused the changes in lymph node and
thymus morphology. These results substantiate that ex-
posure to relatively high concentrations of ozone can
have an immunomodulatory effect.

In a follow-up study, athymic mice were exposed to
an ozone concentration of 1400 ug - m= for 20 h a day
for 7 or 14 d (25). The athymic mice showed more
marked lung damage than the control mice did, with
more pronounced increases in lung weight and more
marked peripheral damage to alveolar ducts and alveoli,
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which exhibited a more-pronounced inflammatory reac-
tion. The results support the hypothesis that the mediasti-
nal lymph node reaction seen in normal animals is part of
aresponse aimed at minimizing lung damage.

In female CD-1 mice exposed to an ozone concentra-
tion of 200 pg - m~ for 5 h a day, 5 d a week for 103 d,
splenic T-lymphocyte function, measured as the response
to mitogens and alloantigens, was reduced (26). In addi-
tion the in vitro bacteriostatic action of peritoneal macro-
phages was enhanced. However, the mortality of mice
infected with group C streptococci was enhanced, de-
spite an increased bactericidal effect on pulmonary alve-
olar macrophages. Co-exposure with sulfur dioxide or
ammonium sulfate aerosol did not increase the effect
above that of ozone, but it reversed the effect on splenic
lymphocytes.

By use of immunofluorescence against T- and B-
lymphocyte markers it was possible to demonstrate an
increased T-cell infiltration in lungs from mice exposed
to ozone at 1400 pg - m= for 20 h daily for 4 or 14 d (27).
Furthermore, B lymphocytes were decreased in number
in the lung parenchyma. The lungs of the mice were
significantly increased in weight at both days 4 and 14,
whereas spleen and thymus showed decreased weights at
day 4, an effect normalized by day 14.

In the NTP study with long-term ozone inhalation
(11) no changes in thymus morphology were seen after
either two-year or life-long exposure to ozone in either
rats or mice. However, in this study a four-week inhala-
tion of 2000 ug-m= caused a significant decline in
thymus weight in female rats. This effect was absent in
male rats or in mice of either sex.

Interactions between infectious agents

A potentiating interaction with infectious agents is one
of the most sensitive effects of ozone on animals. Effects
are seen from 200 pg - m= in mice, female mice being
more sensitive than males. Despite an ozone-induced
increased bactericidal effect on alveolar macrophages at
200 pg - m, exposed female animals infected with group
C streptococci showed an increased mortality (23). A
detailed account of the interaction of ozone with infec-
tious agents can be found in a document of the EPA in
the United States (1).

Effects on some cellular responses in vitro

Arachidonic acid was found to react with ozone in vitro
to form aldehydic derivatives (28) when the arachidonic
acid was exposed to an ozone concentration of 200 or
2000 pg - m= for 30 min. When such incubates were
given to natural killer (NK) cells, the cells exhibited
decreased cytotoxicity against K562 target cells. In addi-
tion, a2 human bronchial epithelial cell line was found to
release arachidonic acid-derived aldehydic substances
when exposed to 200 or 2000 1.0 pg - m>. The results




indicate that a specific mechanism of arachidonic acid
metabolism involving aldehyde generation, rather than
general lipid peroxidation, might function in bronchial
epithelial cells and that this phenomenon may exert in-
hibitory effects on NX cell cytotoxicity and T-cell prolif-
eration.

With the use of a culture technique in which the
basolateral side of cells is exposed to medium while the
top (apical part) of the cells is kept moist, human airway
epithelial cells and alveolar macrophages were exposed
to ozone in vitro (29). The primary epithelial cultures
were exhibited after 1 h of exposure to an ozone level of
200 ug - m™ and macrophages already at 30 min. The
human bronchial epithelial cell-line BEAS excreted in-
creased amounts of interleukins 6 and 8 (IL-6, IL-8) and
fibronectin upon ozone exposure, whereas the macro-
phages did not. The IL-6 excretion from the BEAS cells
was directed only from the apical surface at 4 h of expo-
sure, whereas by 24 h a secretion in both directions was
at hand. The results suggest that epithelial cells may
have a preferential role in the secretion of cytokines
upon ozone exposure and that the secretion is stimulated
at low ozone concentrations,

Summary

Ozone exerts immunodepressant effects on mice in that
the thymus may undergo hypoplastic changes. As an-
other, possibly secondary, effect the formation of anti-
bodies from lines derived from B cells may be deranged.
The effects occur from 800 pg - m= or with 3 d of con-
tinuous exposure. After exposure to 200 ug - m= for 5 h
a day for 130 d in vivo, immune-competent cells from
mice show abnormal immunologic responses when tested
ex vivo. The cytokine-releasing effects of ozone on air-
way epithelial cells may be an important step in the
further activation of the airway response to ozone. If so,
it might explain some of the local proliferative effects on
the cells and the immigration of inflammatory cells into
the airways. (See the later section on inflammation.) The
effect occurs at 200 pg - m already after 1 h of expo-
sure. It is not possible to convert the in vitro exposure
level directly to an inhaled concentration of the gas in
vivo. It is noteworthy that the in vitro effects are ob-
served at ozone concentrations which seem highly rele-
vant for those effective in in vivo studies. The in vitro
findings are important confirmatory observations of re-
sults obtained in vivo and may offer important mechanis-
tic explanations for effects observed in morphological
studies.

Sensitization to allergens

An important aspect of ozone toxicity is whether expo-
sure to the gas can lead to enhanced sensitization to
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allergens, and especially whether sensitization occurs in
more persons in an ozone-exposed group than in a group
similarly exposed to an allergen alone.

In an early study on guinea pigs (30) exposure to
an ozone concentration of 10 000 pg - m= or 20 000 ug -
m™ for 30 min a day caused increased mortality due
to anaphylaxis in animals exposed to albumin by in-
halation. Hemagglutination tests showed increased anti-
body formation against the allergen in the animals ex-
posed to 10000 pg-m~. The increased sensitization
occurred only for inhaled antigen. Thus no increased
sensitjzation was seen upon skin testing with an aller-
gen in animals sensitized to albumin by intraperitoneal
injection when a comparison was made between control
animals and animals exposed to 2000 pg - m= by inha-
lation.

In a primate model (cynomolgus monkey; Macaca

fascicularis), exposure to 2000 pg - m~ for 6 haday,5 d

a week for 12 weeks was found to increase allergic
sensitization to inhaled platinum salt dust (ammonium
hexachloroplatinate, 200 ug - m=), which was given si-
multaneously with the ozone exposure (31). As a group,
the dose of allergen required to evoke a similar airway
response decreased to half of that in animals not exposed
to ozone. The model was chosen as a simulation of plati-
num dust exposure in a platinum refinery. Exposed work-
ers develop asthma and rhinitis, and also show positive
skin tests and immunoglobulin E (IgE) antibodies to
platinum salts, and this phenomenon was therefore in-
vestigated in the animals in parallel with lung function
tests. Three groups of animals (7 to 8 animals in each
group) were studied (ozone alone, platinum salt dust
alone, and combined exposure to ozone and platinum
salt dust). Exposure to the combination of ozone and
platinum salt dust caused a statistically significant in-
crease in positive skin tests, as compared with exposure
to platinum salt dust alone, whereas the results of immu-
noglobulin E (IgE), IgG, or radioallergsorbent tests did
not differ between the three groups of animals. In addi-
tion, the enhanced sensitization manifested itself as an
increase in airway resistance, occurring at a significantly
lower concentration of inhaled allergen in the group ex-
posed to ozone and platinum salt dust, as compared with
the group exposed only to platinum salt dust. The in-
creased sensitization was not accompanied by any change
in base-line airway resistance between the three different
groups. That specific sensitization to the allergen oc-
curred was validated by the increase in positive skin
tests, and the positive reaction could be transferred by
the injection of serum from sensitized animals into the
skin of nonsensitized animals, as expected for an immu-
noglobulin-mediated response. The sensitivity to inhaled
methacholine was significantly also increased in the
group exposed to the combination of ozone and platinum
salt dust. Sensitivity to methacholine was unaltered in
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the two other groups. This finding suggests that nonspe-
cific airway sensitivity occurred in the combined expo-
sure group.

A study on relatively low ozone concentrations was
performed with mice (32). It showed a sensitizing effect
of ozone on the allergenic action of ovalbumin. The mice
were exposed continuously for 4 d to either filtered air or
to ozone at concentrations of 200, 260, 320 or 480 ug -
m=. On the fourth day the animals received an inhalation
of the allergen, ovalbumin, and then remained in ambient
air for a week, whereafter the ozone and allergen expo-
sure was repeated to a total of four ozone exposure peri-
ods. The ozone-exposed animals exhibited a significant-
ly increased frequency of anaphylactic shock when chal-
lenged intravenously with ovalbumin one week after the
four exposure periods, as compared with controls ex-
posed to filtered ambient air and allergen. The effect of
ozone was significant from exposure levels of
260 ug - m= and up.

There are several possible mechanisms for the en-
hanced sensitization to allergen after ozone exposure.
One possibility is that ozone causes decreased elimina-
tion of the antigen from the lungs. Evidence for this
phenomenon is found in the increased retention of radio-
labeled albumin instilled into the trachea of guinea pigs
previously exposed to 16 000 pg - m= for 30 min (33). In
the same study an increased uptake of allergen into blood
was also found. A mechanism for the increased retention
or uptake of allergen might involve inflammation of the
respiratory tract in relation to ozone exposure. This pos-
sibility is supported by an experiment with dogs in which
acute exposure to 4200 g - m= for 2 h caused an in-
crease in the number of neutrophil granulocytes in the
airway mucosa (34). The ozone exposure caused in-
creased airway responsiveness to acetylcholine, and the
degree of increased responsiveness correlated with an
increase in the mucosal neutrophil number. In an ensuing
study it was found that neutrophil depletion in dogs in-
hibited the effect of ozone on airway hyperresponsive-
ness (35). Thus a contribution from inflammatory mech-
anisms seems likely.

Another interesting possibility is that ozone exposure
might cause changes in the production and secretion of
regulatory proteins, such as cytokines, and these changes
might shift the immune response to an antigen towards
the development of an allergic pattern. Evidence for such
cytokine formation has been found in experiments with
cultured human bronchial epithelial cells exposed to
ozone. In these cells the formation of the cytokines IL 8
and tumor necrosis factor alpha was increased by ozone
exposure (36). Other cytokines may be involved in the
increased allergen-sensitizing effect of ozone (37).

Increased cytokine formation can be expected to lead
to increased antibody formation. Indeed, evidence has
been found for an increased antibody formation in fungs
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as a result of ozone exposure. In mice exposed to 1000 or
1600 pg - m3, ozone exposure continuously for 15 or
24 d caused an increase in pulmonary interstitial cells
producing IgA (38), and an increase in the secretion of
IgA into the respiratory tract also occurred, as indicated
by increments of IgA in lung lavage fluid. Respiratory
tract concentrations of IgG and IgM were also increased,
but as a result of a passive leakage from plasma, as
indicated by a parallel increase in albumin leakage.

Measurement of IgE-containing cells in mice exposed
to inhaled ovalbumin or to ovalbumin after ozone inhala-
tion revealed an increase in IgE-positive cells near the
mucosa in the ozone-exposed animals (39). In response
to only the inhalation of ovalbumin there was a ninefold
increase in IgE-containing cells. Exposure to an ozone
concentration of either 1000 or 1600 ug - m= prior to
ovalbumin sensitization increased the number of IgE-
positive cells by a factor of 34, and this increase was a
significant enhancement of the effect of the allergen.
Ozone-exposed animals exhibited positive passive cuta-
neous anaphylaxis, whereas this sign of antibody forma-
tion was not present in the animals exposed to ovalbumin
alone.

The increased sensitization to allergen caused by
ozone inhalation might be accompanied by the activation
of immune regulatory mechanisms modifying the re-
sponse. Thus mice were subjected to 1600 pg - m-> of
ozone for one, two or four weeks and then subjected to a
single albumin inhalation followed by intraperitoneal im-
munization with albumin a week later. The IgE response
to albumin was suppressed in the ozone-exposed mice
(40). The suppression was due to a modifying effect of
the inhaled albumin on the immune response to the intra-
peritoneal injection given one week later. Thus it seems
clear that ozone can enhance antibody formation when
the exposure to allergen is through inhalation and that it
is important to use allergen exposure schemes that do not
run the risk of obscuring a real effect of allergen sensiti-
zation.

In summary, ozone causes increased sensitization to
inhaled allergens in animals. The increase in sensitiza-
tion seems well documented since it has been found in
several species and involves increased airway sensitivi-
ty, as demonstrated by both the decreased allergen dose
necessary and the number of exposed persons that be-
come sensitized. The increased sensitization is also dis-
played as increased anaphylactic reactions or enhanced
passive cutaneous skin tests for allergen.

Effects an lung function

Breathing pattern, airway resistance and lung
compliance

A sensitive parameter describing lung function is that
of lung compliance. In guinea pigs exposed to an ozone




concentration of 400, 800, or 1600 ug - m™ for 1 to
2 h, a significant decrease of 22% to 24% in compliance
(increase in “lung stiffness”) occurred at 800 ug - m=
and above (41). In guinea pigs exposed to 200 or
1600 pg - m~ for 1 h, followed by histamine challenge,
a significant augmentation of the decrease in compli-
ance caused by histamine occurred already at
200 pg - m3. The effect was the most marked 2 h after
the ozone exposure (42). At 400 to 600 ug - m™ the
airway resistance to gas flow was affected and sensitiv-
ity to bronchoconstrictor agents increased. An increase
in respiratory frequency occurred with a concomitant
decrease in breath volume (tidal volume) at ozone con-
centrations of 600 pg-m= and above. Overt airway
constriction was found to occur in guinea pigs and cats,
respectively, at 800 and 1000 pg - m>. The changes
seem to parallel the effect of a 1500 pg - m= exposure
of humans (43).

Airway responsiveness

The hyperresponsiveness to the immunizing effects
of allergens as a result of ozone exposure has already
been discussed. Another phenomenon of relevance is
that ozone can cause an increased responsiveness to in-
haled bronchoconstrictor agents. This phenomenon can
be called hyperresponsiveness. This effect also involves
an increased response to allergen, but it is an effect
which is not due to increased immunization and is like-
ly to be a sign of increased effects of released media-
tors.

Hyperresponsiveness to bronchoconstrictors occurs
in several species. In the dog and sheep the hyperrespon-
siveness caused by a 2-h exposure to an ozone concen-
tration of 1400 and 1000 g - m~ is the most marked 1 d
after the exposure (44, 45). The effect is likely to be due
to lung inflammation. The inflammation sensitizes the
lung to allergens and agonists. The hyperresponsiveness
decreases but does not disappear during a 7-d period
after exposure.

In guinea pigs ozone exposure to concentrations of
2000 or 6000 ng - m= for 18 h prior to challenge with
inhalation histamine or allergen (ovalbumin) caused sim-
ilar enhancements of bronchial obstruction (46).

Summary

It is clear that inhaled ozone causes changes in breathing
pattern, bronchial obstruction, and hyperresponsiveness
to bronchoconstrictive agents in animals. The effects oc-
cur at concentrations of the gas that are slightly higher
than those necessary to cause changes in morphology,
changes in mucociliary transport, and aberrant host de-
fense. Inflammation is likely to be involved in these
effects.
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Proinflammatory effects of ozone in animal
models

The inhalation of ozone has been shown to result in
detrimental effects in the lungs of all the animal species
tested, ranging from rodents up to nonhuman primates.
Among the major observed effects, the induction of pul-
monary inflammation and the resultant increase in air-
way permeability seem to be a recurrent phenomenon,
particularly after acute exposures (47). This section deals
with the signs and symptoms of ozone-induced inflam-
mation in animals and tries to relate them systematically
to exposure factors, such as the concentration of the gas
inhaled and the duration and pattern of exposure.

Inflammatory process, friend or foe?

Acute inflammation is a normal stress response to local
injury or infection within a tissue. The overall process
involves the integrated activity of specialized cell types,
whose combined activity ensures the destruction of in-
fectious pathogens, the involution of damaged cells with-
in the tissue, and the processes of tissue repair or replace-
ment (figure 1).
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Figure 1. The cells and intracellular mediators involved in alveolar
inflammation. (C = complement factor, C3b = complement factor 3b,
C5—9 (MAC) = complement factor 5—9 membrane attack complex,
C5a = complement factor 5a, CR3 = complement receptor 3 (CD11/
(D18), ELAM-1 =endothelial-leukocyte adhesion molecule-1, Fe =iron,
H,0, = hydrogen peroxide, HOCL = hypochlorous acid, HO- = hydroxyl
radical, 1.C. = immune complex, 1C3b = inhibitor fragment of comple-
ment factor 3b, ICAM-1 = intercellufar adhesion molecule-1, IL-1 =
interleukin-1, IL-6 = interleukin-6, IL-8 = interleukin-8, LTC, = leukot-
riene G, LTD, = leukotriene D,, MIP-1 = macrophage inflammatory
protein-1, 03 = superoxide radical, PAF = platelet activating factor, PGE,
=prostaglandin E,, PGl, = prostaglandin I,, PMN = polymorphonuclear
leukocyte, TNF = tumor necrosis factor, VCAM-1 = vascular cell adhe-
sion molecule-1)
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Macrophages, such as those present in the alveolar
space or in the interstitial tissues of the airways, are
generally thought to occupy a key role in instigating the
inflammatory process. Macrophages respond to the
phagocytosis of foreign (particles) or endogenous mate-
rial (cellular debris), or to antigen presentation, by re-
leasing many potent biological mediators that serve to
amplify tissue response (figure 1).

Of these mediators, arachidonate metabolites (eicosa-
noids), such as the peptide-leukotrienes (I.TC, and
LTD,), prostaglandins such as PGE,, PGI, and PGF,,
and peptide cytokines (various interleukins, eg, IL-1,
IL-6 and IL-8), tumor necrosis factor alpha (TNFa), the
macrophage inflammatory proteins (MIP), and low mo-
lecular-weight agents such as nitric oxide (NO), play
major roles in propagating the stress signal. Many of these
mediators act by increasing the permeability of epithelial
layers, such as the airway epithelium. In the lung this
phenomenon is characterized by an increased permeabil-
ity of the epithelium to interstitial proteins, and the in-
creased permeability causes an accumulation of protein
in the lung lumen. These changes also allow the permea-
bility of airborne molecules (ie, radiolabeled tracers and
particles) from the airways into the interstitium.

Most other epithelial cell types, particularly those
within the airways, are also able to release such inflam-
matory mediators. Another important function of some
of these inflammatory mediators is to activate the local
vascular endothelium and therefore stimulate the expres-
sion of specific adhesion molecules directed against
blood leukocytes and increase the endothelial layer per-
meability to proteins, solutes, and fluid. Finally, some of
these mediators act as chemoattractants for specific blood
leukocytes, such as mast cells, neutrophils, eosinophils,
basophils, and lymphocytes. Thus, in a highly coordi-
nated manner, these mediators stimulate the influx of
cells from the circulation into the area of damage or
infection, pave the way for their rapid infiltration to the
initial area of the affected tissue or organ, and ensure that
the cells are correctly activated to function optimally in
tissue defense and repair. It should be remembered, how-
ever, that extremely vigorous acute inflammations can
lead to considerable tissue damage.

In contrast to the these acute events, the long-term
maintenance of the inflammation response may lead to
detrimental effects within tissues. For instance, many of
the inflammatory cells recruited to the site of inflamma-
tion release agents, such as nitric oxide and reactive
oxygen metabolites, proteolytic enzymes and cytotoxic
proteins, and these cells can cause extensive tissue dam-
age and loss of defined tissue function. Such damage
may also lead to extensive cellular proliferation and lead
to increased cellularity in the tissue, such as thickening
of the airways, or to an imbalance in the cellular compo-
sition of the tissue, such as the replacement of type I
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epithelial cells by proliferating type II cells in the alveo-
lus of the airways. In extreme situations, stimulated pro-
liferation of fibroblasts can occur and lead to the devel-
opment of the fibrotic lesions characteristic of many
chronic inflammations.

Ozone and pulmonary inflammation in animals

As the effects of exposure to ozone are dependent both
on the concentration of the gas and the pattern and dura-
tion of exposure and as actual exposure to ozone within
the human population is likely to be of a largely chronic
nature, interspersed by acute periods of elevated expo-
sure, for the purpose of this review, we have segregated
the description of the proinflammatory effects of ozone
into those after acute exposure (continuous exposure up
to 24 h) and those after more chronic exposures of >1 d,
either continuous or repeated intervals of exposure. Due
to the multiplicity of studies in these areas, we have
limited our description to selected examples which best
illustrate the major findings in each case.

Acute inflammatory responses to ozone

The objective of the many studies on the acute proin-
flammatory effects of ozone have been to define charac-
teristic symptoms of pulmonary response and relate these
symptoms to the factors governing exposure, such as the
minimum concentration required to induce a response in
animals and the effect of the duration and pattern of
exposure.

Early work by Alpert et al (47) demonstrated dose-
dependent (200 to 5 mg - m=) transient increases in lav-
age albumin and IgG concentrations in rats exposed
acutely to ozone; these increases were then confirmed
for other species (48, 49). These pioneering studies clear-
ly show a threshold concentration of ozone in the range
0f 200 to 400 mg - m= for the induction of these types of
changes in airway permeability, which are characteristic
of inflammation. Since then, a plethora of information
has become available describing the mechanism of the
inflammatory response in more detail and defining suita-
ble markers of animal species differences in response to
the gas and the complex relationship between the con-
centration of inhaled ozone and the time of exposure. All
of these parameters are important to the eventual assess-
ment of the risk to human health.

One of the biggest problems in determining the low-
est threshold for an acute inflammatory response to ozone
is presented by the choice of markers. Thus, in contrast
to the preceding permeability observations, it seems that
the release of inflammatory mediators such as PGE, and
PGF,, into lavage fluid after acute exposures (2 h) of



rabbits only occurs at ozone concentrations of >1 ppm,
whereas 200 mg - m~ was totally without activity (50,
51). In another study, Fouke et al (52) exposed dogs
and baboons to ozone levels of 1 mg-m™ for 2 h and
also failed to detect eicosanoid release into the lavage
fluid.

In an extensive permeability study, in which several
animal species were acutely exposed to ozone between
400 and 4 mg - m™ for 4 h, species differences in re-
sponse were clearly evident. Thus guinea pigs were
shown to respond to 400 mg- m= with an increase in
lavage protein 20 h after treatment. On the other hand,
mice, rats, and hamsters were relatively insensitive, re-
sponding first to an ozone level of 2 mg - m3, while
rabbits were relatively resistant, requiring 4 mg - m= to
initiate a response (53).

In addition to detecting permeability changes and the
release of eicosanoids in response to relatively short-
term acute exposure to ozone, several studies on rats
exposed to ozone between 3 and 240 mg - m™ for 6 h
have shown transient increases in lavageable mac-
rophages and polymorphonuclear leukocytes (PMN)
(54, 22).

Interestingly, although the threshold for an increase
in PMN in the total lavage was 1.6 mg-m> in these
studies, when the airways were differentially lavaged,
240 mg - m™ was shown to increase significantly the
number of PMN lavaged from the nasal portion of the
airways (22). It should be stressed that lavageable PMN
are only one component of the inflammatory response to
consider and that changes in the interstitial populations
of macrophages may also be relevant. This point is con-
sidered later in detail.

Three studies have been published that probe the
interrelationship of concentration (C) and time (T) in
controlling the response of animals to acute, continuous
exposure to ozone. Rombout and his co-workers exposed
rats for 1 to 8 h to 760 or 4.08 mg - m= during daytime
conditions and for 4 to 12 h to 260 to 760 mg - m™ under
nighttime conditions. The minimal C x T product re-
quired to increase the lavageable protein in the lung
lumen was 260 mg - m™ for 4 h. Animals exposed under
nighttime conditions were more sensitive to ozone. Mul-
tivariate analysis revealed that the influence of time in-
creased with increasing concentration and that the influ-
ence of time was still important at the lowest concentra-
tion of the gas tested (260 mg - m=) (55). Similar results
were obtained for guinea pigs, but there was some dis-
parity in the relationship between concentration and time
at low C x T products (56). The diurnal sensitivity of
animals to the acute effects of ozone has been confirmed
in a study by Van Bree et el (57), who demonstrated
greater increases in lavage protein and PMN in rats ex-
posed acutely to 12 h of 800 mg - m at night versus a
similar exposure under daytime conditions.
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Many studies have been performed using single
ozone exposures to >1.6 mg - m~. Using radiolabeled
tracers, either injected into circulation or introduced into
airways, Bhalla and his co-workers have exposed rats to
1.6 mg - m for 2 h and demonstrated a transient perme-
abilization of the lung in both directions (58—60). The
same authors showed that exercise enhanced the response
of the animals to ozone under these conditions (61) and
that the effects of ozone were attenuated in leukopenic
rats, or rats pretreated with indomethacin, a cyclooxyge-
nase inhibitor, and antiinflammatory agent (62). In addi-
tion, the PMN isolated from control rats treated with
ozone under these conditions (58—60) showed morpho-
logical changes indicative of activation and increased
cellular adhesiveness (63).

In more-detailed temporal studies of the influx of
PMN into the lung and the relationship of this influx to
increased epithelial permeability, Young & Bhalla (64)
have shown that increases in tracheal permeability in
response to 1.6 mg-m™ for 3 h clearly preceded the
influx of PMN into the lumen (64). In addition, it was
shown that the influx of PMN into the lumen was clearly
preceded by a transient increase in interstitial PMN,
which began immediately after the inhalation was termi-
nated, and that this later event correlated best of all with
increases in airway permeability (65).

Higher concentrations of ozone (>2 mg - m~) have
been generally shown to induce acute proinflammatory
responses rapidly in the lung. In a unique study (66), in
which dogs were exposed to 2 mg - m for only 5 min, in
the form of a bolus in the intubated lung, even this short
exposure was sufficient to elevate the interstitial PMN
and lavageable PMN transiently at 1 to 3 h and 24 h
postexposure, respectively. In addition, unlike the lack
of eicosanoid response to lower levels of ozone (52, 53),
a 1- to 2-h exposure to 2 mg - m-3 has been clearly shown
to elevate the levels of eicosanoids, such as PGE,, PGE,,
LTB, and thromboxane A,, in lavage fluid from a variety
of species (67, 68). Interestingly, Gunnison et al (67)
clearly demonstrated age-related differences in the re-
leased eicosanoids, younger animals clearly favoring the
release of prostaglandin metabolites, while the release of
leukotrienes, the increase in epithelial permeability, and
the influx of PMN into the lung lumen were not altered
by age. It should be mentioned that some of the stimu-
lated release of eicosanoids may not have any functional
bearing on the development of the inflammatory reac-
tion. Recent experiments by Stevens et al (69) have dem-
onstrated that the administration of MK 0591, a phos-
pholipase-activator protein antagonist, did not diminish
the response of dogs exposed acutely to ozone. Thus
these authors postulate that leukotrienes do not play a
role in the response of dogs to ozone.

After 6 h of ozone exposure of rats to 2 mg - m~,
Gunnison et al (70) noted frank cytotoxicity in the
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lavaged PMN population of young but not mature ani-
mals. In a recently published study Pino et al showed
that the exposure of rats to 2 mg - m~ for between 4 and
24 h resulted in time-dependent increases in PMN in the
lavage and in biopsies of the centriacinar region of the
lung, as well as in increased airway permeability. They
noticed, however, that the number of lavageable macro-
phages decreased after exposure, while the interstitial
macrophage numbers remained elevated (71). Using a
neutrophil-deficient rat model, these authors also showed
that the induction of epithelial cell permeability was in-
dependent of the presence of neutrophils in the lung (72).

Only a limited number of acute exposure studies has
been performed with concentrations of ozone above
2 mg - m~ (73, 74). Despite showing signs of inflamma-
tion in most cases, a clear decrease in the number of
lavageable macrophages was noted in rats exposed to
3.6 mg - m= for 2 to 4 h (73). In a recent study utilizing
some interesting inbred mice strains, ozone exposure to
concentrations of up to 4 mg - m= for 3 h was shown to
attenuate the transepithelial electric potential of the
tracheal airways of C57-BL/6] mice prone to inflamma-
tion after ozone exposure. In contrast, the ozone-resistant
C3H/Hel strain showed no such acute alteration in trans-
epithelial potential (75). In a similar series of experi-
ments, Tankersley et al (76) also studied the proinflam-
matory effects of ozone in the C57BL/6J mice, which
were again shown to respond to both high-level exposure
(4 mg-m=, 3 h) and relatively low-level exposure
(600 mg - m=, 7 h), whereas the resistant C3H/HeJ strain
showed little response. Comparative genetic studies per-
formed on these mice strains indicate the involvement of
two critical, and as yet unidentified, genes in the suscep-
tibility to ozone-induced lung inflammation (76). In an-
other series of experiments with susceptible and resistant
mice strains, Kleeberger et al (77) showed that WBB6F1-
W/Wv mice with a mast cell deficiency were resistant to
the influx of PMN into the lung lumen and the increase
in lavage protein caused by 3.5 mg - m= for 3 h. On the
other hand, the C57-BL/6J mice and mature WBB6F1/-
W/Wv, which had received a bone marrow transplant,
showed a considerable inflammatory response under
these conditions. These results indicate a potentially crit-
ical role for interstitial mast cells in mediating the acute
inflammatory response to ozone, at least in mice, at these
relatively high concentrations.

In a recent study on the differential cellular response
to the inhalation of very high ozone levels (4 mg - m™)
for 4 h, Schultheis & Bassett (78) have shown that lav-
aged cells obtained from guinea pigs over a period of 2
to 14 d postexposure had transient changes in the nuom-
bers of mast cells, macrophages, and eosinophils in the
lung after exposure. Using conventional lavage and lav-
age following the collagen digestion of pulmonary con-
nective tissue, these studies also confirmed (64, 65) that
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the progression of the pulmonary inflammation was best
reflected in the interstitial cell response, rather than in
the responses detected by conventional lavage of the
Jung lumen (78).

Only very few studies have been performed on the
effect of the acute co-exposure of animals to ozone and
other agents. In a recent study, Bhalla (79) co-exposed
rats to ozone levels of 1.2 or 1.6 mg - m™ and an enzyme
system generating hydrogen peroxide in the trachea for
2 h. The study clearly showed an additive effect be-
tween the two agents in the induction of tracheal permea-
bility.

In summary, it appears that a single acute exposure to
ozone between 200 and 4 mg - m= results in several
changes in animal pulmonary physiology which are char-
acteristic of the induction of acute inflammation. One
primary characteristic of the acute response is that the
effects are often delayed after exposure to about
1 mg - m~ or below, whereas concentrations above
1.6 mg - m= can result in immediate proinflammatory
changes after the termination of exposure. It also appears
that the longer the exposure time, the more exaggerated
the response, both in terms of the recruitment of proin-
flammatory mechanisms and the threshold of the re-
sponse. Nevertheless, the molecular mechanism underly-
ing acute ozone-induced inflammation remains question-
able. Several studies have also revealed interspecies var-
iations in the sensitivity of animals to ozone, and these
variations complicate extrapolation to human exposure.
The vast majority of the studies indicate, however, that
single exposures to ozone for up to 24 h result in tran-
sient inflammatory changes in the lung, but that the
changes eventually appear to subside. It must be stressed,
however, that appropriate studies have not been per-
formed which critically probe for long-term effects of
acute exposure to the gas. In addition, careful compari-
son of the studies reveal intraspecies variation in the
response of the lungs to ozone inhalation. Further work
is required to determine the molecular basis of this varia-
tion in order to clarify eventual extrapolations from ani-
mal studies to situations of human exposure.

Chronic inflammatory responses to ozone

In contrast to the plethora of studies on the acute, proin-
flammatory effects of ozone in the lungs of animals,
there have only been a few controlled studies on the
effects of repeated interval or continuous exposures to
the gas over extended periods. Such experimental expo-
sure patterns more realistically represent the conditions
under which humans are exposed to ozone in the envi-
ronment.

Early work by Castleman et al with primates (80) and
by Moore & Schwartz with rodents (81) clearly demon-
strate proinflammatory effects of chronically adminis-
tered ozone in a concentration range similar to that in-




ducing acute effects (ie, 100 to 400 mg - m~). In addition
to demonstrating effects on PMN infiltration into the
lung, these studies closely detailed long-term ultrastruc-
tural changes in tissue composition (ie, thickening of the
epithelial-interstitial layers) which are generally not stud-
ied after acute exposure. However, these and more recent
studies clearly show that repeated exposures of animals
to ozone often result in an attenuation of the response
with time and indicate the induction of an adaptive re-
sponse (82).

Several subchronic studies have been performed
which highlight adaptive responses to ozone inhalation
in animals. In a study in which rabbits were exposed to
ozone concentrations between 200 and 2.4 mg - m™ for
2h a day over a two-week period, Driscol et al (83)
demonstrated an increase in alveolar macrophages 7 d
after a single exposure to as little as 200 mg - m=. How-
ever, even upon repeated exposures for up to two weeks,
significant elevations in lavageable macrophages and
PMN were only evident after more than 6 d of repeated
exposure. However, the infiltration response occurred
more rapidly. In another study in which rats were ex-
posed to 400 or 1.6 mg - m™ for 7 h a day over 4 d, no
significant increase in total lavage cells was noted over
control values, but PMN were increased at concentra-
tions above 1.2 mg - m after 1 d of exposure; the levels
then decreased to control values thereafter (84). Tepper
et al (85) demonstrated an adaptive change (attenuation
of the response with time) in pulmonary function after
exposure to 1 mg - m™ in rats exposed for 2.25 h a day
for 5 d, but not in inflammatory cell infiltration into the
lung lumen. Indeed, this study revealed significantly
more PMN in the lung and a persistence of elevated
protein levels in the lavage after repeated ozone adminis-
tration over this period. More recently, van der Val and
his colleagues (86) demonstrated that preexposing rats to
daily intervals of near ambient levels of ozone for 7 d,
significantly diminished the subsequent inflammatory
cell response to an acute challenge with high concentra-
tions of the gas.

Several long-term studies have been published uti-
lizing interval exposures. Last and his co-workers (87)
exposed rats to between 60 and 2 mg-m=>, 6 h a day,
5 d a week, for 20 months. In rats exposed to concentra-
tions above 1 mg - m™, increases in collagen deposition
were noted in the centriacinar region of the lung; this
change is characteristic of the induction of mild, per-
sistent fibrosis. In a recently published study on pri-
mates, exposure to 300 mg- m>, 8 h a day for up to
90 d was clearly shown to cause morphological changes
in the lung. The changes included increases in epithelial
thickness and the number of cuboidal epithelial cells
and increased cellular proliferation in the interstitium
(3). These results are disturbing in terms of the risks to
human health as the levels of ozone employed were
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close to ambient values, and the clearly hyperplastic
response can have serious implications for situations of
co-exposure with other airborne pollutants, particularly
carcinogens.

In addition to the concentration of ozone and dura-
tion of exposure, the pattern of exposure clearly affects
the response of animals to the gas. Several studies have
been performed using continuous exposure for extended
periods. Bassett and his co-workers (88) have exposed
rats to 1.4 mg - m~ for 3 days continuously. Increases in
alveolar macrophages, PMN, and albumin were noted as
early as 12 h into the exposure. In contrast, while PMN
numbers rapidly subsided after exposure, the elevated
protein and macrophage number persisted in the lavage
fluid over several days. Similar effects were obtained by
Canning et al (89) after the continuous exposure of mice
to 1 mg - m™ for up to two weeks. Thus PGE, and pro-
tein peaked in lavage fluid by the third day of the expo-
sure, declining thereafter. These authors noted declining
numbers of cells with time in the lavage following 1—
3 d of exposure.

With the induction of lung fibrosis in mind as a
consequence of chronic exposure to ozone, it is interest-
ing to note that the continuous exposure of rats to I ppm
of the gas for up to two weeks caused considerable in-
duction of the expression of both fibronectin and type 1
collagen mRNA. An induction of the growth-related pro-
tooncogene c-myc was also noted during the treatment
(90). However, it should be emphasized that these effects
were seen with relatively high concentrations of ozone.

Extending the exposure of rats to between 8 and 200
mg - m~ continuously for between 1 and 12 weeks has
been shown to induce persistent infiltration of cells into
the lung fumen, However, in view of the C x T products
used, relatively little proinflammatory action was noted
after extended periods of inhalation. Thus the lowest
effect limit was 400 mg - m?, which caused a signifi-
cantly higher accumulation of macrophages, but not
PML, only after 11 weeks of exposure (12). In a very
interesting study by Chang and his co-workers (91) rats
were continuously exposed to ozone over a long period
using a cyclic pattern matched to environmental varia-
tions of the gas. Thus animals received ambient concen-
trations of the gas (120 mg - m=) for 13 h, followed by a
short peak of 500 mg - m=3, returning to ambient levels
over 9 h. These authors clearly demonstrated an inflam-
matory response in the lungs by one week of exposure,
interstitial macrophages being increased in the proximal
airways and the terminal bronchioles and interstitial ede-
ma being present. Once again, adaptive responses were
noted in these experiments, as the levels of interstitial
macrophages returned to control values after three weeks
of exposure to the cycle. However, importantly, some
evidence of interstitial fibrosis in the proximal airways
was noted after of the exposure was stopped.
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Finally, as the human population is simultaneously
exposed to many airborne pollutants, it is of interest to
determine any additive or synergistic effects of other
agents on ozone-induced inflammation. One agent which
has received considerable attention is nitrogen dioxide,
and this possibility has been the subject of many reviews
(83). Apart from this oxidant gas, the literature is begin-
ning to reveal interactions between ozone and other
agents. For instance, the concomitant chronic inhalation
of carbon-black particles with high concentrations of
ozone (3 mg - m) clearly potentiated the inflammatory
response of mouse lung (92). Such interactions, although
a possibility, may not, however, be plainly evident, and
revealing them requires a careful study design. In a very
recent study by Cassee & Feron (93), in which rats were
intermittently exposed for 3 d to formaldehyde (3.6 ppm),
a known nasal or respiratory tract irritant, ozone
(800 mg - m~) and combinations thereof, little or no syn-
ergism was demonstrated despite each agent causing its
own spectrum of inflammatory and cell proliferatory re-
sponses. Further interaction studies involving chronic
exposure of animals to ozone and other airborne agents
are needed if we are to define the risks to human health
from the inhalation of ozone better, particularly in the
urban environmental setting.

Summary

Perusal of the available studies clearly shows that the
initial inflammatory response of animals to the inhala-
tion of continuous or repeated periodic boughts of ozone

resembles the response of the animal to acute exposures.
However, with increasing lengths of exposure, it is clear
that adaptive responses in lung function and biochemis-
try occur which instigate tolerance to the gas. The rele-
vance of such adaptive responses in animals to the situa-
tion of human exposure to ozone is clear. However, the
demonstration of such a response in humans may be
difficult as the threshold for response in the animal mod-
els tested appears to be between 240 and 300 mg - m,
which is readily achieved in the urban environment at
present. In addition, the pattern of exposure (C x T prod-
uct), more than the absolute exposure concentration,
seems to dominate the response. Thus continuous expo-
sure to ambient levels of ozone, interspaced by short
peak exposures to the gas, seems to elicit as strong a
proinflammatory response as does continuous exposure
to the peak level used. The detrimental inflammatory and
cell proliferatory responses of animal lungs to chronic
exposures to these near-ambient concentrations of ozone
are disturbing in terms of the risks to human health.

Summary and concluding remarks

Exposure of animals to ozone causes effects on lung
morphology and function, as well as inflammation and
decreased resistance to infectious agents. Significant ef-
fects are seen at 200 Ug - m~ and above, and dose-de-
pendency occurs from this concentration and above, mak-

Table 1. Summary of the low-level effects of ozone and effects of 0zone on primates (selected for low effective concentrations, 0.1 ppm

approximated to 200 pg-m-3).

Reference Effect 0zane exposure Species
(ug-m=)
Morphology
Mochitate et af 1992 (21) Alveolar macrophages, increase 200 Rat
in number and enzyme activity
Barry et al 1985 (6) Increase in alveolar type | 240 Rat
cell turnover
Harkema et al 1993 (3) Bronchiolar cell proliferation 300 Monkey
Harkema et al 1987 (4) Nasal epithelial lesions 300 Monkey
Raijini et al 1993 (5) Bronchiolar cell proliferation 300 Rat
Rithideh et al 1989 (12) Increase in alveolar macrophage 540 Rat
mitotic index
Mucaciliary clearance
Driscoll et al 1986 (20) Increase 200 Rabbit
Pinkerton et al 1989 (19) Decrease 500 Rat
Infection defense
Aranyi et al 1983 (26) Decreased resistance 200 Mouse
Sensitivity to allergen or
bronchoconstrictors
Osebold et al 1988 (32) Increased sensitization to allergen; 260 Mouse
inhaled ovalbumin, i.v. anaphylaxis
Biagini et al 1986 (31) Inhaled platinum salt dust, 2000 Monkey
inhaled and skin tests
Gordon & Amdur 1980 (42) Increased sinsitivity to broncho- 200 Guinea pig

constrictive effect; increased
sensitivity to histamine
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ing the observed effects highly reliable. A summary of
some important effects at low levels or in primates is
given in table 1. Apart from effects on lungs, the effects
of ozone can be seen in thymus and lymphoid tissues
after acute exposure. Very disturbing, from a health per-
spective, are recent, well-controlled studies on monkeys
showing that, at 300 pg - m™, an increased proliferation
of both epithelial and inflammatory cells occurs in the
airways. Thus effects on animals are apparent at concen-
trations which are at, or near, background levels of ozone.
In mice subjected to life-long ozone exposure, morpho-
logical changes and fibrosis are present in increased fre-
quencies. The fibrosis also remains despite the cessation
of ozone exposure. Therefore, the morphological changes
must be regarded as nontransient, long-term effects.

The lowest effective concentration of ozone evoking
morphological changes and decreased defense against
infectious agents in rodents and changes in mucociliary
clearance in rabbits is 200 pLg - m. The morphological
effects are seen both after acute exposure and after 90-d
(monkeys) or life-long (mice, rats) exposure. In primates
morphological changes are seen with exposure to 300
ug - m3, involving changes in alveolar morphology in
the lung and alterations in nasal epithelium morphology.
Regardless of differences in sensitivity between species,
it is clear that ozone can cause effects on animals from
200 pg - m~ up and that ozone causes increased sensiti-
zation to allergens from 260 pg - m= on.
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