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Evidence from both epidemiological and laboratory-based studies
suggests that increased exposure to liquid petroleum and gas-derived air
pollutants [nitrogen dioxide (NO,), ozone, and respirable particulate
matter] may play a role in the clinical manifestation of both allergic and
non-allergic airway disease. The mechanisms and cell types involved in
pollutant-mediated effects in the airways, however, are not clear. In vitro
studies have suggested that human fibroblasts, B-lymphocytes, alveolar
macrophages, and epithelial cells/cell lines may be involved. Studies of
fibroblasts and macrophages have demonstrated that exposure to ozone
results in decreased cell viability and increased release of pro-inflammatory
mediators from macrophages. Similarly, studies of B-lymphocytes have
demonstrated that exposure to diesel exhaust particles (DEP) enhances the
synthesis of immunoglobulin E by these cells. The airway epithelial cells
have received the greatest attention in mechanistic studies of air
pollution-induced airway disease and suggest that these cells are likely to
play a pivotal role in the pathogenesis of airways disease. Various studies
have demonstrated that exposure of nasal or bronchial epithelial cells to
NO,, ozone, and DEP results in significant synthesis and release of pro-
inflammatory mediators, including eicosanoids, cytokines, and adhesion
molecules. Additionally, evidence suggests that epithelial cells of atopic
individuals release significantly greater amounts of cytokines such as
granulocyte-macrophage colony stimulating factor (GM-CSF),
interleukin-6 (IL-6), IL-8, and regulated on activation, normal T-cell
expressed and secreted (RANTES), on exposure to NO, and ozone. Studies
investigating the biological relevance of epithelial cell-derived pro-
inflammatory mediators have shown that these enhance eosinophil
chemotaxis and eosinophil adherence to endothelial cells, suggesting that
pollution-induced inflammation of the airways is likely to be influenced by
modulation of epithelial synthesis and release of these mediators.
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suggest that the

Epidemiological evidence suggests that air pol-
lution resulting from increased use of liquid petro-
leum and gas in the transport and manufacturing
industries and domestic settings, has progressively
increased in the last decade. Indeed, levels of the
predominant pollutants, including nitrogen diox-
ide (NO,), ozone, and respirable particulates
(PM10), have occasionally exceeded the European
and WHO safety guidelines in London and other
major cities in the UK (1-4).

Although epidemiological studies, particularly

increased prevalence of allergic disease, such as
asthma, may be associated with air pollution
resulting from the increased use of liquid petro-
leum fuel, the findings from these studies are diffi-
cult to interpret due to the confounding effects of
cigarette smoke, exposure to allergens, meteoro-
logical conditions, and socioeconomic factors (5).
Additionally, these studies investigated the effects
of the major pollutants individually, without
taking into account the potential additive and/or
synergistic effects of combinations of pollutants,
which is of greater relevance.
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However, several studies have demonstrated a
clear association between exposure to environmen-
tal pollutants and exacerbation of respiratory dis-
ease (1-4). Studies have shown that symptoms of
rhinitis, chronic cough, phlegm, decreased morning
peak flow, emergency room visits, and hospitaliza-
tion due to asthma, are associated with increased
exposure to NO, in asthmatic adults and children.
Similarly, increased levels of ozone have also been
shown to adversely affect lung function in children,
and are associated with increased hospital admis-
sions. Studies of respirable particulate matter have
demonstrated that higher levels of PM 10 are associ-
ated with worsening peak flow, inhaler usage, respir-
atory symptoms, and emergency room visits in
asthmatic children and adults. More recently, in a
cohort of over half a million adults residing in 151
metropolitan areas in the USA between 1982-1989,
Pope et al. (6) demonstrated that cardiopulmonary
and lung cancer mortality was associated with fine
particulate air pollution.

Laboratory-based studies have confirmed the
findings of the epidemiological studies and have
shown that inhalation of specific pollutants, either
individually or in combination, adversely affects
lung function and bronchial responsiveness in
asthmatics. Although studies of NO, exposure
have demonstrated inconsistent effects on lung
function and non-specific bronchial responsiveness
(3), numerous studies have been in agreement with
respect to significant effects of ozone in increasing
bronchial responsiveness, causing lung function
impairment, and inducing cough in asthmatic and
non-asthmatic individuals (1). Investigations
focusing on sulphur dioxide (SO,) inhalation, on
the other hand, have shown that although this gas
also leads to bronchoconstriction in both healthy
and asthmatic subjects, the response may vary
within individuals, and asthmatics are more sensi-
tive to the effects of this pollutant (2). More
recently, we and others demonstrated that pre-
exposure of asthmatics and allergic rhinitics for 1-
6 h to either ozone, NO,, or a combination of NO,
and SO,, increases the airway responsiveness of
these individuals to subsequently inhaled allergen
(7-10), and this effect persists over a period of 24—
48 h (11). Studies of the pathological effects of
exposure to pollutants in asthmatics, allergic rhin-
itics, and healthy individuals show that pollutants
such as diesel exhaust, NO,, and ozone lead to epi-
thelial dysfunction and/or damage and induce an
acute inflammatory response in the upper and
lower airways (12-19). More recently, studies of
healthy individuals exposed to purified diesel
exhaust particulates (DEP), shown to be an
important component of the vehicle exhaust-
derived fraction of air pollution, have demon-
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strated that this resulted in a four- to five-fold
increase in the amount of immunoglobulin E
(IgE), but not IgG, IgA or IgM, in the nasal lavage
fluid of these subjects, 4 days after challenge (20).

Putative mechanisms underlying pollution-
induced changes in airway function

Although there is little doubt that exposure to
liquid petroleum and gas-derived pollutants can
enhance the airway response of asthmatics and
allergic rhinitics to inhaled allergens, as well as
enhancing airway damage and inflammation, the
precise mechanisms underlying these effects are
not fully understood. Consequently, studies have
generally concentrated on the effect of pollutants
on specific types of airway cells, including human
fibroblasts, B-lymphocytes, alveolar macrophages,
and epithelial cells/cell lines in vitro.

Fibroblasts and B-cells

Human fibroblasts and B-lymphocytes have been
employed as model systems in mechanistic investi-
gations of air pollutants, but comparatively few
studies on these cell types have been documented.
Mayer and Branscheid (21) investigated the effect
of ozone exposure on lung fibroblasts, established
as primary explant cultures from lung biopsies of
healthy individuals. Although exposure for 20 h to
500 ppb ozone caused significant cell death and
synthesis of hyaluronan, the mortality of the
fibroblasts was increased to an even greater extent
by exposure of the cells to 2.5 ppm ozone for a
much shorter period of time (4 h). In addition,
fibroblasts from different individuals exhibited
marked differences in sensitivity to ozone exposure
(Fig. 1). Thus, although ozone is likely to have
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Fig. 1. Variation in resistance to 0.5 ppm ozone for 20 h of
fibroblast cultures grown from different individuals. Results are
expressed as median and 95% confidence interval (n=number
of experiments with single fibroblast lines from each individ-
ual). Modified from Mayer and Branscheid (21), with kind per-
mission.



reproducible cytotoxic effects on human lung
fibroblasts, the thresholds of cytotoxicity are
unlikely to be reproducible because of differences
in sensitivity of these cells between different indi-
viduals. Kozumbo et al. (22) studied the effect of
indirect exposure of fibroblasts to ozone by
incubating these cells in a medium containing an
arachidonic acid (AA) preparation which had pre-
viously been degraded by exposure for 1 h to 400
ppb ozone. The ozonized AA led to DNA single
strand breaks, which could be blocked by incuba-
tion of the ozonized AA with catalase, but not
superoxide dismutase, suggesting that ozone-
induced generation of hydrogen peroxide was likely
to be involved in this detrimental effect.

Takenaka et al. (23) investigated the effects of
exposure to DEP on IgE production from human
peripheral blood mononuclear cells or purified
tonsillar B-cells, and suggested that its effects are
mediated, at least in part, by the polyaromatic
hydrocarbons (PAHs), such as phenanthrene, pres-
ent in DEP. PAH-DEP-induced IgE production
from these cell types was enhanced by between
20% and 360% over a period of 10-14 days when
the cells were treated simultaneously with both
interleukin-4 (IL-4) and CD40. IgE synthesis from
either cell type could be prevented by pretreatment
with anti-IL-4 or anti-CD40 monoclonal antibody.
The authors suggested that PAHs are likely to
operate by modifying ongoing transcriptional pro-
grams related to IgE production, rather than by
inducing such programs de novo (23).

Abveolar macrophages

Alveolar macrophages and macrophage-like cells
have received greater attention than fibroblasts
and B-lymphocytes in studies examining the mech-
anisms underlying the effects of pollutants, due to
both the prevalence of these cells in the human air-
space and their contribution in the maintenance
of homeostasis and inflammation in the airways.
Studies of the putative role of alveolar macro-
phages in pollution-induced airway disease have
concentrated mainly on the effects of ozone, and
demonstrated that exposure to this agent leads to
synthesis of a variety of pro-inflammatory
mediators. Samet et al. utilized dHL60 cells, a
human macrophage-like cell line, to investigate the
effect of ozone on cell viability, as assessed by
release of 31Cr from pre-labelled cells, and the
release of platelet activating factor (PAF) (24).
Compared with exposure to filtered air, exposure
to all concentrations of ozone between 0.05-1.0
ppm significantly increased the release of PAF
after only 15 min, with maximal effect (more than
3-fold increase) after exposure for 2 h to 1.0 ppm

Mechanisms of pollution-induced airway disease

ozone. Although exposure to the lower concen-
trations did not significantly alter the release of
31Cr, this was significantly increased after exposure
of the cells for 2 h to 0.3-1.0 ppm ozone, compared
with exposure to air. More recently, in collabor-
ation with Devlin et al. (25), this group exposed
alveolar macrophages, isolated and cultured from
bronchoalveolar lavage (BAL) of healthy non-
smokers, to 0.1 ppm ozone for 30-60 min. They
demonstrated that ozone significantly decreased
the viability of these cells by >50%, as indicated
by trypan blue exclusion, but it did not affect the
release of IL-6, IL-8, or fibronectin from these
cells, when compared with exposure to filtered air.
Similarly, Arsalane et al. (26) investigated the
effect of exposure for 1 h to 0.1-1.0 ppm ozone
on macrophages cultured from BAL of smokers.
Contrary to the findings of Devlin et al., ozone did
not induce any significant cell injury, as indicated
by no changes in either the release of lactate
dehydrogenase (LDH) from these cells or the
adenosine triphosphate content of the cells, at any
concentration of ozone studied. However, at 0.4
ppm ozone there was a significant increase in the
release of IL-1B, IL-6, IL-8, and tumour necrosis
factor-oo (TNFa). Analysis of mRNA in these cul-
tures demonstrated that the expression of cytokine
mRNA was also significantly enhanced after
exposure to 0.4 ppm ozone compared with
exposure to filtered air.

Epithelial cells

The airway epithelial cells, not surprisingly, have
been the most widely investigated cells in mechan-
istic studies of air pollution-induced airway dis-
ease, due to their spatial arrangement and
predominance in the airways. There is increasing
evidence that airway epithelial cells may play a piv-
otal role in the pathogenesis of airways disease,
since they can express and synthesize a variety of
inflammatory cytokines and adhesion molecules,
including IL-1B, IL-6, IL-8, IL-16, TNFa, granul-
ocyte-macrophage colony stimulating factor (GM-
CSF), regulated on activation, normal T-cell
expressed and secreted (RANTES), and intercellu-
lar adhesion molecule-1 (ICAM-1), which influ-
ence the activity of eosinophils and lymphocytes
(27-29).

In accordance with the finding of an increased
production of PAF by the dHL60 macrophage-like
human cell line, Samet et al. (24) demonstrated
that, compared with exposure to air, exposure for
1 h to 0.05-1.0 ppm ozone also significantly
increased the release of PAF from both primary
and cell line (BEAS S6) cultures of human bron-
chial epithelial cells. Additionally, although the

47



Devalia et al.

ozone-induced release of PAF was significantly
increased from both the apical and basolateral
compartments of the cultures, no significant differ-
ence was found with respect to the vectorial release
of PAFE Studies of cell viability following exposure
to ozone demonstrated that, unlike the dHL60
cells, the BEAS S6 cells were more sensitive to the
effects of ozone, in that a lower concentration (0.1
ppm ozone) induced a significant release of >!Cr
from these cells. Devlin et al. (25) have also used
the BEAS S6 cell line to investigate the effects of
ozone exposure on cell membrane integrity and
inflammatory mediators. They demonstrated that
exposure for 1 h to 0.1-1.0 ppm ozone led to a
dose-dependent toxic effect, as indicated by release
of LDH from these cells. At all concentrations of
ozone investigated, exposure for 1-4 h also led to
a significant release of IL-6, IL-8, and fibronectin,
1-4 h after exposure. In contrast, Dumler et al.
(30) investigated the effect of ozone exposure on
epithelial cells cultured from human nasal turbi-
nate tissues, and demonstrated that nasal cells are
also sensitive to this pollutant, as indicated by a
significantly increased release of LDH from these
cells, compared with exposure to filtered air. More
recently, this group studied the effect of exposure
to ozone on the release of AA products from the
BEAS $6 cell line, and showed that exposure for
1 h to 0.25-1.0 ppm ozone led to a significant
release of leukotriene B, (LTB,), LTC4, LTD,,
thromboxane B, and prostaglandin E, (31).
Studies from our laboratory have also revealed
that exposure of human bronchial epithelial cells
to 400-800 ppb NO, in vitro, led to increased epi-
thelial permeability and cell damage, decreased cil-
iary activity, and release of pro-inflammatory
mediators, including LTC,, GM-CSEF, TNFo and
1L-8 (32, 33). More recently, we have demonstrated
that exposure of these cells for 6 h to 0-500 ppb
ozone induced significant release of IL-8, GM-
CSE TNFa, and soluble ICAM-1 (sICAM-1) at
concentrations of 10-50 ppb ozone, and also led to
significant epithelial cell damage at concentrations
above 100 ppb ozone (34). Furthermore, the
ozone-induced release of GM-CSF, TNFo and
sICAM-1 could be blocked by treating the cells
with 107° M nedocromil sodium, and release of
IL-8 could be blocked by treatment with glutathi-
one, a naturally occurring intracellular anti-
oxidant (Fig. 2). The effect of DEP (mean aerody-
namic diameter 0.4 pm) on cell function of cul-
tured human bronchial epithelial cells has also
been recently examined in our laboratory. We
found that this pollutant significantly attenuated
the ciliary beat frequency (CBF) of these cells, in
a dose- and time-dependent manner (35), and led
to a significant increase in the release of IL-8, GM-
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Fig. 2. Effect of 0-600 pM glutathione on 50 ppb ozone-
induced release of IL-8 from human bronchial epithelial cells
in vitro. Results are expressed as mean*=SEM (n=8; *P<0.05
vs 0 uM glutathione).
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Fig. 3. Effect of exposure for 24 h to filtered or unfiltered solu-
tions of diesel exhaust particulates (DEP) on ciliary beat fre-
quency (CBF) of human bronchial epithelial cells in vitro.
Results are expressed as median and interquartile values (n=6;
*P<0.05, **P<0.001 vs 0 pg/ml DEP).

CSF, and sICAM-1 after 24 h. Similarly, incuba-
tion of cultures for 24 h at 37°C in a 5% CO; in
air atmosphere in medium which had been pre-
pared by filtering a suspension of 50 ug DEP/ml
culture medium through a micropore filter also sig-
nificantly decreased the CBF of the cells (Fig. 3),
and increased the release of IL-8 and sICAM-1
(Fig. 4). These results suggest that compounds
adsorbed onto the carbonaceous core of the DEP
are likely to be detrimental in the airways.

There is some evidence to support the concept
that there may be differences in the epithelial cells
of atopic asthmatic and non-atopic non-asthmatic
individuals, since the cells of asthmatics produce
significantly greater amounts of GM-CSE macro-
phage inflammatory protein-la, IL-6 and IL-8.
Recent studies of epithelial cells cultured from
nasal biopsy specimens from atopic rhinitics,



atopic non-rhinitics (patients with atopic eczema),
and non-atopic non-rhinitic subjects, in our lab-
oratory, demonstrated that the cells from atopic
rhinitic and atopic non-rhinitic subjects generated
significantly larger amounts of GM-CSE, TNFa,
RANTES, and IL-8, compared with epithelial cells
from non-atopic non-rhinitic individuals (36).
Further studies of epithelial cells from allergic rhi-
nitics, cultured from tissues obtained during the
pollen season, have shown that these cultures
release significantly greater quantities of IL-8 and
RANTES following exposure for 6 h to either 400
ppb NO, or 50-100 ppb ozone, compared with
exposure to air (Fig. 5) (37).

Despite increasing evidence for the role of
airway epithelial cells in the generation of pro-
inflammatory cytokines, there is comparatively
little information on the biological relevance of air
pollutant-induced release of cytokines in airway
inflammation. We have investigated the effect of
conditioned medium from bronchial epithelial cell
cultures exposed for 6 h to air or 50 ppb ozone

(a)
200

r P<0.001
—_ .
£
‘g 150 + r P<0.02 .
o
‘;g — P<0.01 e ——
2 100 -1 —NS — f
(=
=1 .
g D
- L]
3 e Do
. H
W F :
0 T T T T T
0 10 50 100 50 (filtered)
Concentration of DEP (ug/mi)
(b)
40- — P<0.005—
NS
= P<0.01— I .
£ NS/ '
S 30
&
2 .
@
(3] L[]
2 207 . .
E’ A4 » : ——
I . ‘ % )
104
S T B s
® : .
0 r — " . —
0 10 50 100 50 (filtered)

Concentration of DEP (ug/ml)

Fig. 4. Effect of exposure for 24 h to 0-100 pg/ml diesel exhaust
particulates (DEP) on release of (a) IL-8, and (b) sSICAM-1
from human bronchial epithelial cells in vitro. Results are shown
as median and individual values.
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Fig. 5. Effect of exposure for 6 h to 0~100 ppb ozone and 400
ppb NO; on release of RANTES from cultured nasal epithelial
cells of patients with seasonal allergic rhinitis. Results are
shown as median and interquartile values (n=9).

on eosinophil chemotaxis and adherence to human
endothelial cells. It was demonstrated that the con-
ditioned medium from cultures exposed to ozone
significantly increased both eosinophil chemotaxis
and adherence to human endothelial cells, when
compared with conditioned medium from cells
exposed to air. These results suggest that pol-
lution-induced inflammation of the airways may be
a consequence of increased synthesis and/or release
of epithelial cell-derived mediators which influence
the activity of inflammatory cells.

Conclusions

Taken together, the findings of both epidemio-
logical and laboratory-based studies provide evi-
dence to suggest that exposure to air pollutants
generated from petrol and diesel burning engines
are likely to precipitate attacks of asthma and rhi-
nitis. Although it is clear that inhalant pollutants
can affect the activity of several cell types, includ-
ing fibroblasts, B-lymphocytes, alveolar macro-
phages, and airway epithelial cells, the latter are
likely to be the cell type most affected, due to their
spatial positioning and vital role as the first line of
cell defence in the airways. The pollutants may
exert their effects at the epithelial barrier directly
by:

(i) Decreasing ciliary activity, increasing epi-
thelial damage and increasing epithelial per-
meability. This would lead to decreased
clearance and increased accessibility of air-
borne allergens and irritants to the sub-epi-
thelial tissue, where they may react with and
activate inflammatory cells, such as mast cells.

(ii) Depleting naturally occurring anti-oxidants,
such as glutathione, which are important in
the maintenance of epithelial cell membrane
integrity.

49



Devalia et al.

Pollutants

l CBF

Allergen
Conditioned p

medium

TNFa GM-CSF
IL-1B

IL-8

Adhesion

molecules
ICAM-1
VCAM-1

Eosinophil

E-selectin

&

Mast cell

Endothelial cell

Fig. 6. Schematic view of the putative role of airway epithelium in the development of pollution-induced airway disease.

(iii) Increasing the release of pro-inflammatory

cytokines and cell adhesion molecules, which
orchestrate the detrimental functions of
inflammatory cells such as eosinophils, mast
cells and lymphocytes (Fig. 6).
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