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The Role of Reactive Oxygen and Nitrogen 
Species in the Response of Airway 
Epithelium to Particulates 
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Bernard M. Fischer,1 Nan Fei Jiang,l Lori G. Rochelle,' 
Nancy J. Akley,' Kevin L. Dreher,2 and Kenneth B. Adler1 

1College of Veterinary Medicine, North Carolina State University, 
Raleigh, North Carolina; 2National Health and Environmental Effects 
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Epidemiologic and occupational studies indicate adverse health effects due to inhalation of 
particulate air pollutants, but precise biologic mechanisms responsible have yet to be fully 
established. The tracheobronchial epithelium forms the body's first physiologic barrier to such 
airborne pollutants, where ciliary movement functions to remove the offending substances 
caught in the overlying mucus layer. Resident and infiltrating phagocytic cells also function in this 
removal process. In this paper, we examine the role of reactive oxygen and nitrogen species 
(ROS/RNS) in the response of airway epithelium to particulates. Some particulates themselves 
can generate ROS, as can the epithelial cells, in response to appropriate stimulation. In addition, 
resident macrophages in the airways and the alveolar spaces can release ROS/RNS after 
phagocytosis of inhaled particles. These macrophages also release large amounts of tumor 
necrosis factor alpha (TNF-a), a cytokine that can generate responses within the airway 
epithelium dependent upon intracellular generation of ROS/RNS. As a result, signal transduction 
pathways are set in motion that may contribute to inflammation and other pathobiology in the 
airway. Such effects include increased expression of intercellular adhesion molecule 1, 
interleukin-6, cytosolic and inducible nitric oxide synthase, manganese superoxide dismutase, 
cytosolic phospholipase A2, and hypersecretion of mucus. Ultimately, ROS/RNS may play a role in 
the global response of the airway epithelium to particulate pollutants via activation of kinases and 
transcription factors common to many response genes. Thus, defense mechanisms involved in 

responding to offending particulates may result in a complex cascade of events that can 
contribute to airway pathology. - Environ Health Perspect 105(Suppl 5):1301-1307 (1997) 

Key words: reactive oxygen/nitrogen species, signal transduction, airway inflammation, 
mucin hypersecretion, ICAM-1, TNF-a 

Introduction 
Epidemiologic studies consistently provide Standard (1-3). Particulate air pollutants 
evidence of adverse health effects due to par- may exacerbate respiratory symptoms in 
ticulate air pollutants even at levels below illnesses such as asthma which leads to 
the current National Ambient Air Quality increased emergency room admissions 
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and hospitalization for respiratory and 
cardiovascular disease (4,5). Additional 
studies indicate that the association of respi- 
ratory diseases such as asthma, chronic 
bronchitis, chronic obstructive pulmonary 
disease, and emphysema with occupational 
exposure to airborne dusts is likely causal 
(6-9). Even though these data provide evi- 
dence of a link between airborne particulates 
and deleterious health effects, the precise 
biologic mechanisms responsible for these 
associations have yet to be fully established. 

The airway epithelium forms the body's 
first physiologic barrier to airborne pollu- 
tants. In the tracheobronchial segment of 
the airways, particulates are sequestered in 
the mucus layer overlying the epithelium, 
where ciliary movement functions to 
remove the offending substances (10,11). 
Resident phagocytic cells also function in 
this removal process (12,13). Particles in 
the airway can activate inflammatory cells 
to produce high concentrations of reactive 
oxygen and nitrogen species (ROS/RNS), 
and may also participate in the direct gen- 
eration of reactive species such as super- 
oxide (02'-), hydroxyl radical (OH'), 
hydrogen peroxide (H202), nitric oxide 
(NO'), and peroxynitrite (ONOO-). For 
example, the highly reactive hydroxyl radi- 
cal, which can be formed by the Fenton 
reaction (Equation 1), may be produced 
from iron-containing asbestos fibers 

Fe(II) + H202 + H+ - 

HO; + Fe(III) + H20 [1] 

encountering other ROS after inhalation. 
It is possible that ROS are formed in a 
similar manner when other metal-contain- 
ing particles, such as residual oil fly ash, 
encounter the airway. 

In addition to serving as a target for 
particle pollutants and ROS/RNS, the air- 
way epithelium functions as an effector in 
response to deleterious stimuli. Physiologic 
responses associated with the epithelium 
include an increase in mucus secretion, 
production of inflammatory mediators, 
recruitment of inflammatory cells, and the 

generation of ROS/RNS [reviewed by 
Cohn et al. (14)]. 

Previously, we have shown that certain 
ROS/RNS serve as signaling molecules in 
the response of airway epithelium to 

exogenous oxidants or cytokines (15-18). 
In this report, we examine the role of 
ROS/RNS specifically in the response of 
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airway epithelium to particulate pollutants. 
Furthermore, we suggest that ROS/RNS 
may globally regulate the response to parti- 
cles, serving as the common signaling 
species in pathways and resulting in a wide 
variety of physiologic responses. As noted 
above, the epithelium, which first encoun- 
ters particulate pollutants, is itself capable 
of directly generating ROS/RNS. In addi- 
tion, inflammatory cells such as macro- 
phages, resident or recruited to the airway, 
can generate large amounts of ROS/RNS 
in response to particulates (19,20). Macro- 
phages can also release the cytokine tumor 
necrosis factor (TNF-a) in response to par- 
ticles or fibers (21-23). TNF-oa may then 
provoke a variety of responses within 

epithelial cells dependent on intracellular 
generation of ROS/RNS. As a result of the 
presence of ROS/RNS, signal transduction 
pathways are set in motion that ultimately 
lead to changes in cellular expression asso- 
ciated with lesions observed after exposure 
to airborne pollutants. 

Production of ROS/RNS in 
Response to Particulates 
Reactive oxygen and nitrogen species can 
be generated in various ways after inhala- 
tion of particulates. Particles may them- 
selves be reactive species. For example, 
freshly ground silica (SiO2), a common 
source of occupational exposure, contains 
free radicals. This ground silica activates a 
greater respiratory burst in macrophages 
than aged silica (24). Thus, while one 
mechanism of ROS production may sim- 
ply be due to phagocytosis of particles per 
se, the production of ROS may also be cat- 
alyzed by metals or other reactive species 
composing the phagocytosed particles. 
Silicates (silicon oxides associated with 
metal cations) are able to generate oxidants 
in vitro, as measured by their reaction with 
deoxyribose. The extent of oxidant genera- 
tion has been found to be proportional to 
the amount of iron complexed to the sur- 
faces of the particles (19). Residual oil fly 
ash and ambient air dusts are also capable 
of generating oxidized products in vitro. 
This oxidizing capacity correlates positively 
with ionizable concentrations of numerous 
transition metals complexed with the dusts 
(25). Similarly, in vivo exposure to various 
transition metal-containing dusts causes 
oxidant generation via the release of super- 
oxide anion and hydrogen peroxide from 
resident macrophages (26). 

Particulate pollutants and fibers also 
induce chronic inflammatory reactions in 
airways characterized by alveolar macrophage 

accumulation (27,28) and neutrophil 
presence (19,25). Macrophages recruited to 
the airways are thus capable of adding to 
the oxidant burden via their respiratory 
burst. Such release can occur in response to 
a number of cellular activators including 
cytokines such as TNF-oa (29). As with 
ROS, alveolar and pleural macrophages are 
capable of producing RNS (30), with nitric 
oxide observed in the macrophage respira- 
tory burst that results from silica-induced 
activation (31). 

Cytotoxicity Due to Particles 
Involves Oxidative Stress 
Even though it is generally accepted that 
particles cause cellular injury and generate 
ROS/RNS within airways, ongoing major 
research efforts strive to understand the 
biological mechanisms of airborne particu- 
late-induced injury and the relationship 
between these phenomena. In vivo cytotox- 
icity and fibrogenic effects on the lung cor- 
relate with the presence of free Si02 in 
mineral dusts such as those found in indus- 
trial settings e.g., foundries (32). Numerous 
studies have also addressed the mechanistic 
basis for such cellular injury resulting from 
silica exposure [reviewed by Craighead et al. 
(33)]. The binding of silica to plasma mem- 
branes of airway and lung cells, and to the 
membranes of phagosomes, can provoke the 
generation of ROS. This suggests a role for 
ROS in silica-induced cell injury (34-36). 
Both crocidolite and chrysotile asbestos 
cause less cytotoxicity in hamster tracheal 
epithelial cells when either dimethylthiourea 
(DMTU) or superoxide dismutase are pre- 
sent. DMTU is a small, highly diffusible 
molecule that effectively scavenges ROS 
including hydroxyl radical. This indirect 
evidence suggests a role for intracellular 
oxidants in promoting cytotoxicity of 
epithelial cells in response to asbestos (37). 

Rat tracheal epithelial (RTE) cells have 
also been used to examine the cytotoxicity 
of a fugitive emission particle, residual oil 
fly ash (ROFA). ROFA-induced injury to 
RTE cells was attenuated in a dose-depen- 
dent manner by co-exposure with DMTU. 
Thus, this observation provides strong evi- 
dence that generation of oxidative stress is 
critical to ROFA-induced cytotoxic injury. 
Additional studies using buthionine sulfox- 
imine to deplete glutathione in RTE cells 
before exposure to ROFA confirmed that 
cellular glutathione is involved in protect- 
ing RTE cells from ROFA-induced cyto- 
toxicity (38). Currently, promising efforts 
are underway in our laboratory to measure 
intracellular oxidants during particle 

exposure in RTE cells. Using guinea pig 
tracheal epithelial (GPTE) cell cultures, we 
found that ambient air particulates collected 
from St. Louis, Missouri, and Washington, 
DC, as well as a domestic residual oil fly ash 
from Durham, North Carolina, are less 
cytotoxic than ROFA (NF Jiang, unpub- 
lished observation). Thus, we are now in a 
position to determine whether the observed 
decrease in cytotoxicity induced by these 
ambient air particulates is associated with a 
comparable decrease in their ability to 
provoke an oxidative stress. 

Possible Roles of ROS/RNS 
in Particle-induced 
Pathophysiology 
ROS/RNS produced by the airway epithe- 
lium or phagocytic cells may play both a 
direct and an indirect role in the observed 
biological responses of the airway epithe- 
lium to air particulates. ROS can directly 
damage tissue through peroxidation of cel- 
lular lipids, DNA strand breakage, and the 
oxidation of structural or functional proteins 
(39). Ultimately, the functional results of 
such damage are observed as impairment of 
ion transport, damage of surface receptors, or 
death or malignant transformation because 
of breakage of genetic material (40-43). 

Biological damage may be further 
increased as production of ROS/RNS 
enhances the uptake of more particles by 
the epithelium. Exogenous sources of ROS 

including cigarette smoke, ozone, and 
hydrogen peroxide increase particle uptake 
in tracheal explants. This uptake can be 
blocked, in the case of cigarette smoke, by 
superoxide dismutase, and in all cases, by 
catalase. These observations suggest ROS 
can increase particle uptake by a direct 
effect on the tracheobronchial epithelium. 
Such direct effects may include damage to 
the cytoskeleton and membrane lipid 
peroxidation [reviewed by Churg (44)]. 

ROS/RNS may also serve as effectors of 
intracellular signaling within the airway 
epithelium [(15,45); reviewed by Rochelle 
et al. (46)]. ROS/RNS may act directly as 

signaling molecules. Nitric oxide, for exam- 

ple, acts as a signaling molecule through 
activation of soluble guanylyl cyclase (47) 
or direct nitrosylation of potential regula- 
tory proteins such as transcription factors 
(48). ROS/RNS may also act indirectly to 
transduce a signal. For example, some 
extracellular oxidants increase the presence 
of intracellular oxidants in GPTE cells 
(17). Thus, ROS/RNS react with other 
intracellular species, shifting biochemical 
equilibria and altering the general redox 
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state of the cell. Such a change in the redox 
state affects activation of oxidant-sensitive 
transcription factors (49). Thus, a possible 
mechanism governing development of 
lesions after exposure to airborne pollu- 
tants may be the direct or indirect activa- 
tion of transcription factors by ROS/RNS, 
which ultimately leads to changes in 

gene expression. 

Possible Role of ROS/RNS in 
TNF-a-mediated Response 
to Particulates 
Upon phagocytosis of airborne particles, 
macrophages may produce mediators, in 
addition to ROS/RNS, which are involved 
in the inflammatory and fibrotic responses 
observed in the airway (21,27,50-52). One 
such mediator, cytokine TNF-a, appears 
to play a significant role in mediating 
responses induced by certain particles. On 
exposure to silica, for example, macrophage 
cell lines increase their release of TNF-a 
(22,50-52). By contrast, pulmonary TNF- 
a expression is not induced in rats exposed 
to ROFA (KL Dreher, unpublished data; 
Kodavanti et al., unpublished data). 

The interplay between ROS/RNS and 
TNF-a in the airway is quite complex. 
As noted, TNF-a can cause release of oxi- 
dant species from activated macrophages. 
Yet alveolar macrophages exposed to free 
radical stress have also been observed to 
release TNF-a (53). Iron-laden asbestos 
fibers, as well as silica, cause the release of 
TNF-a, mediated by ROS, from alveolar 
macrophages (23,54). 

TNF-a may mediate responses to parti- 
cles in epithelial cells via a mechanism 
dependent on the generation of intracellular 
ROS/RNS. An increase in cellular oxidants 
can convert cellular glutathione to its oxi- 
dized form. When human type II epithelial 
cells (A549) are exposed to exogenous 
TNF-a, a significant decrease in cellular 
glutathione is observed, with an associated 
elevation in oxidized glutathione (55). 
Similar observations have been made using 
bovine pulmonary vascular endothelial cells 
(56). Thus, TNF-a appears to generate 
intracellular ROS. Direct or indirect mech- 
anisms, such as those described above for 
ROS produced directly by the epithelium 
or phagocytic cells, may then provoke a 
variety of cellular responses. 

ROS/RNS and TNF-a Evoke 
Changes in Gene and 
Protein Expression 
After interaction with particulates, ROS/ 
RNS and TNF-a produced by resident 

and infiltrating macrophages, and perhaps 
by the airway epithelium itself, may have 
profound effects on expression of a variety 
of inflammation-associated cellular prod- 
ucts, as illustrated in Figure 1. 

TNF-a Increases Expression of 
Inflammation-associated Genes and 
Their Products 

Inhalation of certain particulates activates 
alveolar macrophages. This activation results 
in the release of TNF-a, which has multi- 
ple effects on the airway including altered 
epithelial permeability, mucin hypersecre- 
tion, enhanced intercellular adhesion mole- 
cule 1 (ICAM-1) expression, and increased 
production of interleukin-6, -8 (IL-6, IL-8), 
and granulocyte-macrophage colony- 
stimulating factor (GM-CSF) [reviewed by 
Cohn et al. (14)]. 

Expression of ICAM-1. As inflammation 
develops within the airway, numerous 
inflammatory cells accumulate, including 
mast cells, macrophages, eosinophils, and 
lymphocytes. Cellular adhesion molecules 
such as integrins and the immunoglobulin 
supergene family, which includes ICAM-1, 
are responsible for the adherence, dia- 
pedesis, and interstitial migration of these 
inflammatory cells (57). Airway hyperre- 
sponsiveness, noted in human respiratory 
disorders such as asthma, has also been 
associated with increased ICAM-1 expres- 
sion (58,59). In vivo and in vitro studies 
have shown ICAM-1 expression to be 
upregulated by TNF-a, IL-1, and inter- 
feron gamma (60-62). Using both the 
human respiratory cell line BEAS-2B and a 

fully differentiated human bronchial 
epithelial cell culture system (63,64), we 
noted that the level of steady-state ICAM-1 
mRNA increased in response to noncyto- 
toxic levels of TNF-a (15-150 ng/ml). 
Since the promoter region of ICAM-1 con- 
tains consensus binding sites for the redox- 
sensitive transcription factors AP-1 and 
nuclear factor KB (NFKB), we also exam- 
ined the activation (nuclear localization) of 
these transcription factors by electro- 
phoretic mobility shift assays. NFKB was 
activated in the presence of TNF-a, but 
not in control cells. Thus, expression of 
ICAM-1 in response to TNF-a is likely 
regulated, at least in part, via a transcrip- 
tional mechanism requiring the nuclear 
localization of NFKB and its binding to the 
ICAM-1 promoter region. 

Nickel chloride and cobalt chloride also 
induce gene transcription of ICAM-1 and 
activate NFKB in human endothelial cells. 
In these cells, both NFicB activation and 
ICAM-1 expression can be inhibited by 
antioxidants, indicating the involvement 
of redox-dependent mechanisms (65). 
These data suggest the potential for metal- 
containing particles to regulate ICAM-1 
gene expression mediated by production of 
ROS/RNS, following the interaction of 
these particles with the airway epithelium 
or resident macrophages. 

We also showed recently that noncyto- 
toxic concentrations of TNF-a ranging 
from 0.015 ng/ml to 150 ng/ml enhanced 
ICAM-1 surface expression on human 
bronchial epithelial cells, as measured by 
flow cytometry. This expression was a 

Macrophage Particulates Macrphag 

0*_ 

ROS/RNS 
TNF-a, ROS/RNS 

Response (mucin secretion, increased ICAM-1 and IL-6 expression) 

Figure 1. Response of the airway epithelium to particulate pollutants. 
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specific, receptor-mediated event, as coin- 
cubation with the soluble TNF receptor 1 
abolished the effect. It is also likely that the 
signal transduction pathway governing this 
expression includes protein kinase C 
(PKC), as a PKC inhibitor, calphostin C 
(0.1 and 0.5 pM), attenuated ICAM-1 
expression. Similarly, D609 (1-20 mg/ml), 
a phosphatidylcholine-specific phospholi- 
pase inhibitor, attenuated this ICAM-1 
surface expression (63). In addition, the 
expression of ICAM-1 in human trans- 
formed bronchial epithelial (BEAS-2B) 
cells may be negatively regulated by ROS, 
as preincubation with dimethyl sulfoxide 
and DMTU, scavengers of ROS, enhanced 
TNF-a-induced ICAM-1 expression (18). 

Expression of IL-6. The expression of 
cytokines including IL-6, IL-8, and GM- 
CSF has also been shown to be modulated 
by TNF-a (66,67). These cytokines, in 
turn, exert proinflammatory effects in the 
affected airway, including T-cell activa- 
tion and proliferation, B lymphocyte 
immunoglobulih production and mucin 
secretion (IL-6), attraction of neutrophils, 
eosinophils, basophils, and T lympho- 
cytes (IL-8), and prolonged survival of 
eosinophils (GM-CSF) (68-70). TNF-a 
increases the steady-state mRNA of IL-8 in 
a time- and dose-dependent fashion in 
A549 cells and in primary cultures of 
human bronchial epithelial cells (66,69). 
Preliminary results from our laboratory 
also indicate an increase in IL-6 steady- 
state mRNA in response to TNF-ca stimu- 
lation in primary human bronchial 
epithelial cells in vitro. In these cells, L-N6- 
monomethylarginine (LNMA), a competi- 
tive inhibitor of nitric oxide synthase, also 
increases the level of the IL-6 message after 
TNF-oa stimulation. This finding suggests 
a role for nitric oxide in the transcriptional 
regulation of IL-6 gene expression. The 
NFKB site present in the IL-6 promoter is 
also important for transcriptional regula- 
tion of IL-6 in A549 cells in response to 
rhinovirus (71). Thus, the NFKB activa- 
tion observed in human bronchial epithe- 
lial cells in response to TNF-a may also 
play a role in the transcriptional activation 
of IL-6 in these cells. 

We have begun to examine expression 
of IL-6 in primary human bronchial 
epithelial cells in vitro. TNF-a, as well as 
ROS generated by addition of xanthine 
oxidase to purine (P + XO), stimulates 
release of IL-6. Although the increase in 
IL-6 mRNA differs after exposure to the 
two stimuli, preliminary data from our lab- 
oratory suggest the extent of this difference 

increases greatly when IL-6 expression is 
examined at the protein level as detected 
by ELISA. The larger amount of IL-6 
release occurs in response to the P + XO 
treatment. These results suggest posttran- 
scriptional regulation of IL-6 expression in 
response to stimulation by ROS. 

Expression of Signal Transduction- 
associated Genes. The inflammation- 
associated effects of TNF-a on the airway 
may be mediated through signal transduc- 
tion pathways. For example, second messen- 
gers generated by phospholipase pathways 
may act through autocrine or paracrine 
mechanisms to enhance inflammation via 
cellular alterations in epithelial permeabil- 
ity, eicosanoid and platelet activating factor 
(PAF) release, and enhanced infiltration of 
inflammatory cells (72). The expression of 
a number of enzymes and messengers in 
such pathways is enhanced by TNF-a 
(73). Studies from our laboratory indicate 
increases in gene expression for calcium- 
independent isoforms of nitric oxide syn- 
thase (iNOS), cytosolic phospholipase A2 
(PLA2), and manganese superoxide dismu- 
tase (MnSOD) in transformed human 
bronchial epithelial (BEAS-2B) cells (74). 
The inducible and the constitutive NOS 
mRNAs were also transcribed after TNF-ca 
exposure in cultures of primary human 
bronchial epithelial cells (75). We have also 
shown that TNF-aC enhances gene expres- 
sion for cytosolic PLA2, as well as stimulates 
its enzymatic activity, in BEAS-2B cells 
(74). This increase in gene expression can 
be attenuated by treatment with the PKC 
inhibitor calphostin C (73). 

TNF-ao and ROS/RNS Enhance 
Mucin Secretion 

TNF-a at concentrations from 1 to 
15 ng/ml has been found to increase secre- 
tion of mucin from GPTE cells following 
1 to 8 hr of incubation. A number of 
specific inhibitors have been used to exam- 
ine potential signal transduction path- 
ways responsible for this hypersecretion. 
TNF-oa-induced mucin hypersecretion is 
attenuated in the presence of a phospha- 
tidylcholine-specific phospholipase C (PC- 
PLC) inhibitor (D609), a PKC inhibitor 
(R031-8220), a competitive inhibitor 
of NOS (LNMA), a cGMP inhibitor 
(LY83583), and an inhibitor (KT5823) of 
cGMP-dependent protein kinase (PKG) 
(16,74). Consistent with a role for nitric 
oxide synthase (iNOS) in the release of 
mucin, intracellular nitrate/nitrite was also 
generated in response to TNF-Oa stimulation 
in GPTE cells (LG Rochelle and BM 

Fischer, unpublished observations). Based 
on these observations, we suggest that the 
mechanism governing hypersecretion of 
mucin in response to TNF-a in GPTE 
cells is mediated by nitric oxide and cGMP 
through the following signal transduction 
pathway: TNF-oc - PC-PLC -> DAG - 
PKC -> iNOS ->NO -> cGMP -> PKG - 
mucin secretion (74). 

ROS and RNS, such as those produced 
by alveolar macrophages in response to par- 
ticulate pollutants, can increase respiratory 
mucin and depress ciliary beat frequency in 
the airway epithelium (15,76). This dimin- 
ishes the clearance ability of the mucociliary 
system, leading to prolonged exposure to 
potential toxins and pathogens. We have 
observed a dose-dependent enhancement of 
mucin secretion in GPTE cells following 
exposure to ROS generated by P + XO. 
This increase is inhibited by superoxide dis- 
mutase or the permeable oxidant scavenger 
DMTU. Exogenous P + XO also increases 
intracellular oxidant species. Together, 
these results clearly indicate that intracellu- 
lar oxidant species play a role in transduc- 
ing the signal of oxidative stress to the 
ultimate response of mucin hypersecretion 
(17). Recent studies from our laboratory 
suggest that nitric oxide plays a role in 
transducing the signal which provokes 
secretion of mucin in GPTE cells (74), 
likely via a cGMP-dependent pathway. 
Exogenously generated nitric oxide stimu- 
lated airway epithelial mucin secretion, 
inositol phosphate turnover, and cGMP 
production. In addition, dibutyryl cGMP, a 
cell-permeable stable cGMP analog, stimu- 
lated mucin secretion (17). This enhanced 
response is mediated in part by activation 
of PLA2 and production of PGF2a by the 
airway epithelium (15). 

Global Regulatory 
Mechanisms Affected 
by ROS/RNS and TNF-a 
A plethora of physiological responses to 
particulate pollutants, including hypersecre- 
tion of mucus, inflammation, and fibrosis 
in airways, is well documented. ROS/RNS 
appear to play a role in transducing these 
responses in airway epithelium. Although 
these reactive species may be generated 
directly by the epithelium or the particles 
encountered, macrophages present in the 
inflamed airway are also capable of generat- 
ing ROS/RNS and TNF-a. TNF-a may 
further provoke a variety of responses via 
generation of intracellular ROS/RNS. 

Whereas very defined signal transduction 
pathways leading to specific observed 
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pathophysiological responses can be 
examined, it is interesting to note that 
ROS/RNS, either directly, or induced intra- 
cellularly by TNF-a, likely play a role in 

activating enzymes and transcription fac- 
tors that may participate in many path- 
ways. For example, we have determined that 
the enhanced expression of a number of 
genes, including mucins, ICAM-1, iNOS, 
and PLA2 in response to ROS/RNS involves 
PKC. A number of redox-sensitive kinases 
such as Src and syk protein tyrosine kinases 
are already known (77), and it is likely that 

other common signaling molecules will 

emerge in future studies concerning oxidant 
interaction with airway epithelium. 

Oxidant species produced in response 
to particles can also alter the general redox 
state of the cell, as can TNF-oc (55). This 

change may even be mediated by a com- 
monly activated enzyme such as PKC (78). 
With alterations in the redox state of 
the cell, oxidant-sensitive transcription fac- 
tors such as NFKB and AP-1 are activated. 
These transcription factors appear to 
be important for expression of many 

inflammation-associated genes in airways. 
Thus, ROS/RNS may play a role in the 
global response of the airway epithelium to 
particulate pollutants via activation of 
kinases and transcription factors common to 
many response genes. In this manner, a con- 
certed effort to rid the airway of the offend- 
ing substance is mounted. If the load is too 
great, or the airway previously impaired, 
these same mechanisms can result in delete- 
rious respiratory lesions and outright pathol- 
ogy. The challenge remains to determine the 
pathogenic mechanisms involved. 
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