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Pleural and pulmonary fibrosis (asbestosis) are ramifications of occupational
exposures to asbestos fibers, a diverse family of ubiquitous, naturally-occur-
ring minerals. The pathogenesis of asbestos-associated fibrosis involves the
participation of a number of cell types and is characterized by an early and
persistent inflammatory response that involves the generation of oxidants,
growth factors, chemokines, and cytokines. These mediators may also con-
tribute directly to cell injury, proliferation, and fibrogenesis. After interaction
with cells, asbestos fibers trigger a number of signaling cascades involving
mitogen-activated protein kinases (MAPK) and nuclear factor kappa-B (NF-
kB). Activation of transcription factors such as NF-kB and activator protein-1
(AP-1) may be linked to increases in early response genes (e.g., c-jun and
c-fos) which govern proliferation, apoptosis, and inflammatory changes in the
cells of the lung. The goal of this article is to review the cellular and molecular
mechanisms of asbestos-induced fibrosis that may be critical to the develop-

ment of effective treatment regimens.
© 1999 Wiley-Liss, Inc.

Interstitial pulmonary fibrosis is an outcome of
inhalation of asbestos and other minerals including
silica and coal dust (reviewed in Mossman and
Churg, 1998). The major cellular changes observed in
patients and in animal models of disease include
infiltration of inflammatory cells into the airspaces
and interstitium of the lung, injury and hyperplasia
of pulmonary epithelial cells, and proliferation that
is accompanied by increased collagen synthesis by
fibroblasts. The hallmark of the fibrotic lesion is an
excessive deposition of collagen and other extracel-
lular matrix proteins in a fashion similar to the
architectural changes seen in idiopathic pulmonary
fibrosis (IPF). For these reasons, study of the critical
cellular and molecular mechanisms initiating and
contributing to inflammation, cell proliferation and
repair, and fibrogenesis by asbestos fibers is essen-
tial to gain a general understanding of fibrotic lung
diseases that are problematic in terms of effective
therapies.

This review will first describe the chemical and phys-
ical properties of asbestos fibers and how they interact
with cells of the respiratory tract, the sequelae of cel-
lular events occurring after inhalation of asbestos fi-
bers including the major cell types involved and puta-
tive mediators involved in inflammation and initiation
of the disease process, and key mediators in the devel-
opment of fibrogenesis. We will then focus on the cell
signaling cascades stimulated by asbestos fibers and
their relationship to activation of transcription factors
and gene expression that may govern the advent of
inflammation and dysregulation of normal cell function
in the lung.

© 1999 WILEY-LISS, INC.

J. Cell. Physiol. 180:158-166, 1999.

CHEMICAL AND PHYSICAL PROPERTIES
OF ASBESTOS FIBERS AND THEIR
INTERACTIONS WITH CELLS

Asbestos refers to a group of complex, crystalline
mineral fibers that are endogenous to different geo-
graphic areas and occur naturally as ores. When
fibers become airborne and are inhaled at high con-
centrations, asbestosis and a number of malignant
diseases occur including lung cancers and mesothe-
lioma (Mossman and Gee, 1989). Asbestos fibers have
been mined and processed for decades in a number of
countries and incorporated into thousands of indus-
trial products (Alleman and Mossman, 1997). There
are six chemically and physically diverse types of
asbestos fibers: chrysotile ([Mg,Fels[OH]3Si,04,) is
mined in the Northern Hemisphere and is histori-
cally the most commonly used asbestos; 2) crocidolite
(Na,[Fe?*1,[Fe®*],[0H],Sig0;,) is an iron-rich fiber
that is the most pathogenic type of asbestos in the
causation of asbestos-associated mesothelioma in
humans (Mossman et al., 1990a); amosite (Mg,
or Fe,;[OH],Sig0,,), tremolite (Ca,Mg;[OH],Sig0,,),
anthophyllite ([Mg,Fel,[OH],Sig0,,), and actinolite
(CayFe;[0OH],Sig0,,) are less important in terms of
industrial use. However, these types of asbestos have
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been mined in various countries in the past and can
be found in association with chrysotile ores and/or in
the lungs of individuals (reviewed in Guthrie and
Mossman, 1993). In addition to the elements listed in
parentheses above, asbestos fibers may acquire
metal and organic contaminants during mining and
processing. Fibers also occur in a variety of size
ranges. Deciphering the properties of asbestos fibers
that are important in toxicity and alterations in cell
function are difficult. Most research described here
and classically in the literature has used various
sources of chrysotile and crocidolite asbestos fibers
that differ in chemical composition, charge, size, and
morphology.

The morphology of chrysotile asbestos fibers is illus-
trated by scanning electron microscopy in Figure 1A.
These “curly” fibers typically exist in bundles that con-
sist of individual fibrils that can break down after time
in the lung after leaching of magnesium (Jaurand et
al., 1984) or silica (Hume and Rimstidt, 1992) and
fragmentation of fibers (Churg, 1994). In contrast, cro-
cidolite asbestos fibers (Fig. 1B) are straight, rod-like
fibers that are more durable in the lung, presumably
because of different dissolution and clearance kinetics
(reviewed in Mossman and Churg, 1998). In addition,
these iron-rich fibers can catalyze redox reactions that
generate the production of oxidant species including
superoxide (O5 ) and the hydroxyl radical (OH®) (Weitz-
man and Graceffa, 1984). Mineral surfaces, which may
govern their biologic reactivity with cells either directly
or through production of oxidants, are complex and can
be modified in lung fluids or intracellularly after ad-
sorption of proteins and other macromolecules (re-
viewed in Guthrie and Mossman, 1993). These factors
may also govern interactions with receptors on cells
and subsequent phagocytic events. Figure 1A shows
the accumulation of asbestos fibers on the cell surface
after initial addition to tracheal epithelial cells in or-
gan cultures. Within several weeks, fibers can be seen
within cells (Fig. 1B) while other longer, rod-like fibers
appear to serve as matrices for growth of cells over the
fiber surface. It has been demonstrated that phagocy-
tosis of submicron asbestos fibers occurs in a variety of
cell types both in vitro and after inhalation of fibers,
which are incorporated into phagolysosomes. Both in-
tracellular and extracellular translocation of asbestos
fibers occur from alveolar macrophages (AM) and epi-
thelial cells (which first encounter asbestos in the air-
ways) to interstitial macrophages and fibroblasts, the
target cells of asbestosis, and may be important in
accumulation of fibers over time in the lung (Mossman
et al., 1977).

The triggering mechanisms leading to phagocytosis
by asbestos fibers are obscure and may be cell and
asbestos type specific. Vitronectin coating enhances
phagocytosis of crocidolite fibers, which is mediated via
integrins in mesothelial cells (Boylan et al., 1995).
However, in endothelial cells, chrysotile fibers induce
increased mRNA expression and activity of the uroki-
nase-type plasminogen activator (uPA) and its receptor
(uPAR) in serum- and vitronectin-free medium, an in-
dication that chrysotile fibers may initiate phagocyto-
sis and/or signaling cascades by binding cell integrins
directly or via integrin-independent mechanisms (Bar-
chowsky et al., 1998).

Fig. 1.

Scanning electron microscopy showing the different morphol-
ogy of chrysotile and crocidolite asbestos. Fibers (arrows) were pre-
cipitated onto the differentiated epithelial surface of tracheal explants
and interactions with cells examined thereafter. A: Chrysotile asbes-
tos 24 h after addition to cells. X2,000. B: Tracheal epithelium 4
weeks after exposure to crocidolite asbestos. Note proliferation of cells
at areas of fiber accumulation and intracellular fibers. X250.

The size dimensions of asbestos fibers clearly dictate
whether they are respirable and can be phagocytized
by various cell types in the lung. A number of studies
using sized preparations of asbestos in rodent inhala-
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tion and intratracheal instillation models show that
long, thin fibers are more fibrogenic and mesothelioma-
genic than short fibers (i.e., <5 pm; Lemaire, 1985;
Platek et al., 1985; Davis et al., 1986; Adamson and
Bowden, 1987a,b; Davis and Jones, 1988). In addition,
as summarized in more detail below, long fibers are
more potent inducers of cytotoxicity (Goodglick and
Kane, 1990), cell proliferation (Adamson and Bowden,
1987a; Woodworth et al., 1983), inflammation (Donald-
son et al., 1989), and oxidant production (Mossman et
al., 1989). These data suggest that short asbestos fibers
are less potent in initiating key cellular responses that
are intrinsic to the development of disease.

CELLULAR EVENTS IN ASBESTOSIS

As is true of a number of models of pulmonary fibro-
sis, an initial and persistent inflammatory response is
thought to contribute to the development of fibrogen-
esis. Lower intensity inhalation exposures to asbestos
fibers induce transient inflammation in bronchoalveo-
lar lavage (BAL) samples and reversible inflammatory
lesions in lung typified by focal aggregations of fiber-
laden AM and maintenance of a normal lung architec-
ture (Quinlan et al., 1994). Higher exposures result in
more intense and protracted inflammation typified by a
greater proportion of neutrophils in BAL and increased
proliferation of bronchiolar epithelial cells, alveolar
type II epithelial cells, and interstitial fibroblasts
(BeruBe et al., 1996a). At later time points, significant
increases in lung hydroxyproline, an indicator of in-
creased collagen biosynthesis, and histopathology con-
firmative of pulmonary fibrosis occur. It is clear in a
number of in vitro models using AMs or neutrophils
cocultured with epithelial cells or fibroblasts that these
“effector” cells elaborate a number of chemokines, cy-
tokines, and proteases that may modulate the develop-
ment of fibrosis. In addition, other cells of the immune
system, including mast cells and lymphocytes, increase
in the lung and in BAL samples of rodents and humans
after exposure to asbestos fibers. Cross-talk between
these cells may be important in inflammatory re-
sponses to minerals (Suzuki et al., 1993).

Rapid and reversible proliferation of bronchiolar and
alveolar type II epithelial cells, as measured by in-
creased numbers of cells incorporating 5’-bromo-2’-de-
oxyuridine (BrdU), is observed within days of high-
intensity inhalation exposures to asbestos, but not
after exposure to glass fibers, which are not fibrogenic
in rodents (Dixon et al., 1995; Donaldson et al., 1995;
BeruBe et al., 1996a). These data and others using a
bleomycin model of pulmonary fibrosis (Hagimoto et
al., 1997a; reviewed in Smith et al., 1996) suggest that
early injury and repair of epithelial cells can govern
whether fibrosis develops. This hypothesis is bolstered
by recent investigations showing that proliferation and
apoptosis of alveolar epithelial and mesothelial cells
are early events in asbestos- and bleomycin-induced
cell injury (Broaddus et al., 1996; BeruBe et al., 1996b;
Hagimoto et al., 1997a,b). In a model of bleomycin-
induced fibrosis, apoptosis of epithelial cells is sus-
tained during the development of fibrosis, but both
fibrosis and apoptosis are blocked after administration
of glucocorticoids to rodents (Hagimoto et al., 1997a).
When apoptosis of alveolar type II epithelial cells is
induced selectively by intratracheal instillation of Fas
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ligand, fibrosis occurs, suggesting that repair of epithe-
lial cell damage by repopulation of proliferating epithe-
lial cells is thwarted. The alveolar epithelial cell is also
a source of chemokine and cytokine production in re-
sponse to mineral dusts (Driscoll et al., 1996). Upregu-
lation of antioxidant enzyme gene expression, protein,
and activity in this cell type after exposure to fibrogenic
minerals (Holley et al., 1992; Janssen et al., 1992) may
reflect early injury and/or repair mechanisms. For ex-
ample, overexpression of manganese-containing super-
oxide dismutase (MnSOD) after transfection of tra-
cheal epithelial cells protects cells from the growth
inhibitory effects of asbestos (Mossman et al., 1996b).
Thus, the compendium of data above suggests that
responses of epithelial cells are pivotal to development
of asbestosis.

MEDIATORS OF ASBESTOS-INDUCED
INFLAMMATION AND FIBROSIS

A variety of mediators, either generated directly
from asbestos fibers or elaborated intracellularly or
extracellularly by cells exposed to asbestos, are impli-
cated in the initiation and development of asbestosis
(Table 1). Asbestos fibers, particularly the iron-rich
types such as crocidolite, can spontaneously generate
oxidants directly by redox reactions occurring on the
fiber surfaces. Surface or leachable Fe (II) reduces mo-
lecular oxygen to superoxide (O3 ), which then dismu-
tates to hydrogen peroxide. Hydrogen peroxide and
O3~ can then react via a Fenton-like reaction driven by
iron to form hydroxyl radical (OH®). Thus, fibers in-
haled into or deposited within the lung might serve as
chronic sources of oxidant release by cell-free mecha-
nisms. In addition, iron may be mobilized from fibers
extracellularly or intracellularly (Lund and Aust,
1992). Generation of oxidants during the phagocytic
burst and/or during frustrated phagocytosis of long
fibers by AMs and other cell types may also initiate cell
signaling and inflammatory events.

The potential crossreactivity between reactive oxy-
gen and nitrogen species (RNS) is illustrated most dra-
matically by the formation of peroxynitrite, an agent
that nitrates macromolecules, from O;  and nitric ox-
ide. AMs elaborate RNS in rodents exposed by inhala-
tion to asbestos fibers (Quinlan et al., 1998). Exposure
of AMs to asbestos, but not a variety of nonpathogenic
particles, in vitro also causes transcriptional activation
of iNOS and increases in steady-state mRNA levels in
macrophages (Quinlan et al., 1998). iNOS induction by
crocidolite asbestos in a human lung epithelial cell
tumor line is iron dependent and exacerbated when
intracellular glutathione is reduced (Park and Aust,
1998). Increases in nitrotyrosine residues, a marker of
peroxynitrite formation, are observed in asbestos-ex-
posed rat lungs, particularly within AMs and bronchio-
lar epithelial cells (Tanaka et al., 1998). Since reactive
oxygen and nitrogen species cause breakage of DNA,
modification of cellular proteins including phospha-
tases involved in cell signaling cascades, lipid peroxi-
dation, and release of cytokines such as tumor necrosis
factor-a (TNF-a; Gossart et al., 1996), their elaboration
from various cell types may have multiple roles in
cellular events critical to the establishment of inflam-
mation and pulmonary fibrosis.

Many of the pathological consequences in the lung
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TABLE 1. Cellular mediators of inflammation and fibrosis
by asbestos

Reactive oxygen species (ROS)
Reactive nitrogen species (RNS)
TNF-a

IL-1

IL-6

IL-8

PDGF

TGF-B

TGF-a

EGF

IGF-1

MIP-1a, MIP-2

Monocyte chemoattractant protein-1 (MCP-1)
CINC

following exposure to asbestos fibers are believed to
arise from an inflammatory cascade of events involving
both autocrine and paracrine events. Persistent pulmo-
nary inflammation is observed in animal models of
asbestosis that can be correlated with the fibroprolif-
erative responses (reviewed in Mossman and Churg,
1998). Cytokines are a major class of inflammatory
signaling molecules that have been implicated in clin-
ical studies and in animal models of asbestosis. TNF
and its potential interactions with chemokines and
growth factors have probably been the most studied
candidates of initiating inflammatory and fibrotic
events linked to fibrotic lung diseases such as asbes-
tosis.

TNF is implicated in the pathogenesis of asbestosis
by in vitro studies demonstrating increased production
by AMs following exposures to chrysotile or crocidolite
asbestos (Driscoll et al., 1997). While the mechanism of
asbestos-induced increases in gene expression and se-
cretion of TNF by AMs remains unknown, there is
evidence that it may occur through an iron-catalyzed
production of reactive oxygen species (Simeonova and
Luster, 1995). The most compelling data implicating
TNF as an initiator of asbestosis has been observed in
transgenic mouse models. Mice overexpressing TNF in
alveolar type II epithelial cells spontaneously develop
pulmonary fibrosis similar to asbestosis (Miyazaki et
al., 1995). Furthermore, mice lacking TNF receptors
that are acutely exposed to a concentration of chryso-
tile asbestos, known to induce a fibroproliferative re-
sponse, have increases in TNF expression (Liu et al.,
1998). However, the TNF receptor knockout mice do
not develop fibroproliferative lesions in bronchoalveo-
lar junctions or display markers of cellular prolifera-
tion as in wild-type mice. As with asbestosis, expres-
sion of TNF and its receptors is thought to be necessary
for the development of bleomycin-induced fibrotic lung
disease (Ortiz et al., 1998a,b).

Since TNF is not directly chemotactic for inflamma-
tory cells such as neutrophils and macrophages, nu-
merous studies investigate the mechanism by which
TNF mediates asbestos-induced inflammation. Empha-
sis is placed on the TNF-inducible chemotactic chemo-
kines, a supergene family of cytokines, as mediators of
asbestos-induced inflammation. The chemokine, inter-
leukin-8 (IL-8), is known to have chemotactic activity
toward lymphocytes and neutrophils. Activated AMs
recovered from asbestos-exposed individuals spontane-
ously secrete significant levels of IL-8 that is associated
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with neutrophil infiltration (Broser et al., 1996). These
AMs also express increased steady-state IL-8 mRNA
levels as compared to unexposed subjects. In addition,
monocytes exposed to asbestos in vitro release IL-8 in a
dose-dependent manner (Broser et al., 1996). Macro-
phage inflammatory protein 2 (MIP-2) and cytokine-
induced neutrophil chemoattractant (CINC) are addi-
tional chemokine family members possessing potent
neutrophil chemotactic activity. Acute particle expo-
sure, including crocidolite asbestos, can stimulate in-
creased MIP-2 and CINC expression in the lungs of
rats (Driscoll et al., 1995a) and in alveolar type II
epithelial cells (Driscoll et al., 1998). Passive immuni-
zation against TNF attenuates MIP-2 expression fol-
lowing particle exposure. In contrast, asbestos stimu-
lates IL-8 release and transcription in an alveolar type
IT epithelial cell line by mechanisms independent of
TNF (Rosenthal et al., 1994). Stimulation of IL-8 is due
in part to asbestos-induced changes in redox potential
(Simeonova and Luster, 1996).

IL-1 and IL-6 are additional cytokines that are im-
plicated in the pathogenesis of pulmonary fibrosis in-
cluding asbestosis. Elevated IL-6 levels are found in
the BAL from patients diagnosed with lung fibrosis and
having histories of long-term asbestos exposure (Sime-
onova et al., 1997). Acute intratracheal instillations of
crocidolite stimulate release of IL-1 and TNF from rat
AMs for at least 7 days following an acute exposure
(Driscoll et al., 1995b). In a similar study, AMs ob-
tained from rats exposed to fibrogenic chrysotile asbes-
tos persistently release elevated levels of both IL-1 and
IL-6 (Lemaire and Ouellet, 1996). Again, increased cy-
tokine production and/or release is associated with in-
flammatory cell recruitment. More convincing data fur-
ther demonstrate that crocidolite asbestos and TNF
can stimulate a dose-dependent increase in IL-6 ex-
pression and secretion from cultured transformed and
normal human alveolar type II epithelial cells that is
dependent upon intracellular redox potential (Sime-
onova et al., 1997). Furthermore, recombinant IL-6
stimulates dose-dependent lung fibroblast growth. In
addition, data demonstrate that AM-derived IL-1p fol-
lowing chrysotile asbestos exposure upregulates plate-
let-derived growth factor (PDGF) receptors on fibro-
blasts that may trigger mitogenic events in animal
models of fibrotic lung disease (Lindroos et al., 1997).

As alluded to above, numerous researchers are in-
vestigating potential feedback events between cyto-
kines and growth factors in fibrotic lung diseases.
Transforming growth factor (TGF) isoforms may be
important mediators of fibroproliferation since they are
known to induce extracellular matrix production, stim-
ulate epithelial and mesenchymal proliferation, and be
chemotactic for lung fibroblasts. Studies indicate that
TGF-B and TGF-a expression is upregulated at the
bronchoalveolar duct regions of developing asbestotic
lesions (Perdue and Brody, 1994; Liu et al., 1996).
Increased TGF-a immunoreactivity is temporally re-
lated to increased proliferating cell nuclear antigen
(PCNA) expression (Liu et al., 1996). Overexpression of
TGF-a in the lungs of mice spontaneously results in
pulmonary fibrosis, further suggesting a causal role of
this growth factor in fibrotic disease in general (Korf-
hagen et al., 1994). TGF-B isoforms (81, 2, B3) also
display increased immunoreactivity in AMs and prolif-
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erating epithelial cells at peribronchiolar and alveolar
ductal lesions (Perdue and Brody, 1994; Lee et al.,
1997). In addition, TGF-B might also be critical in the
pathogenesis of asbestosis, as the three TGF-B isoforms
are observed to be upregulated in the fibrotic lungs of
chrysotile asbestos workers (Jagirdar et al., 1997).
With TGF-B predominately staining in the extracellu-
lar matrix of fibrotic lesions, it may have a complemen-
tary role with insulin-like growth factor-I (IGF-I) in
promoting fibrogenesis. IGF-I is also observed in the
periphery, as opposed to the extracellular matrix, of
bronchiolar epithelium, AMs, and fibroblasts in as-
bestotic lesions (Aston et al., 1995; Lee et al., 1997).

Upregulation of TGF-a in asbestosis also implicates
epidermal growth factor (EGF) as a possible mediator
of disease, since TGF-a binds to the EGF receptor
(EGFR; Madtes et al., 1994). In fact, increased expres-
sion of the extracellular domain of EGFR is observed in
the serum of patients with asbestosis (Partanen et al.,
1994). Increased expression of EGFR protein is also
observed on human mesothelial cells stimulated with
asbestos (Pache et al., 1998). Furthermore, asbestos
causes autophosphorylation and activation of EGFR on
mesothelial cells (Zanella et al., 1996) and inhibits
binding of EGF to the EGFR (Zanella et al., manuscript
submitted for publication). Further evidence linking
the interactions of TGF-a and EGFR to the develop-
ment in asbestosis is demonstrated by mice overex-
pressing both TGF-a« and a nonfunctional mutant
EGFR being devoid of pulmonary fibrosis (Hardie et al.,
1996). As described above, mice overexpressing TGF-a
spontaneously develop diffuse pulmonary fibrosis. This
lends further support to the concept that autocrine and
paracrine signaling events mediate the fibroprolifera-
tive response following exposure to asbestos.

Like TGF-a, PDGF isoforms are mitogenic and che-
motactic for mesenchymal cells and may have auto-
crine and/or paracrine functions in the development of
asbestosis. Chrysotile asbestos stimulates fibroblast
mitogenesis directly through a PDGF-AA and PDGF-«a
receptor-dependent pathway (Lasky et al., 1995). In-
tratracheal administration of PDGF-BB produces tran-
sient mesenchymal and epithelial cell proliferation ac-
companied by collagen deposition (Yi et al., 1996).
While PDGF-BB levels are not increased after asbestos
exposure (Lasky et al., 1995), PDGF-A and PDGF-B
genes are upregulated in the macrophages, epithelium,
and interstitium adjacent to alveolar duct bifurcations
in asbestos-exposed animals (Lasky et al., 1995; Liu et
al., 1997, 1998). Upregulation of PDGF-a receptor ex-
pression, but not the PDGF-B receptor, along with in-
creased PDGF-AA, occurs in asbestos-exposed rats
prior to the development of fibrotic lesions (Lasky et al.,
1998). PDGF-AA and PDGF-a regulation in the lung
may be mediated through the macrophage-derived cy-
tokines, TNF and IL-1 (Lindroos et al., 1997; Liu et al.,
1998). These studies suggest that PDGF-AA and its
receptor, PDGF-qa, are early initiators of a fibroprolif-
erative response involving a paracrine loop of cyto-
kines.

While animal and post-mortem human studies
clearly indicate that a network of cytokines and growth
factors may be capable of initiating inflammation and
asbestosis, caution still should be taken in applying
results of these models to the pathogenesis of asbesto-
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sis in humans. A recent study finds that BAL fluids
recovered from patients with and without clinical signs
of asbestosis possess strong mitogenic activity toward
fibroblasts (Mutsaers et al., 1998). Moreover, the mito-
genic activity in the BAL fluids is not due to TNF,
PDGF-AA, -AB, -BB, IGF-I, or IL-1p activities as dem-
onstrated by the use of neutralizing antibodies. More-
over, studies in tracheal explants show that asbestos
directly induces fibrosis by upregulating proliferation
and fibrogenic mediators as well as matrix components
in the absence of airspace and circulating inflamma-
tory cells (Dai et al., 1998). It is clear that the patho-
genesis of fibrotic lung diseases such as asbestosis is a
complicated series of events and probably possesses
multiple mechanisms of disease and crosstalk between
various cytokines and cell types.

INTRACELLULAR SIGNALING,
TRANSCRIPTION FACTORS,
AND GENE EXPRESSION

Recent evidence indicates that asbestos can stimu-
late gene expression in a variety of cell types via intra-
cellular signaling pathways upstream of gene transac-
tivation (reviewed in Mossman et al.,, 1997). These
pathways may be initiated through receptor-mediated
events, as described above, or through integrins. The
signaling cascades studied and linked to gene tran-
scription following asbestos exposure are shown in Fig-
ure 2. These signaling pathways can lead to the pro-
motion of gene expression important for cellular
proliferation and inflammation. The elucidation of
these critical intracellular signaling cascades following
asbestos exposure could be key to ultimately control-
ling and treating asbestosis and other asbestos-associ-
ated lung and pleural diseases.

The mitogen-activated protein kinase (MAPK) cas-
cade is characterized by a sequential series of phos-
phorylation events catalyzed by the extracellular sig-
nal-related kinases (ERK), c-jun NH,-terminal kinases
(JNK), or stress-activated protein kinases (SAPK), and
p38 (Karin, 1995). These MAPK pathways can respond
to a number of cell surface stimuli and act in the
transactivation of multiple nuclear transcription fac-
tors, such as activator protein 1 (AP-1), to mediate gene
expression. Asbestos fibers selectively induce ERK
phosphorylation and activity in mesothelial cells, lead-
ing to apoptosis and/or cell proliferation (Zanella et al.,
1996; Goldberg et al., 1997; Jimenez et al., 1997). Fur-
thermore, preferential activation of ERKs by asbestos
and TGF-a can be mediated through phosphorylation
of the EGFR (Zanella et al., 1996). Ultimately, MAPK
signaling events induced by asbestos may be the deter-
mining factors in gene transcription responsible for the
phenotypic outcomes of disease.

Crocidolite asbestos induces a dose-dependent in-
crease in nuclear factor kappa-B (NF-kB) DNA-binding
activity and c-myc, a gene regulated by NF-«kB, expres-
sion in both tracheal epithelial and mesothelial cells
(Janssen et al., 1995a, 1997). Asbestos also stimulates
NF-kB and/or NF-IL-6-like transcription factors that
bind the regulatory elements of IL-8 (Simeonova and
Luster, 1996), MIP-2 (Driscoll et al., 1998), and IL-6
(Simeonova et al., 1997) in alveolar type II epithelial
cells. Furthermore, asbestos inhalation increases im-
munoreactivity of p65, the subunit responsible for the
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Fig. 2. Signal transduction path-
ways and transcription factors ac-
tivated by asbestos fibers. PL,
phagolysosome. Transcription fac-
tors: NF-kB, AP-1, CREB. Early
response genes: c-fos, c-jun, c-myc.
Cell responses: apoptosis, prolifer-
ation, production of chemokines/
cytokines.

transcriptional activation potential of NF-«kB, in rat
lungs and induces its nuclear translocation in epithe-
lial and mesothelial cells (Janssen et al., 1997). These
and other studies provide evidence that oxidative
stress-induced lipid metabolism and peroxidation may
at least partially mediate asbestos-induced NF-«kB and
AP-1 DNA-binding activity (Faux and Howden, 1997;
Gilmour et al., 1997). These data suggest that inflam-
matory agents such as cytokines, chemokines, and ox-
idants mediate asbestos-induced NF-kB activity, which
in turn promotes gene regulation of cytokines and che-
mokines in a feedback loop.

The AP-1 group of transcription factors encompasses
the protein products of the fos and jun early response
protooncogenes (reviewed in Ip and Davis, 1998). An
indirect role of AP-1 transcriptional activity in asbes-
tos-induced lung injury is demonstrated by increased
in vivo and in vitro expression of the c-jun and c-fos
protooncogenes and c-Jun protein (Quinlan et al., 1994;
Janssen et al., 1995b; Timblin et al., 1998a,b). A direct
role of AP-1 in transcriptional activity following asbes-
tos exposure is shown by utilizing c-jun reporter assays
in tracheal epithelial cells (Timblin et al., 1995). Fur-
thermore, upregulation of c-jun and AP-1 activity in
epithelial cells in these studies caused cell prolifera-
tion. Increased steady-state mRNA levels of c-jun and
ornithine decarboxylase (odc), a putative marker gene
for cell proliferation and containing an AP-1 binding
site, are observed in rat lungs following asbestos inha-
lation (Quinlan et al., 1994, 1995).

The detection of increased diacylglycerol (DAG), the
endogenous activator of protein kinase C (PKC), and
inositol polyphosphates, mobilizers of intracellular cal-
cium, in tracheal epithelial cells occurs at concentra-
tions of asbestos stimulating cell proliferation (Sesko et
al., 1990). Interestingly, PKC isoforms may mediate
upstream signaling events leading to AP-1 transcrip-
tional activity by asbestos. For example, asbestos
causes activation of PKC in tracheal epithelial cells at
concentrations inducing proliferation (Perderiset et al.,
1991). PKC inhibitors inhibit the ability of asbestos to
generate oxygen radicals (Lim et al., 1997) and down-
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modulation or inhibition of PKC diminishes asbestos-
induced c-fos and c-jun expression (Fung et al., 1997a).
However, these pathways are not being throroughly
investigated in animal models of asbestosis.

We are also examining the involvement of intracel-
lular calcium in asbestos-induced c-fos expression
(Faux et al., manuscript submitted for publication).
Asbestos increases DNA binding of CREB, a transcrip-
tion factor response to changes in intracellular calcium
and situated in the promoter region of c-fos. In addi-
tion, c-fos expression by asbestos increases in the pres-
ence of thapsigorgin, which causes increases in intra-
cellular calcium levels.

In addition to the above gene products, upregulation
of MnSOD (Janssen et al., 1992, 1994) and apurinic/
apyrimidinic (AP)-endonuclease gene transcription
(Quinlan et al., 1995; Fung et al., 1998) occurs in var-
ious cell types after exposure to asbestos. However,
these genes may be upregulated as a consequence of
inflammation and oxidative damage induced by asbes-
tos and may be important in defense and/or repair from
injury. As described above, asbestos fibers may initiate
pulmonary inflammation via oxidative stress. This ox-
idative stress may then upregulate MnSOD, an anti-
oxidant enzyme, or AP-endonuclease, which may func-
tion in DNA repair as a means of cellular protection. In
support of this hypothesis, overexpression of MnSOD
attenuates asbestos-induced toxicity in tracheal epi-
thelial cells (Mossman et al., 1996b).

A consequence of asbestos-mediated toxicity in me-
sothelial and epithelial cells is oxidative DNA damage
as indicated by the formation of 8-hydroxy-2’-de-
oxyguanosine (8-OHdG; Chao et al., 1996; Chen et al.,
1996; Fung et al., 1997b). AP-endonuclease induction
by asbestos could be a consequence of 8-OHdG forma-
tion in an attempt to repair damaged DNA. Since AP-
endonuclease is shown to facilitate AP-1 activity (Fung
et al., 1998), it may also serve as a feedback mechanism
to upregulate AP-1-dependent gene products involved
in the repair of asbestos-induced lesions. Conversely,
this feedback loop may be critical in excess cellular
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Target Cell
(Epithelial cell,
fibroblast,

Alveolar Macrophage

Neutrophil mesothelial cell)
Altered gene expression
Antioxidant / Proliferative
defenses alterations

Fibrosis,
malignant disease
(bronchogenic carcinoma,
mesothelioma)

Repair of
damage

Fig. 3. Cell responses to asbestos and their relationship to the de-
velopment of pulmonary fibrosis and other asbestos-induced diseases.
FGF, fibroblast growth factor.

proliferation and apoptosis that are associated with
pulmonary fibrosis.

SUMMARY AND FUTURE DIRECTIONS

Figure 3 is a general schema showing cell responses
to asbestos fibers and the interplay between various
cell types of the immune system and “target” cells of
the lung and pleura. It should be noted that the con-
cepts presented are consistent with both in vitro and in
vivo observations in experimental animal models and
humans and may be common to the development of
pulmonary and pleural fibrosis as well as asbestos-
associated malignancies (Mossman et al., 1996a). AMs
and neutrophils may be key to the initiation as well as
persistence of inflammatory changes by elaboration of
cytokines, chemokines, and growth factors. In these
cells, oxidants generated spontaneously from fibers
may directly phosphorylate growth factor receptors,
such as EGFR, on the surface of cells and trigger both
receptor-dependent and -independent cell signaling
cascades. Fibers also may interact with cytokine or
growth factor receptors directly or during phagocytosis.
Multiple signaling pathways are demonstrated in cells
exposed to asbestos. These are associated with tran-
scriptional activation of a variety of genes encoding
chemokines, cytokines, growth factors, and early re-
sponse protooncogenes. The latter genes, including c-
Jun and c-fos, may be key to the development of epithe-
lial cell proliferation and apoptosis. Asbestos-induced
upregulation of genes participating in antioxidant de-
fense and repair from DNA damage are also observed
in epithelial and mesothelial cells, suggesting a fine
balance between injury by oxidants and repair. A
causal association between oxidant generation and the
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development of asbestosis is demonstrated in rodent
inhalation studies when administration of catalase
(Mossman et al., 1990b) or phytic acid, an iron chelator
(Kamp et al., 1995), significantly inhibits crocidolite
asbestos-induced inflammation and fibrosis.

Knowledge of the key signaling pathways activated
by asbestos now allows modification of these cascades
in cells of the lung and the development of transgenic
mouse models to ascertain their importance in asbes-
tos-induced lung diseases. The use of promoters that
are specific to alveolar type II epithelial (SP-C) and
Clara cells (C10) should enable the generation of dom-
inant-negative mutant mice in which cell signaling cas-
cades (i.e., MAPK, NF-kB, and AP-1) activated by as-
bestos fibers are selectively inhibited. In addition,
these specific promoters could be used in combination
with the tetracycline-inducible promoter system to in-
vestigate the aforementioned signaling cascades at any
stage of fibrotic lung disease. These are soon to be
evaluated in well-characterized murine models of as-
bestosis.

LITERATURE CITED

Adamson IYR, Bowden DH. 1987a. Response of mouse lung to cro-
cidolite asbestos. II. Pulmonary fibrosis after long fibres. J Pathol
152:109-117.

Adamson IYR, Bowden DH. 1987b. Response of mouse lung to cro-
cidolite asbestos. I. Mineral fibrosis reaction to short fibres. J Pathol
152:99-107.

Alleman JE, Mossman BT. 1997. Asbestos revisited. Sci Am 277:70—
75.

Aston C, Jagirdar J, Lee TC, Hur T, Hintz RL, Rom WN. 1995.
Enhanced production of insulin-like growth factor molecules in
idiopathic pulmonary fibrosis (IPF). Am J Respir Crit Care Med
5:531-538.

Barchowsky A, Roussel RR, Krieser RJ, Mossman BT, Treadwell MD.
1998. Expression and activity of urokinase and its receptor in en-
dothelial and pulmonary epithelial cells exposed to asbestos. Toxi-
col Appl Pharmacol 152:388-396.

BeruBe KA, Quinlan TR, Moulton G, Hemenway D, O’'Shaughnessy P,
Vacek P, Mossman BT. 1996a. Comparative proliferative and his-
topathologic changes in rat lungs after inhalation of chrysotile or
crocidolite asbestos. Toxicol Appl Pharmacol 137:67-74.

BeruBe KA, Quinlan TR, Fung H, Magae J, Vacek P, Taatjes DJ,
Mossman BT. 1996b. Apoptosis is observed in mesothelial cells
after exposure to crocidolite asbestos. Am J Respir Cell Mol Biol
14:141-147.

Boylan AM, Sanan DA, Sheppard D, Broaddus VC. 1995. Vitronectin
enhances internalization of crocidolite asbestos by rabbit pleural
mesothelial cells via the integrin alpha v beta 5. J Clin Invest
96:1987-2001.

Broaddus VC, Yang L, Scavo LM, Ernst JD, Boylan AM. 1996. Asbes-
tos induces apoptosis of human and rabbit pleural mesothelial cells
via reactive oxygen species. J Clin Invest 98:2050-2059.

Broser M, Zhang Y, Aston C, Harkin T, Rom WN. 1996. Elevated
interleukin-8 in the alveolitis of individuals with asbestos exposure.
Int Arch Occup Environ Health 68:109-114.

Chao CC, Park SH, Aust AE. 1996. Participation of nitric oxide and
iron in the oxidation of DNA in asbestos-treated human lung epi-
thelial cells. Arch Biochem Biophys 326:152—-157.

Chen Q, Marsh J, Ames B, Mossman B. 1996. Detection of 8-0x0-2’-
deoxyguanosine, a marker of oxidative DNA damage, in culture
medium from human mesothelial cells exposed to crocidolite asbes-
tos. Carcinogenesis 17:2525-2527.

Churg A. 1994. Deposition and clearance of chrysotile asbestos. Ann
Occup Hyg 38:625-633.

Dai J, Gilks B, Price K, Churg A. 1998. Mineral dusts directly induce
epithelial and interstitial fibrogenic mediators and matrix compo-
nents in the airway wall. Am J Respir Crit Care Med 158:1907—
1913.

Davis JM, Jones A. 1988. Comparison of the pathogenicity of long and
short fibres of chrysotile asbestos in rats. Br J Exp Pathol 69:717—
737.

Davis JMG, Addison J, Bolton RE, Donaldson K, Jones AD, Smith T.
1986. The pathogenicity of long vs. short fibre samples of amosite



MEDIATORS OF FIBROSIS BY ASBESTOS

asbestos administered to rats by inhalation and intraperitoneal
injection. Br J Exp Pathol 67:415-430.

Dixon D, Bowser AD, Badgett A, Haseman JK, Brody AR. 1995.
Incorporation of bromodeoxyuridine (BrdU) in the bronchiolar-al-
veolar regions of the lungs following two inhalation exposures to
chrysotile asbestos in strain A/J mice. J Environ Pathol Toxicol
Oncol 14:205-213.

Donaldson K, Brown GM, Brown DM, Bolton RE, Davis JMG. 1989.
Inflammation generating potential of long and short fibre amosite
asbestos samples. Br J Ind Med 46:271-276.

Donaldson K, Brown DM, Miller BG, Brody AR. 1995. Bromode-
oxyuridine (BRDU) uptake in the lungs of rats inhaling amosite
asbestos or vitreous fibers at equal airborne fibre concentrations.
Exp Toxicol Pathol 47:207-211.

Driscoll KE, Hassenbein DG, Carter JM, Kunkel SL, Quinlan TR,
Mossman BT. 1995a. TNF-« and increased chemokine expression in
rat lung after particle exposure. Toxicol Lett 82/83:483—489.

Driscoll KE, Maurer JK, Higgins J, Poynter J. 1995b. Alveolar mac-
rophage cytokine and growth factor production in a rat model of
crocidolite-induced pulmonary inflammation and fibrosis. J Toxicol
Environ Health 46:155-169.

Driscoll KE, Howard BW, Carter JM, Asquith T, Johnston C, Detil-
leux P, Kunkel SL, Isfort RJ. 1996. Alpha-quartz-induced chemo-
kine expression by rat lung epithelial cells: effects of in vivo and in
vitro particle exposure. Am J Pathol 149:1627-1637.

Driscoll KE, Carter JM, Hassenbein DG, Howard B. 1997. Cytokines
and particle-induced inflammatory cell recruitment. Environ
Health Perspect 105 (Suppl 5):1159-1164.

Driscoll KE, Carter JM, Howard BW, Hassenbein D, Jannsen YMW,
Mossman BT. 1998. Crocidolite activates NF-«B and MIP-2 gene
expression in rat alveolar epithelial cells. Role of mitochondrial-
derived oxidants. Environ Health Perspect 106 (Suppl 5):1171—
1174.

Faux SP, Howden PJ. 1997. Possible role of lipid peroxidation in the
induction of NF-kB and AP-1 in RFL-6 cells by crocidolite asbestos:
evidence following protection by vitamin E. Environ Health Pros-
pect 105 (Suppl 5):1127-1130.

Fung H, Quinlan TR, Janssen YMW, Timblin CR, Marsh JP, Heintz
NH, Taatjes DJ, Vacek P, Jaken S, Mossman BT. 1997a. Inhibition
of protein kinase C prevents asbestos-induced c-fos and c-jun proto-
oncogene expression in mesothelial cells. Cancer Res 57:3101-3105.

Fung H, Kow YW, Van Houten B, Mossman BT. 1997b. Patterns of
8-hydroxydeoxyguanosine formation in DNA and indications of ox-
idative stress in rat and human pleural mesothelial cells after
exposure to crocidolite asbestos. Carcinogenesis 18:825—-832.

Fung H, Kow YW, Van Houten B, Taatjes DJ, Hatachet Z, Janssen
YMW, Vacek P, Faux SP, Mossman BT. 1998. Asbestos increases
mammalian AP-endonuclease gene expression, protein levels, and
enzyme activity in mesothelial cells. Cancer Res 58:189-194.

Gilmour PS, Brown DM, Beswick PH, MacNee W, Rahman I, Donald-
son K. 1997. Free radical activity of industrial fibers: role of iron in
oxidative stress and activation of transcription factors. Environ
Health Perspect 105 (Suppl 5):1313-1317.

Goldberg JL, Zanella CL, Janssen Y, Timblin CR, Jimenez LA, Vacek
P, Taatjes DJ, Mossman BT. 1997. Novel cell imaging approaches
show induction of apoptosis and proliferation in mesothelial cells by
asbestos. Am J Respir Cell Mol Biol 17:265-271.

Goodglick LA, Kane AB. 1990. Cytotoxicity of long and short crocido-
lite asbestos fibers in vitro and in vivo. Cancer Res 50:5153-5163.

Gossart S, Cambon C, Orfila C, Seguelas MH, Lepert JC, Rami J,
Carre P, Pipy B. 1996. Reactive oxygen intermediates as regulators
of TNF-alpha production in rat lung inflammation induced by silica.
J Immunol 156:1540-1548.

Guthrie GD Jr, Mossman BT, editors. 1993. Health effects of mineral
dusts. In: Ribbe PH, series editor. Reviews in Mineralogy, Vol. 28.
Washington, DC: Mineralogical Society of America. p 1-584.

Hagimoto N, Kuwano K, Nomoto Y, Kunitake R, Hara, N. 1997a.
Apoptosis and expression of Fas/Fas ligand mRNA in bleomycin-
induced pulmonary fibrosis in mice. Am J Respir Cell Mol Biol
16:91-101.

Hagimoto N, Kuwano K, Miyazaki H, Kunitake R, Fujita M, Ka-
wasaki M, Kaneko Y, Hara N. 1997b. Induction of apoptosis and
pulmonary fibrosis in mice in response to ligation of Fas antigen.
Am J Respir Cell Mol Biol 17:272-278.

Hardie WD, Kerlakin CB, Bruno MD, Huelsman KM, Wert SE,
Glasser SW, Whitsett JA, Korfhagen TR. 1996. Reversal of lung
lesions in transgenic transforming growth factor-o mice by expres-
sion of mutant epidermal growth factor receptor. Am J Respir Cell
Mol Biol 15:499-508.

Holley JA, Janssen YMW, Mossman BT, Taatjes DJ. 1992. Increased
manganese superoxide dismutase protein in type II epithelial cells

165

of rat lungs after inhalation of crocidolite asbestos or cristobalite
silica. Am J Pathol 141:475-485.

Hume LA, Rmstidt JD. 1992. The biodurability of chrysotile asbestos.
Am Miner 77:1125-1128.

Ip YT, Davis RdJ. 1998. Signal transduction by the c-Jun N-terminal
(JNK): from inflammation to development. Curr Opin Cell Biol
10:205-219.

Jagirdar J, Lee TC, Reibman J, Gold LI, Aston C, Begin R, Rom WN.
1997. Immunological localization of transforming growth factor
beta isoforms in asbestos-related disease. Environ Health Perspect
105 (Suppl 5):1197-1203.

Janssen YMW, Marsh JP, Absher MP, Hemenway D, Vacek PM,
Leslie KO, Borm PJA, Mossman BT. 1992. Expression of antioxi-
dant enzymes in rat lungs after inhalation of asbestos or silica.
J Biol Chem 267:10625-10630.

Janssen YMW, Marsh JP, Driscoll KE, Borm PJA, Oberdorster G,
Mossman BT. 1994. Increased expression of manganese-containing
superoxide dismutase in rat lungs after inhalation of inflammatory
and fibrogenic minerals. Free Radic Biol Med 16:315-322.

Janssen YMW, Barchowsky A, Treadwell M, Driscoll KE, Mossman
BT. 1995a. Asbestos induces nuclear factor kB (NF-kB) DNA-bind-
ing activity and NF-«B-dependent gene expression in tracheal epi-
thelial cells. Proc Natl Acad Sci USA 92:8458—8462.

Janssen YMW, Heintz NH, Mossman BT. 1995b. Induction of c-fos
and c-jun protooncogene expression by asbestos is ameliorated by
N-acetyl-L-cysteine in mesothelial cells. Cancer Res 55:2065-2089.

Janssen YMW, Driscoll KE, Howard B, Quinlan TR, Treadwell M,
Barchowsky A, Mossman BT. 1997. Asbestos causes translocation
of p65 protein and increases NF-«kB DNA binding activity in rat
lung epithelial and pleural mesothelia cells. Am J Pathol 151:389—
401.

Jaurand MC, Gaudichet A, Halpern S, Bignon J. 1984. In vitro bio-
degradation of chrysotile fibres by alveolar macrophages and me-
sothelial cells in culture: comparison with a pH effect. Br J Ind Med
41:389-395.

Jimenez LA, Zanella C, Fung H, Janssen YMW, Vacek P, Charland C,
Goldberg J, Mossman BT. 1997. Role of extracellular signal-related
protein kinases in apoptosis by asbestos and H,O,. Am J Physiol
273 (Lung Cell Mol Physiol 17): L1029-L1035.

Kamp DW, Israbian VA, Yeldandi AV, Panos RdJ, Graceffa P, Weitz-
man SA. 1995. Phytic acid, an iron chelator, attenuates pulmonary
inflammation and fibrosis in rats after intratracheal instillation of
asbestos. Toxicol Pathol 23:689—695.

Karin M. 1995. The regulation of AP-1 activity by mitogen-activated
protein kinases. J Biol Chem 270:16483-16486.

Korfhagen TR, Swantz RJ, Wert SE, McCarty JM, Kerlakian CB,
Glasser SW, Whitsett JA. 1994. Respiratory epithelial cell expres-
sion of human transforming growth factor-a induces lung fibrosis in
transgenic mice. J Clin Invest 93:1691-1699.

Lasky JA, Coin PG, Lindroos PM, Ostrowski LE, Brody AR, Bronner
JC. 1995. Chrysotile asbestos stimulates platelet-derived growth
factor-AA production by fat lung fibroblasts in vitro: evidence for an
autocrine loop. Am J Respir Crit Care Med 12:162-170.

Lasky JA, Tonthat B, Liu JY, Friedman M, Brody AR. 1998. Upregu-
lation of the PDGF-alpha receptor precedes asbestos-induced lung
fibrosis in rats. Am J Respir Crit Care Med 157:1652—-1657.

Lee TC, Gold LI, Reibman J, Aston C, Begin R, Rom WN, Jagirdar J.
1997. Immunohistochemical localization of transforming growth
factor-B and insulin-like growth factor-I in asbestosis in the sheep
model. Int Arch Occup Environ Health 69:157-164.

Lemaire 1. 1985. An assessment of the fibrogenic potential of very
short 4-T30 chrysotile by intratracheal instillation in rats. Environ
Res 36:314-326.

Lemaire I, Ouellet S. 1996. Distinctive profile of alveolar macrophage-
derived cytokine release induced by fibrogenic and nonfibrogenic
mineral dusts. J Toxicol Environ Health 47:465—-478.

Lim Y, Kim S-H, Kim K-A, Oh M-W, Lee K-H. 1997. Involvement of
protein kinase C, phospholipase C, and protein tyrosine kinase
pathways in oxygen radical generation by asbestos-stimulated al-
veolar macrophage. Environ Health Perspect 105 (Suppl 5):1325-
1327.

Lindroos PM, Coin PG, Badgett A, Morgan DL, Bonner JC. 1997.
Alveolar macrophages stimulated with titanium dioxide, chrysotile
asbestos, and residual oil fly ash upregulate the PDGF receptor-a
on lung fibroblasts through and IL-13-dependent mechanism. Am J
Respir Cell Mol Biol 16:283—-292.

Liu J-Y, Morris GF, Lei W-H, Corti M, Brody AR. 1996. Up-regulated
expression of transforming growth factor-a in the bronchiolar-alve-
olar duct regions of asbestos-exposed rats. Am J Pathol 149:205—
217.

Liu J-Y, Morris GF, Lei W-H, Hart CE, Lasky JA, Brody AR. 1997.



166

Rapid activation of PDGF-A and -B expression at sites of lung
injury in asbestos-exposed rats. Am J Respir Cell Mol Biol 17:129—
140.

Liu J-Y, Brass DM, Hoyle GW, Brody AR. 1998. TNF-a receptor
knockout mice are protected from the fibroproliferative effects of
inhaled asbestos fibers. Am J Pathol 153:1839-1847.

Lund LG, Aust AE. 1992. Iron mobilization from crocidolite asbestos
greatly enhances crocidolite-dependent formation of DNA single-
strand breaks in phi X174 RFI DNA. Carcinogenesis 13:637—642.

Madtes DK, Busky HK, Strandjord TP, Clark JG. 1994. Expression of
transforming growth factor-a and epidermal growth factor receptor
is increased following bleomycin-induced lung injury in rats. Am J
Respir Cell Mol Biol 11:540-551.

Miyazaki Y, Araki K, Vesin C, Garcia I, Kapanci Y, Whitsett JA,
Piquet P-F, Vassalli P. 1995. Expression of a tumor necrosis fac-
tor-a transgene in murine lung causes lymphocytic and fibrosing
alveolitis. J Clin Invest 96:250-259.

Mossman BT, Churg A. 1998. Mechanisms in the pathogenesis of
asbestosis and silicosis. Am J Respir Crit Care Med 157:1666—-1680.

Mossman BT, Gee JBL. 1989. Medical progress. Asbestos-related
diseases. N Engl J Med 320:1721-1730.

Mossman BT, Kessler JB, Ley BW, Craighead JE. 1977. Interaction of
crocidolite asbestos with hamster respiratory mucosa in organ cul-
ture. Lab Invest 36:131.

Mossman BT, Hansen K, Marsh J, Brew ME, Hill S, Bergeron M,
Petruska J. 1989. Mechanisms of fiber-induced superoxide (O ™)
release from alveolar macrophages (AM) and induction of superox-
ide dismutase (SOD) in the lungs of rats inhaling crocidolite. In:
Bignon J, Peto J, Saracci R, editors. Mineral fibres in the non-
occupational environment. (I.A.R.C. Publication No. 90). Lyon,
France: IARC. p 81-97.

Mossman BT, Bignon J, Corn M, Seaton A, Gee JBL. 1990a. Asbestos:
scientific developments and implications for public policy. Science
247:294-301.

Mossman BT, Marsh JP, Sesko A, Hill S, Shatos MA, Doherty J,
Petruska J, Adler KB, Hemenway D, Mickey R, Vacek P, Kagan E.
1990b. Inhibition of lung injury, inflammation and interstitial pul-
monary fibrosis by polyethylene glycol-conjugated catalase in a
rapid inhalation model of asbestosis. Am Rev Respir Dis 141:1266—
1271.

Mossman BT, Kamp DW, Weitzman SA. 1996a. Mechanisms of car-
cinogenesis and clinical features of asbestos-associated cancers.
Cancer Invest 14:466—480.

Mossman BT, Surinrut P, Brinton BT, Marsh JP, Heintz NH, Lindau-
Shepard B, Shaffer JB. 1996b. Transfection of a manganese-con-
taining superoxide dismutase gene into hamster tracheal epithelial
cells ameliorates asbestos-mediated cytotoxicity. Free Radic Biol
Med 21:125-131.

Mossman BT, Faux S, Janssen Y, Jimenez LA, Timblin C, Zanella C,
Goldberg J, Walsh E, Barchowsky A, Driscoll K. 1997. Cell signal-
ing pathways elicited by asbestos. Environ Health Perspect 105
(Suppl 5):1121-1125.

Mutsaers SE, Harrison NK, McNaulty RJ, Liao JY-W, Laurent GJ,
Musk AW. 1998. Fibroblast mitogens in bronchoalveolar lavage
(BAL) fluid from asbestos-exposed subjects with and without clini-
cal evidence of asbestosis: no evidence for the role of PDGF, TNF-q,
IGF-I, or IL-1B. J Pathol 185:199-203.

Ortiz LA, Moroz K, Liu J-Y, Hoyle GW, Hammond T, Hamilton RF,
Holian A, Banks W, Brody AR, Friedman M. 1998a. Alveolar mac-
rophage apoptosis and TNF-a, but not p53, expression correlate
with murine response to bleomycin. Am J Physiol 275 (Lung Cell
Mol Physiol 19):L.1208-1218.

Ortiz LA, Lasky J, Hamilton RF, Holian A, Hoyle GW, Banks W,
Peschon JJ, Brody AR, Lungarella G, Friedman M. 1998b. Expres-
sion of TNF and the necessity of TNF receptors in bleomycin-
induced lung injury in mice. Exp Lung Res 24:721-743.

Pache J-C, Janssen YMW, Walsh ES, Quinlan TR, Zanella CL, Low
RB, Taatjes DJ, Mossman BT. 1998. Increased epidermal growth
factor-receptor protein in a human mesothelial cell line in response
to long asbestos fibers. Am J Pathol 152:333-340.

Park SH, Aust AE. 1998. Regulation of nitric oxide synthase induction
by iron and glutathione in asbestos-treated human lung epithelial
cells. Arch Biochem Biophys 360:47-52.

Partanen R, Hemminki K, Koskinen H, Luo J-C, Carney WP, Brandt-
Rauf PW. 1994. The detection of increased amounts of the extracel-
lular domain of the epidermal growth factor receptor in serum
during carcinogenesis in asbestosis patients. J Med 36:1324-1328.

Perderiset M, Marsh JP, Mossman BT. 1991. Activation of protein

ROBLEDO AND MOSSMAN

kinase C by asbestos in hamster tracheal epithelial cells. Carcino-
genesis 12:1499-1502.

Perdue TD, Brody AR. 1994. Distribution of transforming growth
factor-g1, fibronectin, and smooth muscle actin in asbestos-induced
pulmonary fibrosis in rats. J Histochem Cytochem 42:1061-1070.

Platek S, Groth D, Ulrich C, Stettler L, Finnell M, Stoll M. 1985.
Chronic inhalation of short asbestos fibres. Fund Appl Toxicol
5:327-340.

Quinlan TR, Marsh JP, Janssen YMW, Leslie KO, Hemenway D,
Vacek P, Mossman BT. 1994. Dose-responsive increases in pulmo-
nary fibrosis after inhalation of asbestos. Am J Crit Care Med
150:200-206.

Quinlan TR, BeruBe KA, Marsh JP, Janssen YMW, Taishi P, Leslie
KO, Hemenway D, O’Shaughnessy PT, Vacek P, Mossman BT.
1995. Patterns of inflammation, cell proliferation, and related gene
expression in lung after inhalation of chrysotile asbestos. Am J
Pathol 147:728-739.

Quinlan TR, Hacker MP, Taatjes D, Timblin C, Goldberg J, Kimberley
P, BeruBe KA, O’Shaughnessy P, Hemenway D, Torino J, Jimenez
LA, Mossman BT. 1998. Mechanisms of asbestos-induced nitric
oxide production by rat alveolar macrophages in inhalation and in
vitro models. Free Radic Biol Med 24:778-788.

Rosenthal GJ, Germolec DR, Blazka ME, Corsini E, Simeonova P,
Polluck P, Kong L-Y, Kwon J, Luster MI. 1994. Asbestos stimulates
IL-8 production from human lung epithelial cells. J Immunol 153:
3237-3244.

Sesko A, Cabot M, Mssman BT. 1990. Hydrolysis of phosphoinositides
precedes cellular proliferation in asbestos-stimulated tracheobron-
chial epithelial cells. Proc Natl Acad Sci USA 87:7385-7389.

Simeonova PP, Luster MI. 1995. Iron and reactive oxygen species in
the asbestos-induced tumor necrosis factor-a response from alveo-
lar macrophages. Am J Respir Cell Mol Biol 12:676—683.

Simeonova PP, Luster MI. 1996. Asbestos induction of nuclear tran-
scription factors and interleukin 8 gene regulation. Am J Respir
Cell Mol Biol 15:787-795.

Simeonova PP, Toriumi W, Kommineni C, Erkan M, Munson AE, Rom
WN, Luster MI. 1997. Molecular regulation of IL-6 activation by
asbestos in lung epithelial cells. J Immunol 159:3921-3928.

Smith RE, Strieter RM, Phan SH, Kunkel SL. 1996. C-C chemokines:
novel mediators of the profibrotic inflammatory response to bleo-
mycin challenge. Am J Respir Cell Mol Biol 15:693-702.

Suzuki N, Horiuchi T, Ohta K, Yamaguchi M, Ueda T, Takizawa H,
Hirai K, Shiga J, Ito K, Miyamoto T. 1993. Mast cells are essential
for the full development of silica-induced pulmonary inflammation:
a study with mast cell-deficient mice. Am J Respir Cell Mol Biol
9:475-483.

Tanaka S, Choe N, Hemenway DR, Zhu S, Matalon S, Kagan E. 1998.
Asbestos inhalation induces reactive nitrogen species and nitroty-
rosine formation in the lungs and pleura of the rat. J Clin Invest
102:445-454.

Timblin CR, Janssen YMW, Mossman BT. 1995. Transcriptional ac-
tivation of the proto-oncogene c-jun by asbestos and H,,0, is directly
related to increased proliferation and transformation of tracheal
epithelial cells. Cancer Res 55:2723-2726.

Timblin C, BeruBe K, Churg A, Driscoll K, Gordon T, Hemenway D,
Walsh E, Cummins AB, Vacek P, Mossman B. 1998a. Ambient
particulate matter causes activation of the c-jun kinase/stress-acti-
vated protein kinase cascade and DNA synthesis in lung epithelial
cells. Cancer Res 58:4543—4547.

Timblin C, Guthrie GD, Yanssen YMW, Walsh E, Vacek P, Mossman
B. 1998b. Patterns of c-fos and c-jun proto-oncogene expression,
apoptosis, and proliferation in rat mesothelial cells exposed to erio-
nite or asbestos fibers. Toxicol Appl Pharmacol 151:88-97.

Weitzman SA, Graceffa P. 1984. Asbestos catalyzes hydroxyl and
superoxide radical generation from hydrogen peroxide. Arch Bio-
chem Biophys 228:373-376.

Woodworth C, Mossman BT, Craighead JE. 1983. Interaction of as-
bestos with metaplastic squamous epithelium developing in organ
cultures of hamster trachea. Environ Health Perspect 51:27.

Yi ES, Lee H, Yin S, Piguet P, Sarosi I, Kaufmann S, Tarpley J, Wang
N-S, Ulich TR. 1996. Platelet-derived growth factor causes pulmo-
nary cell proliferation and collagen deposition in vivo. Am J Pathol
149:539-548.

Zanella CL, Posada J, Tritton TR, Mossman BT. 1996. Asbestos
causes stimulation of the extracellular signal-related kinase 1 mi-
togen-activated protein kinase cascade after phosphorylation of the
epidermal growth factor receptor. Cancer Res 56:5334-5338.



